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Dear Participants,

The 8" Pacific Rim Conference on Rheology will be held in VVancouver, on the Point Grey
campus of the University of British Columbia (UBC)!, May 15 — 19, 2023. It will host
discussions on rheological research in fundamental and traditional areas of rheology, non-
Newtonian fluid mechanics, nano-technology, biomaterials and special technical sessions
directed at natural resource industries.

The conference is a joint effort of the Canadian Society of Rheology and the University of
British Columbia. The organizing committee welcomes the participants to enjoy the diverse
talks on various topics related to rheology and fluid mechanics, engage in friendly discussions
with their peers, all while experiencing the beautiful landscapes of UBC and western Canada.
We encourage young scientists to have discussions with world-class experts and use this unique
opportunity for networking.

We wish to thank all who have contributed organising this event: plenary speakers, exhibitors,
contributing universities, research institutes and companies, and participants.

Secretary General: Prof. lan A. Frigaard, University of British Columbia, Canada.

Technical Committee Chair: Prof. Savvas G. Hatzikiriakos, University of British
Columbia, Canada.

Conference Secretary: Dr. Marjan Zare, University of British Columbia, Canada.

Conference Manager: Dr. Mariana Carrasco-Teja, University of British Columbia,
Canada.

Abstracts Editor: Dr. Rodrigo S. Mitishita, University of British Columbia, Canada.

Honorary Conference Chair: Prof. A. Jeffrey Giacomin, Queen’s University, Canada

L UBC Point Grey Campus is on the unceded Traditional Territory of the x*mafk*ayam (Musqueam) People
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Conference Program

Monday & Tuesday, May 15 and 16, 2023

Monday May 15, 2023

Social Events: Casual Evening and Registrations - The Nest, Level 4 (6:00 PM - 9:00 PM)

Tuesday May 16, 2023

Plenary Presentation - GEOG 100 (9:00 AM - 10:00 AM) - Chair: Dimitris VVIassopoulos

Time Title Presenter
9:00 AM | PLENARY: What we learn about yielding from recovery rheology ROGERS, Simon
Coffee Break - Lounge at MATH 125/126 (10:00 AM - 10:30 AM)
Biomaterials and Biological Systems - GEOG 100 (10:30 AM - 12:10 PM) - Chair: Yaman Boluk

Time Title Presenter

10:30 AM | Poroelastic Modelling Reveals The Cooperation Between Two Mechanisms XU, Zela
For Albuminuria

10:50 AM | Hydrodynamics and rheology of fluctuating, semiflexible, inextensible, and DONEV, Aleksandar
slender filaments in Stokes flow

11:10 AM | Tribology and rheology of hyaluronic acid based cellulose nanocrystal BOSE, Akshai
suspensions

11:30 AM | Self-organized cable formation and force transmission in an active vertex QIU, Mingfeng
model for biological tissues

11:50 AM | No Talk Scheduled

Blends, Composites and Nanocomposites - GEOG 212 (10:30 AM - 12:10 PM) - Chair: Reghan Hill

Time Title Presenter

10:30 AM | Study of the stability of electrical and rheological properties of electrically STRUGOVA, Daria
conductive composites with co-continuous morphology

11:10 AM | Should we keep choosing nano-sized particles to kinetically stabilize co- SHAH, Rajas
continuous blends?

11:30 AM | Rheological and conductive properties of injection- and compression-molded | SLEMENIK PERSE,
carbon nanotube polymer composites Lidija

11:50 AM | No talk scheduled

Rheology in the Oil and Gas Industry - GEOG 200 (10:30 AM - 12:10 PM) - Chair: Paulo de Souza Mendes

Time Title Presenter

10:30 AM | KEYNOTE: Assessment of Critical Conditions Required for Effective Hole KURU, Ergun
Cleaning in Horizontal Wells - Effects of Fluid Rheological Properties and
Near Wall Turbulence on the Particle Removal From Bed Deposits

11:10 AM | Primary cementing of horizontal wells: laminar displacement flows in ALISHAHI, Marzieh
obstructed eccentric annuli

11:30 AM | Cementing displacement flows of shear-thinning fluids in horizontal wells, RENTERIA, Alondra
with and without casing rotation

11:50 AM | Displacement flows of shear thinning fluids in a vertical annulus ZHANG, Ruizi

Suspensions and Colloids - GEOG 147 (10:30 AM - 12:10 PM) - Chair: Sarah Hormozi

Time Title Presenter

10:30 AM | Non-Brownian suspensions in pressure-driven flow: numerical simulations ORSI, Michel
with frame-invariant sub-grid corrections

10:50 AM | Finite system size correction in microrheological analysis under periodic NAKAYAMA, Yasuya
boundary conditions : a direct numerical simulation approach

11:10 AM | Lubrication force between two approaching cylinders in a Bingham fluid WACHS, Anthony

11:30 AM | Cross Flow Filtration of Viscoplastic Suspensions, a Robust Mathematical 1ZADI, Mahdi
Model

11:50 AM | Imparting extensibility to jammed colloidal inks for direct-ink-writing SAENGOW,
printability Chaimongkol

Lunch - Lounge at MATH 125/126 (12:10 PM - 12:50 PM)




Biomaterials and Biological Systems — MATH 104 (2:00 PM - 3:40 PM) - Chair: Dana Grecov
Time Title Presenter

2:00 PM | KEYNOTE: Bioprinting of collagen hydrogels in supported gel environment | BOLUK, Yaman

2:40 PM | Effects of gelation concentration on cyclic deformation behavior of HORINAKA, Jun-ichi
polysaccharide hydrogels

3:00 PM | Tendon fascicle-inspired collagen multifilament bundle produced by multi- YAGHOOBI,
pin contact drawing of an aqueous collagen-polyethylene oxide solution Hessameddin

15:20 (I:Erfgizz of homogenization of raw milk on the physical properties of aged KANEDA., Isamu

Coffee Break - Lounge at MATH 125/126 (3:40 PM - 4:10 PM)

o



Biomaterials and Biological Systems - MATH 104 (4:10 PM - 5:50 PM) - Chair:

Nicky Eshtiaghi

Time Title Presenter

4:10 PM | Reversal motion of E-coli bacteria in nematic liquid crystals GORAL, Martyna

4:30 PM | Diffusion of lipid nanoparticles through airway mucus ROKHFOROUZ,
Mohammad Reza

4:50 PM | Oscillatory microfluidic thromboelastograph (micro-TEG) analysis of whole SHIN, SeHyun

blood coagulation and fibrinolysis

5:10 PM | Scale-dependent rheology of synovial fluid lubricating macromolecules MARTIN ALARCON,
Leonardo

5:30 PM | Rheology of corn stover slurries undergoing dilute-acid pretreatment SAMANIUK, Joseph

Rheology in the Qil and Gas Industry - GEOG 200 (4:10 PM - 5:50 PM) - Chair: Ergun Kuru

Time Title Presenter
4:10 PM | KEYNOTE: Normal stresses at the yielding point DE SOUZA MENDES,
Paulo
4:50 PM | Continuous Monitoring of Yield Stress and Solid Fraction of a Solid KAVISHVAR, Durgesh
Suspension Using a Microfluidic Yield Rheometer
5:10 PM | Hercshel-Bulkley parameter evaluation of oil-based drilling fluids SAASEN, Arild
5:30 PM | An algebraic thixotropic elasto-viscoplastic model for describing pre-yielding KUMAR, Lalit
and post-yielding behaviour
Suspensions and Colloids - GEOG 147 (4:10 PM - 5:50 PM) - Chair: Gwynn Elfring
Time Title Presenter
4:10 PM | KEYNOTE: Rheology of active colloids: motility-induced shear-thickening LOWEN, Hartmut
4:50 PM | Densitaxis of swimming microorganisms SHAIK, Vaseem
5:10 PM | Hydrodynamic interactions of active matter near boundaries ABTAH]I, Seyed Arman
5:30 PM Dynamics of 2D colloidal crystals in the presence of localized internal stresses JOHN, Jacob

created by active particles

10



Poster Session: Welcome Reception & Poster Session - Sage Bistro (7:00 PM - 10:00 PM)

Board | Title Presenter
Advances in cone-plate rheometers for busy labs MOONAY, David
Active particles crossing sharp viscosity gradients GONG, Jiahao
effect of the temperature on the rheological behaviors of lithium-ion batteries 2 o2
anode slurry = =
Rheological differences in anode slurries caused by shape difference between KIM., Yeeun

natural and synthetic graphite

Two-step yielding behavior of concentrated lithium-ion battery anode slurry

PARK, Jun Dong

Jamming mechanisms of dilute fibre suspensions under dead-end and cross-flow
conditions

VILLALBA CHEHAB,
Miguel Esteban

Diagnosing the state of the battery slurries using a machine learning technique

KANG, Seunghoon

Rheology and drag reduction and engineering applications of novel oil-phase
suspended polyacrylamide slicker water fracturing fluids

LU, Yongjun

Rheology and self-assembly of carboxylated cellulose nanocrystals

HALLMAN, Madeleine

Impact of extent of digestion on the shear rheological behaviour of anaerobic
digested sludge

ESHTIAGHI, Nicky

Measuring transient extensional viscosity using filament stretching on an
ARES-G2 rheometer

CHEN, Tianhong

Deformational vorticity in constitutive equations: the co-rigid rotational
Maxwell model

MISCHEL, Cody

Development of extensional rheometer using parallel disk ring

MINEYAMA, Yukihiro

Optimization of the drag-reducing effect by controlling the preparation
conditions of additives

SAEKI, Takashi

Effects of relaxation time of polymer solutions on the spatio-temporal
fluctuation in a two-dimensional flow

FUKUSHIMA, Kengo

Rheological method to investigate pseudolayer compression elastic constant and
the dynamics of the twist-bend nematic liquid crystal

PRAVEEN KUMAR,
Mylapalli

Predicticting the rate of cement plug failure

CHARABIN, Scott

Microrheology of polyelectrolyte solutions in the semidilute entangled regime

MATSUMOTO, Atsushi

Gelatinization of individual starch granules MO, Lanxin
Effect of asphaltene on the rheological properties of bitumen PIETTE, Jourdain
Evaluation of the liquid holdup in a stratified gas-liquid inclined pipeline XU, Jingyu

according to the herschel—bulkley fluid model

Effect of carbon nanotubes CNTS) dispersity in ag/polydimethylsiloxan
(PMDS) composite conductors

JEONG, EunHui

Influence of viscosity hierarchy on density-unstable fluid-fluid displacement in
vertical concentric annuli

GHORBANI, Maryam

Dynamic viscoelasticity and spinning behavior of an organogelator, PMDA-R,
dissolved in various oils

KAIDE, Aya

Capillary imbibition in a diverging flexible channel

BOUDINA, Mouad

11



Wednesday, May 17, 2023

Wednesday May 17, 2023

Plenary Presentation - GEOG 100 (9:00 AM - 10:00 AM

- Chair: Ralph Colby

Time Title Presenter
9:00 AM | Comparison of viscoelastic and dielectric properties of type-a | WATANABE, Hiroshi
chain: experimental attempt for deeper understanding of
polymer rheology
Coffee Break - Lounge at MATH 125/126 (10:00 AM - 10:30 AM)
Blends, Composites and Nanocomposites - GEOG 212 (10:30 AM - 12:10 PM) - Chair: Xiaorong Wang
Time Title Presenter
10:30 AM | KEYNOTE: Role of network compressibility on the complex | HILL, Reghan
conductivity of structured polyelectrolyte hydrogels
11:10 AM | Ultrasound effect on dispersion and distribution of graphitic DEMARQUETTE, Nicole
materials inside different pdms
11:30 AM | Fluid composites as alternatives to solid electrical GONZALEZ-GARCIA, Lola
components
11:50 AM | The rheological properties of hot melt adhesives doped with LATKO-DURALEK, Paulina

carbon nanotubes

Hiroshi Watanabe — Honorary Symposium - GEOG 100 (10:30 AM - 1

2:10 PM) - Chair: Yuichi Masubuchi

Time Title Presenter
10:30 AM | KEYNOTE: response of block copolymer electrolytes to BALSARA, Nitash P.
ionic current
11:10 AM | Glass transition and entanglement in semiflexible conjugated | COLBY, Ralph
polymer melts
11:30 AM | Nano rheology of glassy materials using dielectric molecular INOUE, Tadashi
probe
11:50 AM | Profile of Hiroshi Watanabe INOUE, Tadashi MATSUMIYA, Yumi
Rheology in the Oil and Gas Industry - GEOG 200 (10:30 AM - 12:10 PM) - Chair: Masoud Daneshi
Time Title Presenter
10:30 AM | Drift flux modeling of gas release in oil sand tailing ponds HAJIEGHRARY, Omid
10:50 AM | Rheology of fresh cement paste as affected by cellulose BINDIGANAVILE, VIVEK
nanofibres and superplasticizer
11:10 AM | Defying gravity: the fluid mechanics of off-bottom plug KARIMFAZLI, Ida
placement
11:30 AM | Rheological behavior of mature fine tailings MALMIR, Amir
11:50 AM | Investigations on methane hydrate formation, dissociation, SONG, Shangfei

and viscosity in gas-water-sand system

Lunch - Lounge at MATH 125/126 (12:10 PM

- 12:50 PM)

12




Plenary Presentation - MATH 100 (12:50 PM - 1:50 PM)

Time Title Presenter
12:50 PM | Coating process for battery electrode NAM, Jaewook
Hiroshi Watanabe — Honorary Symposium - MATH 104 (2:00 PM - 3:40 PM) - Chair: Yumi
Matsumiya
Time Title Presenter
2:00 PM | Viscoelastic properties of bidisperse linear polymers under EVELYNE, van Ruymbeke
elongational flow
2:20 PM | Dual slip-link simulation study on stretch-orientation-induced | TANIGUCHI, Takashi
reduction of friction in bi-disperse blends
2:40 PM | Elongation viscosity of a poly(styrene-b-2-vinylpyridine) DOI, Yuya
block copolymer forming spherical microphage-separated
structure
3:00 PM | Primitive chain network simulations for non-linear rheology MASUBUCHI, Yuichi
of monodisperse polystyrene melts with friction change and
violation of the fluctuation-dissipation theorem.
3:20 PM | Universality of polymer melts LIU, Chen-Yang
Non-Newtonian Fluid Mechanics and Stability - GEOG 200 (2:00 PM - 3:40 PM) - Chair: Shinji Tamano
Time Title Presenter
2:00 PM | KEYNOTE: computational rod climbing and dipping KWON, Youngdon
dependent upon normal stresses
2:40 PM | Alignment of wormlike micelles under shear flow: KOIDE, Yusuke
Comparison with polymers
3:00 PM | Effect of viscosity contrast in structure -rheology relationship | PAL, Arkaprava
in sheared lamellar mesophase in 3D
3:20 PM | Molecular dynamics simulation of the behavior of thin LIU, Dongjie
lubrication film
Self-assembly and Flow-induced Systems/Gels - MATH 203 (2:00 PM - 3:40 PM) - Chair: Qian Chen
Time Title Presenter
2:00 PM | Simulation of Competition between Reaction and Relaxation | UNEYAMA, Takashi
in Gelation Kinetics
2:20 PM | Diversity in strain-induced crystallization of natural rubber by | SAKURAI, Shinichi
biaxial elongation
2:40 PM | Quantifying the Enhancement Effect of Strain Induced TSUNODA, Katsuhiko
Crystallization on Tearing Energy by Edge Crack Test
Method
3:00 PM | Revealing the correlation between strain-induced MALI, Thanh-Tam
crystallization and local strain field around the crack-tip of
natural rubber
3:20 PM | Cluster formations of terminal groups of polyisoprenes in TAKASHI, Taniguchi
natural rubbers: Molecular dynamics simulation study
Suspensions and Colloids - GEOG 147 (2:00 PM - 3:40 PM) - Chair: Hartmut Léwen
Time Title Presenter
2:00 PM | KEYNOTE: Shear thickening in dense suspensions of rigid PETEKIDIS, George
rods
2:40 PM | Flow-induced structural change of cathode slurry during PARK, Jeong Hoon
storage and its mechanism
3:00 PM | Practical rheometry for suspensions and other fun complex MOONAY, David
systems
3:20 PM | Yield and flow in aggregated particulate suspsensions in STICKLAND, Anthony SCALES, Peter

water

Coffee Break - Lounge at MATH 125/126 (3:40 PM - 4:10 PM)

13




Hiroshi Watanabe — Honorary Symposium — MATH 104 (4:10 PM - 5:50 PM) - Chair: Tadashi

Inoue
Time Title Presenter
4:10 PM | Rheo-dielectric behavior of unentangled poly (butadiene MATSUMIYA, Yumi
oxide) under steady shear
4:30 PM | Experimental study on phase separation dynamics of SATO, Takeshi
unentangled polymer blend with dynamic asymmetry
4:50 PM | Simulation study of unentangled polymers under fast flow TAKIMOTO, Jun-ichi
5:10 PM | Molecular Dynamics Simulations for Viscosity Growth and UNEYAMA, Takashi
Conformations of Unentangled Polymers under Shear Flow
5:30 PM | No talk scheduled.
Non-Newtonian Fluid Mechanics and Stability - GEOG 200 (4:10 PM - 5:50 PM) - Chair: Li Xi
Time Title Presenter
4:10 PM | KEYNOTE: Psychorheology: toward understanding how we MARTIN, Jeffrey
experience viscous and viscoelastic materials
4:50 PM | Modelling drop mobility on lubricated surfaces using a OROZCO-FUENTES, Sirio
ternary free energy lattice Boltzmann algorithm
5:10 PM | Analysis of pulsatile flows of complex fluids in two- PARK, Nayeon
dimensional channels
5:30 PM | Solving the closure problem for dilute polymer solutions ANSUMALLI, Santosh
Self-assembly and Flow-induced Systems/Gels - MATH 203 (4:10 PM - 5:50 PM) - Chair: Kenji Urayama
Time Title Presenter
4:10 PM | KEYNOTE: Relationships between viscoelastic relaxation KATASHIMA, Takuya
and network connectivity in transient networks with well-
controlled network structures
4:50 PM | Phantom chain simulations for tetra and tri-branched MASUBUCHI, Yuichi
networks
5:10 PM | Negative energy elasticity in polymer gel elasticity SAKAI, Takamasa
5:30 PM | Universal Equation of State of Osmotic Pressure for Polymer | YASUDA, Takashi
Gels
Suspensions and Colloids - GEOG 147 (4:10 PM - 5:50 PM) - Chair: Chaimongkol
Saengow
Time Title Presenter
4:10 PM | Influences of shape of molecular weight distribution on KIDA, Takumitsu
tensile properties of polyethylene solids
4:30 PM | Linking multiscale rheology to performance of hierarchically | LEE, Min-Hyung Markus
structured pem fuel cell catalyst layer
4:50 PM | Inertial flow of immersed elastic capsules through a corner HUET, Damien
5:10 PM | Slip Behaviour and Thixotropy of Kaolinite and Mature Fines | PIETTE, Jourdain
Tailings
5:30 AM | Z-shaped dejamming phase diagram of colloidal gels XIA, Bin

Social Events: Pub Night & Karaoke (7:00 PM - Late)

14




Thursday, May 18, 2023

Thursday May 18, 2023

Plenary Presentations: INNFM Walters Award Lecture — GEOG 100 (9:00 AM - 10:00 AM) - Chair: lan Frigaard

Time

Title

Presenter

9:00 AM

Viscoplastic Fingers and Fractures in a Hele-Shaw Cell

BALL, Thomasina

Time

10:30 AM

10:50 AM

11:10 AM

Coffee Break - Lounge at MATH 125/126 (10:00 AM - 10:30 AM)

Emulsions, Foams and Bubbles - GEOG 147 (10:30 AM - 12:10 PM) - Chair: Marjan Zare

Title

Controlled Collision of Hele-Shaw Droplets in Extensional
Flow Using a Six-Port Microfluidic Device

Bubbles in Yield Stress Fluids: Link between the Rheology
and Stability of Bubbles
Preparation and properties of conductive foams via high

internal phase emulsion

Presenter
RAZZAGHI, Aysan

DANESHI, Masoud

LEE, Seong Jae

11:30 AM  Shear-triggered Coalescence MASHAYEKHI, Alireza
11:50 AM A New Instrument for Interfacial Dilational Rheology HUANG, Yun-Han

Hiroshi Watanabe — Honorary Symposium - GEOG 100 (10:30 AM - 12:10 PM) - Chair: Youngdon

Kwon
Time Title Presenter
10:30 AM | KEYNOTE: Rheology modification of polymeric networks | VLASSOPOULOS, Dimitris
via loop threading
11:10 AM | Time-Strain Separability and Inseparability in Multiaxial URAYAMA, Kenji
Stress Relaxation of Polymer Gels with Permanent and
Transient Crosslinks
11:30 AM | Intriguing melting behavior of the natural rubber crystal SAKURAI, Shinichi
formed by strain-induced crystallization
11:50 AM | Have you ever listened to the sound of the fluid? AHN, Kyung Hyun
Non-Newtonian Fluid Mechanics and Stability - GEOG 200 (10:30 AM - 12:10 PM) - Chair: Miguel Moyers-Gonzalez
Time Title Presenter
10:30 AM | Rheological effects on purely-elastic flow asymmetries in YOKOKOJI, Arisa
the cross-slot geometry
10:50 AM | Flow of a wormlike micellar solution over a long cavity HILLEBRAND, Fabian
11:10 AM | Effects of channel length in expansion parts on flow regimes | HIDEMA, Ruri
of polymer solution in consecutive abrupt contraction-
expansion channels
11:30 AM | Instabilities in immiscible multi-layer viscous shear flows in | KATSIAVRIA, Anna
the presence of interfacial slip
11:50 AM | Effect of ultrasound fields on asphaltene-laden w/o KHALESI MOGHADDAM, Razie

interfaces: a microrheology approach

Self-assembly and Flow-induced Systems/Gels - GEOG 212 (10:30 AM - 12:10 PM) - Chair: Takamasa Sakai

Time Title Presenter

10:30 AM | KEYNOTE: Nonlinear Rheology of Concentrated CHEN, Quan
Poly(vinyl alcohol)/Borax Aqueous Solution

11:10 AM | Hystereses In One-dimensional Compression Of A XU, Zelai
Poroelastic Hydrogel

11:30 AM | Nonlinear rheology of entangled wormlike micelles: a slip- SATO, Takeshi
spring simulation study

11:50 AM | Coupling a ionic surfactant and a drug salt: equilibrium GRIZZUT]I, Nino

characteristic parameters & strain hardening in start-up flow

Lunch - Lounge at MATH 125/126 (12:10 PM - 1:50 PM)
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2:40 PM

3:00 PM

Emulsions, Foams and Bubbles - GEOG 147 (2:00 PM - 3:40 PM) - Chair: Arun
Ramchandran
Time
2:00 PM

Title

KEYNOTE: Squeezing of a concentrated emulsion with

surfactant through a periodic porous medium

The effect of surface viscosity on droplet breakup and
relaxation under extensional flow

Flow and instability induced by bubbles rising in a two-

layer fluid system

Presenter
ZINCHENKO, Alexander

NARSIMHAN, Vivek

ZARE, Marjan

3:20 PM  Dynamics and mixing of trapped droplets ROURE, Gesse
Non-Newtonian Fluid Mechanics and Stability - GEOG 200 (2:00 PM - 3:40 PM) - Chair: lan Frigaard

Time Title Presenter
2:00 PM | Gas propagation through porous media filled with yield- POURZAHEDI, Ali
stress fluid
2:20 PM | Localization of stirring flows: the effect of the yield stress DANESHVAR GARMROODI, Mohammad
Reza
2:40 PM | Thin-film flow of a Bingham fluid over topography with a MOYERS, Miguel
temperature dependent rheology
3:00 PM | Damping of surface waves by a floating viscoplastic plate WANG, Xuemeng
3:20 AM | No talk scheduled.

Time
2:00 PM

2:20 PM

2:40 PM

3:00 PM

3:20 PM

Polymer Solutions and Melts - MATH 104 (2:00 PM - 3:40 PM) - Chair: Benjamin Yavitt

Title

Advanced polymer rheology based on rheo-optical tools and

a dual motor device

Universal diffusion of dendrimers in semidilute solutions of

linear polymers
The Effect of the Solvent Dielectric Constant on the

Conformation and Dynamics of Polyelectrolytes in Solution

Recent advances in polymer viscoelasticity from general

rigid bead-rod theory

Improvement of Heat Resistance using Physical Aging in
Polystyrene Injection Moldings

Presenter
LAEUGER, Joerg

JAGADEESHAN, Ravi
MATSUMOTO, Atsushi
GIACOMIN, Alan Jeffrey

TAO, Kosaku

Self-assembly and Flow-induced Systems/Gels - MATH 203 (2:00 PM - 3:40 PM) - Chair: Takuya Katashima

Time Title Presenter

2:00 PM | Effect of salt concentration and flow rate on clogging KIM, Dae Yeon
dynamics in the single micro-pore

2:20 PM | Star-polymer-DNA gels showing predictable stress LI, Xiang
relaxation behavior

2:40 PM | Observation of flow birefrengence in dynamic squeeze flow | KATO, Manabu

3:00 PM | SAXS, SANS and Spectroscopy Study on High Tunability OKAMOTO, Shigeru
of a Block Copolymer by Strongly Selective Solvents

3:20 PM | No talk scheduled

Social Events: Buses to Downtown Vancouver - Mathematics & Geography Buildings (4:30 PM - 6:30 PM)

Social Events: Cruise Dinner on the Magic Spirit (6:30 PM —11:00 PM)
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Friday, May 19, 2023

Friday May 19, 2023
Plenary Presentations: GEOG 100 (9:00 AM - 10:00 AM)
Time Title Presenter
9:00 AM | Substrate colonization by an emulsion drop prior to spreading RAMACHANDRAN, Arun

Coffee Break - Lounge at MATH 125/126 (10:00 AM - 10:30 AM)
Industrial Rheology in Polymer Processing - GEOG 200 (10:30 AM - 12:10 PM) - Chair: Jourdain Piette
Time Title Presenter

10:30 AM  Rheology-Driven Continuous In-Melt Separation of PET/PE Blendsand ~ MAIA, Joao
Laminates: A Novel Approach to Recycling

10:50 AM  Experimental Validation of Viscosity Homogenization Treatment
System for Waste Plastic Recycling

11:10 AM  Development of composite via secondary polymer-induced particle

aggregation and destruction of its particle aggregation during 3d printing
11:30 AM  Analysis of operating limits of vacuum-assisted slot die coating of

herschel-bulkley fluids
11:50 AM  No talk scheduled.

ENDO, Hiroki
HONG, JOUNG SOOK

LEE, Myungjae

Non-Newtonian Fluid Mechanics and Stability - GEOG 100 (10:30 AM - 12:10 PM) - Chair: Ruri Hidema
Time Title Presenter
10:30 AM | KEYNOTE: Effect of local relaxation time on drag reduction in TAMANO, Shinji
turbulent boundary layer flow of viscoelastic fluids
11:10 AM | Turbulent drag reduction with flexible and rigid polymer solutions: from | MITISHITA, Rodrigo
low to maximum drag reduction
11:30 AM | Relating elastoinertial turbulence to the phenomenology of polymer drag | XI, Li
reduction
11:50 AM | No talk scheduled

Polymer Solutions and Melts — GEOG 212 (10:30 AM - 12:10 PM) - Chair: Ravi Jagadeeshan

Time

10:30 AM

11:10 AM

11:30 AM

11:50 AM

Title

KEYNOTE: Modular material properties in bimodal blends of amine
functionalized polyolefins

Linear Viscoelastic Properties of Comb-Shaped Ring Polystyrenes
Application of a robust self-healing experimental protocol for
associating polymers

No talk scheduled

Presenter
YAVITT, Benjamin

DO, Yuya
MORADINIK, Nafiseh

Rheology in the Mining Industry - GEOG 147 (10:30 AM - 12:10 PM) - Chair: Masoud Daneshi
Time Title Presenter

10:30 AM | Rheological characterization of suspensions generated from copper ores | GUTIERREZ, Leopoldo

0 varying mineralogical features at grinding conditions
10:50 AM | Quantifying the effects of fines and clays on mineral tailings dewatering | STICKLAND, Anthony
11:10 AM | Modelling high-pressure dewatering rolls for mineral tailings EKANAYAKE, Nilanka
11:30 AM | Influence of fluid type in the transition from spray to roping in BETANCOURT, Fernando

hydrocyclones
11:50 AM | No talk scheduled

Closing Remarks - MATH 100 (12:15 PM - 12:45 PM)
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List of abstracts

Tuesday, May 16, 2023
Plenary Presentation - GEOG 100 (9:00 AM - 10:00 AM)

8TH PACIFIC RIM CONFERENCE ON RHEOLOGY, May 15-19, 2023

What we learn about yielding from recovery rheology
Simon A. Rogers

Chemical and Biomolecular Engineering, University of Illinois at Urbana-Champaign,

Urbana, IL, USA (sarogers(@illinois.edu)

ABSTRACT

Yield stress fluids are often thought about in a piecewise manner as behaving like elastic
solids below the yield stress and like generalized Newtomian liquids above it. Accurate
determination of the yield stress is therefore crucial to understanding and predicting the
behaviour of yield stress fluids such as inks for 3D printing, foods and cosmetics, muds and
soils, and many industrially and biologically relevant materials. Despite the centrality of the
yield stress concept, there exist multiple methods by which researchers determine ‘the’ yield
stress, and they can provide values that are orders of magnitude apart. Such discrepancies have
even led to some asking the question of whether the yield stress exists at all.

In this work we study a series of yield stress fluids using recovery rheology concepts, where
strain i1s decomposed into recoverable and unrecoverable components, and present evidence
that yielding takes place gradually over a wider range of stresses than previously thought. It 1s
shown that the overshoot in the loss modulus that has often been used as a measure of yielding
1s due to the acquisition of unrecoverable strain. It’s shown how these measurements led to the
development of a model that describes spatially heterogeneous yielding in a mean-field manner
and how accurately this model predicts the rheology of simple yield stress fluids.

In more complex materials, responses are observed with two overshoots in the loss modulus,
a phenomenon often referred to as “double yielding”. It 1s shown that these dual features are
really a combination of two distinct processes, only one 1f which 1s yielding. New protocols
spired by recovery concepts are also used to show that small amounts of flow occur below
the yield stress determined by a Herschel-Bulkley fit to steady-shear flow measurements in a
predictable manner as a function of stress amplitude, angular frequency, and applied stress
phase angle. Relations are presented that show how these measures can be used to determine
the contribution to the loss modulus from unrecoverable plastic deformations, providing some
of the same information as the full iteratively performed recovery tests, but n a fraction of the
time.

Recovery rheology therefore adds nuance to our understanding of yield stress fluids by
highlighting the continuous nature of yielding and providing a general set of methods by which
reliable and consistent yielding information can be rapidly obtamned.
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Biomaterials and Biological Systems - GEOG 100 (10:30 AM - 12:10 PM)

8TH PACIFIC RIM CONFERENCE ON RHEOLQGY, May 15-19, 2023

POROELASTIC MODELLING REVEALS THE
COOPERATION BETWEEN TWO MECHANISMS FOR
ALBUMINURIA

Zelai Xu', Pengtao Yue® and James J. Feng!

1University of British Columbia, Vancouver, Canada
2‘u’irginia Tech, Blacksburg, United States of America

ABSTRACT

Albuminuria occurs when albumin leaks abnormally into the urine. Its mechanism remains unclear.
A gel-compression hypothesis attributes the glomerular barrier to compression of the glomerular
basement membrane (GBM) as a gel layer. Loss of podocyte foot processes (FPs) would allow the
gel layer to expand circumferentially, enlarge its pores and leak albumin into the urine. To test this
hypothesis, we develop a poroelastic model of the GBM. It predicts GBM compression in healthy
glomerulus and GBM expansion in the diseased state, essentially confirming the hypothesis. How-
ever, by itself, the gel compression and expansion mechanism fails to account for two features of
albuminuria: the reduction in filtration flux and the thickening of the GBM. A second mechanism, the
constriction of flow area at the slit diaphragm downstream of the GBM, must be included. The co-
operation between the two mechanisms produces the amount of increase in GBM porosity expected
in vivo in a mutant mouse model, and also captures the two in vivo features of reduced filtration flux
and increased GBM thickness. Finally, the model supports the idea that in the healthy glomerulus,
gel compression helps maintain a roughly constant filtration flux under varying filtration pressure.

METHODOLOGY

The function of the kidney relies on microvascular filtration units known as glomeruli (Fig. la).
To clarify mechanism of albuminuria, a gel compression hypothesis' has been proposed to explain
the change of permeability between a healthy GBM and a diseased one. We have built the fol-
lowing model to testify the hypothesis. In view of recent studies of the mechanics of basement
membranes®*, we represent the GBM as a poroelastic gel layer composed of an elastic network and
aqueous solvent. we omit the endothelial cells owing to their limited contribution to the size selective
filtration, and focus on the GBM and FPs. Fig. 1(b) depicts a quarter of the glomerular capillary, and
the computational domain is an annular sector delineated by the two arcs I'y and I'>. The filtration
flow is driven by the pressure difference between P at I'y and P = 0 in the urinary space down-
stream of the FPs. The flow inside the lumen is inertialess Stokes flow along the radial direction.
The GBM is a layer of poroelastic gel, with initially constant fluid and solid volume fractions. As the
GBM is deformed by the flow, its volume fraction may vary in time and along the radial direction.
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The details of the poroelastic theory and numerical method can be find in our previous studies’.

Opodocyte

(a)

arteriole

‘cndolhclial cell !

urinary
space

lomerular
basement membrane  glomerular
(GBM)

glomerulus filtration barrier

Figure 1: (a) Schematics showing the glomerular filtration barrier in the kidney. Each glomerulus en-
closes a network of capillaries through which the blood is filtered. The capillary wall consists of a fenes-
trated endothelium on the inside, a glomerular basement membrane (GBM) and podocytes on the outside.
The liquid filtrate passes through the endothelium and the GBM, and flows out through the slit diaphragm
(SD) between the foot processes (FPs) of the podocytes into the urinary space. (b) The computational
domain is between the arcs I'y and I's. The red dashed line T'; represents the interface between the blood
in the capillary lumen and the GBM. The filtration is driven by a constant pressure Py on I'y and the flow
direction is indicated by the array of arrows. The buttressing effect of the FPs is represented by elastic
springs pushing on the exit of the domain I'5.

To reflect the morphological changes due to FP effacement, we focus on two features. The first is
the weakening of the buttress force on the downstream surface of the GBM. The second is the effect
of shortened and narrowed SD on restricting the filtration flux. We model the FP buttressing force by
elastic springs that resist normal displacement of the GBM’s outer surface I'; with a radial normal
stress by an elastic coefficient . The viscous flow across the SD requires a pressure drop which is
assumed to be proportional to the local fluid velocity with a friction coefficient y.p. For the diseased
state, /2 should decrease while y1p would increase according to the experimental observation®.

RESULTS

We present here only the most salient results of the study, and a more comprehensive description
can be found in our recent paper’. Fig. 2 compares the steady-state shape of GBM for the healthy
glomerulus and for a diseased glomerulus with softened E and elevated pp. The values of E and
itp for healthy and diseased state have been determined from experimental literature and our own
modeling. We can observe the dilation of the capillary and the more porous GBM in the diseased
state. These are primarily caused by the softening of FP and also consistent with the gel compres-
sion hypothesis and experimental observation by Butt ef al.%. Additionally, we found the thickening
of GBM and lower filtration flux. We attribute these two characteristics to the shorting SD, repre-
sented by an elevated j. Both were observed in the experiment, but were not explained by the
gel compression hypothesis alone. Most interestingly, the shorting SD increases the porosity of the
GBM further, which could lead to more serious albuminuria. In summary, the softening FPs and the
shortening SD both contribute to the albuminuria.
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Figure 2: Combined effects of reducing the buttressing modulus E and raising the SD friction coefficient
jtp. Comparison of the GBM morphology and the volume fraction ¢, contours.
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8TH PACIFIC RIM CONFERENCE ON RHEOLOGY, May 15-19, 2023

Hydrodynamics and rheology of fluctuating, semiflexible,
inextensible, and slender filaments in Stokes flow

Aleksandar Donev', Ondrej Maxian', Brennan Sprinkle'?

'Department of Mathematics, Courant Institute, New York University, New York, NY 10012
*Department of Applied Mathematics and Statistics, Colorado School of Mines, Golden, CO
80401

ABSTRACT

Every animal cell is filled with a cytoskeleton, a dynamic gel made of inextensible filaments /
bio-polymers, such as microtubules, actin filaments, and intermediate filaments, all suspended in
a viscous fluid. Similar suspensions of elastic filaments or polymers are widely used in materials
processing. Numerical simulation of such gels is challenging because the filament aspect ratios
are very large.

‘We have recently developed new methods for rapidly computing the dynamics of non-Brownian
and Brownian inextensible slender filaments in periodically-sheared Stokes flow’?*. We apply
our formulation to a permanently’ and dynamically cross-linked actin mesh® in a background
oscillatory shear flow. We find that nonlocal hydrodynamics can change the visco-elastic moduli
by as much as 40% at certain frequencies, especially in partially bundled networks®*.

I will focus on accounting for bending thermal fluctuations of the filaments by first establishing a
mathematical formulation and numerical methods for simulating the dynamics of stiff but not
rigid Brownian fibers in Stokes flow.* I will emphasize open questions for the community such
as whether there 1s a continuum limit of the Brownian contribution fo the stress tensor from the
filaments.

Figure 1: Bundling in a dynamically-cross-linked gel of Brownian actin filaments with decreasing
persistence length from left to right.



ACKNOWLEDGEMENTS

This work 1s supported in part by the U.S. National Science Foundation under grant DMS-

2052515.

REFERENCES

1.

2.

O. Maxian et al. Integral-based spectral method for mextensible slender fibers in Stokes flow,.
Phys. Rev. Fluids, 6:014102, 2021

O. Maxian et al,. Hydrodynamics of a twisting, bending, mextensible fiber in Stokes flow, Phys.
Rev. Fluids, 7:074101, 2022

O. Maxian et al. Interplay between Brownian motion and cross-linking controls bundhing
dynamics m actin networks, Biophysical J., 121:1230-1245, 2022

0. Maxian et al, Bending fluctuations in semiflexible, inextensible, slender filaments in Stokes
flow: towards a spectral discretization, Ar3{v:2301.11123 submitted to J. Chem. Phys., 2023.
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8TH PACIFIC RIM CONFERENCE ON RHEOLOGY, May 15-19, 2023

TRIBOLOGY AND RHEOLOGY OF HYALURONIC
ACID BASED CELLULOSE NANOCRYSTAL
SUSPENSIONS

Alkshai Bose!, Behzad Zakani'” and Dana Grecov'~

'Dept. of Mechanical Engineering, University of British Columbia, Vancouver, Canada
‘UBC Bioproducts Institute, University of British Columbia, Vancouver, Canada

ABSTRACT

Hyaluronic acid (HA) 1s an unbranched mucopolysaccharide with repeating units of N-
acetylglucosamine and glucuronic acid glycosidic linkage. Due to the biomechanical properties
of HA, it 15 used 1n a wide range of biomedical applications, especially as a friction or viscosity
modifier. The current study mvestigates the muecrostructural, tribological and rheological
properties of HA based cellulose nanocrystals (CNC) suspensions

The microstructural characterization of the CNC suspensions was performed using a
polarized optical microscope (POM). The POM images revealed the presence of chiral nematie
domains of CNCs where their size increase with an increase in CNC concentration (due to the
mntermolecular hydrogen bonding (H-bond) between the CNCs). The tribological measurements
were performed using a pin-on-disk tribometer. Using a steel-steel tribo-pair, results showed a
reduction in the coefficient of friction and wear with the addition of only 0.5 wt.% CNC to HA.
The energy-dispersive X-ray spectroscopy (EDX) revealed that the addition of CNCs reduced
the surface corrosion of the tribo-pair. At higher CNC concentrations, the COF value tends to
increase, due to the abrasive behaviour of the large CNC agglomerates. Rheological
measurements were performed using a rotational rheometer. The steady shear viscometry data
of HA/CNC suspensions exhibited shear thinning behaviour at lower shear rates due to the
alignment of CNC agglomerates along the shear direction. The frequency sweep data revealed
that the solid-like viscoelastic behaviour (storage modulus greater than loss modulus) of
HA/CNC suspension increased with an merease m CNC concentration. The HA/CNC
suspension with CNC concentration of 1 wt % and more exhibit yielding behaviour. The yield
stress of the suspensions increases with CINC concentration. These findings may serve as an
mitial step in developing HA/CNC-based rtheology or tribology modifiers for different
biomedical and pharmaceutical applications.
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8TH PACIFIC RIM CONFERENCE ON RHEOLOGY, May 15-19, 2023

SELF-ORGANIZED CABLE FORMATION AND FORCE
TRANSMISSION IN AN ACTIVE VERTEX MODEL FOR
BIOLOGICAL TISSUES

Mingfeng Qiu®, Vincent Hakim® and Francis Corson’

!Laboratoire de Physique de I'Ecole Normale Supérieure,
CNRS, ENS, Université PSL, Sorbonne Université, Université de Paris,
75005 Paris, France

Biological tissues, as complex materials, have been receiving increased interest in recent years.
An important example is an epithelial monolayer. a single layer of packed cells. This type of tis-
sue lines the surfaces of animal organs and plays fundamental roles in life. In a commonly used
approach, termed the vertex model'-2, an epithelial monolayer is described by a network of active
edges representing boundaries between neighbouring cells (Fig. 1 right). Biologically, each edge
represents bundled polymeric filaments (actin) crosslinked by molecular motors (myosin). These
edges actively contract and sustain tension, which is thus transmitted throughout the tissue. Vertex
models display intriguing rheology, transitioning between solid and fluid states as cell parameters
change”.

The mechanical response of epithelial tissues involves interactions of many elements. Tradition-
ally it is believed that genes and biochemistry instruct mechanics. Recently, it is becoming clear
that mechanics feeds back onto and drives gene expression and biochemical signalling®®, but how
mechanical feedback affects tissue behaviour remains poorly understood.

Inspired by experimental observation, we propose a vertex model with a coarse-grained descrip-
tion of passive edge viscoelasticity as well as active molecular motor activities. The model incor-
porates a known feedback loop in which edge tension regulates motor recruitment (Fig. 1 left). We
study the emergent response of this type of tissues to external forces using both theory and computa-
tions. Through a mechanical instability caused by the feedback, a tissue can become patterned with
long focused paths consisting of chains of strongly contracting edges spanning many cells (Fig. 1
right). We characterize the properties of such contractile cables.

Our theory provides a potential explanation for the formation and refinement of actomyosin
cables, which are ubiquitous in the development of organisms and whose origins are largely unclear.
From the physics point of view, the spontaneous contractile paths offer mechanisms for long-range
force transmission, highlighting novel mechanical states in active materials.
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2. Farhadifar R., Roper J.-C., Aigouy B., Eaton S., Julicher F., The influence of cell mechanics,
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Blends, Composites and Nanocomposites - GEOG 212 (10:30 AM - 12:10 PM)

8TH PACIFIC RIM CONFERENCE OM RHEOLOGY, May 15-19, 2023

NONLINEAR RHEOLOGY OF RUBBER
VULCANIZATES NANOCOMPOSITES

Yihu Song'?
'MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of
Polymer Science and Engineering, Zhejiang University, Hangzhou 310027, China
2Shanxi-Zheda Institute of New Materials and Chemical Engineering, Taiyuan 030000, China.

ABSTRACT

Nanoparticles significantly remforce rubber materials while they also enhance the dissipation
and strain softening behaviours of the nanocomposites, the latter being characterized by
nonlinear Payne effect. For a long time, formation of filler networks mediated by rubber-filler
mnterfacial interactions 1s assigned to the major reinforcement mechanism beyond the
hydrodynamic effect and breakdown of filler network mediated by chams slippage and
desorption from the filler nanoparticles 1s thought to account for the Payne effect. We show that
the filler amplifies microscopic deformation and therefore reinforces the rubber phase
depending on the dynamics of the rubber, which 1s well accounted for by the time-concentration
superpositioning principle '* We show that the neat rubber vulcanizates exhibit nonlinear
dynamic rheology that determines the Payne effect of vulcanizates nanocomposites. The filler
amplifies the microscopic deformation and promotes softening of the rubber phase, which 1s
well accounted for by the concentration-concentration superpositioning principle. We realize
that many studies ignoring the viscoelasticity of the rubber matrices and simplifying the
matrices to “the carrier of the particle network™ give deceptively misleading conclusions being
far away from guiding the industry to manufacture high-performance nanocomposites. We
develop several strategies to optimize the reinforcement, dissipation and stram softening
behaviours of rubber nanocomposites based on regulation of the nonideally crosslinked
network of the rubber matrices 1n addition to improvement of filler dispersion and interfacial
interaction.
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8TH PACIFIC RIM CONFERENCE OM RHEOLOGY, May 15-19, 2023

STUDY OF THE STABILITY OF ELECTRICAL AND
RHEOLOGICAL PROPERTIES OF ELECTRICALLY
CONDUCTIVE COMPOSITES WITH CO-
CONTINUOUS MORPHOLOGY

D. Strugova, E. David, N.R. Demarquette

Ecole de Technologie Supérieure — ETS, Montréal, Québec H3C 1K3, Canada

ABSTRACT

Polymer blends presenting a co-continuous morphology have raised more and more interest
due to their potential application as conductive materials when used with electrically conductive
fillers, such as carbonaceous nanoparticles'~. These materials have a wide range of potential
applications, including electronics, sensors, and energy storage devices. The conductivity of
these composites can be adjusted by varying the concentration and type of filler used as well as
the morphology of the matrix. The unique structure of co-continuous blends, allows for efficient
distribution of the conductive filler throughout the material, making it possible to achieve a
drastic reduction of the percolation threshold concentration, which 1s the point at which the
material becomes electrically conductive!:*. This is achieved when the filler is located within
one of the phases or at the interface between the two polymers forming the co-continuous
morphology resulting in a double percolation. This reduces the amount of filler required to
reach the percolation threshold and thus making the material more cost-effective. However,
during processing, the composites are subjected to deformation, which can alter their
morphology and electrical properties. Understanding the behavior of these materials under
different loading conditions 1s important.

In this study, the linear viscoelastic properties of co-continuous polypropylene/polystyrene
blends filled with multiwall carbon nanotubes (PP/PS/MWCNT) have been investigated.
PP/PS/MWCNT composites with different concentrations of MWCNT (0 to 5 wt.%) have been
prepared by melt mixing. The rheological, electrical, and morphological properties of the
obtamed samples were then characterized. The samples were subjected to a sequence of small
amplitude oscillatory shear (SAOS), a steady shear (simulating flow), and a recovery step. This
test design was used to evaluate the morphology before and after applied deformation, and
deformation + recovery. The evolution of electrical properties was investigated during applied
deformation and recovery using a rheometer coupled with an impedance-meter. The SAOS
response was fitted to a model, which considers the contribution of filler network elasticity of
filled composites to the dynamic modulus®. This was done in order to evaluate the change of
morphology undergone by the different samples when subjected to a deformation step prior to
and after the recovery.
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It was shown that the addition of even a very low amount of MWCNT refined the co-continuous
morphology of the PP/PS blend. In addition, 1t was shown that MWCNT stabilized the
morphology of a co-continuous blend once added at a certan concentration, even when
significant deformation was applied. The co-continuous morphology was also refined during
the recovery step. Electrical conductivity presented similar behavior. It was not only recovered
to 1ts nitial values but even increased one order of magnitude.
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ABSTRACT

Filling co-continuous polymer blends with solid particles has proven to improve their structural
stability. Such composites further demonstrate improved functionality, making them an attractive
choice of material in a wide range of applications. These objectives are achieved by trapping and
percolating the particles either in one of the polymer phases or at the polymer-polymer interface.
Localization is dependent on the thermodynamics and geometric properties of the particles, polymers
and processing conditions employed. It has been widely reported for spherical particles that particles
with smaller sizes are the most effective in preventing the coarsening of co-continuous structures.
However, processing composites with nanoparticles is not trivial due their tendency to aggregate,
caused be colloidal interactions. As such, they require chemical surface modification to be effective.
Tuning surface properties often involve complex, costly, toxic treatments and are usually useful on
a case-by-case basis. Another crucial factor considered in reported studies is the requirement of
monodisperse particles, which again is not trivial to achieve on an industrial scale. To tackle these
issues, we approach this study with two critical questions in mind: How is microstructural stability
dependent on the size of pristine particle? How does particle size distribution affect it? We perform
in-situ high-temperature confocal rheology studies to assess the effect of particle size on the extent
of particle agglomeration, particle migration across the interface, and its consequence on coarsening
of polymer blends filled with pristine silica particles. This enabled characterization of coarsening
kinetics by relating the evolving 3D microstructure to the time dependence of the macroscopic flow
behavior with rheological measurements.

We began by investigating the dynamics of five different silica particles with diameter rang-
ing from 5 nm to 490 nm filled polypropylene (PP) and poly(ethylene-co-vinyl acetate) (EVA) co-
continuous blend which is known to breakdown into droplet-matrix blend during coarsening when
not filled with particles. While particle size does not play a role on blend stability when particles
are thermodynamically driven to their preferred polymer phase, a striking effect is achieved when
particles are kinetically trapped at the interface. We find that the interparticle interaction, driven by
smaller interparticle distance governs their extent of agglomeration and consequently their ability
to stabilize co-continuous morphology. Strikingly, the largest (490 nm) particles are more effective
in suppressing coarsening than 5 nm and 60 nm particles, while 140 nm and 250 nm particles are
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most effective. Furthermore, we demonstrate that migration of primary particles of any size is influ-
enced by the interplay of interfacial folding during melt blending and Laplacian pressure exerted by
a highly curved, newly created, interface. On the other hand, the large agglomerates localized in the
thermodynamically preferred polymer phase.

In the second part of the study, we introduce the most effective particles (140 nm and 250 nm) in
the blends under different loading ratios to simulate polydispersity in four different blends based on
PP (or polyethylene, PE) and EVA. Different grades of PP (or PE) and EVA are carefully chosen as
model polymers blends with different properties, viz., zero shear viscosity, interfacial tension, and
viscosity ratio between components under processing conditions and at rest. As such the driving
force (ratio between interfacial tension and viscosity, I'/n) for coarsening in these blends is differ-
ent. We find that polydispersity in particle size do not negatively affect the blend stability, it can
be used as an additional tuning parameter. The efficacy of the particles to suppress the coarsening
is dependent on the zero-shear viscosity of the blends. Lower viscosity blends can coarsen to a
greater extent before particles can percolate at the interface. Further, the increase of elasticity in
blends has a dependence on final blend morphology, and I' /7 ratio. Blend with lowest I'/n ratio
has higher interfacial area and hence the corresponding network of particles formed on the inter-
face are weaker yielding a lower growth in elasticity. As such, the blend elasticity is determined
to be more susceptible to the morphology of blends than component properties. Blends of medium
interfacial tension and viscosity achieved optimal structural stability and enhancement in elasticity.
These results extend our fundamental understanding of the stabilization of co-continuous morphol-
ogy in polymer blends by particles, providing promising new avenues for fundamental studies and
applications alike.
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ABSTRACT

In the present study we show that carbon nanotube network formation and morphology
play significant roles on the rheological, mechanical, and electrical properties of polymer-based
nanocomposites. Results show that the formed network 1s in majority constructed of nanotube
bundles, which geometrically entangle at a critical volume fraction ¢, (geometrical
percolation threshold). The geometrical entanglement of carbon nanotubes significantly affects
the rheological performance regardless of the network morphology which mmproves the
mechanical properties. On the other hand, nanotube configuration affects the electrical
performance even if the network 1s not fully established (below ¢.,). In this case, random
configuration moves the ftransition from isolator to conductor ¢g, (electrical percolation
threshold) to much lower nanotube content and profoundly improves the conductivity of the
nanocomposite.

INTRODUCTION

Carbon nanotubes-CNTs are widely accepted as exceptional nanofillers with superior
strength and effective electron transfer, which can be utilized to improve functional
performance of host materials. They establish randomly connected network within polymers,
where they serve as mechanical reinforcement or conductive pathway, which can be used
numerous cutting-edge technologies'. Nevertheless, the functional performance of such
materials mainly depends on network formation and 1ts morphology. CNT network in polymer-
based nanocomposites 1s generally established m melt and governs the properties of such
materials in solid state. Within this research we focus on the rheological properties and
electrical conductivity of CNT polymer-based nanocomposites.

Up to date there are numerus research works reporting on the improvement of mechanical
properties with the addition of CNTs. Recent studies in this field observed percolation event in
mechanical properties, explaining that particle interactions additionally reinforce the material®.
However, none of these studies explicitly correlate the improvements with network formation
and 1ts morphology. Furthermore, since the effective electron transfer 1s one of the key features
of CNTs, extensive research has already been conducted on electrical conductivity of such
nanocomposites’. While there are some reports that geometrical entanglement of CNTs is a key
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factor for the establishment of conductive network, there are others showing that randomness
i CNT configuration increases the probability to enable electron transfer. Therefore, the aim
of the present research was to mvestigate network formation, its morphology, and their effects
on the rheological and conductive properties of CNT polymer-based nanocomposites.

EXPERIMENTAL PART

Low-density polyethylene-LDPE was used as matrix material, while single-walled carbon
nanotubes-SWCNTs were selected as nanofiller. Nanocomposites preparation process was
performed m three phases: (1) the preparation of SWCNT/LDPE mixtures with umformly
dispersed nanofiller in the matrix material by using twin-screw extrusion; the preparation of the
samples with different network morphologies by (i1) injection molding (aligned network
configuration) and (111) compression molding (random network configuration). The
morphology of SWCNT network was investigated by plasma etching technique coupled with
SEM. The SWCNT network formation and growth was observed through rheological analysis,
1.e., complex viscosity n*, viscoelastic storage G'(®) and loss G"(®) modulus as a function of
frequency w. Tests were conducted at constant temperature (150°C) m the linear viscoelastic
regime by using a modular rotational rheometer MCR 302 (Anton Paar, Austria) coupled with
plate-plate sensor system (PP25, 1 mm gap). Electrical conductivity was investigated by
utilizing custom build 4-wire and 2-wire DC measurement rig. In the measured voltage range,
all samples showed Ohmic behavior, thus the specific conductivity o was determined from the
linear slope of the I-U curves.

RESULTS AND DISCUSSION

From the rheological tests, the frequency dependency of the relative viscosity (e =
n'/Mm: ' - real part of complex viscosity, 1y, - viscosity of matrix material) was determined.
Two regimes can be observed (Fig. 1a): dilute and semi-dilute regime, separated by the critical
volume fraction ¢, indicating SWCNT nefwork development. Below ¢, (in the dilute
regime) no particle interactions are present and SWCNT bundles behave as individual entities,
mainly interacting with the host material. The mechanical reinforcement can be understood as
a transfer of external load from host material to nanoparticles. However, above ¢, (in the semi-
dilute regime), the bundles form randomly connected network, where interactions by adjacent
rods become significant. Bellow ¢, where bundles are unconstrained, two configurations
were obtamed, namely the aligned configuration formed 1n injection molding samples and the
random configuration formed in compression molding samples. However, those configurations
provide no particular change in the rheological behavior 7),). Above ¢y, the movement of the
bundles 1s constramed and randomly connected network 1s formed regardless of the process
method used, resulting in approximately the same mechanical reinforcement.

The electrical conductivity o of nanocomposites was normalized to relative conductivity
as Ope) = 0/0m, (O, is electrical conductivity of matrix material, Fig. 1b). The most interesting
and sigmficant finding of this work 1s that the electrical percolation threshold ¢g, distinctly
differs and 1s not associated with the geometrical percolation ¢, ; moreover, it may occur at
considerably lower concentrations. Below ¢, the aligned configuration of injection molded
samples does not allow the charge transfer, while the random configuration of compression
molded samples allows the charge transfer although the network has not been fully established.
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ABSTRACT

Hole cleaning is a complex process as there are many variables affect cuttings removal (e.g.
drilling fluid type, density, flow rate and rheological properties, cuttings size, hole inclination
angle, drill pipe rotation speed and eccentricity). Among these variables, the drilling flmd flow
rate and rheological properties are the most critical ones as they have strong mfluence on hole
cleaning while at the same time, field control of these variables can be managed conveniently.
Understanding the fluid/particle interaction, in particular, how drilling flmid velocity and
rheological characteristics affect particle removal from bed deposits 1s, therefore, key to the
design and development of optimum hydraulics program for effective hole cleaning.

Despite significant progress made in drilling fluids, tools, and field practices, along with more
than 50 years of university and industry research, field experience indicates that hole cleaning
1s still a major problem on most highly mclined and horizontal wells.

As part of the systematic efforts to develop a unified theory of hole cleaning, a comprehensive
research study has been conducted at the University of Alberta, which has two major
components: 1-) experimental investigation of the near bed turbulence and how it would relate
to particle removal from bed deposits (1.e. fluid velocity effect); 11-) experimental mnvestigation
of how the critical conditions (1.e., flow rate, shear stress) for the particle removal from bed
deposits changes with fluid shear dependent viscosity and viscoelastic properties (ie., fluid
rheological characteristics effect).

In this talk, I will present some of the results from our experimental mvestigations of the effects
of fluid rheological properties and near wall turbulence on the particle removal from bed
deposits 1n horizontal wells. Within the light of experimental results from the our studies along
with the most recent findings in the sediment transport field, I will also discuss the inadequacies
and unjustified assumptions currently used for mechanistic and semi-mechanistic (empirical)
hole cleaning models and suggest alternative solutions to these shortcomings.
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ABSTRACT

Primary cementing is an operation performed during the construction of an oil well. The aim is to
displace the drilling mud with a cement slurry along the gap between the rock formation and the
steel casing. Difficulty arises because the gap is small, because the in-situ fluids (drilling muds)
have a yield stress, and because the steel casing is rarely concentric in horizontal wells. Additional
difficulties to the displacement include the presence of other geometrical irregularities along the
length of the well such as the presence of washouts, keyseats and breakouts (see Renteria er al.! for
more details) and also left over rock cuttings from drilling.

The motivation of this work is the study of displacement flows in a partially obstructed, eccentric
annular space, which may be caused by a consolidated cuttings bed in the narrow side of the annulus.
Recently, Mitishita er al.?> experimentally investigated turbulent displacements of a Carbopol solu-
tion (yield stress fluid) in both an unobstucted and obstructed annulus, with the eccentricity e = (0.5
and (.7. The addition of the obstruction was mostly detrimental at low eccentricities, with a sig-
nificant amount of Carbopol left behind downstream of the obstruction. Furthermore, lowering the
Reynolds number (while still in the turbulent flow regime) generally resulted in lower displacement
efficiencies. However, other investigations resulted in less conclusive findings about efficiency of
turbulent vs laminar displacements®*, without taking well irregularities into account.

We expand the previous experiments of Mitishita et al.! by focusing on laminar displacement
flows in obstructed, eccentric annuli. These types of flows have only been studied briefly by 3D
simulations”, but not in experiments. To address this gap, we perform displacement flow experiments
with Carbopol solutions as a displaced fluid. To achieve laminar Reynolds numbers in our large
scale flow loop, xanthan gum solutions at high concentrations are used as displacing fluids. The
rheology of the fluids is characterized with a Malvern Kinexus Ultra+ rheometer. Experimental
measurements include pressure drop, flow rate and direct visualization of the displacement flows
with high-resolution cameras. Our results serve as a comparison to the results of Mitishita er al.?,
while provinding an initial benchmark for numerical simulations of such flows.
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ABSTRACT

Results from a laboratory experimental study of displacement flows in an eccentric horizontal
annulus are presented. The fluids are shear-thinning or Newtonian, with density differences.
The scenario represents a typical horizontal well cementing setup. In general terms, we find
that having a viscosity stable configuration (more stable fluid displacing less stable fluid)
produces better displacements. However, now the effective viscosity ratio between fluids can
vary at different locations around the annulus and with the imposed flow rate. Thus for example,
we demonstrate how a flow rate increase can improve displacement by shear-thinning the
displaced fluid. Casing rotation (1.e. rotating the inner cylinder), has been found to be effective
at improving the displacement, but in the case of adverse viscosity ratios, displacement from
the annulus walls remains poor. Lastly, it 1s noted that these reported effects of fluid rheology
are mostly secondary to the dominant competition between eccentricity and buoyancy.
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ABSTRACT

Displacement flows occur in construction of o1l and gas wells, when the drilling mud 1s replaced
with a cement slurry all along the annular gap between the steel casing and newly exposed rock
formation. A complete and durable layer of cement that seals hydraulically, 1s the foremost goal
of the primary cementing job. Failure to seal the well causes gas leakage, which may come
from the target reservoir or an intermediate zone. There 1s acute current interest in such leakage
due to greenhouse gas (GHG) emission implications, both environmentally and politically.
Thus, a better understanding of all cementing processes 1s necessary and important, especially
focusing on the rheology and mechanies of fluds.

To properly design, execute and evaluate a primary cement job, one must first understand the
rheological properties of the fluids. Drilling muds and cement slurries are typically described
as generalized Newtonian fluids, often with a yield stress and some shear thinning behaviour.
In our previous studies'?3* both experimental and computational directions have been
followed, using Newtonian fluid pairs for simplicity. Amongst the main results is the general
understanding that having a positive ratio of displacing to displaced fluid viscosity 1s beneficial
in reducing the amount of dispersion within the annular gap. By extension, this implies that
rheology does affect displacement, and our aim here 1s to understand the simplest such
scenarios, where the fluids are shear-thinning. Are there practical situations in which rheology
has a dominant effect on the displacement, or 1s it always secondary?

In this work, we present both experimental and computational results of displacement flows in
a vertical eccentric annulus, using combinations of shear thinning and Newtonian fluids, as 1s
representative of cement-preflush or preflush-mud pairings. In experimental study, Xanthan
gum (XG) 1s used as the shear-thinning flmid. Glycerol and sugar are used to change the density
and viscosity of the fluids. A high-resolution Malvern Kinexus Ultra+ rheometer with parallel
plates 1s employed to characterize the XG solutions, and the result can be fitted to the Power-
law model. The experiments were carried out in a dimensionally scaled laboratory set-up*. As
comparisons, we ran a series 3-D numerical simulations by solving the full Navier-Stokes
equations and concentration advection equation. A power law model 1s used for non-Newtonian
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fluids. We have found that using shear thinning fluids yields similar flow trends as the
Newtonian fluids, if other parameters are maintained the same. The buoyancy force and
eccentricity are still dominant in controlling the displacement efficiency. The shear thinning
theology starts to play a secondary role when the flow rate increases, but is still not distinct
from that of purely viscous flows.
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INTRODUCTION

Significant progress in the understanding of the rheology of non-Brownian suspensions has been
made during the last decade [1], particularly thanks to the consideration of direct interactions be-
tween particles [2,3,4]. Discrete simulations that take into account both these direct interactions and
the hydrodynamic ones have played an important role. However, many fundamental questions are
still open, often involving heterogeneous flows characterized by a spatially variable volume fraction
and shear rate. The simulation of this type of flow requires special treatment.

METHOD

We use the Fictitious Domain Method (FDM) implemented in the OpenFOAM toolbox [5]. In this
particle-scale approach, the mesh is Cartesian, regular and fixed, and the Navier-Stokes equations are
solved over the whole simulation domain. A specific force density is applied in order to impose the
rigidity of the particles. When two particles move at a small distance from each other, a lubrication
flow occurs. If the inter-particle distance is smaller than the mesh grid size, this flow cannot be
calculated by the solver and sub-grid corrections must therefore be introduced to fully take into
account the missing forces and stresses. Classically, the sub-grid corrections are implemented for
a linear flow and involve the particle velocity relative to the ambient flow and the local strain rate
[2]. In the case of a heterogeneous flow, this formulation is no longer suitable as it requires the local
strain rate to be evaluated at each position, at the cost of significant practical problems. We propose
a new formulation for which we can remove the terms involving the ambient flow, making it possible
to express the stresses on the particles only in terms of a function of the particles velocities, while
maintaining the frame-indifference of this relation [5].

RESULTS

Using this new formulation for the sub-grid corrections, we present simulation results of frictional
suspensions in a plane Poiseuille flow, investigating different values of the volume fraction. As ob-
served in earlier experimental and numerical works [6,7,8], shear-induced particle migration toward
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the center of the channel is observed, resulting in a variable volume fraction profile and a blunted
velocity profile across the channel (see Figure 1). The results are compared to a modified version

of the Suspension Balance Model (SBM) [9,10]. Finally, a detailed local balance of the contact and
hydrodynamic stresses, including the fluid pressure, is performed.
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Figure 1: Steady-state results for ¢g = 0.40 and comparison with a modified version of the SBM.

Coarsely- and densely-discretized profiles across the channel (y* = y/L, being y the direction of the

gradient of the velocity, and L the channel width): (left) volume fraction, (center) particle velocity, and
(right) shear rate.
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ABSTRACT

To investigate the Brownian motion of particles suspended in viscoelastic fluids, stochastic Smoothed
Profile method (SPm) as a direct numerical simulation is developed by extending deterministic SPm
for suspensions in viscoelastic media. To solve the viscoelastic flow driven by thermal fluctuations
in the suspending medium, the random stress in the fluid momentum equation as well as the ran-
dom driving force for the conformation tensor in the Oldroyd-B model are incorporated according
to the fluctuating hydrodynamics and fluctuating viscoelasticity formalisms. Thermal equilibrium
and dynamical properties calculated by numerical simulations successfully reproduce the analytic
predictions, validating the direct simulation for the coupled fluctuating Navier.Stokes and Oldroyd-
B equations, and for the coupling between the stochastic viscoelastic medium and particles. As an
application of the stochastic SPm, we investigate a finite system size effect under periodic boundary
conditions (PBC) on the passive microrheological relationship between the mean-square displace-
ment (MSD) of a Brownian particle and the medium dynamic modulus. Comparing the modulus
microrheologically calculated from MSD with the input one reveals that the effect of periodic im-
age cell interaction appears not only in the long-time diffusive regime but also in the short-time
region. A frequency-dependent finite system size correction is implemented by phenomenologically
extending the long-time diffusive regime correction. allowing the passive microrheology analysis
under PBCs. This result can be directly applied to other different mesoscale numerical simulations
including coarse-grained molecular dynamics and dissipative particle dynamics.
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ABSTRACT

We examine the problem of two circular cylinders immersed in a Bingham fluid approaching each
other at zero Reynolds number. The goal of this study is to understand how lubrication forces
manifest in the small gap between the cylinders as a function of the Bingham number. We consider
both (i) the case of purely normal lubrication force when the relative position vector and the velocity
vector of both cylinders are aligned and (ii) the case with normal and tangential lubrication forces
when this alignment is broken.

We select a large enough flow domain such that the assumption of two cylinders immersed in an
infinite domain is reasonably satisfied and the spurious influence of the boundary conditions at the
limit of the finite size domain is minimal in the case of small Bingham numbers. The flow domain
is therefore a simple and large rectangle and the two cylinders are located close to its center. We
compute the two-dimensional steady flow solution for a set of cylinder positions and cylinder veloc-
ities. The set of governing equations comprise the Stokes equations and the Bingham constitutive
law, combined to Dirichlet conditions imposed on the velocity field over all boundaries of the flow
domain. While the magnitude of the cylinder velocities is not a relevant parameter, we coherently set
it to a value such that the corresponding Reynolds number is indeed very small and representative of
Stokes flow conditions. The solution is obtained by an Augmented Lagrangian algorithm or a FISTA
algorithm that both solve the Bingham model without any regularization . We use a boundary fitted
Finite Element discretization scheme with either P1-P2-P1DC or P1-PlisoP2-POisoP2 elements for
pressure, velocity and strain rate tensor components, respectively, combined to adaptive unstructured
mesh refinement to capture the details of the flow field and the yield surfaces as accurately as possi-
ble *. The code is implemented on the FreeFEM++ platform 2 and is validated through comparisons
with results published in the literature on other similar flow configurations *.

We discuss the computed results in terms of flow field, yielded/unyielded regions and magnitude
of the lubrication force. Given that our computed results fully resolve the flow in the thin lubrica-
tion gap, we are also in a position to compare them to approximate analytical solutions previously
published in the literature *. The findings of this work also contribute to extend our understanding
of the role of lubrication in dense suspensions of rigid particles in a yield stress fluid.
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The flow of suspension in conduits with large aspect ratios has always been a topic of pivotal importance in a wide
range of applications, including but not limited to cardiovascular flows, slurry transport, filtration, etc. Rheological
complexities of suspensions, such as its dependency on the volume fraction of solids, possibility of formation of solid
cake, and the migration of particles have challenged researchers in their studies. In addition, the presence of particles
modifies local strain rates and shear rate, subsequently, which necessitates meticulg for if the suspending fluid has
shear-dependent rheology. Besides, as the carrying fluid exhibits yield stress behavior.the possibility of plug formation
may affect the flwo characteristics, such as shear-induced migration of particles, which necessitates a proper track down
of yield surface.

The occurrence of cross-flow filtration, in which only the liquid content can pass through the walls, makes the
dynamics of the solid phase, and so the suspension, and also the yield surface more complicated.

This paper proposes a mathematical model for the cross-flow filtration of viscoplastic suspensions, in a continuum
framework. Using the Suspension Balance Model and homogenization approach, we consider the particle migration,
and local shear effects, respectively. Our model takes the transition from suspension flow into a packed bed formation
and the possibility of interstitial flow into account.

We base our model on Transversal Flow Equilibrium (TFE) to accurately depict the yield surface, while considering
the effect of the reduction of the flow-rate due to the filtration. TFE allows considering the plug area as strictly unyileded.

Different in-flow conditions, including constant flow rate and pressure, are explored in this model, allowing the
exploration of various phenomena such as dispersion and stoppage mechanisms.

This paper investigates the flow and penctration of a viscoplastic suspension in a long permeable parallel/converging
plate geometry under different conditions, and discusses the effect of different parameters on the penetration length and
time, and the stoppage mechanisms in various scenarios over relevant ranges.
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ABSTRACT

We introduce and test the hypothesis that extensional rheology, as well as yield stress, are the
two key rheological properties [1] for jammed colloidal inks used in direct-write 3D printing
of implantable lattice-structured bone scaffolds (Fig. 1.). Guided by prior observations that
yield stress fluids can be engineered with high extensibility [2], and that higher extensibility of
emulsion-based yield stress fluids enabled more robust printing [3], we describe an
experimental study of these paste-like materials that varies ink formulation and flow conditions
to map printability to these rheological properties. The inks consist of an aqueous suspension
of hydroxyapatite particles (the main mineral of bone), irregularly shaped and sized 1-10pum,
which creates a cementitious paste-like yield-stress fluid. To induce capillanty for better bone
growth, we add sacrificial polymethyl methacrylate beads (PMMA, 5.96 + 2.00um in diameter)
to create microporosity in the final scaffolds. This baseline formulation of ink 1s difficult to
print due to brittle filament rupture if the nozzle speed 1s not closely matched to the average
velocity of the extruded ink. We examine two methods to tune extensibility and yield stress:
(1) incorporating polymer additives, and (1) modulating electrostatic particle interaction.
Hydroxypropyl methylcellulose serves as the polymer additive, tested at different loading.
Polyacrylic acid and polyethylenimine coat the particles with negative and positive charge,
respectively, to modulate yield stress. By mapping printability to the rheological design
requirements of extensibility and yield stress, our results show how modulating these two key
rheological properties can improve printability.
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Figure 1: Printability map of direct-ink writing of lattice scaffolds shows four important regimes,
depending on the two characteristic speeds: (i) ink accumulation when Vygq < Vigy yielding Dy < D,;
(ii) equi-dimentional, Vpsine = Vini, Dy = Dy; (iii) rod thinning, Varine > Vi, . D1 > Dy: and (iv) rod

discontinuous Vppge 3 Vigg. The rod thinning window can be widened by extensibility.
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ABSTRACT

Sludge rheology is important for the design and operation of sludge treatment processes In
terms of process optimisation and maintenance cost reduction. Sludge rheology has a
significant impact on the performance of pumps, anaerobic digesters, dewaterability equipment,
mixers, and heat exchangers.

A large portion of the total energy consumption in any sludge treatment plants is used for
pumping sludge within the treatment processes. The efficient operation of sludge pumps
requires an accurate calculation of friction losses for which sludge rheological parameters is an
important parameter. Rheological parameters change as composition changes due to season,
origin and treatment process. Furthermore, the type of selected rheological model and data
fitting process impact on the pressure drop calculation. A validated pressure drops calculation
toolkit was developed with up to 10% errors against actual data collected both at industrial scale
and a pilot plant of sludge pumping system in a range of solid concentrations of sludge.

Anaerobic digesters are used to treat sludge and produce biogas. The rheology of the sludge
can affect the digestion process, as it can impact the ability of microorganisms to break down
the organic matter in the sludge. Sludge with high viscosity may have a lower biodegradability,
resulting in a longer retention time within the digester, which can increase the size and cost of
the digester. Additionally, the rheology of the sludge can impact the efficiency of the mixing
within the digester, affecting the biogas production and overall treatment performance. The
impact of the extent of digestion in terms of the volatile solids destruction on rheological
properties in semi-continuous pilot digesters 1s also presented. Experimental results from this
study indicate that higher volatile solids destruction leads to increased difficulty to flow and
dewater. Since rheological behaviour is interlinked with chemical organic content (COD) of
sludge, On-line rheometers can be used to monitor this process performance indicator (COD)
rather than conducting oftline time consuming chemical tests.

There is still much to be learned about the complex interactions between different components
in sludge, and that new measurement techniques will be needed to improve our understanding
of sludge rheology and its applications in sludge treatment processes.
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ABSTRACT

The challenge of 3D printing soft hydrogels such as live cell-embedded collagens in tissue
engineering 1s to build complex structures while keeping overhanging features intact. Those
requirements can be met by extruding “weak” printable hydrogels directly into the bath of a
supporting gel. The supporting gel prevents the collapse or deformation of the printed object
under its weight. Once the printing 1s completed, the object 1s cured, removed from the support
bath, and rnsed off. This sacrificial supporting gel has to be removed easily after 3D printing.
Supporting baths, based on crosslinked polyacrylic copolymer microgels, granmular gels, silica
nanoparticle suspensions, nano clay suspensions, hydrophilic poly(ethylene oxide) (PEO)
(PluronicTM) are reviewed. The design of an appropriate supporting hydrogel bath poses
several challenges. The supporting gel has to behave like Bingham plastic, not yielding until a
threshold shear force is reached. In the meantime, its yield stress, Ty has to be low enough to
accommodate nozzle movement. Besides supporting the deposited printing gel, the support bath
must exhibit a high plateau shear elastic modulus, G ". In addition, those viscoelastic properties
have been thermo-reversible. Our group has prepared and printed live cell-laden collagens m
gelatin support baths for engineered nasal cartilage applications, which can potentially replace
and reduce donor-site morbidities associated with native cartilage grafts taken from other
anatomical sites for reconstructive nasal surgeries. In those studies, complex objects are printed
1n support gels with delicate structures.
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FREEFORM PRINTING MODEL

In a typical freeform printing in a gel process, a filament drop 1s extruded from the dispensing
needle with a release speed of ¥ and dragged to a horizontal distance equal to the step distance
with a path speed of v,. This step-by-step horizontal movement of filament extrudate in the
support gel bath can be modeled as shown 1n Figure 1.

—r
V e 7 Needle
Support | R
gel -
Filament

Fgure 1: Filament depostion in a gel bath
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ABSTRACT

Cyclic deformation behavior of x-carrageenan and agarose hydrogels have been examined to
elucidate the relationship between the network structures of polysaccharide hydrogels and their
mechanical properties. Regarding the gelation mechanism on the molecular level, it has been
commonly reported that these polysaccharides dissolved in water tends to transform the chain
conformation from random-coil to helix on decreasing temperature and a piece of hydrogel
appears successively by the aggregation of the helical chains to be crosslinks of the gel above
a critical concentration. However, there 1s a decisive difference in the interaction between
aggregated helices. In the case of a-carrageenan, an anionic polysaccharide, the aggregation of
the helical chains becomes stable by the shielding effect of counter-cation species on the
electrostatic repulsion between anionic helices. On the other hand, helices of agarose, a neutral
polysacchande, aggregates via hydrogen bonding. Hydrogels have been prepared at different
gelation concentrations, and then the stress-strain curves during four cyclic deformations have
been measured at the same network concentration. It has been found that Young’s modulus for

~carrageenan hydrogels is higher for the gel prepared at 5 gL~ (C05) compared to that for the
gel prepared at 30 gL' (C30) ! and that the relation between Young's medulus and the gelation
concentration is opposite for agarose hydrogels. C30 shows almost linear relation between the
stress and the strain like an ideal rubber, while a residual strain appears in each cyclic
deformation for C05. as shown in Fig 1. The extent of the residual strain depends on the
maxinmm strain and the deformation speed. indicating that C05 deforms plastically to some
extent. The residual strain for C05 decreases gradually even after a cyclic deformation and
disappears i the case of a small strain as if there were a memory of the structure. Qualitatively-
similar difference in the cyclic deformation behavior has been obtained for agarose hydrogels.
Optical mnvestigations of the hydrogels have been also camed out to explaimn the effects of the
gelation concentration on the mechanical properties based on the network structure specific to
the polysaccharides.
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ABSTRACT

Polyethylene oxide (PEO)-collagen monofilaments are prepared using multi-pin contact
drawing, which 1s a bio-friendly and cost-effective method that uses an entangled polymer fluid
to aid in monofilament formation!. Using this bottom-up approach, thousands of monofilaments
containing well-aligned collagen triple helices are assembled into a structure that recapitulates
the architecture of a tendon fascicle. In this approach, a series of hydration steps are applied to
remove the PEO, and promote the self-assembly of the collagen triple helices into fibrils within
each monofilament, while preserving the hierarchical structure of the collagen multifilament
bundle. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy and
wide-angle X-ray scattering (WAXS) are used to confirm the presence and alignment of
collagen triple helices in the resulting collagen multifilament bundle. Scanning electron
microscopy (SEM) reveals that each monofilament contains collagen fibrils with a diameter
around 15 nm. Small angle X-ray scattering (SAXS) patterns are consistent with fibrils
containing microfibrils, with the characteristic D-band spacing observed in vivo. However,
these microfibrils are axially staggered by one-sixth of the D-band spacing. This 1s a well-
known polymorphic form of collagen that has been observed in vitro®, albeit at significantly
lower collagen concentration than what 1s used here. These polymorphic collagen fibrils can be
effectively crosslinked with ultraviolet (UV) radiation in the dry state giving rise to collagen
multifilament bundles with an average ultimate tensile strength (UTS) of 38.5 MPa, which 1s
comparable to that of wet spun, glutaraldehyde crosslinked collagen multifilaments (40 MPa)*,
and also to that of rat tail tendon fibers (39 MPa)* The effect of UV crosslinking on the
chemical and molecular structure of collagen multifilament bundles 1s also demonstrated
through ATR-FTIR spectroscopy and WAXS, which shows that the triple-helical structure of
the collagen molecule remains unchanged. This fabrication method leverages extensional flow
for molecular alignment, decouples the molecular alignment from the molecular assembly,
recapitulates the structure of a tendon and offers tunability in tensile properties, using only
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collagen molecules and no other chemical additives m addition to PEO, which is removed
during the hydration process.
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ABSTRACT

The art of cheese production 1s a sophisticated technology that has been refined over many
years of experience. However, 1t 1s well known that the characteristics of the final product vary
depending on the characteristics of the raw milk and the conditions during production. Such
problems indicate that maintaining a constant product quality 1s a difficult task even today. Our
research 1s focused on the question of how the condition of the milk influences the physical
properties of cheese. Generally the production of aged cheese does not involve homogenization
of the raw milk because such shear stress on the milk affects to the mechanical properties of
cheese. However, the reason of the phenomenon i1s still unknown. Therefore we mvestigated
the effect of homogenization of raw milk on the physical properties of aged cheeses.

In this p aper, Gouda-type cheese was
produced by relatively low pressure
homogenization (2-4 MPa) of raw milk, 0
and  rheological properties  were
examined immediately after production

"
&

and throughout the 8-weeks ripening E2]

period. The fracture strength of &

homogenized cheese immediately after 5‘5-“ :
production was lower than the control. 2. %

During the ripening period, the fracture uE_

strength reached a minimum around 10 54 o

days and then converged to a constant
value which was dependent on the L5 3 3 P 'y
homogenization strength (Fig.1). Linear
viscoelastic  properties were  also :

- - - - Fig 1. Champes m fracture energy durmg the npenmg penod for each sample.
examined throughout the ripening period  cuckes. mugles. s squares denote the resits for CONTinon
to obtain information on the structure Of homoegenared), HL (2MPa), and HH{AMPa), respectively
the cheese. The mechanical spectrum of the cheese can be analysed with a weak-gel model
(Eq.1).

time [week]

G =40 (1)

54



The coordination number (z) in this
model is a parameter of the degree of
filling of the hypothetical flow unit in
the system, and this parameter is
considered to represent structural
information at the colloidal level. Fig.
2 shows the transition of z during the
ripening process. It was found that the
structure at the colloidal level changes
discontinuously around 10 days of
ripening. Nanostructures in the cheese
during the ripening period were also
examined by SAXS measurements.
We found that the behaviour of
structures a few mnanometers In
diameter, which we believe to be
colloidal calcium phosphate (CCPs),
changed around 10 days of aging, and

8
ot
&
]
74 %
= b———p
LB
f———————————
0 2 4 6 -]
time [week]

Fig.2. Change in coordmation number during the ripening perod for
each sample. Circles, iangles, and squares denote the results for
CONT (non homogenized) , HL (2MPa), aud HH (4MPa), respectively.

this phenomenon was thought to correspond to a discontinuous change in mechanical properties

around 10 days of aging.

Reports of studies tracking rheological properties during the cheese ripening process are rare,
and we hope that the results of this study will encourage more thought about the events that are

occurring in cheese during ripening.

ACKNOWLEDGEMENTS

This work was supported by JSPS KAKENHI Grant Number 20H02926

55



Blends, Composites and Nanocomposites - MATH 203 (2:00 PM - 3:40 PM)

8TH PACIFIC RIM CONFEREMCE ON RHEOLOGY, May 15-19, 2023

Formulating adhesives with aminated polyolefins for low
surface energy substrate

Z. Zhang', BM. Yavitt'?? B. Kawr’, D.J. Gilmour™*, L L. Schafer’, S.G. Hatzikiriakos'

! Department of Chemical and Biological Engineering, University of British Columbia,
Vancouver, B.C, Canada, V6T 123

2 Department of Chemistry, University of British Columbia, Vancouver, B.C, Canada, V6T 1Z1
* Department of Chemical Engineering, University of Cincinnati, Cincinnati, OH, USA

# a20 Advanced Materials Inc., Vancouver, B.C, Canada, V6T 1Z1

ABSTRACT

Non-polar polyolefins are catalytically functionalized with amine substituents to yield polar
polymers with dynamic associative interactions'. Aminated polyolefins (APO) display self-
healing ability and impressive adhesive properties on many commodity polyolefins and
poly(tetrafluoroethylene) (PTFE)!. The potential for APO to be used as an adhesive material is
limited by 1ts low mechanical strength. The addition of commercial polyolefin tackifiers is
found to mcrease the mechanical properties while maintaining the unique properties of APO.
APO was blended with additive at different mass ratios. Rheological, mechanical and adhesion
properties of the formulations were collected to gain insight info the wide parameter space and
the impact of polymer chain dynamics on the adhesive performance. Potential candidates for
general-use of these hot-melt adhesive systems were selected based on the optimized rheology,
mechanical and adhesive results.
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ABSTRACT

The orientational relaxation of poly(styrene-r-butadiene) (SBR) chains at solid interfaces
were examined by sum-frequency generation spectroscopy (SFG) with the molecular-level
depth resolution. To tackle an effect of interaction between segments and substrate on the
mterfacial mobility of chamns, SBRs having different mucrostructures but the same
composition, were prepared on hydrophilic and hydrophobic quartz substrates. At a
hydrophilic interface, SFG signal mtensity from phenyl groups decreased with mcreasing
temperature and the temperature dependence markedly changed at a characteristic
temperature (7¢). The T, in which chains start to structurally relax, was ca. 150 K higher than
the bulk glass transition temperature. It 1s likely that 1,2- and 1,4-butadiene are energetically
comparable to each other for the quartz surface. On the other hand, the 7 was not discerned
at a hydrophobic interface. This makes 1t clear that the orientational relaxation was markedly
suppressed possibly due to the stronger interaction between chain segments and hydrophobic
surface.

INTRODUCTION

Polymer nanocomposites, m which inorganic nanofillers are dispersed, show better
mechanical and dielectric properties than the neat polymer matrix. The improvement of the
properties strongly depends on the aggregation states and molecular motion of chains at the
interface with the filler. So far, based on sum-frequency generation (SFG) spectroscopy, we
reported that adsorbed polymer chains in direct contact with the solid surface were frozen
mobility up to a temperature far above the bulk glass transition temperature (7%°), depending
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on the interaction between them!? Given that the interaction became stronger, the
reinforcement effect should be more effective, leading to better mechanical properties. The
objective of this study is to obtain better understanding of how the interaction between
polymer and solid surface impacts the polymer mobility at the interface.

EXPERIMENTAL SECTION

As samples, poly(styrene-r-butadiene) (SBR) composed of constant styrene (St) content (22—
24 mol%) and varying 1,2- and 1,4-butadiene (1,2- and 1,4-Bd) contents were used. Table 1
shows a number-average molecular weight (M), molecular weight distribution (Mw/Mz), Te®
and the molar ratio of St and 1,2-Bd of the samples. As hydrophilic and hydrophobic
substrates, fused quartz without/with a chloro(decyl)dimethylsilane (DDS) coating
monolayer was used. SBR films were prepared on the substrates by a spin-coating method
from toluene solutions. Then, SBR films prepared onto a quartz prism and a quartz window
were adhered in the surface-to-surface geometry at (7, + §0) K under vacuum for 24 h. SFG
spectra were collected with visible and tunable mfrared beams traveling through a prism and
overlapping at the SBR/solid interface. The measurements were carried out with a
polarization combination of ssp (SF output, visible input and infrared input).

Table 1: Characteristics of SBRs.

; P b Stin SBR ~ 12-BdinBd
Sample M MMy I /K J mal%  mal%
SBR28 200k 1.08 233 22 28
SBR44 190k 1.04 245 22 4
SBR69 160k 1.10 266 24 69
RESULTS AND DISCUSSION

Figure 1(a) shows SFG spectra for SBR28, SBR44 and SBR69 films at the quartz substrate.
A peak observed at 2,846 cm™! was assigned to the symmetric C-H stretching vibration of
methylene groups (CHas). A peak observed at 2,905 cm™ could be assigned to the anti-
symmetric C-H stretching vibration of methylene groups (CHaas) and/or the C-H vibration
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Figure 1: SFG spectra for SBR28, SBR44 and SBRE9 at (a) quartz and (c) DDS-freated quartz
interface, respectively. Temperature dependence of SFG peak intensity of 1z mode in phenyl
group at (b) quartz and (d) DDS-treated quartz interfaces, respectively.
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of methyne groups (CH). Peaks at 2,972 and 2,988 cm™ were assigned to the C-H stretching
vibration of vinylene groups (CH=CH) in 1,4-Bd and the C-H stretching vibration of vinyl
methylene groups in 1,2-Bd (=CHas), respectively. Also, a peak at 3,060 em™ was originated
from the » mode of phenyl groups. Taking into account that SFG signals can be obtained
from functional groups orientated at the interface, the above results indicate that the local
conformation of SBR chains was ordered at the quartz interface even at a temperature above
the T, Also, it is noteworthy that the signal intensity for =CHas increased with increasing
1,2-Bd content in SBR.

To examine the orientational relaxation of SBR at the mterface, the signal mtensity of
the 1, mode was chased during the heating process. Figure 1(b) shows temperature
dependence of signal intensity at 3,060 cm™. In the case of SBR28, the intensity gradually
decreased with increasing temperature, and the slope remarkably changed at 388 K, at which
the local conformation of interfacial chains started to alter. This characteristic temperature T
was comparable to those based on the SFG signals from CH=CH and =CHos. Thus, it seems
most likely that the orientational randomization resulted from the segmental motion of SBR
chains. The difference between T. and T,” was approximately 150 K. This makes it clear that
the mobility of SBR chains was strongly suppressed in close proximity to the quartz interface.
A smmilar trend was also observed for SBR44 and SBR69.

To examine how the surface chemistry of the substrate impacts the interfacial mobility,
similar experiments were conducted at the hydrophobic DDS-treated quartz interface. Figure
1(c) shows SFG spectra for the SBR films af the DDS-treated quartz interface. In addition to
the peaks originated from SBR, peaks assignable to the symmetric and anti-symmetric C-H
stretching vibration of methyl groups (CHss, CHaas) for DDS were observed. Figure 1(d)
shows the relationship between temperature and peak mtensity of the »» mode. Although a
gradual decrease in the SFG intensity was discerned, the slope remained almost changed.
This means that the orientational relaxation of SBR chains at the interface did not occur
within the temperature range employed. A possible explanation for this finding 1s that the
interfacial relaxation was not allowed due fo the stronger interaction between SBR chains
and the hydrophobic surface. Thus, 1t can be claimed that the mteraction of segments with a
solid surface strongly impacts the segmental mobility at the interface.
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ABSTRACT

Biodegradable polymers can potentially reduce global plastic waste generation.! Therefore. the
incorporation of compostable polymers mto manufacturing streams 1s highly desired. To date
biodegradable polymers are limited in their application due to relatively poorer mechanical
properties compared to those of commercial polyolefins and other commodity polymers.>?
Blending biodegradable polymers with other polymers 15 a practical strategy for developing
materials with superior mechanical properties* Herein. we report the blending of
biodegradable polymers with aminated polyethylene (APE) previously developed® The
intrinsic hydrogen-bonding ability of the APES, coupled with the hydrogen bond accepting
capability of biodegradable polyesters, 1s exploited to access miscible polymer blends that
could also be useful for the compatibilization of otherwise immiscible commodity polymers.
APE 1s blended with commercially available polycaprolactone (PCL) at various compositions.
Films are processed by compounding and extrusion. The thermal properties of the blended
materials are investigated by differential scanning calorimetry (DSC) together with theological
tests to investigate the miscibility and processability of the blends. Composition-dependent
single point Tes and lowerning crystallinity levels provide the indication of formation of highly
miscible blend. Tensile tests (TT) were used to probe the mechanical properties of the newly
generated blended matenials. APE is known to exhibit self-healing and exceptional adhesive
properties.® One the other hand, pure APE does not possess any shape memory properties.
Surprismgly, blending it with PCL results m a polymer mixture which changes its shape upon
exposure to an external stimmulus and returns to its original shape by a simple heat treatment.
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ABSTRACT

The processing of biobased, biodegradable polymers inherits rheological challenges due to the
thermal instability of their molecular structure!. Polyhydroxyalkanoates (PHA) is one of these
biobased, biodegradable polymers that 1s emerging in different applications such as food
packaging. To meet the packaging needs for foods, PHAs must be designed to achieve better
processability, and better performance. PHAs undergo thermal degradation as early as they start
to melt. In order to understand how temperature and possible thermal degradation, mfluence
the rheological behaviour of PHAs, Eickhoff and Harrison® investigated the dynamic rheology
of PHA resins over time. The complex viscosity of the resins with two different molecular
weights starts dropping after a short period of time. This viscosity reduction 1s more pronounced
for the PHA polymers with higher molecular weights with a higher concentration of the 3-
hydroxyhexanoate comonomer in their structure, indicating a greater rate of degradation. A
similar observation was reported by Conrad.® They reported that higher valerate content
contributes to higher viscosity values but makes the resin more susceptible to thermal
degradation. To overcome these challenges, PHAs have been blended with other polymers,
such as polylactic acid (PLA), to produce different products used in various applications.
Bousfield* found that the composition of the PHA/PLA blend had an impact on its complex
viscosity values. They showed that in comparison to 25 wt.% PLA and 75 wt.% PHA, 75 wt.%
PLA and 25 wt.% PHA had higher complex viscosity.* Moreover, almost no shear thinning was
observed in those compositions. Zhao et al.” reported that PHA/PLA blends with 90 wt.% PHA
and 10 wt.% PLA exhibited much lower complex viscosity, storage modulus and loss modulus
than the blend containing 70 wt.% PHA and 30 wt.% PLA at 140 °C° Zembouai et al.® showed
an increase 1in the complex viscosity of the PHA with valerate content, and PLA blend as PLA
concentration increased. They demonstrated that the complex viscosity of PHA with valerate
content and PLA blends follow the mixing rule with some discrepancies ¢ However, there is
not a comprehensive study investigating the mfluence of the structural changes, which are
mevitable during most processing, on the rheological properties and final product performance.

In this study, the rheological behaviour of PHA, in pure forms and hybrid forms with PLA,
has been mvestigated. Dynamic, shear and extensional rheology were employed to analyze the
rheological properties in a wide range of stress fields with different levels of deformation. The
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generalized Maxwell model, a combination of spring and dashpot elements, was used to
represent the relaxation modulus of the studied resins. Time-temperature superposition and
constitutive modelling were applied to model the obtamned rheological data. Also, different
damping functions were used to examine the nonlinearity in viscoelastic response as a function
of deformation levels. Our results showed that the rheological properties of PHA are very
susceptible to temperafure and residence time at high temperatures. We found that even short
residence times of two minutes at the temperature of 200 °C have substantially influenced the
morphology and rheological responses of PHA and PLAs containing 10 wt.% of PHA hybrid
materials. The rheological data at different temperatures indicated that PHA decreases
PLA/PHA's viscosity to values lower than the volumetric average values, implymg PHA's
contribution in changing the chain interactions within PLA morphology. However, the presence
of PHA did not influence the shear-thinning behaviour of PLA. The K-BKZ constitutive
equation was shown to represent the theological properties of the resins accurately. Damping
functions such as Marruci and Wagner successfully predicted the nonlinearity of the rheological
properties beyond linear viscoelastic region (LVE). Also, the extensional viscosity data
revealed the reduced viscosity values for the hybrid materials to levels below the average values
lower than the volumetric average values, pointing to the changes in the molecular interactions
of PLA 1n the presence of PHA. This study reflects on the effect of processing conditions on
the rheological behaviour of PHAs as biobased, biodegradable polymers and their hybrid
materials 10 emerging markets.
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ABSTRACT

The COVID-19 outbreak urged the use of personal protective equipment (PPE) by society and
healthcare workers around the world. ! Among the different PPE, surgical face masks have been
imposed by governments of different countries, including Canada, to be worn in the workplace,
schools, and other closed spaces, as COVID-19 is a viral respiratory disease, which gets
transmitted through saliva droplets and bioaerosols emitted by breathing, talking, sneezing, and
coughing. * This restriction has led to an increase in demand of surgical face masks, and it is
estimated that the world population 1s using and throwing away 3.7 billion face masks every
day. * In fact, most of the commercial surgical face masks are disposable. They are made of
non-woven fabrics of synthetic polymers, mainly poly(propylene) and poly(acrylonitrile), by
means of different polymer processing methods, such as electrospinning. ** Because they are
disposable, environmental concerns were raised against their excessive consumption since they
are seen as a new source of plastic waste that could potentially pollute the soil and water
resources. > ° Also, their filtration efficiency gradually decreases, ® and they become
contaminated hosts of different viruses and microorganisms causing a health threat to the person
wearing the mask, especially if they are healthcare professionals. 7 As a result, the scientific
community has recently recommended the preparation of sustainable and high-performance
surgical face masks with multifunctional properties. > % ° Hence, the development of
biodegradable face masks with antiviral and antimicrobial activities would resolve the
environmental and health issues associated with conventional surgical face masks. 3% 10

In this work, poly(lactic acid) (PLA) 1s being blended with a poly(dimethylsiloxane)-based
polyhydroxyurethane (PDMS-PHU) to prepare biodegradable surgical face masks. PLA 1s a
known biopolymer for its outstanding physical and mechanical properties, but it suffers from
poor ductility and impact toughness. Polyhydroxyurethanes (PHUs), on the other hand,
constitute a promising class of non-1socyanate polyurethanes whose monomers can be bio-
sourced. In fact, PHUs do not contain isocyanates, which are toxic base monomers of
conventional polyurethanes, and they are prepared from the polyaddition of dicarbonates with
diamines. !! The PHUs herein are synthesized from a sugar derived dicarbonate and a PDMS-
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based diamine. The PDMS soft segments are expected to provide the PLA matrix with the
necessary flexibility and toughness to be processed and electrospun, whereas, 1t 1s anticipated
that the hydroxyl groups dangling from the PHU backbone would bridge between the two
polymer phases through hydrogen bonding ! 12 Different PLA/PDMS-PHU blend ratios are
studied, and their thermal, rheological, mechanical, morphological, and microstructural
properties are examined. Owing to the hydrophobic and biocompatibility nature of PDMS, the
antimicrobial properties of the developed blends are assessed as well against different kinds of
bacteria. Indeed, the hydrophobic character of PDMS allows the formation of anti-biofouling
surface that prevents bacterial adhesion. *

At a later stage, 1t will be attempted to melt or solvent electrospin fibers from those blends
while incorporating natural agents extracted from aloe vera plants and brown algae; aloe vera
extract and laminarin, respectively, which showed antiviral activities against different
pathogens. 1+ 13 After optimizing the electrospinning process, the resulting non-woven textiles
will be tested for their antimicrobial and antiviral properties.
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ABSTRACT

Applying a high-voltage electric field to a waxy oil may improve its cold flowability
dramatically based on its electrorheological effect. However, the stability of the
electrorheological effect and its influencing factors are not well understood. The effect of the
electric field strength and shear after the removal of the electric field on the stability of the
electrorheological effect was investigated. The results show that the electrorheological effect
of crude o1l 1s gradually weakened after the removal of the electric field, the higher the field
strength, the longer the duration time of the modification effect. The shear after the removal of
the electric field would accelerate the weakening of the modification effect of o1l with low
liquid phase viscosity and small colloidal particle size but can provide additional flowability
improvement of o1l with high liquid phase viscosity and large colloidal particle size. Impedance
test showed that charged particles would absorb on the surface of wax particles under electric
treatment, and gradually diffuse back to the bulk phase after the removal of the electric field.
Both the electric field strength and shear affect the stability by affecting the adsorption and
diffusion of charged particles. This study deepened the understanding of the stability of the
electrorheological effect and provided guidance for engineering applications.

INTRODUCTION

Exposure to a high-voltage electric field may improve the cold flowability of a waxy oil
significantly thanks to the electrorheological effect of the oil. The oil viscosity may be reduced
by as much as 80% or higher, and the yield stress may be depressed by 90% by imposing an
electric field with the intensity of 0.2~5 kV/mm on crude oil just for seconds. Tao found that
the viscosity reduction of electrically-treated o1l decreased from 82% to 34% after standing for
24 h at constant temperature ! Li indicated that the modification effect induced by the electric
field would gradually disappear with the extension of time, but the shear i1s conducive to
maintaining the modification effect >. It can be found that previous studies all ignored the
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influence of electric treatment conditions and oil composition on the stability of the
electrorheological effect.

EXPERIMENTAL SECTION

The rheological and impedance in-situ integrated measuring device was used in this study. The
device 1s composed of a stress-controlled HAAKE MARS III rheometer with an
electrorheological module, a frequency response analyzer, a high-voltage power supply, and a
water bath. The rheometer can be connected with the impedance analyzer to test the viscosity
and impedance of o1l samples in situ before and after electric treatment.

RESULTS AND DISCUSSIONS

To explore the influence of electric field strength on the modification effect of crude oils after
the removal of the electric field, four waxy oils were treated under different field strengths (2~5
kV/mm) for 90 s at the temperature of 3°C above their pour point respectively. The results are
shown in Fig. 1. It can be seen that for the four oil samples, the viscosity reduction was
increased with the increasing field strength, and the modification effect can maintain longer
under static condition.
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Figure 1: Changes Of viscosity of the treated oils after the removal of the electric field

However, compared with the static condition, the shear stability of the four oils had
opposite performances. The efficacy of the electric treatment of o1l A and o1l B can be sustained
for a longer time under static condition. The viscosity reduction of oil A was 78% after an
electric field with 3 kV/mm was applied, and the viscosity of treated o1l was almost unchanged
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after standing for 12 h, however, the viscosity reduction was just remained 35% after shearing
at 10 s for 12 h. For o1l C and oil D, shearing at 10 s preserved the efficacy of the electric
treatment

To examine the impacts of high shear on the stability of electric modification, the
electrically-treated oil sample was sheared at a rate of 600 s for 300 s after the electric field
was removed. The shear rate imposed on the sample was then lowered to 10 s, at which the
viscosity was measured. Table 1 shows the equilibrium viscosity of the waxy o1l with different
shear histories.

Table 1: Viscosity of waxy crude oils under various treatment condition at 10 s
viscosity (mPa-s)

treatment condition

oil A 0ilB oil C 0ilD
without treatment 66.78 114.00 467.00 323.90
after electric treatment 14.14 2534 330.63 17741

shearing at 600 s after treatment 29.71 40.38 26547 145.60

Our previous study has shown that interfacial polarization, i1e., charged particle
accumulation on the wax particle surface, 1s the primary mechanism of the electrorheological
behavior of waxy oils . In this study, the impedance characteristics of four oil samples under
different conditions were measured. The results showed that the impedance of waxy crude oils
mncreased significantly after electric treatment, indicating that some charged colloidal particles
such as resins and asphaltenes had accumulated on the surface of wax particles upon the
application of the electric field. After the removal of an electric field, the impedance of treated
o1l decreased gradually with the extension of time, which means the charged particles gradually
diffuse back to the bulk fluid, and thus the viscosity and impedance gradually recover.
Moreover, the electric field strength and shear affect the stability by affecting the adsorption
and diffusion of charged particles.
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ABSTRACT

Electric field treatment is a novel approach to improve the cold flowability of waxy oil, and its
basic physical principle is negative electrorheological effect of waxy oil. The electrorheological
effect of different crude oils varies greatly. In this work, the electrorheological effect of 8 waxy
crude oils with various resin and asphaltene content (4%-23%) are investigated. It is found that
for crude oils with lower resin and asphaltene content (less than 5%), the viscosity reduction
induced by electric field increased first and then decreased with the increase of precipitated
wax. For the crude oil with medium resin and asphaltene content, the viscosity reduction
increases monotonically with the increase of precipitated wax. However, for crude oil with
higher content of resin and asphaltene (more than 15%), the viscosity reduction is not obvious.

INTRODUCTION

Waxy crude oil has poor flowability at normal temperature during pipeline transportation which
poses great threats to flow assurance, such as high energy consumption, restart failure after
extended shutdown, etc. To improve the flowability of waxy crude oil is the fundamental
solution to flow assurance problems. Electric field treatment is an emerging approach to
improve the cold flowability of waxy crude oils with high efficiency and low consumption,
whose basic physical principle is the negative electrorheological effect of crude oil. It has found
that the electrorheological effect of different crude oil is very different, for instance, for some
crude oils, significant electrorheological effect with highest viscosity reduction rate up to
70%~80% can be detected -2, while for some crude oils, almost no electrorheological effect
can be observed . The difference of electrorheological effect of different oils may be attributed
to the difference of crude oil composition. In this work, the electrorheological effect of 8 waxy
crude oils is investigated.

EXPERIMENTAL SECTION

In this work, a stress-controlled rheometer HAAKE MARS III (Thermo Fisher Scientific, Inc.,
Germany) with a fitted electrorheological module was used to explore the electrorheological
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behaviours of waxy crude oil in situ. The main physical properties of 8 studied waxy crude oils

are listed in Table 1.
Table 1: Physical properties of studied waxy crude oils.

0il No WAT Gel Point  Wax Content  Resin Content  Asphaltene Content  Density @ 20°C

(°C) C) (wt%) (W1%) (wt%) (kg/m’)
1# 26.1 14 10.5 38 0.7 7974
2# 21.6 12 98 29 1.6 791.4
3# 26.6 12 84 38 0.2 805.6
4% 320 16 123 56 24 836.8
5# 36.8 22 154 10.7 1.0 825.5
6t 23.0 16 96 192 04 884.0
T# 65.0 41 234 146 0.9 895.6
8# 58.0 37 16.3 220 0.9 892.9

RESULTS AND DISCUSSIONS

To investigate the electrorheological behaviours of the above 8 waxy crude oils, an electric
field of 3 kV/mm was applied for 90 s. The experimental results show that the viscosity
reduction rate of oil 1#, 2# and 3# induced by electric field increased first and then decreased
with the decrease of temperature, and viscosity reduction rate reached its peak near their gel
points, whereas, the viscosity reduction rate of oil 4# and 5# increases monotonically with the
decrease of temperature, see Fig. 1. For oil 6#, 7# and 8%, no obvious viscosity reduction can
be observed, see Table 2.
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Figure 1: The viscosity reduction of different oil samples under 3 kV/mm at various temperature.

Table 2: Viscosities of oil 6#, 7#, and 8# oil with and without electric field.

0il No Temperature Viscosity @ 10s™ (mPa-s)
L (°C) 0 kV/mm 3 kV/mm
14 2093 2082
16 1161 1156
o I8 896 897
20 595 596
40 7669 7471
74 43 2309 2104
46 700 680
49 400 396
35 2796 2747
P 37 1649 1649
41 553 577
44 444 426
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According to the interface polarization mechanism of the electrorheological effect of crude
oil, i.e., charged particles accumulation on the wax particle surface *, the existence of wax
crystal particles is the premise of electrorheological effect, while charged particles, i.e. resin
and asphaltene, play an important role, and the electric field provides conditions for charged
particles (resin and asphaltene) migrating to wax particles.

Temperature is only a superficial term, different temperatures mean to varied precipitated
wax amount, which is the direct factor affecting electrorheological effect of crude oil. For oil
1#, 2# and 3#, the content of resin and asphaltene is less than 5%, when temperature is high,
the precipitated wax amount is low, the amount resin and asphaltene is enough to cover the
surface of wax particles, thus weakening the interaction force between wax particles and
reducing the viscosity of crude oil. When temperature is cooled down and the precipitated wax
amount increased to a certain extent, the amount of resin and asphaltene is not enough to cover
the surface of wax particles, the viscosity reduction effect began to decrease. For oil 4% and 5#,
resin and asphaltene content is medium, and the viscosity reduction increases monotonically
with the decrease of temperature, which means the electrorheological effect enhanced with the
increase of the precipitated wax amount, this is because with the increase of the precipitated
wax amount, more wax particles are affected by resin and asphaltene, so the electrorheological
effect is enhanced. For oil 6#, 7# and 8%, resin and asphaltene content is somewhat high. It has
been reported that resin and asphaltene in oil will self-associate and form aggregates since
insufficient solvent when the content of resin and asphaltene is high *. Because of self-
association of resin and asphaltene, the aggregates of resin and asphaltene cannot migrate to
and then accumulate on the wax particle surface under the electric field, thus, no obvious
electrorheological effect can be observed.
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ABSTRACT

The production and transportation of waxy crude o1l in the subsea environment are challenging
due to the formation of gel nside the pipeline during shutdown conditions, which disturbs
steady-state production. The waxy crude exhibits the complex non-Newtonian behavior below
the gelation temperature. It loses 1ts flow characteristics and behaves like a yield stress fluid.
The measurement of accurate yield stress 1s always crucial for understanding and forecasting
the flow behavior of such complex flmids. In the literature, several rheological methods were
used to measure the yield stress; most of them neglect the effect of volume contraction due to
thermal shrinkage during the gelation process>. Hence, the prime objective of the present study
15 to measure the accurate yield stress of waxy crude oil by considering the effect of thermal
shrinkage. The compensation for thermal shrinkage 1s achieved with zero normal force and
variable gap setting with a stress-controlled rheometer. However, an earlier reported study by
Abed: et al. utilizes the fixed gap reduction protocol, which overlooks variation thermal
shrinkage with temperature and waxy o1l composition, which fails to ensure the removal of
complete void formation during the gelation process’. Whereas the normal force gap
compensation protocol is according to the thermal shrinkage of the gel network, which
eliminates the chance of voids formation. Moreover, the yield stress 1s measured under constant
gap conditions and compared with variable gap conditions in order to examine the effect of
thermal shrinkage on the yielding characteristic of waxy oil. In addition, the effect of final gel
temperature and wax concentration on the yielding behavior of waxy crude o1l was mvestigated
experimentally under constant shear rate conditions.

The results shown n Fig. 1. depict that the coefficient of variation for yield stress measurement
15 lower for variable gap conditions compared to constant gap conditions, which shows that the
yield stress measurement 1s more consistent and repeatable at zero normal force and variable
gap conditions when compared with constant gap conditions. The variable gap condition
minimizes the chances of the formation of voids during cooling, which results m the
homogeneous formation of gel in the shear cell. However, the constant gap condition does not
compensate for the thermal shrinkage during cooling and leads to the void formation in the
shear cell*. These locally formed voids create discontinuity in the gel network, which results in
an increase 1n the variation in the yield strength measurement. Moreover, accuracy in the yield
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stress measurement also decreases with an increase in wax concentration and decreases in final
gel temperature due to increased discontinuity due to shrinkage. Furthermore, the induced voids
decrease the contact area of the gel network with a shear cell, which increases the chances of
waxy gel adhesive failure. In contrast, the variable gap method reduces the adhesive
failure (slippage) of the gel, which gives a more repeatable and correct measurement of yield
stress. The authors believe that results can help in developing a fundamental understanding
yielding behavior of waxy oil which can be utilized for various flow assurance issues during
pipeline transportation of waxy crude oil.

25

Coefficient of Variation (%)

Gap (Constant) Gap (Variable)

Figure 1: Coefficient of variation for yield stress measurement of 10 wt. % model waxy oil sample at
4 °C with constant gap condition and variable gap (Constant normal force) condition.
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ABSTRACT

The gel degradation mechanism during flow restart operation in a waxy crude oil pipeline can
be favorably explained through “indirect structural degradation-based rheological model™. The
waxy crude o1l at subsea condition undergo gel degradation following irreversible thixotropy
when a pressurized fluid 1s induced at the mlet of the pipeline. The sequence of gel degradation
mvolves mitial elastic deformation followed by creep, shear stress localization, strain
consolidation, gel failure at wall-flmd interface (for homogeneous type pristine gel), gel
compression and viscosity reduction. The waxy crude oil at subsea 1s a structured elasto-
viscoplastic fluid, and at fully deformed condition it becomes Newtonian®. In several cases, the
flow restart shows wall-slip as a major cause of gel failure at the wall-fluid interface®. Our
experiments and numerical simulations suggest that the gel deformation 1s high for a wall-slip
induced scenario (Fig. 1). This 1s opposite to the intuition that wall-slip creates lesser gel
deformation 1n respect to no-slip scenario. Thus, there 1s an improved accuracy in the estimate
for pressure requirements i flow restart operation. The no-slip and wall-slip scenario are
mimicked through rough and smooth plates in rheometric experiments. Numerical simulations
are done using in-house FORTRAN-based code following finite-volume-methodology®. The
bulk flow is explained by elasto-viscoplastic rheology* and the complexities at the wall-fluid
mnterface 1s defined by a static-based slip model where the slip-velocity follows a power-law of
shearing stress at the wall’ It is to be noted that the fluid in this study is considered as weakly
compressible.

The simulations in our study can capture the flow infricacies even at the smallest timescale
where one can see 1nitial compressive pressure wave propagation, gel degradation, and steady-
state flow. The results from the simulations reveal the significance of wall-slip at the initial
pressure propagation stage (Fig. 2). Once a sustained flow starts occurring at the outlet, the
pronounced effect of wall-slip alleviates in competition to the deformation caused through bulk
flow. This 1s furthermore ascertained by the analysis of transient flow, deformation and shear
stress variations at locations in the vicinity of the wall of the pipeline. The article captures the
slip-stick mechanism for the scenario where the wall-slip possessing yielding behavior (1.e. the
scenario where the wall-slip occurs at a stress (7) higher than the critical stress for wall-slip
(tc)at the wall-flmd interface). A series of numerical comparisons are done to distinguish the
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gel degradation mechanism for no-slip and wall-slip scenario for various cases of aspect ratio
a, and gel degradation constant k.
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Figure 1: Comparison of strain evolution showing flow and no-flow scenario for smooth
surfaces (signifying wall-slip) and rough surfaces (signifying no-slip) using (a) experimental (for
parallel plate configuration in Anton Paar MCR 301 rheometer) and (b) numerical simulations (at a
location near the inner wall of a pipeline).
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Figure 2: Comparison for the time evolution of axial pressure profile at initial gel viscosity of 100 Pa's,

induced pressure P = 40 kPa with the cases for no-slip, shear-thinning slip (7. = 0) and conditional slip
scenario (1 = 2/3 1,) at time instants ¢" = (a) 1, (b) 2.3, (c) 5, and (d) 75.
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ABSTRACT

A two-phase o1l-gas flow in a pipeline exhibits complex flow scenarios severely affecting its
transportation and confronts many flow assurance challenges. For Instance, flow restart issues
caused by waxy crude gel formation in a pipeline necessitate pressure differential-induced
multiphase gel shear degradation. The application of restart pressure encounters the high
compressibility of gas voids engendered during gel formation. Relatively higher deformation
of gas voids embedded in a gelled oil provides extra free spaces for degraded gel movement. A
comprehensive understanding of the gas voids embedded waxy gel degradation during initial
pressure propagation is essential to delineate the trade off against the restart pressure
requirement. A multiphase-based mathematical model 1s developed to solve mass and
momentum conservation equations together with the volume of fluid (VOF) method. The shear-
thinning and elasto-viscoplastic-based gel rheology that governs deformation-dependent
structural decay have been considered for low strain rate restart operation’. The analysis of
initial pressure propagation in a gas void embedded gel pipeline clearly illustrates the delay in
the intensity of pressure gradient propagating downstream. The delay in pressure development
in a pipeline is due to the difference in compressibility of the two phases®. During this delay,
the deformation of the gas voids caused extensive gel degradation in the upstream region of the
gelled pipeline®. The gel movement in these low resistive spaces leads to higher gel
deformation, enhancing the flow restart operation. A detailed examiation of the gas void's
motion and corresponding higher shear strain localized in the vicinity of the gel-gas interface
illustrated the vital role of gas voids. The fundamental understanding of the momentum
exchanges at the gel-gas interface during the restart pressure and gas void mteraction has many
other industrial applications* that could be ufilized to analyse more complex multiphase
sifuations.
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Figure 1: Comparison of strain contours for the bubble embedded filled gelled pipeline (a &
b) shear modulus G, = 10* and (¢ & d) shear modulus G, = 105, for the gel parameter,
compressibility number § = 8 X 1075, relative viscosity y, = 20, and steady-state Reynolds
number Reg = 900.

REFERENCES

(1) Kumar, L.; Skjeraasen. O.; Hald, K.: Paso, K.; Sjéblom, J. Nonlinear Rheology and Pressure Wave
Propagation in a Thixotropic Elasto-Viscoplastic Fluids, in the Context of Flow Restart. Journal of Non-
Newtonian Fluid Mechanics 2016, 231, 11-25. https://doi.org/10.1016/.jnnfm 2016.01.013

(2) Tikariha, L.; Kumar, L. Pressure Propagation and Flow Restart in the Multi-Plug Gelled Pipeline. Journal of
Fluid Mechanics 2021, 911. https://doi.org/10.1017/ifm. 2020.1066

(3) Tikariha, L.: Kumar, L. Pressure Propagation and Flow Restart in a Pipeline Filled with a Gas Pocket
Separated Rheomalaxis Elasto-Viscoplastic Waxy Gel. Journal of Non-Newtonian Fluid Mechanics 2021,
104582. https://doi.org/10.1016/j jnnfm 2021.104582

(4) De Corato, M.: Saint-Michel. B.: Makrigiorgos, G.: Dimakopoulos. Y.: Tsamopoulos, J.; Garbin, V.
Oscillations of Small Bubbles and Medium Yielding in Elastoviscoplastic Fluids. Physical Review Fluids
2019, 4 (7). 073301. https://doi.org/10.1103/PhysRevFluids.4 073301

79



Suspensions and Colloids - GEOG 147 (2:00 PM - 3:40 PM)

8TH PACIFIC RIM CONFERENCE ON RHEOLOGY, May 15-19, 2023

The Role of Rolling Resistance in the Rheology of Wizarding
Quidditch Ball Suspensions

Enzo d’ Ambrosiol, Donald L. Koch 1
Sarah Hormori 1

! Robert Frederick Smith School of Chemical and Biomolecular Engineering,
Cornell University, NY 14853, USA

ABSTRACT

To elucidate the effect of particle shape on the rheology of a dense, viscous suspension of frictional,
non-Brownian particles, experimental measurements are presented for suspensions of polystyrene
particles with different shapes in the same solvent. The first suspension is made of spheres while
the particles which compose the second suspension are globular but with flattened faces. We present
results from steady shear and shear-reversal rheological experiments for the two suspensions over a
wide range of stresses in the viscous regime. Notably, we show that the rheology of the two suspen-
sions is characterized by a shear-thinning behavior, which is stronger in the case of the suspension
of globular particles. Since the shear-reversal experiments indicate an absence of adhesive particle
interactions, we attribute the shear thinning to a sliding friction coefficient which varies with stress
as has been observed previously for systems similar to the first suspension. We observe that the
viscosity of the two suspensions is similar at high shear stress where small sliding friction facilitates
particle relative motion due to sliding. At lower shear stress, however, the sliding friction is expected
to increase and the particle relative motion would be associated with rolling. The globular particles
attain a higher viscosity at low shear stress than the spherical particles. We attribute this difference to
a shape-induced resistance to particle rolling that is enhanced by the flattened faces. Image analysis
is employed to identify features of the particle geometry that contribute to the resistance to rolling.
It is shown that the apparent rolling friction coefficients inferred from the rheology are intermediate
between the apparent dynamic and static rolling friction coefficients predicted on the basis of the im-
age analysis. All three rolling resistance estimates are larger for the globular particles with flat faces
than for the spherical particles and we argue that this difference yields the stronger shear thinning of
the globular particle suspension.
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ABSTRACT

The behavior of dense aqueous silica suspensions is investigated through a comprehensive experi-
mental approach that considers the material’s properties at different length scales, from the contact
level up to the overall properties.The first part of the study explores the ageing behavior of these
suspensions and identifies a contact-controlled ageing process that governs both the shear modu-
lus and yield strength ageing. Subsequently, the effect of a non-ionic surfactant on the yield stress
and shear modulus of the same model suspension is studied. Results show that the addition of the
surfactant significantly alters the interparticle contact properties, leading to modifications in the sus-
pension’s storage modulus and overall yield stress. Importantly, we establish a relationship between
the interparticle contact properties and the overall properties of the suspension for both systems.

Ageing in silica suspension

While the ageing behavior of dense suspensions or pastes at rest is almost exclusively attributed to
structural dynamics, a set of experiments conducted on dense aqueous silica suspensions allowed
us to identity another ageing process: contact-controlled ageing. To do so we have investigated the
origin of shear modulus and yield strength ageing in dense aqueous silica suspensions at moderate
ionic forces. We first showed by combining rheometry and confocal microscopy that the elastic
modulus and yield stress of these suspensions at rest grow logarithmically with time while their
structural evolution is rapidly arrested by the formation of thermally irreversible roll-resistant in-
terparticle contacts. So these suspensions age in the absence of structural rearrangement. Then by
performing three-point optical tweezer (OT) bending tests on particle rods, we showed that particle
contacts resist rolling and yield by overcoming a rolling threshold. We also observed that both the
rolling stiffness and rolling threshold grow logarithmically in time. By comparing the results of the
measurements on the particle contact properties with the results of the rheometry tests, we were able
to show that ageing of interparticle contacts governs both shear modulus ageing and yield stress age-
ing of these dense aqueous silica suspensions. We also identified simple constitutive relationships
between contact-scale bending stiffness and rolling threshold, which transfer to macroscopic scale.
This allowed us to propose a constitutive relationship between the macroscopic shear modulus and
the yield strength of these silica suspensions that should be generic for an array of colloidal systems.



Effect of an ionic surfactant

Dispersing agents are widely used to formulate high-solids pastes that remain fluid enough to be
easily transported and placed. In the cement industry, superplasticizers are used to control the work-
ability of fresh cement pastes containing high volume fractions of solid particles enabling the formu-
lation of concretes with higher mechanical strength, better durability and also lower carbon impacts
by substituting cement particles with mineral additions (fly ashes, slag, silica fumes...). Although
dispersing agents are commonly used, the mechanism by which they impact the interaction between
particles, and thus the paste rheology, remains obscure so that process optimization relies almost
essentially on empirical or trial-and-error processes. In order to improve our understanding of these
systems, we experimentally investigate the influence of a non-ionic surfactant that mimics superplas-
ticizers on the yield stress and storage modulus of model suspensions containing silica beads sus-
pended in an ionic solution. By combining rheometry, Total Organic Carbon, zeta potential, confocal
microscopy and laser tweezers experiments, we show that adding non-ionic surfactant to the suspen-
sion strongly alters both the interparticle contact mechanical properties (stiffness and strength) and
the overall suspension rheology (yield stress and storage modulus). Change of the contact rigidity is
ascribed to the adsorption of the surfactant on beads, which induces a shift from an adhesive rolling
resisting contact to a non-adhesive contact due to steric hindrance. As demonstrated by the perfect
agreement between rheometry and 3-point bending tests, drop of the suspensions storage modulus
originates from a particle contact shift. Same relationship is observed between the flexural contact
resistance and overall suspension yield stress or the ageing of the material.
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Figure 1: (Left: 3-point bending test on a particle rod using laser tweezers to probe the contact rigidity
(k0). Red crosses represent optical traps used to move the beads and to measure the applied forces. Right:
Contact stiffness measured through 3-point bending tests and shear elastic modulus (G”) of the suspension
(solid volume fraction: 45 % : ionic strenght: 0.15 M) as a function of the mass of surfactant added per
unit of bead mass (I';)
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ABSTRACT

In this presentation I will discuss preliminary results concerning the rheology of certain ultra high
performance cement-based materials. Both experiment and computer simulation will be utilized to
predict the rheological behaviour. We will take a multiscale approach treating the cement paste as a
continuous medium with fibers and sand added to make a mortar. Experimental data of the rheolog-
ical behavior of the matrix cement paste will be used as input into a smooth-particle-hydrodynamics
(SPH) based simulation of suspensions. The SPH simulation will model the effect of fiber and sand
that are added to the cement paste. The fiber material properties (e.g. elastic and flexible vs. stitf)
and sand volume fraction will be varied for a given sand size distribution based on a standard Ot-
tawa sand. The sand will be modelled as spherical inclusions. Simulation results will be compared
to available experiment data. Based on the simulations we will comment on the suitability of such
materials for use in additive manufacturing and discuss challenges of using such materials.
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ABSTRACT

Nanoclay additives are an eco-friendly solution for improving the friction and wear properties of
grease lubricants. These additives’ performance is determined by interparticle forces that impact
both tribology at the contact interface and the microstructure’s dynamic build-up and breakdown
during shear. This study aims to explore the impact of concentration and interparticle interaction on
nanoclay lubricants’ rheology and tribology. Using polyalphaolefin oil, we prepared yield stress fluid
suspensions by thickening it with nano-montmorillonite Cloisite 20A (C20A) or oleic-acid function-
alized Cloisite 20A (C20A-OA) at varying concentrations. The suspensions were then examined
using a modular rotational rheometer under steady and dynamic shear flows, while a frictional steel
ball-on-three-steel plates setup was used to analyze their tribology. Atomic force microscopy and
a profilometer were used to examine the interaction forces and wear scars. Our findings reveal that
increasing the C20A concentration led to greater nanoparticle crowding and agglomeration, increas-
ing lubricant stiffness and reducing the boundary friction at the tribocontact. However, C20A func-
tionalization with OA increased nanoparticle dispersion and atfected stiffness and aging dynamics.
Microstructural investigation and time-dependent rheology uncovered that these changes are driven
by increased repulsive forces, decreased inter-particle friction between C20-OA nanoparticles, and
faster reorganization of the C20-OA nanoparticle network under shear. Greater interparticle repul-
sion enabled C20-0OA nanoclays to align in the direction of shear, reducing overall viscosity. Fur-
thermore, the presence of OA on nanoclays decreased inter-particle friction and particle-steel surface
friction. These results provide insight into the interplay between nanoclay network evolution and the
resulting rheological and lubricating properties of the derived nanolubricants, offering a platform for
the development of novel, high-performing nanolubricants.
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ABSTRACT

In many situations bacteria move in complex environments associated with non-Newtonian rheology.
In this context, we seek to understand how these active fluids adapt and deal with geometrical frustra-
tion induced by the environment. Interesting spatio-temporal patterns have recently been observed
in nematic liquid crystals, where the motion of bacteria is directed by the orientational molecular
order of the liquid crystal or director field *. In this work, we study the swimming reorientation of
a single bacterium, E. coli, constrained to move along the director field of a lyotropic chromonic
liquid crystal (LCLC) that is confined to a planar cell. In such an environment, the spontaneous run
and tumble motion of the bacterium gets frustrated: the elasticity of the liquid crystal prevents flag-
ella from unbundling. Interestingly, in order to change direction, bacteria execute a reversal motion
along the director field, shown in the Fig. 1, driven by the relocation of a single flagellum to the other
side of the bacterial body, coined as a frustrated tumble. We present a detailed experimental char-
acterization of this phenomenon, exploiting exceptional spatial and temporal resolution of bacteria
and flagella dynamics during swimming, obtained using a two color Lagrangian tracking technique.
We suggest a possible mechanism behind the frustrated run and tumble motion, accounting for these
observations.

T in;
TR

Figure 1: Snapshots of a bacterium swimming and changing direction in the liguid crystal. The nematic
director is along the vertical direction, as well as the bacterium alignment.
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ABSTRACT

Successful transmucosal delivery promises great therapeutic opportunities for the treatment of
various diseases such as cystic fibrosis and chronic obstructive pulmonary disease (COPD).
Despite promusing results in preclinical studies, nanoparticle (NP) for drug delivery still
remains msufficiently explored, thereby limiting effective clinical translation. Using Brownian
dynamics (BD) simulations, we mvestigated lipid nanoparticle (LNP)-mucus mteractions under
the mfluences of steric, electrostatic, and hydrogen bond mteractions. The mucus 1s modeled
as a cubic periodic box comprised of straight, rigid, infinitely long rods. To obtam statistically
reliable diffusion coefficients, we considered one thousand non-interacting spherical particles
over at least 10° steps. The results revealed that removal of mucin’s sialic acid results in higher
diffusivity. However, LNP exhibit a non-monotonic behaviour as a function of mucus pH.
Besides, both the electrostatic repulsion and the hydrogen-bondmg, if acting alone, will hinder
diffusivity. But one factor can mitigate the effect of the other to raise the diffusivity. The
simulation results are compared with experimental measurements where possible, and the two
generally agree. Our results may provide new imsights mfo rational design for mmcus-
penetrating nanoparticles.

Brownian dynamics simulations
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To simulate NP diffusion through mucus, we model the cross-linked mucin chams as rigid
edges of a periodic cubic lattice, with the lattice size corresponding to the average mesh size of
the mucus ! The Brownian diffusion of NPs can thus be tracked within a unit cell with periodic
boundary conditions imposed on its faces. For each spherical particle, a Langevin equation is
written out that mncludes a Brownian force, a drag force, and a pairwise interaction potential
between the particle and the mucins:

dv

m—=F?—cv-VU 1
dt z @

where m = % ,of,,la’p3 is the mass of particle of density p, and diameter d,, v is its velocity, ¢

is the time, F7 is the Brownian force, ¢ is the drag coefficient, u ., 1s the viscosity of the

solvent, V the spatial derivative, and U 1s the total pairwise mteraction potential

Charges on mucin: sialic acid cleavage

Sialic acid (SA) is responsible for most of the negative charge of the mucins °. To modify the
charges on mucin chains, we have used an enzyme neuraminidase (NA) to cleave some of the
negatively charged sialic acid side chains from the mucin backbone. We treated the mucus with
NA for 10 mun or 4 hours to remove different amounts of SA; the resulting mucus samples are
called “semi-cleaved” and “cleaved” for short, with 23% and 56% of SA cleaved, respectively.
As a control, an untreated mucus sample was also mcluded. LNP was added separately to each
of the three mucus samples, and nanoparticle tracking analysis was performed. As shown in
Fig. 1A, the median diffusion coefficient (D) of LNP tends to increase as SA 1s removed by
NA, but the data show a large amount of scatter. To model this m BD simulations, we use the
untreated mucus as a baseline to determine the Debye length & and the electrostatic potential
Us. From this baselme, we estimate U, for the semi-cleaved and cleaved mucus in proportion to
the amount of charges left on the mucin polymer chains. Thus, we obtamn the numerical
diffusivity shown by the blue dots in Fig. 1A, in reasonable agreement with the experimental
data.

Effect of pH

To understand the impact of pH on NP diffusion through the mucus, we decreased pH from 7
to 5, and 3. A change i pH results in a change m the surface charge density of both the mucm
polymer chains and the LNP * (See Table 1). The measured zeta potential values indicate that
by pH reduction from 7 to 3, a transition from electrostatic repulsion to attraction would occur.
Fig. 1B depicts the diffusion coefficient D at different pH levels. Notably, the variation 1s non-
monotonic, with the highest D value for the mtermediate pH=5. This trend 15 also captured by
our BD simulations, which offer an explanation for this behavior. As pH decreases from 7 to 5,
D mcreases because the electrostatic repulsion 1s weakened. Further reduction to pH = 3 mcurs
electrostatic attraction, which in our case tends to trap the LNPs near the corners of the lattice
and suppress their diffusion greatly.

Effect of hydrogen-bond attraction

Usmg BD simulations, we studied the interaction between electrostatic repulsion and H-bond
attraction. Given the shorter-ranged nature of H-bond mteraction, we deliberately chose weak
electrostatic repulsions where particles can be influenced by H-bond attractions. As expected,
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in the absence of H-bonds, increasmng the strength of electrostatic interaction leads to lower
diffusivities, as the particles tend to remain i the center of the simulation box. When we have
two competing factors, one factor would reduce the effects of the other one, so that a
nonmonotonic U. dependence trend 1s observed (See Fig. 1C). For stronger electrostatic
repulsions, the diffusivity will eventually fall again because of too much repulsive forces.
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Figure 1: Variation of the diffusion coefficient due to (A) cleavage of sialic side chains from
mucin; (B) change in medium pH; (C) hydrogen-bonding mitigating electrostatic repulsion.

Table 1: Zeta potential of mucm and LNP-mRNA at different pH values

Zeta potential Zeta potential | Zeta potential
(pH=7) (pH=5) (pH=3)
Mucin® -7.7 mV -48mV -22mvV
LNP-mRNA -6.21 mV - 7.24 mV +13.0mV
U/ kT -76.3 -55.4 +45.6
Type of mteraction | Strong repulsion | Weak repulsion | Weak attraction
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ABSTRACT

Understanding of blood coagulation and fibrinolysis is critical for the management of patients
who suffer from coagulopathies and need anticoagulation therapy. Conventional
thromboelastograph (pu-TEG) analysis provided direct information including R-time, K-time,
angle, MA and L30, which can help identify the hypercoagulable, hemorrhagic or fibrinoltic
characteristic of blood samples. However, the shear environments of TEG assays are somewhat
different from in-vivo hemodynamic shear flow.

We introduce an innovative approach, microfluidic thromboelastography (p-TEG) that
measures the viscoelastic properties of coagulating blood in a linear tube. When periodic
oscillatory pressure is applied, anticoagulant blood periodically travels back and forth a certain
distance. The variation of reciprocating distance (amplitude) is monitored with a video or
pressure sensor and analyzed. The period of a cycle is 10 seconds (0.1 Hz), tube diameter is 1.5
mm, the blood sample volume ranges 5 — 50 pL depending on tube diameter and length. A
typical length of blood filled in a tube is 20 mm.

When the blood is mixed with CaCl2 and kaolin, the reciprocating amplitude gradually
decreased, showed a minimum value, and then slightly increased again. The obtained results
using the newly developed p-TEG system were analyzed and TEG wvariables including R-time,
K-time, angle, MA and L30 within 10 min. We found that the p-TEG system can observe the
fibrinolysis phenomenon faster and more reliably compared to the existing TEG equipment,
thereby reducing the experimental time innovatively.

The results of the present study suggest that p-TEG would be a useful tool in blood
clotting research, being capable of providing a global hemostasis profile in addition to detecting
the instant of incipient clot formation. Additionally, due to the rapid assessment of a patient's
coagulation status, the p-TEG highlights the potential for point-of-care use.
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ABSTRACT

The proper function of free joint motion in the body relies on the biomechanical properties of artic-
ular cartilage and synovial fluid (SF), which is a remarkable viscoelastic lubricant. The two major
lubricant macromolecules in SF, hyaluronic acid (HA) and proteoglycan 4 (PRG4), synergistically
interact to lower cartilage friction during boundary lubrication, but how these physical interactions
affect SF rheology is still being debated. In this study, we used laser scanning confocal microscopy,
rotational shear rheometry, and optical tweezer microrheology to examine the microstructure and
rheological properties of physiologically relevant formulations of HA and recombinant human PRG4
(rthPRG4). Our findings suggest that rhPRG4 forms clusters of stiff, gel-like aggregates that do not
interact with the surrounding continuous phase of HA polymers. Although the bulk rheology of
HA solutions increased in a dose-dependent manner with the addition of thPRG4, there was no evi-
dence of a favorable physical interaction between the two that could alter the macroscopic rheology
of the solutions. Additionally, we found that the interpretation of macrorheological data was sig-
nificantly impacted by the interfacial adsorption of rhPRG4 molecules at the air-water interface of
the rotational rheometer. Clinically relevant non-ionic surfactants used in the stabilization of rh-
PRG4 formulations were shown to both suppress the interfacial adsorption of thPRG4 in rotational
rheometers and disrupt the aggregation behavior of thPRG4 in the bulk. Our results suggest that
the macrorheology of this system is not governed by a single length scale, but instead responds as a
disordered, hierarchical network with solid-like thPRG4 aggregates distributed throughout the con-
tinuous HA phase. These findings provide important insights into the mechanical functionality of
HA and PRG4 during cartilage lubrication and may aid in the development of HA-based viscosup-
plementation therapies for patients with joint diseases, such as osteoarthritis.
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ABSTRACT

Converting biomass into renewable resources such as biofuel has continued interest due to the
desire to find alternatives to petroleum-derived products. Lignocellulosic biomass is a feedstock
that does not compete as strongly with food resources as grain feedstocks, and it can be sourced
from a variety of plants and plant components. Corn stover is a popular source of lignocellulosic
biomass in North America due to widespread maize cultivation. One route to producing biofuels
from lignocellulosic biomass is via an enzymatic hydrolysis reaction that utilizes enzymes to
break down cellulose and hemicellulose into simple sugars. This process typically requires an
upstream pretreatment step to make the cellulose and hemicellulose more accessible to
enzymes. Pretreatment with a dilute acid solution is often used for this purpose The elucidation
of the rheological properties of lignocellulose as it is processed during pretreatment is an
important aspect of predicting energy requirements for pumping and mixing the resulting
slurries; as well as for designing reactor components. In this work, we seek to characterize the
rheological changes that take place in a com stover feedstock undergoing dilute acid
pretreatment. Slurries were prepared and pretreated at the National Renewable Energy
Laboratory and rheological properties were tested at the Colorado School of Mines. A custom
rheometer geometry was fabricated with stereolithography 3D printing to mitigate sample slip
and measurements were made of yield stress and plastic viscosity as a function of the extent of
pretreatment. The presentation will include a discussion of the rheological behavior observed
during shear stress ramps, the result of fitting the Herschel-Bulkley and the Bingham model to
the data sets to obtain reaction-time dependent model parameters. An outlook for generalizing
this analysis to other lignocellulosic feedstocks will also be given.
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ABSTRACT

The development of biocomposites has received a great deal of attention recently due to the
concepts of sustainable development and circular economy. This is why biobased materials are
more interesting to reduce their carbon footprint, especially when all the materials (matrix and
reinforcements) are from a “natural” origin.

In this work, polylactic acid (PLA) was selected as the matrix because of its biodegradability
and biocompatibility. But this biopolymer is seldom used alone and its properties can be
improved by adding different plasticizers and fillers. In particular, spent coffee ground (SCG)
is a valuable resource but still considered as a residue going to landfill. Due to its high amount
generated every day, it would be interesting to valorize this material by introduction into a
biopolymer and determine its effect in terms of mechanical and thermal properties.

So the main objective of this study was to determine the effect of SCG concentration (0, 10, 20
and 30 wt.%) on the properties of PLA-based biocomposites. As a first step, no other additive
was added to limit the interaction and the raw materials cost, while producing a 100% biobased
material.

The samples were first dried and compounded via twin-screw extrusion and pelletized before
being molded by compression. From the sample produced, several characterizations were
performed in terms of density, crystallinity and thermal properties to get a general overview of
the main properties of the biocomposites produced. Then, a more specific analysis is performed
on the rheological properties in the melt state (strain sweeps and frequency sweeps) at different
temperature (180, 190 and 200 °C) to relate the processing conditions with the formulation of
the samples. To complete the analysis, rheological measurements in the solid state (strain
sweeps, frequency sweeps and temperature sweeps) are also performed to determine the overall
behavior under different conditions.

The results obtained showed that the biocomposites have a very complex behavior as their
behavior represents a balance between the reinforcing effect of the solid SCG particles and the
plasticizing effect of residual extractives inside these particles coming from the coffee making

95



process. Overall, it was found that 20 wt.% SCG provided the best balanced between all the
properties investigated.

0. 1
Frequency (Hz)

Figure 1: Loss tangent as a function of frequency for PLA biocomposites with different SCG content at
200 °C
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ABSTRACT

The effects of molecular weight, stereo configurations of polylactide (PLA) and processing on
morphological and rheological properties of PLA/multiwalled carbon nanotubes (MWCNTSs)
have been mvestigated. A co-rotating twin-screw extruder (TSE) was used to disperse the
MWCNTs 1n high (h)- and low (I)-molecular-weight amorphous and semicrystalline PLAs
(aPLA and scPLA, respectively). Scanning electron microscopy (SEM) and small amplitude
oscillatory (SAOS) and transient shear flow rheometry in the molten state were used to examine
the effectiveness of the MWCNT dispersion in the various PLA matrices. Also, the rebuild-up
of the destroyed structure due to shearing was investigated through SAOS time sweep
experiments following a stress growth experiment. The SEM mucrographs showed a better
dispersion for the low molecular weight PLA and when processed at a higher temperature (190
°C). The normalized complex viscosity was mcreased drastically for the nanocomposites based
on the low molecular weight amorphous PLA (aPLA), by more than 3 decades for aPLA
containing 3 wt% MWCNTs compared to the neat matrix. What 1s more, at a low applied shear
rate of 5 s-1 in stress growth experiments, the neat aPLAs did not exhibit any overshoot, but
the transient viscosity (n+) displayed overshoots at the beginning of the tests that were more
significant as the MWCNT concentration was increased. Also, following the stress growth
experiments no structural recovery was observed for the neat PLAs whereas a significant
structure rebuild-up was detected for all aPLA-MWCNT nanocomposites, especially at larger
MWCNT contents.
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ABSTRACT

The effect of adding multiwall carbon nanotubes (CNTs) on the morphology and properties of
reactively compatibilized polylactide/polyamide 11 (PLA/PA11) blends with a 75/25 wt%
composition was evaluated. PLA/PA11 blends were compatibilized using an epoxy-based chain
extender, Joncryl® ADR 4468. Blends and blend nanocomposites were prepared using an
internal mixer. The effects of chain extender concentration, mixing strategy, PLA molecular
weight and CNT concentration on the morphology was evaluated in light of rheological
characterization as well as electrical and mechanical characterization. Changes in the blend
morphology upon adding CNTs (pre-mixing with PLA) was observed in which the dispersed
phase changed to connected non-spherical, non-coalescing (or partially coalescing) PA1l
domains bridged by CNTs at the interface. A network-like structure was formed in the blend
nanocomposites containing 2-3 wt.% of nanoparticles characterized by a transition from liquid-
to solid-like behavior. The blend nanocomposites based on the lower molecular weight PLA
exhibited more significant enhancements of the rheological properties relative to the neat blend.
Despite the observed transition in the rheological behavior, the electrical conductivity remained
in the insulating range, showing a 6 decade increase compared to the neat blend, largely due to
inadequate interconnectivity of PA11-CNT domains. Also the blend nanocomposites based on
the lower molecular weight PLA displayed larger relative increase of the Young modulus,
compared to the neat blend, indicative of a better CNT dispersion and formation of a more
interconnected PA11-CNT network. The blend nanocomposites based on the higher molecular
weight PLA retained 80% of the elongation at break of the neat blend up to 2 wt.% CNTs while
the blends based on the lower molecular weight PLA retained only 25% of the elongation at
break.
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ABSTRACT

Rubbers filled with a large amount of nanosized particles, such as carbon black (CB) or silica,
often display a very unusual nonlinear behaviour under large-amplitude oscillatory shear
(LAOS), where the amplitude stress strongly deviates from the linear dependence of strain
while the time dependence of stress remains sinusoid. This unusual sinusoidal responses of
filled rubbers, however, should not be confused with the fact that the rubbers are highly
nonlinear viscoelastic materials as seen in typical stress-strain curves. In our recent studies, we
have referred to this phenomenon as the “linear-nonlinear dichotomy™ '7 of the Payne effect of
filled rubbers. In order to understand the molecular details regarding this unusual behaviour,
we chose a system with only three basic ingredients: polymer, filler, and oil. By changing the
filler content and particle size, and by studying the matrix of various polymer concentrations
and molecular weights, we have observed the impacts of the filler particle size, the filler
loading, and the matrix composition on this very unusual rheological behaviour. A summary of
our research activities on this subject in Tongji will be presented.

LINEAR-NONLINEAR DICHOTOMY RHEOLOGY

What we mean by this terminology is that the unusual nonlinear behaviour of filled rubber
under oscillatory shear consists of two seemingly contradictory parts. The dynamic behaviour
is nonlinear in the sense that the storage and loss moduli depend strongly on the strain
amplitude, while the stress response appears to be linear because that at each of the strain
amplitudes 1t 1s simply a sinusoidal offset from the oscillatory strain input (or vice versa).
Mathematically, this “dichotomy™ nonlinear phenomenon can be described by the following
expression:

a(t.m) = 1 [G'(pr.e) sin(ex) + G (p.0) cos(ar)) (1)

where the input strain y varies as y= y sin(@f), jp is the strain amplitude and ® 1s the angular
frequency. Equation (1) exhibits the “linear-nonlinear dichotomy™ characteristics. It is a linear
viscoelastic equation that predicts perfect sinusoidal waves when j; 1s constant, otherwise it 1s
a nonlinear viscoelastic equation if jp is a variable. Of course, equation (1) simplifies the actual
situation of the nonlinear responses of real materials because 1t is a first-order approximation
of the Fourier series. This simplification occurs in many physics. One such example is the ideal
gas law as the first approximation that helps us model and predict the behaviour of real gases.
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Therefore, the concept of "linear-nonlinear dichotomy" represents an ideal state in the
rheological sense. There is no material that behaves exactly ideally, but there are plenty of filled
rubber compounds that behave so closely that the concept of an ideal “dichotomy” state is an
extremely useful approximation for many situations.’* Fourier transform analysis shows that
in many investigations of filled rubbers '7 higher-order harmonics of a filled rubber can
sometimes be detected by a sensitive rheometer, but they are usually very small and negligible.
The ratio of the third to the first harmonic responses ({3//1) in the range when G " passes through
its maximum is typically less than 3%, and sometimes even less than 1%.’

As a result, the storage and loss moduli of a filled rubber in the nonlinear regime are still well
defined by the first-order harmonic response functions. The standard deconvolution of
experimental torque and phase offset in terms of the first harmonics G’ and G” is still
appropriate at each strain amplitude in the nonlinear regime. The relationships between the
dynamic moduli and the average energics stored and dissipated per cycle per unit volume and
their physical meaning are still applicable in the nonlinear regime of a filled rubber due to what
we call this ““the linear-nonlincar dichotomy’” of these materials. This unique feature of filled
rubbers has been widely used by engineers and compounders in compound designs,
characterizations and applications in rubber industries. Tires provide quiet and comfortable
driving, due in part to the quasi-sinusoidal responses of tread rubbers to cyclic deformations.
Despite the technological significance of the linear—nonlinear dichotomy phenomenon, the root
cause for this peculiar “dichotomy™ behaviour of filled rubbers has been a long-term puzzle.

THE LASTEST DISCOVERIES

Recently, it was found that particle-filled polymer melts of widely varied molecular weights
exhibit a rheological transition * as the molecular weight of the matrix, M, increases and passes
through a characteristic molecular weight M,". Below M,", the system shows typically the
classic nonlinearity, where the storage modulus G ' decreases as the strain amplitude }p increases
and the resulting stress waveforms are distorted from sinusoidal waves. Above M., the system
displays a new nonlinearity, where the stress responses at any given strain amplitude remain
surprisingly sinusoidal regardless the drop of modulus G . The critical point M, is found to be
a few times of the entanglement molecular weight M,.

In addition, it was also observed that particle-filled polymer solutions with wide changes in
their compositions display a similar rheological transition ® as the matrix polymer concentration
¢ approaches and passes through a critical value ¢.. Below ¢, the system shows the classic
viscoelastic nonlinearity, where the storage modulus (7° decreases as strain amplitude yo
increases and the deviation of the stress signal from a sinusoidal wave is significant. Above ¢,
however, the system displays an anomalous nonlinearity, where the ratio of the third to the first
harmonic responses /3/7; of the stress signal 1s negligibly small and essentially independent of
the drop in modulus G, and the system actually shows the quasi-sinusoidal responses in the
nonlinear regime. The transition to linear-nonlinear dichotomy takes place in the concentrated
polymer solutions where the polymer chains are highly entangled.

Furthermore, it was discovered  that this transition is insensitive to the strain amplitude, G /G s,
and filler loading but is very sensitive to the filler particle size d. Increasing the filler particle
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size significantly decreases the critical ¢. However, increasing the filler loading basically has
no effect on the transition to linear-nonlinear dichotomy. This transition is detectable under
either fixed strain amplitudes or fixed /Gy conditions, and happens when the mesh size ¢ of
the entangled polymer network in the matrix becomes smaller than the primary filler particle
size d.

CONCLUSIONS

The degree of entanglements in polymer chains seems to play a key role in the linear-nonlinear
dichotomy rheology. The time scale for topological rearrangements of entangled polymer
chains that affect particle motion in the matrix is the crucial factor, and depends on polymer
molecular weight, concentration and temperature. As the polymer concentration ¢ approaches
and passes through ¢, the filler particles may experience a sudden local blockage of their
movements due to the topological hindrance of the entangled polymer chains. The sinusoidal
stress response of the material in the nonlinear region is due to a sudden blockage of the filler
particle movement when the polymer chains are entangled, and the entanglement mesh size ¢
decreases to below the filler particle size d.

IMPLICATIONS

This “linear-nonlinear dichotomy” feature in the nonlinear rheological responses of filled
rubbers can directly lead to a much general perspective, i.c., the frequency-deformation
separability principle.’ Thus, the measured dynamical properties can be separated into a linear
viscoelastic frequency-dependent part and a nonlinear strain-dependent part, which can directly
lead to other superposed behaviours for measured properties. In addition, when the higher order
harmonics are negligible, the damping function in static relaxation is equivalent to the Payne
effect in oscillatory shear.* This equivalence can phenomenologically link the linear and
nonlinear properties of filled rubbers and has important implementations.
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ABSTRACT

Among the biodegradable polymers, polylactic acid (PLA) 1s considered a promising material
to solve the environmental pollution caused by plastic waste. However, PLA has weak
mechanical properties such as brittleness and poor processability. For this reason, some
researchers have tried polymer blend with materials that can compensate for the weaknesses of
PLA[1]. In this study, low density polyethylene (LDPE), which shows strain hardening
behavior in elongational viscosity, was wused as the dispersed phase to overcome the
disadvantage of PLA. To improve compatibility between PLA and LDPE, we added three
different inorganic fillers, hydrophilic fumed silica, hydrophobic fumed silica and hydrophilic
organoclay as compatibilizer. To evaluate the compatibilizer effect of various fillers, linear
viscoelastic properties from small amplitude oscillatory shear (SAOS) test and nonlinear
viscoelastic properties from elongational test are measured. In addition, we mnvestigated
morphology obtained by transmission electron microscopy (TEM) and scanning electron
microscope (SEM) to check the location of filler and droplet size of dispersed phase. And we
have studied the relation between rheological properties and morphology in PLA/LDPE blend
systems.
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ABSTRACT

Normal stresses are found in most complex fluids, and yield strength materials are ubiquitous in
nature and industries. These facts are the motivation of the present research, which aims to study
normal stresses developed in shear flow for different yield strength materials, namely a Carbopol dis-
persion, a commercial hair gel, and a highly concentrated emulsion. The goal is to analyze the stress
state required to cause yielding in yield strength materials when a shear load is imposed. A simple
but efficient experimental protocol is introduced, using a commercial strain-controlled rheometer to
measure the normal stresses while the fluid undergoes steady and transient shear rheological tests.
Furthermore, the validity of the Von Mises criterion is checked for the materials tested in this study.
The results of this study allow, for shear flow, the determination of the yield strength tensor, that is
the stress tensor at the yielding point. It was observed that the initial state plays an important role
in the normal stresses. Residual stresses were found to be responsible for the difficulty in reaching
repetitive measurements. At low shear rates, values of normal stresses substantially higher than the
shear yield strength are observed, for all yield strength materials investigated. In addition, for one
of these materials, the measured normal stresses go from positive to negative values as the shear
stress is varied from above to below the yield strength. The normal stress values for the Carpobol
dispersion tested remained constant at low shear rates. Among other findings, it is observed that the
time needed to reach a steady state is much longer for normal stresses than for the shear stress, as
already stablished in the literature for polymeric liquids.
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ABSTRACT

Solid suspensions are widely encountered in oil and gas industry as well as mining industry:
from extracting oil from oil sands to discarding solid waste to the tailing ponds. In various
applications, the quality of the suspensions is often assessed through the measurement of
theology of the suspensions. Yield stress, 7,,, which is one of the commonly used rheological
parameters in industry, denotes the ability of a fluid to prevent the flow under the applied shear
stress. T,, is associated with the network of solid particles in the suspending fluid, emerging due

to an atiractive or a repulsive force of interaction among particles. T,, is a function of the weight
fraction of the particles (X%), as it governs the structural strength of the particle network!=.
For example, a dilute suspension or a weaker network leads to a small T,. Thus, the
measurement of 7, enables determination of X%, provided a prescribed relationship between

7,, and X% can be formulated.

In Canada, bitumen is extracted from Athabasca’s oil sands using Clark’s hot water
extraction process. In this process, a mixture of bitumen, hot water, clay, and sand particles is
sent to an extractor. Majority of bitumen oil is recovered through froth flotation, and solids are
subject to gravity settling. Settling clay and sand particles split into two sections within the
extractor, middlings and tailings, based on the size of the particles. It was demonstrated that
both middlings and tailings exhibit a yielding behaviour*® with ,, varying between 10™* and
10 Pa**. 1, influences the transport of the trace amount of bitumen present in the middlings to
the top in the flotation section of the extractor. A higher T,, of middlings may lead to a lower
total recovery of bitumen’. Further, both 7,, and X% of tailings determine the transportability
and packing efficiency of tailings to the tailing pond. Thus, a continuous or in-line monitoring
of T, and X% of middlings and tailings will enable feedback on the extraction process to
enhance oil recovery from middlings as well as improve the transportation of tailings to the
tailing ponds. Commercially available rheometers are unlikely to measure T, as low as 10~ to

y
1 Pa, except for the ones which are prohibitively expensive. Further, they cannot be employed
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for continuous or in-line measurement of 7,,, We propose using a microfluidic platform for the
continuous monitoring of low Ty, and determining X% through the measurement of .

We employ a microfluidic extensional flow device (MEFD), which is an extension to four-
roll mills® and has been used in our group for studying properties of emulsions such as
interfacial tension” and solubility'®. The MEFD exhibits a characteristic shear stress distribution
such that the material exhibits unyielded, solid region where the shear stress is lower than .
On the other hand, in other regions where shear stress is higher than t,,, the material yields and
flows. We measure the size of the unyielded or solid region for a range of flow rates by tracking
the flow using a camera. We have developed a scaling theory to determine T, of the material
flowing in the MEFD through the measurement of the size of the unyielded region, the
experimental parameters such as flow rate and device geometry. Since the MEFD enables both
the flow of the yielded material through it as well as solid, non-moving regions to exist
simultaneously, we are able to measure a Ty in-line or continuously.

We characterized the MEFD platform using carbopol gel, a model yield stress fluid, of
various concentrations ranging between 0.025 and 0.3% by weight, and measured ,, between
60 mPa and 1.4 Pa. We compared T, measured using the MEFD with the rheometer
measurements, and we found a fair agreement between the two. We also corroborated the
experimental results with the simulation results using COMSOL Multiphysies®. The smallest
T, we have measured is 4 mPa of wastewater filtrate, and our scaling analysis suggests that the
MEFD should be able to measure a 7, of the order of 0.1 mPa with the current version of the
device, as required for middlings. We are working towards measuring a 7, of the order of
10~* Pa of dilute carbopol solutions. Further, we demonstrated the application of the MEFD to
measure 7,, of solid suspensions. We used a suspension of cloisite clay and water as a model
for middlings and tailings. We measured 7, ranged from 65 mPa to 5.9 Pa of cloisite-water
suspension of X% ranging between 3 to 6%. T,, and X% was fitted to a cubic polynomial, and
this relationship between the two was used to determine X% through the measurement of t,,.
We also performed in-line measurement of 7, of a cloisite suspension sample at four different
flow rates. T, was measured continuously for 15 min at an interval of 15 s, and X% was
estimated accurately through 1, — X% relationship. We are in the process of measuring 7, of
kaolinite suspension of X% between 5 to 30%, which is more representative of middlings and
tailings. We have planned to use the samples of middlings and tailings from oil industry in the
future to substantiate the application of the MEFD technique.
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ABSTRACT

The behaviour of the Herschel-Bulkley parameters as function of temperature 1s shown for an
oil-based drilling fluid. It 15 shown how these parameters vary if a dimensionless shear rate 1s
used. These parameters are easily tabulated. It is also shown a lesser degree of usability of the
consistency index, k, for tabulation purposes.

HERSCHEL-BULKLEY PARAMETERS

A controversy exists around the yield stress term. It 1s a question how it should be defined,
how 1t should be measured (directly or indirectly), and even whether the yield stress really
exists. This problem was discussed 1n a play enacted by Niall Young and Mads Larsson as
Sherlock Holmes and Dr. Watson discussing the yield stress myth in the Nordic Rheology
Conference on the Faroe Islands in 2003. Their review article seemingly written by Watson',
summarised the controversy. For the analysis of drilling flmd properties it 1s assumed that the
time scale of the flow 1s sufficiently rapid for the yield stress concept to be applicable. The
yield stress is currently described in oil-well standards using the method described by Zamora
and Power”. This method uses a linear extrapolation of the two lowest shear rate measurements
to zero shear rate. Since the yield stress 1s treated as a material property, it shall be determined
prior to determination of other properties.

The most common viscosity model for drilling fluids with a reasonable accuracy for a wide
span of shear rates is the Herschel-Bulkley model® Herschel-Bulkley fluids combine a Power-
law behaviour with a yield stress. Traditionally, the Herschel-Bulkley model 1s defined as
shown in Equation 1,

=1, + k()" (0

where k 1s the consistency mdex, n 1s the flow behaviour index or alternatively the curvature
index, and Ty 1s the yield stress. As Nelson and Ewoldt* discovered, the parameters used in this
equation 1s often difficult to apply in selection of material compositions because the dimension
of the consistency index, k, 1s dependent on the flow index, n: k=kfn). Thus, there is no direct
relation between k and viscosity unless n 1s equal to unity or at least equal in the compared
fluids. Nelson and Ewoldt* studied fluids with a significant yield stress value. Based on
application of yield stresses they modelled a critical shear rate where the shear stress 1s twice
the yield stress. This approach 1s perfect for high yield stress fluids, but 1s not practical for
drilling fluid description. Drilling fluids normally have smaller yield stresses, or sometimes do
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not have any measurable yield siress at all. Therefore, mspired by Nelson and Ewoldt*, Saasen
and Ytrehus™® described the Herschel-Bulkley model using dimensionless shear rates as shown
n Equation 2,

T=T,+1T, (i)n @

where the term 7 1s the additional shear stress, = = 7— r at a characteristic shear rate of the
flow, y. The characteristic shear rate must be selected in accordance with the application. This
means that the same drilling fluid's properties should be described with different characteristics
when modelled for flow m drill pipe and in different annular sections. Using this type of
presentation of the Herschel-Bulkley model, three independent parameters for the fluids can be
tabulated: the yield stress, 7, the surplus stress, , at a characteristic shear rate, y;, and finally
the flow index, n. Of course, in tabulation the entire shear stress at the characteristic shear rate
can be tabulate.

An example of application of the parameters of Herschel-Bulkley model with dimensionless
shear rates 1s shown in Figure 1. Here it 1s shown how the Herschel-Bulkley parameters vary
with temperature. The characteristic shear rate is 1025 which is relevant for annular flow
when drilling an 8 '2" section. All curves show a nearly monotonous change with temperature.
If using the expression shown in Equation 1, the value &, show a complex connection with
temperature since the dimension of k varies with temperature. Hence, as shown in Figure 2,
the data do not show a monotonous behaviour and do not help increasing the understanding of
fluid properties as function of temperature.
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Figure 1: The effect of temperature on Herschel-Bulkley parameters g, s at 102 s-' shear rate and n
for a 1.59 s.g. oil-based drilling fluid. (Data from Halvorsen et al.7)
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Figure 2: The consistency index, k, as function of temperature. (Data from Halvorsen et al.”)

CONCLUSION
The applicability of Herschel-Bulkley parameters for creating drilling fluid tables 1s shown.
Parameters developed for expressing properties as function of dimensionless shear rates are
found more convenient for describing changes in physical properties and, thus, for tabulation
of fluid properties.
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ABSTRACT

Formulating an appropriate thixotropic elasto-viscoplastic constitutive equation 1s challenging,
especially for a model describing pre-yielding material behaviour and post-yielding fluid
behaviour. Very few models try to explain both behaviour simultaneously’—. Oldroyd’s 1946
formulation was one of the first models explaining it, however, assumptions of a simple linear
elastic and quasi-static deformation before yielding made his model idealistic. At the same time,
the quasi-static preyielding deformation assumption allows the possibility for the consideration
of preyielding viscous and plastic deformation when quasi-static conditions are not fulfilled.
Saramito® added a frictional element in Oldroyd’s viscoelastic model' to avoid a jump in stress
at the critical strain, however, his model 1s unable to predict initial plastic and viscous effect as
pointed out by Coussot and rogers* De Souza Mendes and Thompson® model is unable to
predict true yield stress and no flow behaviour for a finite value of the parameter. Apart from
the shortcomings mentioned above, their models consist of complex differential form creating
difficulty for practical application. Here, we discuss the structural parameters based thixotropic
elasto-viscoplastic (TEVP) constitutive model valid for both reversible (finite thixotropic time
scale) and irreversible (infinite thixotropic time scale) thixotropic materials. An extensional of
our earlier model’, which is used to predict flow restart in the pipeline filled with irreversible
TEVP materials. Early model was restricted to irreversible TEVP materials, only considered
for predicting flow restart without discussing other aspects of the rheological behaviour of
TEVP materials. Our present model, despite being a sumple algebraic equation, explains both
the viscosify plateau at low shear rates and the diverging zero shear rate viscosity appropriately
using the same parameters but different shear histories. Furthermore, our model predicts stress
overshoot during shear rate startup flow, hysteresis in shear-rate ramps, viscosity bifurcation
during creeping flow, delayed yielding, sudden stepdown shear stress test results and shear
banding phenomena effectively. Depending on shear histories, our model at the steady state
reduces to either Bingham, Herschel Bulkley type, or Newtonian fluids model. The current
framework also provides a possible physical mterpretation of the Bingham model, which has
been elusive despite its enormous use. Our model predicts either a no-flow start or a simple
flow start for different thixotropic time scales while keeping other conditions the same, and it
can also predict a delayed flow start for an appropriate structure degradation kinetic.

The results m Figure 1 show some of the important TEVP bahviour predicted by our model.
Figure 1a shows stress overshoot during a constant shear rate startup flow. Figure 1b shows
stress hysteresis during shear-rate up and down calculation. Whearas, figure 1c shows the stress
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response of the material, when a material undergoes a high shear rate for a certain period and
suddenly shear rate brought to a considerably low value. These results qualitatively predict
recent experimental observations of TEVP fluids.
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Figure 1 : . (a) shows stress overshoot during a constant shear rate startup flow, (b) shows stress hysteresis
during shear up and down calculation and (c) shows the stress response during sudden shear rate down after a
certain period of time.
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ABSTRACT

Phase transitions and collective dynamics of active colloidal suspensions are fascinating topics
in soft matter physics', particularly for out-of-equilibrium systems, which can lead to rich
theological behaviour in presence of steady shear flow. Here the role of self-propulsion in the
theological response of a dense colloidal suspension is investigated by using particle-resolved
simulations. Increasing the self-propulsion of the colloids induces a transition from a shear-
thinning to a shear-thickening behaviour, which we attribute to clustering in the suspensions
induced by motility, a general phenomenon which occurs close to motility-induced phase
separation (MIPS)’. This novel behaviour of motility-induced shear thickening (MIST) can be
used to tailor the rheological response of colloidal suspensions.
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ABSTRACT

Organisms often move through inhomogeneous environments like the gradients in heat, light, nutri-
ents, fluid viscosity or density. They respond to these inhomogeneities by reorienting and changing
speed, often exhibiting directed motion termed raxis. For instance, E. coli reorients to swim up nu-
trient gradients but swims down light or viscosity gradients. Here we present theoretical evidence of
taxis in density gradients, which we call densiraxis. This taxis is sensitive to whether the organisms
generate thrust in-front (so-called pullers) or back (pushers). Pullers, like Chlamydomonas rein-
hardtii for instance, reorient to swim up or down the gradients depending on their initial orientation.
But pushers like E. coli rotate to swim normal to the gradients. This taxis could help explain the
motion of marine organisms in the ocean where density gradients are prevalent or be leveraged to
sort or organize a suspension of organisms.
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ABSTRACT

Microorganisms and synthetic active particles frequently present in large numbers near boundaries,
such as in a petri dish of suspended bacteria or experiments with Quincke rollers near a substrate.
Active matter systems have the ability to self-organize into complex dynamic structures when they
reach a certain density. These structures are driven by particle-particle and particle-fluid interactions,
such as hydrodynamic or electrostatic forces. Confinement can affect self-organization in active sus-
pensions, leading to the formation of vortex-like structures and unidirectional pumping motions.
These complex dynamics are distinct from those observed in bulk, such as bacteria forming race-
tracks and Quincke rollers spinning!***, This study highlights the importance of understanding
the role of boundaries in driving the collective behavior of bacteria and other active matter systems.
‘When suspensions of particles are dense, many-body hydrodynamic interactions take place and far-
field approximations can become ineffective. The Stokesian Dynamics method® has been extended
to simulate dense suspensions of active particles near boundaries using the squirming model®. We
then use the active SD™* method to demonstrate various examples of interesting dynamics due to
hydrodynamic interactions of active particles near a wall”.
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Structured interfaces such as 2D colloidal crystals are model systems to study the mechanics
of various natural and engineered systems. Active colloidal particles exhibit self-propelling motion
by exploiting chemical, temperature, or force gradients around individual particles. The presence
of active particles as impurities in 2D colloidal crystals can be considered as simplified models to
understand the motion of bacterial cells in biofilms?, stability of Pickering emulsion microreactors®
, human crowd behavior® and the motion of molecular motors at cell membranes®. In this work,
we report the dynamics and rheology of 2D colloidal crystals formed using spherical polystyrene
(PS) particles at oil-water interfaces in the presence of active PS-Platinum Janus particles. The
particle dynamics is studied using video microscopy and image analysis. The rheological behavior
of the interface is investigated using interfacial shear rheology and microrheology. At high surface
coverage of the particles and low ionic strength, the passive particles form a two-dimensional crystal
with a hexagonal lattice structure due to dipole-dipole repulsive interactions. These interfaces exhibit
a viscoelastic solid-like behavior in linear regimes and reversible structural rearrangements at large
strains. However, with an increase in the number of active particles, the crystal loses its orientational
and spatial order and forms multiple domains of crystals separated by grain boundaries, even in
the absence of activity. In the presence of activity, the overall crystal becomes more dynamic and
heterogeneous and loses its hexagonal order. Particle tracking microrheology and interfacial shear
rheology quantify the transition to the liquid-like nature of the interface due to the presence of
active impurities. We show how local perturbations can have long-range effects on the dynamics
of particles in 2D colloidal crystals and their overall viscoelasticity. We identify the electrostatic
repulsion between particles and the propagation of internal stress as two competing forces that exist
in the crystal in the presence of activity. This work provides insights into the motion of bacterial
cells in crowded biofilms, how stress relaxation occurs in crystals with defects and internal stresses
and how particle arrangements at interfaces of Pickering emulsion microreactors are affected by
interfacial chemical reactions.
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ABSTRACT

Numerous laboratories in myriad industries have time, materiel and personnel constraints.
Pharmaceutical, medical or biomedical labs, in particular, may also have to deal with 21 CFR
Part 11 and/or good [automated] manufacturing practices compliance. Cone-Plate geometry
has been and is used because of (1) the small sample size required and (2) easy portion loading
and cleaning or “presentation™. This paper presents data for a variety of products, covering a
range of viscosities. E.g.: aqueous solutions, lotions and creams, among others. Simple tests
may involve one speed, for quick QC/QA checks. Rotational, multi-shear rate data, on the
other hand, provide more information concerning shear-thinning or thixotropic behavior.
Furthermore, simple math models, such as Bingham, Casson [variants] or Herschel-Bulkley,
may be used to calculate practical yield stresses. Rheometry is important because it helps
quantify product behavior and, therefore, assists product formulation and end-use tailoring.
Convenient upgrades, to aid and ease the work burdens of practitioners, include, for example:
(1) magnetic couplings for quick cone removal and reattachment, (2) barcode scanning
capability to help automate sample logging, and (3) 21 CFR Part 11 compliance in both
standalone mode and with optional software for instrument control and data acquisition.
Relevant equipment advances will be discussed.
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ABSTRACT

Swimming microorganisms and other active particles often navigate through complex and
inhomogeneous environments by exhibiting taxis, where they reorient themselves to move up
or down gradients in chemical or material properties of their surroundings. Recent experiments
conducted on the alga Chlamydomonas reinhardtii have revealed complex refraction and
scattering behavior when encountering sharp viscosity gradients. Inspired by these findings, we
developed a simple hydrodynamic model of active particles swimming near and across similar
sharp changes in the viscosity of the suspending fluid. The algae are modelled as spherical
squirmers and we have found the reorientation process of pushers, pullers and neutral swimmers
is qualitatively similar. Our theory is consistent with the experimental observations as the
scattering phenomenon occurs only when the initial orientation of the particle relative to the
interface normal is large and it is crossing from low to high viscosity. Otherwise, the particle
crosses the interface by undergoing some reorientation. The law we derived governing the
reorientation of neutral swimmers is analogous to Snell’s law of ray optics as previously shown
for gliders on a frictional substrate.
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ABSTRACT

It is important to design and control the rheological behavior of lithium-ion battery slurry
since it has a substantial impact on the productivity and performance of the electrode. While
there are numerous alternatives for controlling the rheology of slurry, most are related to LIB
slurry components such as concentration of components, type of active material, and polymeric
binder molecular weight. In this work, we demonstrate that the rheological behavior of LIB
anode slurry is temperature-dependent and that temperature, a process variable, might be a
beneficial alternative to modify the rheological behavior of anode slurry. It was discovered that
at lower temperatures, the values of G' and G" of the slurry gradually decreased with increasing
temperature. We attribute the observed temperature dependency to changes in the segmental
motion of the CMC polymer binder. At low temperatures, an increase in temperature leads to a
rise in the segmental motion of the CMC polymer binder. This results in a reduction of
entanglement between the concentrated CMC polymer and graphite surfaces, leading to a
decrease in the values of G' and G". Beyond a specific temperature threshold, the rheological
properties of the slurry exhibit a rapid increase, which is attributed to the change in entropy-
driven hydrophobic interaction. Water molecules form a clathrate cage structure around
graphite particles, reducing the slurry system's total entropy due to its oriented and structured
state. Consequently, graphite particles tend to aggregate stronger, minimizing the interface
between graphite and water and increasing the system's entropy'~. The increase in both G' and
G" values beyond a specific temperature threshold, where the entropy plays an important role,
is related to the intensification of the hydrophobic interaction due to the temperature increase.
It's worth noting that the increase in G' and G" is only observed in the small strain amplitude
region of the strain amplitude sweep test, while G' and G" continuously decrease at larger strain
amplitudes. This observation supports our interpretation, as previous studies have shown that
yielding at small strain amplitudes is correlated with graphite-graphite attraction, whereas
yielding at large strain amplitudes is correlated with polymeric binder interaction’.
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ABSTRACT

Rechargeable lithium-ion batteries (LIBs) play an important role in today’s industry because
of their excellent charge capacity and high energy density'. The performance of LIBs is heavily
dependent on the quality of the electrode, which must be well-constructed using active materials,
binders, and additives. In particular, graphite is one of the most significant components serving
as the active material in the anode electrode. Depending on the production method, graphite is
classified as either natural or synthetic. It’s application to small electronic devices or electric
vehicles should take into account the unique advantages and disadvantages of each type.
Natural graphite is known for its high capacity and affordability, making it a popular choice for
small lithium batteries and general electronic products”. In contrast, synthetic graphite boasts
excellent cycle performance and high charge/discharge efficiency, making it a preferred choice
for batteries in automobiles and high-end electronic products®. To successfully manufacture the
electrode, it is important to consider not only economic feasibility and electrical properties but
also rheological properties. The rheological properties of the slurry are greatly influenced by
the particle shape and composition of graphite, which can result in various slurry
characteristics. By analyzing the rheological behavior, it is possible to predict the
microstructure of the slurry and develop solutions to prevent defects during the coating and
drying process.

The aim of this study is to investigate changes in rheological properties based on the particle
shape of graphite. To achieve this, slurries were prepared using natural graphite with a spherical
shape and synthetic graphite with a flake shape, and different volume fractions of graphite were
used while keeping the ratios of graphite, carbon black, and CMC fixed. Rheological tests such
as oscillatory strain amplitude sweep tests were conducted to estimate the microstructure of the
anode slurry. Additional experiments such as tap density measurement tests and sedimentation
experiments were also conducted to support the results. The findings of this study will aid in
controlling the rheological characteristics of battery slurry and designing optimal slurry
constituents for the industry.
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ABSTRACT

The nonlinear rheology of a concentrated lithium-ion battery anode slurry was investigated
under large amplitude oscillatory shear and interpreted using sequence physical process (SPP)
analysis. A complex interaction between three anode slurry components—graphite (Gr) as an
active material, carbon black (CB) as a conductive additive, and carboxymethyl cellulose (CMC)
as a binder—results in a two-step yielding behavior, which is represented by the secondary
plateau in dynamic strain and stress sweep tests. Through the examination of intra-cycle
rheological transition under oscillatory shear flow, we demonstrate that a two-step yielding
behavior is represented by double deltoids in SPP analysis. Two-step yielding is observed in
Gr-CMC slurries but not in CB-CMC slurries, indicating that Gr and CMC are the principal
causes of two-step yielding in an anode slurry. A sedimentation test performed on a dilute Gr-
CMC solution resulted in phase separation between graphite particles, with CMC adsorbed on
their surface and graphite particles aggregated by hydrophobic attraction. This suggests that
there are two different forms of interactions in a concentrated slurry: a hydrophobic interaction
between graphite particles and a physicochemical interaction resulting from CMC adsorption
on graphite particles. The initial yielding stage is associated with the hydrophobic interaction
between graphite particles, resulting in a network structure that is expected to be brittle and
break under a small strain. The second yielding stage is attributable to the interaction between
concentrated CMC, as evidenced by the overlap between the secondary deltoid of the anode
slurry and the single deltoid of the concentrated CMC solution in SPP analysis.
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ABSTRACT

The jamming of particles in small constrictions is a critical problem encountered across different
systems such as in the dry granular flows and the filtration of colloidal suspensions. While the jam-
ming of suspensions consisting of isotropic particles is well-investigated, we find that the jamming
of anisotropic particles such as fibres is less understood. Motivated by the pressure screening process
in the pulp and paper industry, we study the fundamental jamming mechanisms of dilute nylon fibre
suspensions in a single constriction under dead-end and cross-flow filtration conditions.

We identify three distinct jamming mechanisms for both flow configurations: single fibre bridg-
ing, in-situ floc formation (IFF) and upstream floc formation (UFF). The bridging mechanism is a
function of fibre to constriction width ratio {/w, position and orientation. With the help of visu-
alization tools and a numerical model, we estimate the range of critical positions and orientations
for bridging, which were subject to the flow field as it dictates the trajectories of the fibres. We
demonstrate that the number of fibres between bridging events follows an exponential probability
distribution and is mostly concentration independent as bridging depends on the probabilities of
individual fibres coming from impermissible regions.

The flocculation mechanisms are both functions of [ /w and concentration. The IFF mechanism
showed a dynamic of intermittent fibre aggregation and shedding over time, which likely arises from
the interplay between the hydrodynamic forces and the fibre-fibre and fibre-wall interactions. We
show that time intervals between flocculation events follow an exponential probability distribution
which is concentration dependent. Moreover, the average time interval between flocculation events is
inversely proportional to the square-root of the suspension concentration. Flocculation mechanisms
are more likely to result in permanent plugging when the average time interval between events is
about half of the total flocculation residence time. Finally, we demonstrate that, unlike isotropic
particles, fibres display a wider range of jamming mechanisms with different dynamics that warrant
further investigation.
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ABSTRACT

Battery slurries have attracted intensive attention as the battery industry has grown rapidly due
to the increasing demand in transportation, and energy storage systems. Rheologists have been
trying to characterize these slurries because battery performance (capacity, efficiency), safety
and lifespan depend not only on the slurry composition but also on its microstructure. However,
the characterization is difficult as the internal structure constantly changes during the
manufacturing process such as mixing, storage, transport, coating, and drying. Therefore,
periodic sampling and measuring rheological properties are required through the whole
processes to successfully control the battery production, which can be time-consuming and
labor-intensive.

In this study, we propose a new method to classify different battery slurries using machine
learning techniques rather than fully characterizing the slurries. We first built a closed pipe
system and circulated a graphite based anode slurry in the system. Pressure and flow rate signals
were collected from the sensors. Classification was carried out for each of the two groups. One
group was established by circulating a single slurry sample for 7 days. The other was
established by changing the content of carboxylmethyl cellulose (CMC), which acts as the
binder and dispersant in the slurry. We used a machine learning technique called echo state
network (ESN) to train the fluctuating patterns of different classes of sensor signals. We found
that the slurries can be classified with these signals and the proposed method is expected to be
used to optimize battery production. We proved the applicability of this method with battery
slurries. However, this method 1s expected to be further applicable for other fluids, such as
polymer melts, suspensions, emulsions, etc.
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Oil and gas are important strategic resources, industrial "blood" and energy chemical
materials of national economy. Fracturing of deep oil and gas reservoirs is an important industrial
measure and technological means to increase oil and gas storage and production. In this paper, a
new oil-phase suspended polymeric drag reducing agent with high solid content (50wt% HPAM)
for shale oil and gas fracturing has been developed. The optimal preparation conditions were
determined as follows: 50-55wt% polyacrylamide powder + 30-40wt% mineral oil + 2-3wt%
organic bentonite + 3-4wt% AEOs and OP compounding emulsifier + 3-5wt% D18dispersant.

The rheology and drag reduction performance of the optimized oil-phase suspended polymer
solution were evaluated. The results showed that, in the experimental concentration range (0.01-
0.08w1%), the viscosity could be regulated in the range of 1.8-6.8mPa.s.which could meet
different fracturing construction requirements. The flow curves could be described by Power’s law
as shown in Fig.1. The drag reduction rate increased with the decreases of solution concentration,
and the maximum drag reduction rate was 72%, with good drag reduction effect, as shown in
Fig.2.
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The intrinsic correlation between rheology and drag reduction performance was also
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investigated, and the equation of frictional resistance coefficient of oil-phase suspension polymer
solution and the novel empirical relationship between frictional resistance coefficient and
generalized Reynolds number (Re) were established as Eq.1 to facilitate the field application of

this system.

7% = G +e g (Ref ' 2) = 25— 62 Bq.1

Where, [ is Fanning friction coefficient, Re is Generalized Reynolds number, n is the
parameter for Power’s Law model, §; and &; are modified parameters related to concentration of

polymer slick waters.
The Linear fits of suspension slick-water of different concentrations of f~% versus

lg (Refl':_) and parameters of §; and £, were shown in Fig.3 and Table 1 respectively. The linear

relationship coefficient is near 1.0.

0L Dlary
L Earh
L sy

dapen

= Fillim

Lo 22 T4 s 28
IgtRat " (1-ny20)

Fig.2 Linear fits of suspension click-water of different concentrations of F~0% varcus lg{Ref";')

Table 1 Pammeters linear fits of suspension slick-water of different concentrations of =% versus Ig (Ref";}

Concentration 4 0.4
() K (mPas’) n Swth 4 oEth & R
0.01 2248 0.9224 1594 1260 2361 2317 09987
0.02 4.013 0.e628 18.05 lase 25.78 25.30 0.9901
0.04 10.04 0.7768 18.08 1325 2379 2325 09908
0.06 16.78 0.7288 16.20 1113 12.60 1211 0.9902
0.08 29.90 0.6806 17.27 1193 19.69 16.06 06851

Optimized the new oil-phase suspension polymer drag reducing agent's medium process

successfully completed the production in scale. The fracturing fluid has excellent rheological

2
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properties, and has been successfully applied in the fracturing scale of shale oil Wells in Xinjiang
and shale gas in Sichuan oilfield, with low friction, good drag reduction effect and good sand
carrying capacity. The average fluid volume per well exceeding 35,000 m®, fracturing pump rate
reaching 18m*/min, proppant concentration exceeding 200Kg/m®, and fracturing stimulation
period exceeding 230 days. The cumulative oil production per shale oil well exceeded 2,070 tons,

and the cumulative production per shale gas well exceeded 25 million cubic meters.

Keywords : Novel Oil-phase suspended polymer fracturing fluid, Drag reduction, Modified

relationship between Fanning friction coefficient and generalized Reynolds number, Rheology,

Shale oil and gas fracturing.
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ABSTRACT

The demand for biobased materials is ever increasing and one such material are cellulose
nanocrystals (CNCs). CNCs are the crystalline regions of cellulose polymers which have had
the amorphous regions chemically cleaved, some methods include acid hydrolysis or oxidation.
The remaining nanoparticles have charged acid groups on the surface which allow them to
remain suspended in water. They are useful in a variety of applications as emulsifiers, flow
modifiers, etc. To understand the extent in which CNCs can be used, a thorough understanding
of self-assembly and flow behaviour is required. The acid hydrolysis of cellulose using high
concentration sulfuric acid is a common way to produce sulfated CNCs, the rheological
properties of which have been well explored in published works'?. However, the carboxylated
cellulose nano crystals utilized in this study are produced commercially by Anomera, through
oxidation using hydrogen peroxide. The only by-product of this process is water, this procedure
is has much fewer harmful by products than the more common acid hydrolysis. However, the
rheological properties of carboxylated CNCs have not been explored. In this work the viscosity
and viscoelastic properties of carboxylated cellulose nanocrystals are examined to determine if
there are major behavioural differences caused by the acid group on the surface. In suspension
carboxylated CNCs exhibit self-assembly behaviour above a critical concentration where they
orient themselves into chiral nematic structures called tactoids. As the concentration continues
to increase the tactoids grow and begin to coalesce until they separate to form a liquid crystalline
phase. The critical concentration is determined through the examination of phase separation at
increasing concentrations. The onset of tactoid formation and tactoid evolution in reference to
concentration is examined using polarized optical microscopy. A visible progression of tactoid
size and coalescence is observed starting just above the determined critical concentration. This
self-assembly also has an impact on rheology. At low concentrations the viscosity profile
demonstrates shear thinning flow. As the concentration increases the overall viscosity of the
suspensions increases and shear thinning behaviour intensifies. Once a significant amount of
the suspension has phase separated the suspensions start to demonstrate “three-region™ flow
behaviour. Three-region flow is characterized by three distinct flow behaviours along a range
of shear rates. Region one is at low shear rates where flow is shear thinning. Region two occurs
as shear rate increases and the interactions between particles in the liquid crystalline phase
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break apart causing a hitch in the viscosity profile where the flow behaviour becomes more
Newtonian. Region three occurs once interactions between particles have completely broken
and the particles have aligned in the direction of shear, the flow behaviour returns to shear
thinning at high shear rates. Interestingly, the onset of three-region flow behaviour does not
correspond perfectly with the critical concentration so the presence of a few tactoids is not
enough to alter the flow behaviour and a larger portion needs phase separated for the behaviour
to change. This behaviour is in line with the literature focused on sulfated CNCs, where three-
region flow is also visible in concentrations where phase separation occurs'>*, At even high
concentrations kinetic arrest occurs which results in the CNCs showing purely shear thinning
behaviour. Self-assembly is largely dependent on the surface charge of the CNCs. This work
demonstrates that an increasing surface charge decreases interactions between particles which
is evident in the overall lower viscosity at the same concentrations and the onset of phase
separation, and by extension three-region flow behaviour, occurring at higher concentrations.
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ABSTRACT

Anaerobic digestion of sewage sludge is widely used in wastewater treatment facilities to
produce biogas and reduce solids disposal' . Although well-mixed digester configuration is the
most common, technologies such as covered anaerobic lagoons (CALs), biofilm or plug flow
reactors are also used”. To maintain design hydraulic retention time (HRT) and consistent
temperatures, microbes and solids distribution, effective mixing of the digester content is
necessary during anaerobic digestion®. Mixing is energy intensive and dependent on the shear
rheological properties especially viscosity®®, which is non-Newtonian for anacrobic digested
sludge®”. Hence, the shear rheological behaviour of the digested sludge is critical for effective
heat and mass transfer during anaerobic digestion. The evolution of sludge rheology has been
studied widely and it has been observed that the shear yield stress and viscosity decrease
(improves) through the anaerobic digestion process®™®. This can be attributed to the
simultaneous impact of the reduction in solids concentration due to the degradation of organic
matter and changes to the microstructure due to digestion. The degree of degradation is
expressed as the volatile solids destruction (VSD). There is a need for systematic and
comprehensive characterization of shear rheological properties across a wide range of solids
volume fractions and VSD to quantitatively differentiate the impacts of digestion and solids
concentration, which is currently unavailable in existing literature. The evolution of shear
rheological properties in anacrobic digestion reflects the complex changes in the sludge
microstructure as organic matter is degraded and microbial colonies exude extracellular
polymeric substances (EPS)'™!!. These EPS networks have been reported as responsible for
higher viscosity of the digested sludge'®, indicating the presence of a strong correlation for the
shear rheological properties of anaerobic digested sludge as a function of VSD, which has not
yet been rigorously developed. In addition, most of the existing studies on the shear rheological
behaviour have been conducted in the mesophilic temperature range (37°C)*'2. Efficient
digestion of organic matter is influenced by the operating temperature'*'*. Some anacrobic
digestion processes such as anaerobic lagoons are unheated systems where there is a significant
seasonal variation in operating temperature typically in the psychrophilic temperature range
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(15-25°C) which has lower VSD than mesophilic digestion'>'. Hence, understanding the shear
rheological behaviour in these psychrophilic conditions can have potential application in the
modelling and optimization of unheated anaerobic digestion systems.

In this study, the simultaneous impact of VSD and solids concentration on the shear
rheological behaviour of anaerobic digested sludge was investigated in the psychrophilic
temperature range. To obtain a wide range of VSD (42% to 70%), two continuous digesters
were operated at different combinations of digestion temperatures (15°C and 25°C) and HRT
(16, 24 and 32-d). Shear rheological measurements (generating experimental rheograms) were
conducted for digested sludge samples collected at each set of operating condition and
corresponding VSD at varying solids concentrations. The Herschel-Bulkley (HB) model
parameters, shear yield stress and consistency, for sludge samples at different VSDs were fitted
as continuous functions of the solids volume fraction using power law and exponential
correlations. The impact of key physicochemical and operational factors (volatile solids
fraction, temperature, HRT and VSD) was analysed on each fitting parameter of the power and
exponential correlations via linear modelling. In general, VSD had a strong impact on all
parameters and no other operating parameters had significant impact compared to VSD. This
implied that the proportion of volatile solids that had been consumed plays significant role on
shear rheology rather than the total amount of volatile solids of sludge. This observation further
supports the hypothesis that the EPS which is a product of digestion drive rheological changes.
The power law and exponential fitting parameters for shear yield stress and consistency and
flow behaviour index were correlated as continuous functions of VSD. The correlations for
shear rheological properties as functions of solids volume fraction and VSD can be used to
predict the viscosity of digested sludge for any given combination(s) of solids volume fraction
and VSD. This facilitates designing the mixing systems of the digesters as non-Newtonian
viscosity model for digester content is a critical input for mixing systems design.

To demonstrate the impact of VSD on shear rheology independent of the solids volume
fraction, the viscosities of digested sludge samples were calculated at four different solids
volume fractions using developed models at a shear rate of 10 s, which approximates the
average shear rate of 6.8 s™! in industrial digesters'”. The viscosity of the digested sludge
increased with the increase of VSD at the same solids concentration, which might reflect the
microstructural changes in the EPS network.

Analysis of a hypothetical digester was conducted to understand the combined impact of
solids volume fraction and VSD on the viscosity. The digester was fed with a sludge with 80%
volatile solids and the feed solids concentration was varied 5%, 6% and 7%. Outlet
concentrations were determined for these feed concentrations at different VSD values (40%-
90%). The viscosity of digested sludge at shear rate of 10 s were calculated to determine the
optimum viscosity level where the increase in viscosity caused by VSD is balanced by the
decrease in viscosity caused by lower solids concentration due to digestion. There was an
asymmetric shallow optimum generally in the 65%-80% VSD range depending on feed
concentration. In general, it is better to achieve a higher VSD to achieve optimal viscosities,
with the increase in viscosity caused by more EPS than compensated for by the decreased
effluent solids except at very high VSDs.
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ABSTRACT

Many polymer processing flows involve extensional flow, which makes the extensional
viscosity measurement a valuable testing method. Currently, the most commonly used
extensional viscosity measurement technique on rotational rheometers is using the counter-
rotating drums (CRD), which is available via SER, EVA or EVF fixtures. In a CRD test, the
sample is placed horizontally and attached to the surface of 2 drums with metal clips, then
stretched by rotation of the drums which creates a constant Hencky strain rate. This type of
measurement requires solid-like samples for loading and a relatively high viscosity after
melting to prevent sagging during the course of testing. In this work, we program the axial
motion of the ARES G2 to increase exponentially. Samples are confined between parallel plates
and a filament is formed by the exponential stretching. The normal force transducer measures
the transient extensional behavior of selected materials. In addition to higher viscosity molten
polymers, this method allows extensional viscosity measurements on lower viscosity polymer
melts and polymer solutions. By selecting the appropriate filament aspect ratio, we show that
the measurements obtained by this method are in good agreement with the measurements from
CRD test methods.
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ABSTRACT

The presented work incorporates an objective vorticity (kinematic variable) into a novel constitu-
tive equation - the co-rigid rotational Maxwell model. This model is applied to large amplitude
oscillatory shear test conditions and compared to experimental data where it showed to have an
improvement over the corotational Maxwell model. Finally, this research establishes a foundation
for further evaluation, analysis, and development of constitutive equations that use this objective
vorticity for better characterization of non-Newtonian fluids.

INTRODUCTION

The vorticity tensor is widely known to capture a fluid’s rotational properties and is thought to
hold valuable kinematic information about the fluid. However, this information has largely gone
unused in constitutive equations due to the vorticity tensor’s failure to adhere to the material ob-
jectivity requirements. Attempts have been made to incorporate vorticity into constitutive equa-
tions. [1-3,5-8, 11, 12] In prior work proposed by Wedgewood [9, 10], a vorticity decomposition
was introduced that was able to separate the vorticity tensor w into a rigid-body rotational, non-
objective part wp and a deformational, objective part wp. However, their decomposition was not
utilized within constitutive equations. In this paper, we build upon that work and present a mathemat-
ical formalism for incorporating the objective, deformational vorticity into a proposed constitutive
equation model for large amplitude oscillatory shear (LAOS) flow.

METHODOLOGY

In this work, the fluid is assumed to be incompressible and homogeneous with unsteady, homoge-
neous shear flow fluid kinematics characterized as v, = §(f)y, v, = 0, and v. = 0. The focus of this
research is specifically on the LAOS experimental design and conditions.

Taking inspiration from the corotational Maxwell model (Eq. 1), which includes a Jaumann
derivative that removes all the vorticity through a corotating reference frame, the co-rigid rotational
Maxwell model is proposed as seen in Eq. 2.

oA

2 .
THAGE = M (1)
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This model, however, removes only the rigid-body vorticity and allows the fluid particle to rotate with

a portion of the deformational vorticity—the fluid’s observed deformational vorticity—described as

shown in Eq. 3, where a is the observed amplitude (magnitude) and b is the “lag” time (phase shift)

response of the fluid particle. The range for a is from zero to one, where the particle rotates with
. R Al X 3 m

none or all of the deformational vorticity, respectively. Parameter b ranges from zero to —, where

it is in-phase or out-of-phase, respectively, of the shearing rate of strain. The corotational Maxwell
model can be recovered when a = 1 and b = 0.

Wp(t) = a?’cos(tw — b) 3)

An analytical solution was obtained using a perturbation method where the shear stress, the first
normal stress, and the second normal stress are expanded as a power series in terms of strain-rate
amplitude. Additionally, a numerical simulation of the LAOS co-rigid rotational Maxwell model
was conducted using MATLAB R2022a. The dimensionless numbers used for the simulation were
De = 1.0 and We = 0.486.

RESULTS AND DISCUSSION

(a) (b)

Figure 1: (a) Average error between co-rigid rotational Maxwell model and HDPE data. (b)
LAOS result comparison for co-rigid rotational Maxwell model (black), corotational Maxwell
model (blue), and HDPE data (red).

The numerical MATLAB results for the co-rigid rotational Maxwell model were compared to ex-
perimental data for HDPE at 160 °C obtained by Giacomin [4]. Fig. 1a is a heatmap of the error
between simulated and experimental results that span the entire range of a and b. The yellow color
depicts the areas of lowest error, to which a global minimum is found to be located at a = .81 and
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b = 0.032. A Lissajous curve, shown in Fig. 1b, compares the HDPE data, corotational Maxwell
model, and the proposed co-rigid rotational Maxwell model at the optimum a and b values.

CONCLUSION

The co-rigid rotational Maxwell model is a simple quasi-linear differential model. As expected,
it was not able to capture the HDPE data perfectly; however, it did improve the accuracy of the
predicted shear stress. More notably, this research acts as a stepping stone and illustrates a working
methodology to incorporate an objective vorticity into constitutive equations, as well as lays the
foundation to analyze and evaluate future models against experimental data.
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ABSTRACT

We developed an extensional rheometer to measure the planar elongational viscosity of low-
viscous fluids. The rheometer uses two parallel disk rings to create a cylindrical film of the
sample fluid, which is subjected to a planar elongational deformation. The position and
thickness of the sample and the forces acting on the rings were measured during elongation.
Elongation rate and elongation stress were evaluated from the experimental results. From these
results, the planar elongational viscosity was calculated and it shows reasonable results.

BACKGROUND

Elongational viscosity affects formability in molding processes such as film molding and blow
molding'. Therefore, understanding the rheology of polymeric materials is essential for
improving the functionality and manufacturing efficiency of end products. Rotational
rheometers are used to measure the rheology of complex fluids, including polymeric fluids.
However, the rheological properties obtained in shear flow cannot be applied to extensional
flow due to the uncertainty of the constitutive equations in complex fluids. Therefore, to
accurately understand the flow field used in polymer forming, it is necessary to conduct
rheological measurements in extensional flow. RFX (Rheometric Scientific) and CaBER
(Thermo Scientific HAAKE) were the only available extensional rheometers capable of
handling highly fluidized fluids and measuring uniaxial elongation viscosity. While both
instruments are no longer available for sale, they still provide valuable data on the rheological
properties of materials under elongation deformation. This study proposes a method for
measuring the properties of planar elongational flow that uses parallel disk rings as a simple
and direct extensional rheometer for highly flowing fluids.

EXPERIMENTAL APPARATUS AND TEST FLUIDS

Two-disc rings were used in the experiment. They have an inner diameter of 30 mm and an
outer diameter of 40 mm. The ring was made of ABS resin and fabricated by a 3D printer.
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CTAB/NaSal surfactant solution was used in the experiment, consisting of a viscoelastic
fluid CTAB solution (0.10 mol/l) and NaSal (0.30 mol/1).

Fig. 1 shows a schematic diagram of the elongation force measurement. The upper disc ring
is attached to the balance and the lower disc ring to the moving stage. A load cell (UL-2GR,
rated capacity 19.61 mN, Minebea) is placed under the right end of the balance. Fig 2 shows a
schematic diagram of film thickness measurement. A sample is filled between two parallel disk-
shaped rings to form a cylindrical film. A film thickness measuring instrument (CL-P015,
standard measuring range +1.3 mm, manufactured by Keyence) is set up to measure the
thickness of this film.

385 mm E
L300 my :
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et ]

Film thickness gauge
reference position “

Load cell

Film thickness gauge
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Lower disc ring
Stage

Laser for interface detection

Figure 1: Schematic diagram of elongation Figure 2: Schematic diagram of film

force measurement thickness measurement
EXPERIMENTAL METHODS

As shown in Fig. 1, the test fluid is filled between the two disk rings at the left end of the
balance; the initial gap between the two disk rings is 2.0 mm. The balance is balanced by placing
a weight on the right arm of the balance. A cylindrical film is formed between the two rings by
manually adjusting the balance and the stage up and down until the film thickness enters the
measurement range. Subsequently, the film thickness is measured to ensure that it falls within
the desired range, and the measurement process is halted upon confirmation. The measurement
of film thickness and elongation force resumes concurrently, and the stage is incrementally
lowered by approximately 1.00 mm every 10 seconds. The experiments were carried out at four
distinct stage movement speeds:(.25, 0.50, 0.75 and 1.00 mm/s. Prior to stage movement, the
balance in Fig. 1 is tilted clockwise and a downward force (negative) is applied to the load cell.
As the stage is subsequently lowered, an upward (positive) force acts on the load cell.

EXPERIMENTAL RESULTS

Fig. 3 shows the measurement results of elongation force F and film thickness. The stage was
moved 9 times with a stage movement speed of 0.25 mm/s and a stage movement distance of
1.00 mm. Relaxation is observed when the stage is stopped. When the stage stops moving, the
change in film thickness becomes small. The peak value of the elongation force and the film
thickness both decrease with each repetition of the movement.

The elongation force, denoted as Fs, can be determined by calculating the difference between
the force acting on the stage before movement and the force acting at the peak elongation. As
shown in Fig. 2, the film thickness sensor measures the distance r between the position of the
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film interface and the reference position. To determine the film thickness and outer diameter,
the method involves measuring the position of the interface between the sample and the air (i.e.,
top surface of the film) relative to a reference point using a thickness gauge. Specifically, the
film thickness is obtained by caleulating the difference in position between the interface and
the reference point, while the outer diameter is obtained from the position of the thickness
sensor and the film interface. When calculating the cross-sectional area of the sample, the film
thickness Ar is the average of the film thickness Ar; at the beginning of the stage movement
and the film thickness Ar; at the point where the movement stopped. The sample cross-
sectional area A is calculated using Eq. 1. The elongation speed £ is obtained from Eq. 2. Let
Ar be the film thickness at a certain point during stage movement.

Fig. 4 shows Ar/Ar as a function of time. To evaluate the elongation rate, we compared the
experimental results with Eq. 2 and performed a curve fitting process. By fitting the
experimental data to Eq. 2, we determined the constant in the equation as the elongation rate.

A=2m*1,*Ar (D
Ar ,
i -3
I, = ¢ (2)

The elongational viscosity was determined by analyzing the data on film thickness and
elongation force obtained during the first stage movement. The planar elongational viscosity
was found to be in the range of 200 to 700 Pa-s, while the shear viscosity of the sample was
approximately 200 Pa's. Although CTAB/NaSal is a non-Newtonian fluid and therefore cannot
be directly compared, the planar extensional viscosity measured here falls within a reasonable
range of values reported in the literature. To further validate the proposed rheometer, additional
measurements using different samples and molar concentration ratios are recommended.
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Figure 3: Measurement results of elongation force Figure 4: Determination of elongation rate
and film thickness
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ABSTRACT

The drag-reducing (DR) effect by cationic surfactants has been applied to the water circulation
system of general building air conditioning equipment as an energy-saving technology for fluid
transportation. Water pipes are usually designed for average flow velocities of | to 1.5 m/s, and
some cationic surfactants have a DR effect within this range. In recent years, the authors have
been examining the application of the DR effect in geothermal heat utilization systems. In such
systems, due to the heat extraction from the ground and the operating conditions of the heat
pump, the average flow velocity in the heat extraction tube is approximately 0.5 m/s, so there
is the problem that a sufficient DR effect cannot be obtained. Aqueous surfactant solutions that
induce DR effects are known to exhibit a shear-induced state (S15). However, the viscosity
increase due to the SIS contributes to lowering the DR effect in the low flow velocity region
(low Re number region). Furthermore, Zhang et al. state that a SIS is not a necessary element
for the DR effect.! The purpose of this study was to obtain basic data for developing a DR agent

that suppresses the expression of the SIS and can be used in a geothermal heat utilization system.

EXPERIMENTAL PROCEDURE

A mixture of cationic surfactant, oleyl-bishvdroxyethyl-methyl-ammonium chloride
(CisH3sN*(CH3)(C2H4OH)2CI", Lipothoquad 0O/12 produced by Lion Corporation, Japan) and
sodium salicylate (NaSal., HOCsH4COO'Na®) was used as the drag-reducing (DR) agent. The
optimal mixing ratio of both is 1:1.5 by molar ratio from the viewpoint of achieving the high
DR effect reported by Chou et al..> and the present research was also based on this rate. The
experimental apparatus used for evaluating drag reduction was a recirculation system (Fig 1).
Different concentrations of the DR additive were mixed in a tank to prepare solutions. The fluid
temperature was kept constant at 15°C in consideration of the actual value of circulating water
in ground thermal energy systems. The flow rate and pressure difference in a straight pipe 1.6
m long were measured with an electromagnetic flow meter and an electric differential
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manometer, respectively. The Reynolds number was calculated using the properties of water.
The friction factor, f, was calculated by the Funning equation. For convenient comparison of
the drag reduction results between the water and test solutions, the DR rate, DR%, was defined
as

DR%:"W}ﬂxmo. (1)

where fi and for are the friction factor of water and that of the solution, respectively: fu was
obtained using the Blasius equation.
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Figure 1: Experimental apparatus

RESULTS AND DISCUSSION

Figure 2 shows the relationship between DR% and the average flow velocity u. When the
surfactant concentration was 300 mg/L ( +, the set concentration in a normal water pipe), the
DR at 0.5 m/s was only 7%. While the concentration was 200 mg/L (o), the DR% at the same
u was 30%. When the concentration of surfactant was set at 500 mg/L, which is the set value
for a normal building air-conditioning circulation system, the DR% was only 7% at u=0.5 m/s.
When the concentration was increased to 200 mg/L, the PR% increased to 30%, but it is
expected that it will not show a stable DR effect for a long period of time because it is so diluted.

Since it is necessary to add a corrosion inhibitor to the circulating water in actual fluid
transportation, two corrosion inhibitors, A and B (c.i.-A and c.i.-B) were tested in the present
study with a surfactant concentration of 500 mg/L. The addition of either corrosion inhibitor
did not adversely affect DR; on the contrary, c.i.-B greatly increased DR% in the low-velocity
region. C.i.-A is of the type that dissociates in water to form ions, while ¢.i.-B forms a complex.

Figure 3 shows the equilibrium flow properties when adding different concentrations of c.i.-
B to the DR agent (a mixed aqueous solution of 500 mg/L Lipothoquad 0/12 and 300 mg/L
sodium salicylate). The higher the amount of c.i.-B added, the lower the viscosity of the aqueous
solution, and the shear-induced state was exhibited only slightly in the high shear rate region.
The addition of c.1.-B had some effect on the rod-like micelle structure formed by the surfactant
and the counterion.
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ABSTRACT

Addition of a small amount of polymer or micelle-forming surfactants to a fluid reduces
frictional drag and delays the transition to turbulent flow. Main feature of this phenomena is
that the extensional flow induces extension of polymers, and the extended polymers atfect
coherent structure of the fluids such as vortices in the flow. Therefore, we have been working
on flowing soap films as a two-dimensional (2D) turbulent flow where the extensional stress
mainly affects the flow to observe the effects of extensional rheological properties of the fluids
on the vortex shedding in the 2D flow'?. We have found the deformation of vortices, and the
modification of energy transfer in polymer doped 2D flow'. Furthermore, the deformation of
vortices may be caused as a result of elastic instability in the flow. In this study, we calculated
spatio-temporal correlation of velocity fluctuations and the turbulent energy in 2D turbulent
flow. The addition of polymers makes differences between the temporal correlation and the
spatial correlation converted by the mean local velocities in the streamwise direction. The delay
between the temporal correlation function and the spatial correlation function seemed to be
affected by the relaxation time of the solution.
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ABSTRACT

Liquid crystals are intermediate state of matter between completely ordered crystals and
amorphous liquids. They exhibit both the liquid like and the solid like properties. The commeon
liquid crystal phases are nematic (N), smectic-A (SmA) and cholesteric (N¥) etc. Recently,
some new nematic LCs with a nano and micro scale modulation of director such as twist-bend
nematic (NTB) and splay nematic (NS) have been discovered. We study the flow behaviour
of a twist-bend nematic (NTB) liquid crystal. It shows three distinct shear stress (o) responses
in a certain range of temperatures and shear rates ( y). In Region-1, o ~ ﬁ [1], in region-II,
the stress shows a plateau, characterised by a power law, o ~ %, where @ ~ 0.1- 0.4 and in
region-1l1, , o ~ y. With increasing shear rate, ¢ changes continuously from region-I to 11,
whereas it changes discontinuously with a hysteresis from region-II to IIL. In the plateau
(region-II), we observe a dynamic stress fluctuations, exhibiting regular, periodic and
quasiperiodic oscillations under the application of steady shear. The observed spatiotemporal
dynamics in our experiments are close to those were predicted theoretically in sheared
nematogenic fluids [2].

We study the rheological properties of NTB phase and compare the results with those of an
ordinary SmA phase. Our results show that the structural rheology of NTB phase is strikingly
similar to that of the ordinary smectic LCs. Analysing the shear response and adapting a
simplied physical model for rheology of defect mediated lamellar systems we measure the
pseudolayer compression elastic constant (Bey) of NTB phase from the measurements of
dynamic modulus G¥(w) [3, 4] Fig(1(b)). We find that Berr of the NTB phase increases with
decreasing temperature as shown in (Fig.1(¢)), and it follows a temperature dependence, Berr
~ (Tta - TY as predicted by the recent coarse-grained elastic theory [5]. Thus our results
provide a valuable test of the validity of the proposed theoretical models. This experiment also
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offer new perspectives on NTB LCs and open unexplored aspects of the rheology of nematic
LCs with nanoscale modulation of director.
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Figure 1: (a)The flow curve of NTB phase shows three distant regions (Region-1, Region-II, and
region-lll) and their corresponding schematic picture of layer alignment and dynamics (b) frequency
dependent shear modulus is fitted to a simple theoretical model where the fitting parameters (a4 and

Ba) with temperature inset ap represents viscosity with respect to temperature (c) Temperature
dependence of Ber inset the linear fit of of temperature dependence which agrees well with the
coarse grain model of Dozov and Mayer [5] .
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ABSTRACT

Plugging is an essential part of decommissioning wells. Often cement plugs are set at various depths
to isolate critical zones of interest. These zones can include production zones, aquifers and surfaces,
ensuring the wellbore is isolated correctly. The cement slurry is either pumped on top of a mechan-
ical support (retainer, bridge plug), or is placed directly over the wellbore fluid. The cement plug
should hydrate and form an impenetrable barrier between the subsurface and the surface. Since the
cement slurry (with a yield stress) is typically denser than the fluid below, there is a tendency to
destabilize mechanically. Proper selection of cement properties, namely the yield stress, is therefore
essential to the success of the abandonment process. If the cement does not set correctly, the well
integrity is compromised and another cement plug will need to be placed.

The success of the cement placement is governed by the interface between the cement and lighter
(usually Newtonian) fluid. Over the initial setting time, the interface can become unstable allowing
light fluid to propagate upwards into the denser fluid. Experimental studies conducted with water
under a denser yield stress fluid show that the interface usually takes the form of a long finger
moving centrally upwards. If this finger can reach a critical height in the cement plug before it sets
sufficiently, the plug will lose its integrity and fail. Therefore, being able to predict the velocity of the
finger is of critical importance. Here the viscous finger is modelled using a lubrication approximation
of the momentum equations. We can then derive an analytical expression for the flow rate and
mean velocity of both the viscous finger and the dense fluid flowing down. Experiments show that
the model accurately predicts the velocity of the finger for a range of rheological properties and
densities. The speed of the finger is governed by the yield stress, the density contrast between the
two fluids and the ratio of effective viscosities.
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ABSTRACT

Entanglements and their effects on the polymer dynamics for polyelectrolyte solutions have
been a long-standing debate over the past 30 years since many experimental studies reported
conflicting information on their viscoelastic properties when compared with those predicted
based on the tube model developed for electrically neutral polymers. These existing rheological
studies of polyelectrolyte systems with low-viscosity solvents are limited by the accessible
frequency range (100 rad s™') provided by conventional shear rheometers. To overcome this
issue, we employed diffusing wave spectroscopy (DWS) based microrheological technique to
investigate the linear viscoelastic response of aqueous polyelectrolyte solutions containing
poly(sodium styrene sulfonate) (NaPSS) at different degrees of polymerization N. We found
that the entanglement monomer concentration c., determined by the presence of the plateau
regime in the complex modulus spectra, followed the scaling of ¢, « N=°77 for N < 7000, in
good agreement with the predicted scaling law of ¢, for electrically neutral polymers. However,
the estimated scaling exponent changed to —2 when N > 7000, the value agreeing well with
the predicted value for salt-free polyelectrolyte solutions. We also found the critical monomer
concentration at which the charge effects are fully screened by polyelectrolyte itself to be
0.03 M for NaPSS in water. These results indicate that NaPSS can behave as both neutral
polymer and polyelectrolyte chains in the entangled regime, depending on the degree of
polymerization. We confirmed the observed transition of the NaPSS chain behavior through
the scaling analysis of the reptation time Tyep and the Rouse time of an entanglement strand 7,
with respect to the molar concentration of NaPSS monomers ¢, showing Tpep/Te & c;'z for
N > 7000 and Trep/Te « ci? for N < 7000, both of which agree well with the predicted
scaling law of Trep/Te for salt-free polyelectrolyte and neutral polymer solutions in the
semidilute entangled regime, respectively. Our results demonstrate that the observation of the
charge effects on the entanglement properties of polyelectrolytes requires the use of high
molecular weight polyelectrolytes having ¢, much smaller than the polymer concentration
where the self-screening of charge effects occurs. Moreover, we show that the scaling theory
proposed by Dobrynin et al. [1] can capture the entanglement dynamics of polyelectrolytes.
[1] Dobrynin et al., Macromolecules, 1995, 28, 1859-1871
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ABSTRACT

Starch gelatinization is key to starch’s ability to affect the rheology of a large number of
consumer products and food in particular. During gelatinization, starch granules swell as the
intermolecular bonds within the granules are disrupted, resulting in the release of amylose and
amylopectin which increase the solution viscosity. Because starch originates as granules formed
in plants, we employ a Particle Cohort Study (or ParCS) to track individual granules and
provide useful insight into the gelatinization process. In this work, we study the swelling of
individual pulse-starch granules and define new parameters to characterize the swelling. We
also present a new algorithm to for analyzing a common rheological test used industrially called
starch pasting. The results are compared with dynamic scanning calorimetry to validate our
results.
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ABSTRACT

The rheological behaviour of bitumen as a function of asphaltene concentration has been
studied. Several bitumen samples having distinetly different amounts of asphaltene were
prepared and characterized using differential scanning calorimetry and rheological
measurements. The glass transition temperature of bitumen increases with an increase of the
asphaltene concentration. This correlation can be used to estimate the asphaltene concentration
of bitumen samples using DSC measurements. Small-amplitude oscillatory shear data for the
bitumen-derived samples were fit by the generalized Maxwell model with good agreement. A
constitutive model is proposed, where the zero-shear complex viscosity of the bitumen sample
is a strong function of the asphaltene concentration, and it can be used to predict the asphaltene
concentration.
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ABSTRACT

The theoretical models of gas-liquid flow based on Newtonian fluid, power-rate fluid and
Bingham fluid cannot be accurately applied to the unconventional petroleum field. To this end,
based on the Herschel-Berkeley fluid constitutive, with the help of the two-fluid theory and
flow control equations, a prediction model of liquid holdup in a two-phase stratified pipe flow
is derived. The effects of non-Newtonian fluid rheological parameters, flow conditions and pipe
angle on the gas-liquid stratified flow of the Herschel-Berkeley fluid are comprehensively
considered. The results show that non-Newtonian rheological characteristics (such as power
law index and yield stress) have a significant effect on the liquid holdup in two-phase flow. The
specific performance is that the enhancement of liquid yield and shear thinning characteristics
will lead to an increase in liquid holdup. Comparing the experimental data, the liquid holdup
calculation model shows a good prediction effect. The main feature of this prediction model is
that even if the liquid has complex rheology or contains solid particles, it can also describe the
two-phase stratified flow through the gas/non-Newtonian fluid behaviour. This model provides
new insights into the gas-liquid flow characteristics of complex fluids in inclined pipes.

Key words: Herschel-Bulkley fluid; Gas-liquid stratified flow; Liquid holdup; Prediction
model
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ABSTRACT

Incorporating electrically conductive fillers into a polydimethylsiloxane (PDMS) matrix
has emerged as the most common strategy for developing highly stretchable composite
conductors.' It is well known that the uniform distribution of conductive fillers in viscous
PDMS oligomers during fabrication substantially affects the electrical conductivity,
processability, and reliability of the resulting composite conductors. However, systematic
studies on enhancing the dispersion stability of the conductive fillers in viscous and oily PDMS
matrices are still lacking. Here, we propose a novel rational design of Ag/PDMS composite
conductors combined with surface-functionalized carbon nanotubes (CNTs) and methyl group-
terminated PDMS.2* First, we investigated the relationship between the different types of
CNTs and polar solvents that affect the dispersity of CNTs in the resulting conductive
composites. Next, we examined the role of methyl group-terminated PDMS as a mediator
between Ag, CNT, and PDMS, resulting in homogenously hybridized Ag/CNT fillers within
the PDMS matrix. The resulting Ag/CNT/PDMS composite exhibited a metal-like initial
electrical resistance of 1.0 ohm/sq and maintained its electrical resistance over 3,000 stretching
cycles. This work provides new chemical insights and guidelines for preparing conductive

composites.
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ABSTRACT

Primary cementing of a casing string involves removing drilling fluid from the annular space
behind the casing string and replacing it with a cement slurry. The annular cement sheath should
provide zonal isolation along the well and prevent leakage of formation fluids to the
environment. In the conventional cementing operation, the cementing fluids are pumped down
the well inside the casing and up toward the surface within the annulus to be cemented. In
reverse circulation cementing operations, the cementing fluids are instead injected directly to
the annulus from the surface, and the drilling fluids is displaced downward from the surface.
Since reverse cementing requires less circulation pressure, it may be preferrable to use the
reverse circulation method when cementing across weak formations. However, it may also lead
to an increased risk of fluid contamination during mud displacement since the denser cementing
fluids are now displacing the drilling fluid downward in a density-unstable configuration. We
present an experimental study of reverse circulation displacement of a vertical concentric
annulus. Our focus is on the effect of the viscosity hierarchy of fluids on the displacement. Our
results show that there is a strong tendency for backflow and transverse flow during density-
unstable displacements. When considering displacements involving fluid pairs with a fixed
mean viscosity, we find a stabilization of the displacement when the displacing fluid is the more
viscous of the two. When the less viscous Newtonian fluid is displacing the more viscous shear
thinning fluid, the displacing fluid elongates more along the annulus. Investigation of iso-dense
fluid pairs shows that there is a clearer interface between two fluids when the displaced fluid is
more viscous than the displaced fluid, but the shape of the interface between two fluids is not
steady.
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ABSTRACT

We synthesized a low-molecular-mass organogelator, pyromellitamides (PMDA-R)," which is
composed of four amide groups with two kinds of side chains (R and R"). We evaluated the
effects of compounds with one side chain on 2-ethylhexyl or oleyl and those of the other side
chain systematically modified on the rheological properties of compounds dissolved in paraffin
oil and three kinds of ester oils as solvents. For the application of such additives in cosmetics,
paints, etc., it is necessary to obtain not only the viscosity and viscoelasticity data, but also
spinning characteristics such as thread pulling and thread breakage. We used a prototyped
spinnability measuring device? to classify the threading patterns of the samples and organize
them in relation to the viscoelasticity of the fluid. We also observed transmission electron
microscopy (TEM) images that may be related to the degree of crystallinity of compounds.

RESULTS AND DISCUSSION

Figure 1 shows the results of different concentrations of PMDA-Cs/oleyl in isododecane.
Figure 1{a) shows the steady-state flow characteristics. Although not shown in the figure, the
viscosity of isododecane remained constant at 1.4 mPa-s independent of the shear rate. Open
shapes in the figure indicate viscosity, and closed shapes indicate the first normal stress
difference. The addition of 1 wt% caused a viscosity increase by one order, showing an almost
constant value in the low-shear-rate range (up to y = 14.7 s'), which is considered to correspond
to a plateau region. At shear rates above 14.7 57, the viscosity gradually increased with
decreasing shear rate, down to 2.9 mPa-s at 1000 s'. At 0.3 wt%, the viscosity value increased
by approximately two orders of magnitude compared to the solvent, up to a shear rate of 1.47
s, and the viscosity gradually decreased at higher shear rates. The increasing viscosity effect
in the low-shear-rate range became more pronounced with increasing additive concentration,
and a tendency to exhibit shear thinning was apparent in the low-shear-rate range as the
concentration increased. Here, the value of the first normal stress difference was negative for
all regions measured at 0.1 wt%, but at 0.3 wt%, two-order values were observed at high shear
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rates, and three-digit values were observed thereafter. Figure 1(b) shows the dynamic
viscoelastic moduli. At the low concentrations of 0.1 and 0.3 wt%, G’ and G were proportional
to the square and first power of @, respectively, and their positional relationship was reversed
as e increased. At 0.5 wt% or more, a similar phenomenon was observed at low frequencies,
and with increasing concentration. Both 7 and (" increased with increasing concentration
while the intersection hardly changed position.

On the other hand, the reciprocal of @ at the intersection point is the relaxation time of the
sample, and this result indicates that the relaxation times of the samples are almost the same
regardless of the concentration.
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Figure 1: Results of different concentrations of PMDA-Csloleyl in isododecane

Figure 2(a) shows the results of the stringiness test. Spinnability was observed from a
sample with an added concentration of 0.5 wt% in the device used in this experiment. The rod
in contact with the liquid surface of the sample rises as if pulling the sample, increasing the
stress. Then, after the stress reaches maximum value, it takes on a thread-like shape, and the
thread gradually becomes thinner until it finally breaks. Since the thread remained present even
when stress was below 0, we used the data up to the length at which the thread broke, which
we measured from video footage. According to the figure, if the lifting speed is the same, the
gradient corresponding to the part where the liquid surface rises is almost the same, so we can
consider that the lifting force of the sample is almost the same at an addition concentration of
0.5 wt% or more. At 0.5 wt%, the maximum stress was 0.67 N and the string length was 4 mm.
At 0.7 wt%, there is a portion where the gradient changes until the thread breaks, and the
inflection point is approximately 6 mm. This trend was also seen at 1.0 wt%. The maximum
stresses at (1.7 and 1.0 wt% were 1.2 and 2.2 mN, respectively, and the spinning lengths were
9.7 and 19.3 mm. This is simply the result that, when the concentration of the additive increases
and the viscosity and viscoelasticity of the sample increase, spinning becomes apparent and the
maximum spinning stress and length increase.

For this reason, the maximum value of the spinning stress is standardized to 1 and the
maximum spinning length is 1. The results are shown in Fig. 2(b). Focusing on the upward
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convex part, the shape is almost line-symmetrical around the maximum stress value at any
concentration, but at 0.7 and 1.0 wt%, the tail spreads until the thread breaks and there is also
a distortion in the symmetry. The process from the emergence of spinning to breakage is
expressed after the maximum stress, and it can be clearly seen that the higher the concentration
of the additive, the longer the period after the stress drops below 0.

In addition, we plan to report on the effects of changing the side chain.
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Figure 2: Spinnability of PMDA-Cs/oleyl in isododecane
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ABSTRACT

We study the imbibition of a wetting liquid between flexible sheets that are fixed on both ends. As-
suming a narrow gap between the sheets, we solve the lubrication equation coupled with slender
body deformation. When the sheets are parallel, we find that the deformation speeds up the flow,
as shown in previous studies, but only up to the middle of the channel. The channel then contracts,
increases the hydrodynamic resistance and slows down the filling process. Below a threshold stiff-
ness, the sheets collapse and imbibition stops. We propose a scaling of the filling duration near this
threshold. Next we show that if the sheets are initially tilted with a minimal angle, the channel avoids
collapse. The liquid front pulls the diverging sheets and spreads in nearly parallel portions, which
maintains the capillary propulsion and enhances the wicking. Therefore, while it is established that
diverging rigid plates imbibe liquids slower than parallel ones, we show that elasticity reverses this
principle: diverging flexible sheets imbibe liquids faster than parallel ones. We find an optimal tilt
angle that gives the shortest filling time.
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ABSTRACT

Viscoelastic and dielectric properties of type-A chains differently average the same chain
dynamics, so that comparison of those properties resolves some details of this dynamics in a
purely experimental way. Some examples of this comparison are presented in the talk.

INTRODUCTION

Molecular understanding of polymer rheology has been one of the central targets in the
community of rheology, and extensive studies have been made from both experimental and
theoretical aspects.!? Comparing viscoelastic and dielectric properties of so-called npe-A
chains in long time scales, we may find some details of the molecular dynamics underlying the
rheological behavior of those polymers, as explained below.

The type-A chain has the electrical dipoles p parallel along
the chain backbone (cf. Fig.1) and its viscoelastic and dielectric
properties in long time scales commonly reflect the large-scale
chain motion over the end-to-end distance R. Nevertheless, this .
motion is differently averaged in the viscoelastic and dielectric _“"-'-"——-p.
properties. For example, the relaxation modulus G{r) under a step " n=N
strain » and the dielectric relaxation function F(f) under a step  Fig.1. Schematic illustration
electric field £ are expressed in terms of the bond vector of n-th  of type-A chain without dipole

uint),pxu

subchain (or coarse-grained segment) at time ¢, u(n,1), as** inversion.
k. T ¢n 5
G(r)= V;“ L {3 (u'),, }<u_'(n,r)u_‘_(n,r)>ydn 1)
F(t)= %jﬂ‘ m{(u (n.e=)), —(u,(n.0)), }dn @)

Here, vis the number density of the chain, ksT is the thermal energy, <u’=, is the mean-square
end-to-end distance of the subchain at equilibrium, and mq is the dipole moment per unit length
of the backbone of the type-A chain (with no dipole-inversion being considered in Eq.2). In
Eq.1, ur and u, stand for the components of u(n,r) in the shear (x) and shear gradient (y)
directions, respectively, and <>, denotes the ensemble average under the step strain. In Eq.2,
ue 1s a component of u(n,7) in the direction of the electric field, and <> indicates the ensemble
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average under the step electric field £. For sufficiently small ¥ and £ (in the linear response
regime), the chain dynamics determining <w.,>, and <us>, coincides with the equilibrium
dynamics. However, G(r) and F(r) are determined by the second- and first moment averages of
u(n,t), respectively. Namely, the same dynamics is differently averaged in the viscoelastic G(1)
and dielectric F{7). This difference enables us to experimentally resolve some details of the
chain dynamics through comparison of viscoelastic and dielectric properties of type-A chains.
Some examples of this comparison are presented below.

TEST OF TUBE DILATION PICTURE FOR ENTANGLED POLYMERS

For entangled chains, tube models consider that the chain relaxes through several different
mechanisms, reptation (for linear chains) and/or arm retraction (for star chains), contour length
fluctuation (CLF), and constraint release (CR).'? Among these mechanisms, the CR mechanism
considers the relaxation of a given chain (probe) activated by the motion of surrounding chains,
thereby introducing a flavor of multiple chain dynamics into the tube model. Some models
further assume that the relaxed portion of chains serves as a solvent for the probe chain to fielly
dilate the tube (to a level in the corresponding solution), thereby successfully describing (1)
of linear and star chains.** However, comparison of dielectric and viscoelastic data of a typical
type-A polymer, high-cis polyisoprene (Pl), resolved a limitation of this fill-DTD molecular
picture, as explained below.**

For this comparison, it is convenient to rewrite Eq.2 with the aid of the Green-Kubo theorem
(valid at equilibrium) as**

D)= m=LJ‘:\.dﬁJ"\Idﬁ' C(n,t;n") with C(n,t;n")= (u:)-_I <||(n t)ysu(n' 0)) (3)

F(0) N o w0 e

A conformational analysis shows that d(r) is essentially identical to the survival fraction @'(z)
of the dilated tube.** Thus, the ®(7) data (obtained from dielectric experiments for P1) allow us
to formulate the reduced relaxation modulus u(r) = G(1)/G(0). Specifically, the full-DTD
molecular picture assumes that the relaxed portion of the chains always behaves as a solvent to
dilate the tube diameter to arorn(f) = @, {go'(.')]"'"g,with @eq = equilibrium tube diameter and d
= 1.3 (tube dilation exponent). This full-DTD assumption leads to a relationship, geo(r) =
{acaroro()}@'(1)= {@'(n}"™.

For binary blends of linear PI with molecular -
weights M> = 308k and M\ = 21k, groo(r) thus '
obtained dielectrically (green curves) is compared g
with the viscoelastically measured u(r) data (black =
circles) in Fig.2. At7=0.5-500 ms where the low- = ?
M chain has fully relaxed but the high-M chain has ™~
not, uepro(f) is smaller than the u(r) data of the
blends having a small fraction of the high-M chain, “
vr=0.2 and 0.1. This failure of the full-DTD picture 5 4 & % 4 @ 1 3
results from the assumption that the relaxed portion log (ta,'/5)
of the chain (the whole backbone of the low-M chain  Fig.2. Comparison of peom(f) and pgomif)
at those ) always behaves as the solvent to fully deduced within the tube model with p(f) data of
dilute the tube for the high-M chain. In reality, the PVl blends with various vz.
high-M chain moving through the CR motion cannot always explore the whole part of this
diluted tube and thus the effective tube diameter for that chain a*(¢) is smaller than arpr(1) at
those 1. This problem of the full-DTD picture can be removed if we evaluate the maximum
possible lateral displacement acr(r) allowed b;{ the CR motion and express the reduced
relaxation modulus as wepto(f) = {ae/a*(0}- @'(r) with a*(r) = min{acr(?), acoro(f)}.

WP
Y pDOTD

P1308KPI 21K, 40°C
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Viscoelastic measurements for reference binary blends (containing self~unentangled high-M
components) allow us to evaluate acr(f) and thus groro(f) for the partial-DTD picture ** This
ueoto(f), shown with the red curve in Fig.2, is in excellent agreement with the u(¢) data in the
entire ranges of ¢ and v2. This result in turn demonstrates an importance of the comparison
between dielectric and viscoelastic data.

EIGENFUNCTION OF LOCAL CORRELATION FUNCTION

Chemical coupling of living anionic PI chains of different M allows us to prepare homo-PI
chains with inversion of type-A dipoles at a given (n*-th) segment. For those dipole-inverted
PI, the dielectric relaxation function is expressed in terms of C defined in Eq.3 as*

O(1;n%) = %{J‘:’dn— J‘:dnHJ‘:’dn‘— J:dn'} C(n,t;n") (4)

The local correlation function € can be expanded with respect to its eigenfunctions fp(n) as
Cln,t;n'") = Z, fo(n)fp(n")exp(—t/ 7,) (with 7, being p-th relaxation time). Thus, the dielectric data
of a series of dipole inverted Pl having the same M but different n* allow us to experimentally
resolve f(n) for a few low-order modes. An example is
shown in Fig.3 for Pl being entangled with polybutadiene

L5

and exhibiting CR relaxation.* The standard tube model oAk
assumes the Rouse-type CR associated with sinusoidal ost g8°h “oy
Jo®(n)=sin(pm/N) (black curves). However, experimental o N

Jo(n) moderately deviate from f;®l(n). From mathematical
coincidence of the Rouse eigenfunction equation and the
Schrodinger equation for a quantum particle in a well
potential, this deviation can be related to an extra relaxation
enhanced at around the chain end* (where the motional 0
constraint is weaker compared to the middle of the chain). | PuBS, 40°C
If the chain moves coherently along its backbone (as in fn=3%
the case of reptation), the eigenfunction is common for 0 02 04 06 08 1
C(n,;n') and the orientation function governing the ) N )
viscoelastic relaxation, S(n,f) = {3/<0*>cq} <us(n,Ou(n,0)>, ;:9‘3' Eigenfunction of Pl relaxing
. . . PR rough CR mechanism.
shown in Eq.1. In contrast, if the chain motion is incoherent,
Jo(n)? determines S(n,f). Thus, comparison of dielectrically determined fi(n) and viscoelastic
data allows us to test this motional coherence. It turned out that the chains in unentangled
solutions exhibit the incoherent motion whereas some magnitude of coherence emerges for
entangled chains in concentrated solutions/bulk.* An importance of the comparison between
dielectric and viscoelastic data is demonstrated also from this experimental finding.
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ABSTRACT

Electrical conductivity, as measured by DC conductivity and its dynamic counterpart, impedance
spectroscopy, are sensitive indicators of electrical charge and ionic charge mobility. Impedance
spectra, widely reported in biomedical and advanced materials literature, are customarily interpreted
using circuit models for which it can be challenging to draw clear connections between the circuit
elements and the physical micro/nanostructure. In this work, a physical model is developed for ion
transport in polyelectrolyte hydrogels under the oscillatory perturbations applied in impedance spec-
troscopy. The model couples electro-migration, diffusion and advection, in the framework of non-
linear Poisson-Boltzmann thermodynamics and continuum transport phenomena, which together
control micro-scale electrical polarization. Here, focus will be on the role of the network compress-
ibility (p-wave modulus) in shaping the complex conductivity and dielectric permittivity spectra of
polyelectrolyte hydrogels with cavities or having spatial modulations in the charge and polymer seg-
ment density (e.g., layered polyelectrolytes). The guiding physical principle is that, on nano- and
micro-scales, the draining time is short, thus giving rise to fixed-charge-density fluctuations that may
affect the complex conductivity in the frequency range of impedance spectroscopy.
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ABSTRACT

For decades, the creation of new materials by mixing nanoparticles with polymeric matrices
continues to attract the attention of industrialists and academics. Indeed, adding nanoparticles
with better electrical or mechanical properties, such as graphitic materials, to polymers, allows
obtamning enhanced materials for multiple applications including automotive, energy storage,
aerospace, biomedical and more. Nevertheless, performance improvement 1s highly dependent
on the achievement of good distribution and dispersion of the nanoparticles inside the host
polymer matrix. In this context, it has been shown, in the literature, that sonication can be an
effective method to obtain an efficient dispersion of fillers such as clay and carbon nanotubes
mnside solvents. However, few studies have investigated sonication for dispersing nanoparticles
mnside highly viscous mediums such as molten polymers. Moreover, the propagation of the
ultrasonic waves within the molten polymers and nanocomposites 1s still not clearly understood.
In this work, the effect of ultrasonic vibration on graphitic materials distribution and dispersion
in polydimethylsiloxane, PDMS, was investigated. PDMS grades of different viscosities (3, 30,
and 300 Pa.s) were hand-mixed with 0.5 wit% graphitic materials of three different sizes
distribution (D90* =33, 40, or 128 pum), then an ultrasound treatment was applied for 3 minutes
with different amplitudes (20, 50 and 90%) and pulses (10, 50, 100%). The continuous
ultrasound treatments (1.e. the 100% pulse) were filmed using a high-speed camera in order to
observe the mixing pattern. Furthermore, an optical microscope has been used to evaluate the
distribution and dispersion of the samples (employing a Python program). The results revealed
that the ultrasound treatment effect 15 dependent on the particle size and the fluid viscosity.
*D90 means 90% of the particles have a size below it.
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ABSTRACT

Today, most electronics and robots are composed of solid metals and semiconductors and
composites based on them. As alternative, we propose “Electrofluids”, that exhibit electrical
conductivity while flowing. We create highly concentrated suspensions of conductive particles
-carbon black (CB) and carbon nanotubes (CNTs)- in solvents with different polarity and
viscosity. The idea 1s to create 3D networks of the solid fillers that allow for electron transport
like in solid composites, but here, the contacts between the particles are transient. The particles
can move 1n the liquid and rearrange under mechanical deformations.

‘We studied the electrical properties of different mixtures as a function of the filler content
and found that the amount of it required to achieve electrical conductivity in the material
(percolation threshold) strongly depends on a) the polarity of the solvent matrix, b) its viscosity,
and c) the shape of the particles.

Using carbon black (CB) as conductive filler, we observed a decrease in the percolation
threshold from 8.34 wt%, when dispersed in PDMS to 0.55 wt%, when glycerol was used. Both
pure solvents have a comparable viscosity (on the order of 10° mPa-s), but whereas glycerol is
a polar molecule, PDMS 1s composed of hydrophobic polymer chains. The percolation
threshold can be further reduced to 0.26 wt%, by using ethylene glycol (a polar solvent with a
lower viscosity, on the order of 10 mPa-s). When using CNTs as filler, the percolation threshold
for the glycerol mixture 1s lowered to 0.05 wt%. This reduction can be attributed to the high
aspect ratio (around 150) of the CNTs.

The electrical properties of these materials are dominated by the 3D network formed by the
filler. To understand the network’s structure and its dynamics, we performed rheological and
rheoelectrical studies. All the samples at concentrations above percolation presented a shear
thinning behaviour. Amplitude sweeps experiments revealed a clear correlation between the
changes 1n the electrical properties and the shape of the storage and loss moduli, G’ and G™.

We exploited this behaviour and created soft strain sensors. The Electrofluids were then
encapsulated in elastomeric tubes and underwent uniaxial deformations. We performed cyclic
and stress relaxation tests and found large differences in the mechanoelectrical performance
(sensitivity and time dependency) of the mixtures. We will discuss their applicability m truly
soft electrical devices.
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Electrically conductive adhesives (ECAs) are an innovative group of engineering materials
used to replace the traditional Pb-Sn solders or as a bonding medmm of thermoplastic or
thermosetting matrix composite for the aviation and automotive sectors. The main component
of ECAs are thermoset resins such as silicone, epoxy, or acrylate, and conductive fillers the
most popular of which is micro silver'?. However, achieving the necessary level of electrical
conductivity requires loading a mgh amount of metal particles, which has a negative effects on
their processing and mechanical properties. To avoid this, lightweight carbon-based fillers such
as carbon nanotubes, graphene, carbon black or graphite are extensively studied as the
conductive fillers for ECAs. Owing to their high surface area, a percolated network 1s formed
at much lower concentrations than in the case of metal fillers. Unfortunately, even at small
concentrations, the carbon-based fillers - especially those of nano size - strongly affect the
rheological properties®.

This research focuses on a novel type of ECAs consisting of thermoplastic hot melt adhesive
and multi-walled carbon nanotubes. Using the oscillatory rheometer, it was possible to
determine the rheological percolation threshold, changes m the viscosity, in storage and loss
modulus for various types of the hot melt adhesives. For all of the composites, the theological
percolation threshold lies below 2wt% of carbon nanotubes, the materials behave more like
elastic than viscous liquids, and for some of them, mcreasing the test temperature does not
decrease the viscosity. The rheological properties of ECAs was discussed in the context of the
carbon nanotubes dispersion and further processing of ECAs.
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ABSTRACT

Lithium-salt-doped block copolymers have the potential to serve as solid electrolytes
rechargeable batteries with lithium metal anodes. In this work, we use small angle X-ray
scattering (SAXS) to study the structure of polystyrene-block-poly(ethylene oxide) doped with
bis-(trifluoromethylsulfonyl)amine lithium salt (LiTFSI) during dc polarization experiments in
lithmum-hithium  symmetric cells. The block copolymer studied i1s nearly symmetric
composition, has a total molecular weight of 39 kg mol ™, and it exhibits a lamellar morphology
at all studied salt concentrations. When 1onic current i1s passed through the electrolyte, a salt
concentration gradient forms which mnduces a spatial gradient in the domain spacing, d. The
dependence of d on distance from the positive electrode, x, was determined experimentally by
scanning the incident X-ray beam from one lithium electrode to the other. By studying the 2D
SAXS patterns as a function of azimuthal scattering angle, we find that lamellae with PS-PEO
interfaces oriented perpendicular to the flow of 1onic current swell and contract to a greater
degree than those with mterfaces oriented parallel to the current direction. While domains with
the perpendicular lamellae do not provide direct conducting pathways between the electrodes,
our analysis suggests they play an important role in establishing the salt concentration gradient
necessary for sustaining large ionic current through greater expansion and contraction.

RESULTS AND DISCUSSION

There is considerable interest in the possible use of block copolymers in lithium batteries '
We studied a block copolymer which we call SEO(19-20) with added LiTFSI, the molar ratio
of lithium 1ons to ether oxygens in the electrolyte was 0.16 [1]. This electrolyte was inserted
in a custom electrochemical cell to allow simultaneous SAXS measurements. This cell 1s shown
schematically in Fig. 1a. The lithium electrodes are in the y-z plane such that the nominal
direction of 1onic current is parallel to the x-axis. The length of the sample in the x-direction,
L, was 0.14 cm. In Fig. 1b, we show an example of a SAXS pattern obtained from SEO(19-
20) where the incident beam 1s oriented in the z-direction. By scanning the beam along the x-
axis, the 2D scattering patterns contain information about the structure of lamellae with normal
vectors in the x-y plane along the axis which the salt concentration gradient forms in a dec
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polarization experiment. We define the azimuthal angle, y, m Fig. 1b and denote y = 0° along
the y-axis, pointing upwards and increasing counterclockwise. By analyzing data at y = 0 and
180° (as defined in Fig. 3b) we obtain information about grains with PS-PEO interfaces oriented
parallel to the flow of ionic current (we call these lamellae LAM)|, and note that their normal
vectors are parallel to the y-axis). For y = 90 and 270°, we obtain information about grains
with PS-PEO interfaces oriented perpendicular to the flow of ionic current (we call these
lamellae LAM,, and note that their normal vectors are perpendicular to the y-axis).

@ ®) o

180°
(LAM,))

Figure 1: (a) Schematic representation of the simultaneous polarization and SAXS experiment. An
SEOILITFSI electrolyte with randomly oriented grains is sandwiched between two lithium electrodes
with current passing parallel to the x-axis. X-rays pass parallel to the z-axis, perpendicular to the
current and the shaded gray box shows the beam footprint on the sample. Scanning the beam along
the x-axis allows for spatial resolution between the electrodes. A reference channel filled with
electrolyte was placed next to the electrochemical cell. (b) Characteristic 2D SAXS pattern obtained
from experiments. The pattern is divided into 16 sectors defined by the azimuthal angle, y. Scattering
data in each sector corresponds to lamellae oriented with the angle between the vector normal to the
PEO-PS interfaces and the positive y-axis equal to y. The cartoons in each sector show the lamellar
orientation with their respective normal vectors.

The SAXS data were used to determine the domain spacing, d, at three different current
densities, i. We present data as a function of the normalized current density iL. Before
polarization, we find that d () was exactly not constant. To account for this, we redefine the
quantity Ad for a fixed position x/L in Eqn. 16:

Ad(x,t) =d(x,t) —d(x.t = 0) 1)
In Figs. 2a-c, we plot Ad as a function of y for each position in the cell for the cells polarized

at (a) iL =1.96 pA cm? (b) iL =3.74 pA em™, and (c) iL = 11.1 pA cmr’. The results presented
in these figures show that grains with PS-PEO interfaces perpendicular to the flow of ionic
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current (LAMz) undergo greater expansion (near the positive electrode) or contraction (near the
negative electrode) when compared to those with PS-PEO interfaces oriented parallel to the
flow of 1onic current (LAM))). To highlight this point, we plot the difference in lamella spacing
between LAMg and LAM|, dpam, — dLAM”, in Fig. 1d. As the concentration gradient builds up,
the LAMg near the positive electrode are swollen between 0.6 and 1.2 nm larger than LAM);.
Near the negative electrode, the LAMp are between 0.2 and 1.2 nm smaller than the LAM.

(a) (b) (©) (d)
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Figure 2: Orientation dependence of lamellar distortion. The change in domain spacing, Ad,
defined by Eqn. 1 as a function of azimuthal angle, y, 1s plotted for each cell position for the
cell polarized at (a) iL =1.96 pA em” att=46.7h, (b) iL =3.74 HA em” att =46.7 h, and
(¢)iL=11.1pA cm! at t = 60.7 h. Each data set is based on the last scan taken at the end of

each polarization. (d) Difference in domain spacing between LAM; and LAM|; as a function of

normalized position, x/L, for the three data sets in (a), (b), and (c). The right axis is the
difference in molar salt concentration, r, based on Eqn. 2. The color of each data set in (a),
(b), and (c) correspond to the x /L position plotted in (d).

CONCLUSIONS

The SAXS experiments show that that there was a net increase in the domain spacing of the
block copolymer as the salt concentration gradient develops. We observed that grains with PS-
PEO interfaces oriented perpendicular to the flow of 1onic current (LAM;) swell and contract
to a greater extent compared to those with PS-PEO interfaces oriented parallel to the flow of
tonic current (LAM)). It 1s obvious that LAM|| play an important role in ion transport as the
conducting domains in these grains are parallel to the direction of macroscopic ion transport.
Our work indicates that LAM also play an important role. The formation of a salt concentration
gradient that must arise due to 1on transport across macroscopic length scales relies on the
ability of the lamellae to swell and contract. These distortions occur to a greater extent in
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LAM;. Both LAM,| and LAM; appear fo be necessary to accommodate large ionic currents in
block copolymer electrolytes.
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ABSTRACT

Polymers with conjugated backbones and flexible side chains are semiflexible and exhibit two
glass transitions, one for the conjugated backbone and a lower Tg for the side chains. Both glass
transitions are broadened, since the side chains are covalently attached to the backbones, and are
challenging to detect by standard calorimetry methods (i.e., DSC). By compression molding in a
glove box, it is possible to measure the linear viscoelastic response (LVE) of conjugated polymers
from the lower T up to roughly 300 °C. The two glass transitions are detected in LVE temperature
sweeps at | rad/s as local maxima in the loss modulus G™ and the width of these transitions is
reflected in how much higher in temperature tand = G™/G’ exhibits a local maximum.' A simple
model is presented to predict the backbone glass transition from volume fraction of backbone and
molecular characteristics of the backbone,” enabling molecular design of conjugated polymers for
flexible electronics with Ty below ambient.

Many of the conjugated polymers with more rigid backbones exhibit liquid crystalline phases
above their melting temperature. The ones with a nematic phase are very easy to detect in the LVE
temperature sweeps, as the nematic = isotropic transition is easily seen as a roughly 10 K window
where viscosity actually increases as temperature is raised®* (which is the biphase) whereas this
weakly first order transition is virtually undetectable by DSC. In the isotropic phase at high
temperature, the plateau modulus is measured by constructing an LVE master curve and with the
molecular weight distribution this is fit to a molecular LVE model based on reptation dynamics,
originally developed for more flexible polymers. The Kuhn length is determined either by small-
angle neutron scattering in solution or by calculation using the bond angles and lengths via the
freely rotating chain model.* For semiflexible conjugated polymers, these two methods agree

nicely and the plateau modulus G, is correlated with backbone stiffness, allowing prediction of
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G just by estimating the Kuhn length.* That is very powerful, since the plateau modulus (number

density of entanglements) is vital for understanding the semicrystalline modulus of conjugated
polymers that have Tg below room temperature, needed for flexible electronics.®

The liquid crystalline phases, including ones that form in shear flow, can be detected by
quantifying the shear rate dependence of birefringence.%” We present some preliminary rheo-
optical results using shear-induced polarized light imaging® (SIPLI) on an Anton Paar MCR-502
controlled stress rotational rheometer with a transparent bottom plate and a mirror-finish top plate.
A polarized white light source comes from below the transparent bottom plate, reflects off the
mirror-finish top plate and is collected by a CCD camera below the bottom plate, after passing
through a crossed polarizer. This method facilitates identification of the nematic phase (at rest)
and the critical shear rate for any flow-induced nematic alignment of polymers that have isotropic
phases at rest.
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ABSTRACT

We consider viscoelastic effects of the matrix polymer on molecular dynamics of dielectric
molecular probes using the generalized Langevin equation’, which was derived to include the
retardation effect of viscous force. By solving the equation, we successfully obtained a
universal relationship between the complex relaxation modulus, G ¢ (), and the dielectric
constant of the probe, &5 (w). In the case of a viscous matrix, £5(w) 1s deseribed with the Debye
function. If the matric is supposed to have a power-law type relaxation spectrum, &5 (w) is
found to be the empirical Cole-Cole function, which 1s often observed for glassy matenials. If
the power law type Gz has a cutoff time, £p (@) can be represented with the Davison-Cole
function. The proposed method was applied to a previous study’ on a low-mass probe in a
polystyrene matrix around the glass transition zone. By measuring £p(w) of 5CB and 5CT
used as dielectric probs, we successfully estimated the effective complex modulus, G, for the
probes. The GZ¢, depends on the probe size and 1s not agreed with the bulk complex modulus
of medium, G*(w) , reflecting the local molecular dynamics. Thus, the dielectric molecular
probe can be utilised to examine the viscoelastic properties in molecular level >
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ABSTRACT

Gas bubbles trapped in liquds occur in natural and industrial processes such as tailing
ponds, swamps, food processing, drilling flids, ete. The bubbles are either introduced as part
of the process (foamed cement, aerated chocolate, efc), or are generated in situ via chemical or
biodegradation. These examples demonstrate a simular phenomenon of gas storage due to the
slurry/paste-like properties of the materials. The trapping happens since the materials involved
often show yield stress properties. Unless the bubble’s buoyancy is large enough to overcome
the yield stress, it will stay trapped in the material. For example, bubbles in a yield stress flmd
are found in Canadian oil sands tailings, which consist of a nux of clay, bitumen residue, and
various organic solvents. Both the Matwe Fine Tailing (MFT) and Flwd Fine Tailing (FFT)
strata of the tailing ponds show thixotropic yield stress properties. These layers provide a
suitable environment for anaerobic bacteria to digest organic compounds and produce Carbon
Dioxide (CO;) and Methane (CHy). The produced gasses will stay in FFT/MFT unfil the
bubbles grow large enough to overcome yield stress and can rise to the surface. Methane release
can be either confinuous or transient. The latter scenario 1s that explored here.

In this study, we are interested in modeling the bubble growth and release in the tailing
ponds and relating bacterial activities to the gas release rate. We are developing a 1D drift flux
model to estimate the total bubble storage capacity of the pond as well as stability criteria for
the pond. Using this model, we may estimate the gas release rate as a fimetion of lake
conditions: atmospheric pressure, temperature, and rheological properties. A set of experiments
have also been conducted to study bubble cloud release in a test material (Carbopol). The drift
flux velocity of bubbles 1n a model yield stress flud can be estimated from these experiments
and other sources.

Acknowledgement This research was made possible by finding from NSERC and
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ABSTRACT

Cellulose nanofibres (CNFs) have high water-retention capacity, which can potentially affect
the rheology of fresh cement paste. This study examines the effect of 0-1.2 vol.% fraction of
dry CNFs, prepared with high-carboxyl content, upon the rheology of two series of cement
pastes. One series was without any superplasticizer and the other was cast with a
polycarboxylate-based superplasticizer, that was adjusted in dosage to keep the workability
equal to that of the reference paste. Controlled shear-rate experiments were performed using a
rotational rheometer with vane spindles, to obtain the flow data that was used to calculate the
yield stress and viscosity. In addition, the direct method provided the static yield stress. The
results reveal that adding CNFs greatly mcreased the yield stress and to a lesser extent, also the
viscosity. As expected, the superplasticizer reversed this action.

BACKGROUND

Satisfactory workability in oil-well cementing 1s vital to its transport, placement, consolidation
and fimishing. It also ensures both strength and durability mn the hardened composite. Fresh
cement-based systems behave as per the Bingham model!, whereby, once the shear stress
exceeds a yield value, it increases linearly with the growth of the shear rate. However, other
fluid models have been proposed including, the Herschel-Bulkley model, the Casson model and
the Power Law model’~. In all cases, two flow parameters are defined namely, (1) the yield
stress and (1) the plastic viscosity. In cement-based systems, the flow 1s governed by infer-
particle contact, flocculation of fine particles, hydration kinetics of cement, the aqueous phase
content, and the particle sedimentation, geometry, and size distribution. High range water-
reducing admixtures, also called superplasticizers (SP) are often used to aid the flow of fresh
cementitious composites. Cellulose nanofibres (CNFs) are a novel, renewable and bio-based
fibrous derivatives of cellulose®. In comparison with other nanofibres, they are inexpensive and
abundant in nature’. CNF is obtained as an aqueous suspension from chemically-assisted nano-
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fibrillation after the biomass undergoes mechanical grinding®. One of the more common
chemical agents is TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)}-mediated oxidation’.
TEMPO breaks the hydrogen bonds of cellulose fibres and introduces several anionic carboxyl
and hydroxyl groups on the nanofibrils’ surface®. The surface-active groups render the cellulose
nanofibre with strong charges to repel the nanofibrils away from one another, and impart high
chemical reactivity, colloidal stability, tunability and, above all, exceptional hydrophilicity’.
The CNF suspensions mostly behave as shear thinning fluids, although they are reported also
to demonstrate thixotropic behaviour. To the authors’ knowledge, there is no information for
cement paste containing the CNF alongwith a superplasticizer. Hence, the focus of this study
15 to examine the rheological parameters of plastic cement pastes loaded with CNFs and
combinations of CNF and SPs. The rheological parameters of two distinct series of CNF-
reinforced pastes were examined. The first series had an increasing amount of the CNF gel,
while the other incorporated judicious dosages of a polycarboxylate SP in addition to the CNF,
with a view to keeping the flow within the range of the plain reference paste.

PRINCIPAL FINDINGS

The paste samples were examined first in accordance with the controlled-shear-rate protocol
and later, with the direct-static-yield-stress method. The flow parameters were estumated based
on curve fitting along the Herschel-Bulkley model, the Casson model and the Power Law
model. The following conclusions may be drawn:

e Adding mcrements of CNF to the reference plain paste mcreases all the stress
parameters and also the viscosity. The rise was more accentuated in the yield stress than
in the viscosity. Consequently, the CNF decreases the workability of fresh cement paste.

* Adding the polycarboxylate-based SP to the CNF-reinforced cement paste universally
lowers the viscosity and to a lesser extent, also the yield stress.

e All the mixtures that were remnforced with CNF demonstrate a shear thinming fluid
behaviour. On the other hand, the mixtures having the largest dosage of both CNF and
the superplasticizer behaved as a shear thickening fluid.

e The cellulose nanofibres bridge the cement particles and create a fibrous network. This
uniformly raised the rheological parameters of CNF-reinforced cement paste. The
polycarboxylate superplasticizer mitigates the above by lubricating the surface of the
cement particles, facilitating ease of flow. This mechanism 1s 1llustrated in Figure 1.

ACKNOWLEDGEMENTS

This study was funded by the Natural Sciences and Engineering Research Council (NSERC)
Canada as a Collaborative Research and Development grant, in partnership with Lehigh Hanson
Canada, Millar-Western Forestry Industries and Alberta Innovates Bio-Solutions.

178



Fresh CNF-Reinforced Fresh CNF-Reinforced
Cement Paste Cement Paste w/ SP

Fresh Cement Paste

s s
CNF gel Cement grain Polycarboxylate-based SP Water

Hydrated Retained |
Phase Water

Figure1:+  CNFs restrain the solid particle displacement whereas SP mitigates this effect

Retained
Water

REFERENCES

m G. H. Tattersall, Workability and Quality Control of Concrete, 14th Edition. Taylor & Francis, New York,
US, 1991.

2] A. Papo, Rheological models for cement pastes, Materials and Structures. 21(1) (1988) 1-41.
https://doi.org/10.1007/BF02472527.

31 G. Sant, C. F. Ferraris, J. Weiss, Rheological properties of cement pastes: A discussion of structure
formation and mechanical property development, Cement Concrete Research. 38(11) (2008) 1286-1296.
https://doi.org/10.1016/j.cemconres.2008.06.008.

4] H. A Bames. J. O. Camali, The vane-in-cup as a novel rtheometer geometry for shear-thinning and
thixotropic materials, Journal of Rheology. 34 (1991) 841-866. https:/doi.org/10.1122/1.550103.

[5] O. Onuaguluchi, D. K. Panesar, M. Sain, Properties of nanofibre reinforced cement composites,
Construction and Building Materials. 63 (2014) 119-124.
https://doi.org/10.1016/j.conbuildmat. 2014.04.072.

[61 X. Sun, Q. Wu. S. Lee. Y. Qing, Y. Wu, Cellulose nanofibres as a modifier for rheology. curing and
mechanical performance of oil well cement, Scientific Reports. 6 (2016) 31654.
https://doi.org/10.1038/srep31654.

71 T. Saito, S. Kimura, Y. Nishiyama, A. Isogai. Cellulose nanofibres prepared by TEMPO-mediated
oxidation of  native cellulose, Biomacromolecules. 8(8) (2007) 2485-2401.
https://doi.org/10.1021/bm0703970.

8] M. El-Bakkari, V. Bindiganavile, J. Goncalves, Y. Boluk, Preparation of cellulose nanofibres by TEMPO-
oxidation of bleached chemi-thermomechanical pulp for cement applications, Carbohydrate polymers. 203
(2019) 238-245. https://doi.org/10.1016/j.carbpol.2018.09.036.

91 Z.Tang, W. L1, X Lin, H. Xiao. Q. Miao, L. Huang. L. Chen, H. Wu, TEMPO-Oxidized cellulose with
high degree of oxidation, Polymers (Basel). 9 (2017) 3-4. https://doi.org/10.3390/polym9090421.

179



8TH PACIFIC RIM CONFERENCE ON RHEOLOGY, May 15-19, 2023

DEFYING GRAVITY: THE FLUID MECHANICS OF
OFF-BOTTOM PLUG PLACEMENT

I. Karimfazli!, A. Ghazal®

'Department of Mechanical, Industrial and Aerospace Engincering, Concordia University
1515 St. Catherine W., Montreal, QC, H3G 2W1, Canada

ABSTRACT

The abandonment protocols of oil and gas wells may vary among regions and countries. Most
commonly, however, two or more cement plugs are placed along the well for this purpose. The plugs
above the lowermost plug are often referred to as off-bottom. Balanced-plug is a common technique
to place off-bottom plugs. The placement process involves: (i) identifying the plug location, (ii)
placing the injector at the target position and pumping the cement slurry, and (iii) pulling the injector
out of the well once the cement slurry is levelled in the injector and the annulus. In Western Canada,
it is common to use the balanced-plug method to place off-bottom plugs without using a barrier; i.e.,
to inject the cement slurry directly in wellbores that are otherwise filled with water.”> A successful
placement is achieved when the injected cement slurry (a yield stress fluid) accumulates at the target
position, over the lighter wellbore fluids.

While displacement flows in primary cementing have been studied extensively, the hydrodynam-
ics of the balanced-plug method, in the absence of a barrier, remain largely unexplored. Considering
the hydrodynamics of the placement process, four primary phases may be presumed: (i) the onset of
injection, (ii) the quasi-steady injection, (iii) pulling out of the hole, and (iv) the final steady-state.
Each flow development phase is a complex two-fluid problem that may reveal diverse flow dynamics
and different modes of instability. We develop hydrodynamic models of the process in a represen-
tative two-dimensional domain and explore the effect of fluid properties and the flow domain. Our
findings provide a mechanistic perspective of the processes that may prevent the buoyancy-driven
failure of the placement process and the role of the rheology of the fluid.
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ABSTRACT

The rheological behavior of mature fine tailings (MFTs) is investigated using
transient and steady shear flow fields. First, the structure breakdown of intact
MFT samples is examined by startup flow experiment at various shear rates. The
yield stress of MFTs is estimated by the steady shear stress values at low shear
rates. MFT samples exhibit thixotropy and positive hysteresis loop at short
shearing time intervals in increasing and decreasing step-wise shear rate tests. The
observed hysteresis loops and thixotropy disappear by increasing the shearing
time intervals, as the systems reaches its equilibrium steady state structure. The
time-dependent rheological behavior of MFTs is quantified by a structural
kinetics model through dimensionless structure parameter, A.(Toorman,
Rheologica Acta, 36, 56-65 (1997)). The kinetic parameters are estimated based
on steady-state stresses, elucidating the relative effects of shear rate and Brownian
motion on build-up and breakdown of the structure. The flow behavior of MFTs
predicted by structural kinetics model is nearly in agreement with the
experimental data.
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ABSTRACT

Understanding the kinetics and viscosity of hydrate slurry in gas-water-sand system 1s of great
significance for the high-efficiency and high-safety development of natural gas hydrates. The
effect of micron-sized sands with various concentrations and particle sizes on the hydrate
formation, dissociation, and viscosity in gas-water-sand system are investigated in this work.
The experimental results show that the hydrate induction time in the sandy system 1s slightly
prolonged compared to the pure gas-water system, and the inhibition effect first strengthens
and then weakens as the sand concentration increases from 0 wt% to 5 wt%. Besides, the
difference of hydrate formation amount in various cases is not obvious. The concentration and
particle size of sand have little effect on the kinetics of hydrate formation. Both promoting and
inhibiting effects on hydrate formation have been found in the sandy multiphase flmd. For the
viscosity characteristics, there are three variations of hydrate slurry viscosity during the
formation process: Steep drop type, S-type and Fluctuation type. Moreover, appropriate sand
size 15 helpful to reduce the randomness of slurry viscosity change. Meanwhile, even at the
same hydrate volume fraction, the slurry viscosity in the formation process 1s significantly
higher than that in dissociation process, which needs further research. This work provides
further insights of hydrate formation, dissociation, and viscosity in gas-water-sand system,
which 1s of great significance for safe and economic development of natural gas hydrates.
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For next-generation electronics systems and devices, such as flexible displays and energy harvesting (or
storage) devices, high performance, versatility, and flexibility are frequently necessary. A film, which
15 often a polymer or soft substrate with numerous layers of electrically conductive, semiconducting,
and msulating matenials superimposed on 1t, 15 a key component of these devices. These layers can be
created using a variety of coating techmques. The contimious liquid coating technique, a kand of roll-
to-roll process, 1s one of them and 1s widely acknowledged as an appealing way to generate affordable,
high-throughput, and large-area coated layers. The coating liquid may exhibit complex rheological
characteristics if it contains a variety of particles, additives (such a binder), and solvents. The main
challenges in this process are how to regulate flows inside large manufacturing equipment to regulate
microscopic properties, such as thickness homogeneity, particle microstructures mside coated layers,
etc. Such problems require an understanding of the physical or chemical phenomena underlying them
from a fundamental engineening perspective. Such lmowledge might be beneficial for the process'
analysis and design. For instance. while analyzing complex film formation flow in various types of
applicators, such as slot die, roll. and spray. the rheological characteristics of a coating liquid must be
taken mto consideration. To help with the design of the drying machine, a microstructures index or
indication must also be created. In tlus talk, vanous research mmtiatives to address these coating
difficulties, including flows mside pipe systems and coating machines, will be shown. Some elements
of these coating 1ssues will also be aghlighted.
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ABSTRACT

The Doi—Edwards tube model, coupled with relaxation mechanisms, such as reptation, contour
length fluctuation, and constraint release, allows us to quantitatively predict the linear
viscoelastic properties of entangled polymers. However, for nonlinear elongational flows, large
discrepancies between theoretical predictions based on the tube model and experimental results
still persist. This is, for example, the case for the experimentally observed strong qualitative
differences in extensional flow of entangled polystyrene (PS) melts and solutions, characterized
by the same number of entanglements and exhibiting the same linear viscoelastic behaviour.!
The cause of this non-universality is usually attributed either to a monomeric friction reduction
or to an interchain pressure effect.

In this work, we investigate the extensional flow behaviour of binary blends of linear polymers,
in order to further understand the role of the molecular environment on the stretch state of a
probe chain. For this purpose, we measured the nonlinear extensional responses of different
polystyrene (PS) chains, both in the monodisperse and bidisperse state, and systematically vary
the concentration and the molar mass of the chains, to obtain different interactions between the
long chains and their molecular environment. This allows us to highlight scaling relationships
for describing the steady-state elongational viscosity.>?#

Our data confirm that the linear evolution of the steady-state extensional viscosity with the
molar mass, that was first observed by Bach et al.> for melts, can be extended to polymeric
solutions. The results also show that the steady-state extensional viscosity of bidisperse systems
follow a simple mixing rule only if both components are stretching.?

While in a previous work, we found that all polystyrene long chains diluted in a short, non-
stretching short chain matrix (with molar mass higher than 9 kg/mol) exhibit different transient
strain hardening properties but the same apparent steady-state elongational viscosity; i.e., the
long chains reach the same final stretch state,” we explore here the behaviour of these long
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chains diluted in even shorter matrices, as it is expected that too short chains enhance the strain
hardening of the long component.® By varying the composition of our solutions, we further
quantify this effect.
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ABSTRACT

We investigated the rheological properties of bi-disperse entangled-polymer blends under
high-deformation-rate flows by slip-link simulations with a friction reduction mechanism. The
friction reduction mechanism induced by the stretch and orientation (SORF) 1s important to
predict the viscoelasticity m highly nonlinear regime under umaxial elongational flows. To
examune the applicability of this mechamsm for bi-disperse systems, we incorporated an
expression of friction reduction (Yaoita et al. Macromolecules 45:2773-2782 2012) into the
Doi-Takimoto slip-link model (DT model). For six experimental bi-disperse systems, re., four
polystyrene blends and two polyisoprene blends, the extended DT model where the order
parameter of the friction reduction mechanism 1s evaluated through the component averages
succeeds in reproducing the data under uniaxial elongation and shear. This success 1s due to the

suppression of the stretch of the longer chains using the statistical average over each component.

Through this study, the SORF expression improves the rheological prediction for bi-disperse
entangled polymer melts under uniaxial elongational flows with strain rates comparable to or
larger than the inverse of the Rouse relaxation time of the longer chains. Additionally, the
predictions with the SORF using the component average for the stretches reproduce the steady
viscosities because under elongational flows, the states of the components with different
molecular weights clearly differ from each other depending on their Rouse relaxation time. The
finding means that for chain dynamics, the friction coefficient i1s determined by the state of the
surrounding polymer chains and the state of the chain'.

ACKNOWLEDGEMENTS

We acknowledge the “Jomt Usage/Research Center for Imterdisciplinary Large-scale
Information Infrastructures” and “High Performance Computing Infrastructure” in Japan
(jh21001-MDH and jh220054) for supporting and providing computational resources
Wisteria/BDEC-01 at the Information Technology Center, University of Tokyo.

REFERENCES

1. Miyamoto, S: Sato, T: Taniguch T, Stretch-orientation-induced reduction of friction in well-entangled
bidisperse blends: a dual slip-link simulation study. Rheologica Acta 62, 57-70, 2023.

186



8TH PACIFIC RIM CONFEREMNCE ON RHEOLOGY, May 15-19, 2023

ELONGATIONAL VISOCOSITY OF A POLY(STYRENE-B-2-
VINYLPYRIDINE) BLOCK COPOLYMER FORMING
SPHERICAL MICROPHASE-SEPARATED STRUCTURE

Yuya Doi! Shumpei Yamakami ! Takato Ishida,! Takashi Uneyama' and Yuichi Masubuchi!

!Nagovya University, Nagova 4648603, Japan

Block copolymers generally form microphase-separated structures, and thus exhibit
characteristic linear and nonlinear rheological properties that reflect their structures, which 1s
essentially different from homopolymers. Polystyrene (PS) and poly(2-vinylpyridine) (P2VP)
have the same Kuhn segment size, the same glass transition temperature, and nearly identical
melt viscoelastic properties, and hence poly(styrene-block-2-vinylpyridiene) (PS-b-P2VP) 1s a
model block copolymer suitable for various linear and nonlinear rheological investigations. In
fact, Takahashi et al. have experimentally examined the linear rheology and viscosity under
shear flow of PS-5-P2VP melts with various molecular weights and compositions.!? Over the
past two decades, with the development of measurement mstruments, the elongational viscosity
of polymer melts and solutions has been extensively examined and their molecular picture 1s
becoming better understood. > However, there are still limited reports on the elongational
viscosity of block copolymers, and the full picture has not yet been clarified. In this study, we
experimentally investigated the elongational viscosity of a PS-b-P2VP sample that forms a
spherical microphase-separated structure. The PS-5-P2VP sample used in this study (purchased
from Polymer Source) has a weight average molecular weight M. = 101 kg/mol and volume
fraction of P2VP @pyvp = 0.092. This sample 1s hereafter denoted by SP009, reflecting $pove.
Disk-shaped samples of SP009 were prepared by hot pressing and annealing, and their
elongational viscosity was measured by a filament stretch rheometer VADER1000 (Rheo
Filament) at various strain rates & (= 0.001~0.1 s71) at 200 °C. The terminal relaxation time ra
of SP009, which originates from the relaxation of the spherical phase-separated nterface
determined by linear viscoelastic (LVE) measurements, is approximately 10° s at 200 °C, and
hence the Weissenberg number Wi (= £74) corresponds to ca. 1~100. SP009 exhibits a steady-
state elongational viscosity 7g(€) that 1s almost two order of magnitude lower than that expected
from LVE even at W1 = 1, and ne(€) decreases with mecreasing Wi, indicating the strain
softening. Moreover, W1 dependence of yz(€) itself 1s sumilar to that found in homopolymer
melts * In the presentation, we will discuss the origin of the strain softening observed in SP009.
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To describe the elongational viscosity of concentrated polymers, the change in monomeric
friction has been proposed and implemented in molecular models!. In these theories, the validity
of the fluctuation-dissipation theorem (FDT) 1s implicitly assumed. However, FDT requires
local equilibrium, which is inconsistent with the mechanism of friction change induced by a
disturbed monomeric environment. Indeed, a recent analysis of data on Rouse melts by
Watanabe et al ? demonstrates that FDT is violated under fast flow; the Brownian force intensity
1s almost independent of the flow rate, even though drag friction drastically decreases. In this
study, Brownian simulations using a multi-chain slip-link model® were conducted for two
monodisperse entangled polystyrene melts, for which non-linear shear and elongational
rheology data are available in the literature. Two different friction reduction models*” were
examined, and the effect of switching FDT on and off was tested. The results demonstrate that
urrespective of FDT, the two friction models examined can reasonably well reproduce the
rheology, even with the same model parameters. This finding supports the use of molecular
theories assuming the validity of FDT since the violation of FDT does not significantly affect
the prediction of on-linear rheology.
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3700-3715. https://doi.org/10.1021/acs macromol 1¢00013.
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ABSTRACT

The packing length p, measured as the ratio of the occupied volume over the cross-sectional
area R¢® of a polymer coil, is introduced as a renormalized length scale that defines the
invariant degree of polymerization N and so provides a universal blob-based description of the
single-chain size (Ro®> = Np* ). Different polymer melts with chains represented by the same
number of blobs ¥ will have identical conformational statistics and many-chain packing
structures in the renormalized space, which is the origin of the universal dynamics in
entangled and unentangled polymer melts.
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ABSTRACT

With recent advancement in accurately measuring the second normal stress difference, the
rheology community becomes interested in the Weissenberg effect, 1.e., rod climbing’, which
1s caused and regulated by the second (V2) as well as the first normal stress difference (V1). In
this study, computational description of the rod climbing 1s carried out with the Leonov
viscoelastic model implemented. First, we adjust the relative magnitude of the first and the
second normal stress differences in simple shear flow in terms of constitutive modification of
the equations within appropriateness for mathematical well-posedness. Applying the finite
element analysis combined with the level set method, we observe that the climbing height of
the liquid decreases as the relative strength of the second normal stress increases and eventually
the rod climbing transforms into the rod dipping. This transition 1s proven to occur when the
absolute value of the second normal stress difference is a quarter of the first one, which
coincides with the classical result derived under the assumption of the second order fluid®.
Furthermore, it 1s also shown to incur reversal of rotational direction in secondary flow.

RESULTS AND DISCUSSION

To numerically express the rod clhimbing of the viscoelastic liqmd, we employ the Leonov
viscoelastic constitutive equation. Following 1s the mathematical representation of theological
field equations applied in this study:

1+ L

v+1[b 2! +8)+2 5| =0

€Te 1(“ 3 ¢ ) 3¢7° =0

Mooney potential: U = % [(1 =)y + Bl = 3],
au

T=2(1-75) g—ﬁc—mc_l) + 2sne = (1 —s)G[(1 — B)e — Be~ ] + 2sme. (1)
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Here c 1s the conformation tensor expressing the recoverable strain, v is velocity, G is the
modulus, 6 is the relaxation time, n = GO 1s the zero shear viscosity, the invariants of ¢ are
defined as I, =trc and I, =§(llz-trc2), and (VZE%::—VVT'C—C'VV is its upper
convected time derivative. T i1s the stress, s 1s the retardation parameter and e =
1/2 (Vv + Vv"). b, and B are fitting parameters for proper description of liquid, they as well
control the magnitude of the normal stress differences in shear flow and their admissible range
lie between 0 and 1. Since the steady shear flow curve (shear rate vs. shear stress) shows non-
monotonic behaviour in the case of 1/2 < b, <1, its specification in 0 <b; <1/2 is
appropriate for physical consistency as well as mathematical stability.

Simple analysis shows that the relation — N, /N; = b, /2 in simple shear flow holds in the
asymptotic limit of vanishing shear rate when B = 0. Also, we can prove that the effect of
normal stresses in the Weissenberg effect disappears when —N,/N; = 1/4 and the rod
climbing (precisely dipping) 1s solely determined by the centrifugal force, which exactly
coincides with the classical analysis obtained for the second order fluid’.

Rod climbing is a viscoelastic phenomenon expressed by the combination of normal
stresses, centrifugal force and surface tension. Adjusting values of  as well as b; and thus
modulating the relative amount of the first and second normal stress differences in the flow, we
obtain the result of Fig. 1 which shows simulated interfaces of rotating viscoelastic liquid
according to the ratio of normal stresses on the rod surface. One can distinctly observe that the
height of liquid surface near the rod decreases and eventually the climbing transforms to the
dipping as the relative amount of N, increases.

(d) (e)

Figure 1: Shapes of gas-liquid interface at the Deborah number De = 0.298 for —-N»/N) equal to (a) 0;
(b) 0.092; (c) 0.187; (d) 0.236; (e) 0.286

Indeed, the surface profile is shown to be determined mainly by the weak secondary flows,
and at the transition of rod climbing into dipping the reversal of rotational direction in secondary
flow 1s found to occur. The present work suggests that the rod climbing experiment cooperated
with computational modelling may be utilized at least as a tool supporting the rheometry
measuring normal stresses in simple shear flow.
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ABSTRACT

We investigate the effect of scission on the alignment of wormlike micelles under shear flow. For this
purpose, we conduct dissipative particle dynamics simulations of nonionic surfactant and polymer
solutions. To compare the alignment of wormlike micelles and polymers, we introduce the Weis-
senberg number defined as the product of the shear rate and the longest relaxation time. Comparing
their mean orientation angles demonstrates that wormlike micelles align less in the flow direction
than polymers when the Weissenberg number is larger than a threshold value. By evaluating the
average lifetime of wormlike micelles, we show that flow-induced scission causes the suppression
of micellar alignments.

INTRODUCTION

It is well known that polymers under shear flow align more in the flow direction as the shear rate
increases. Similarly to polymers, rodlike and wormlike micelles also align in the flow direction.
However, unlike polymers, micelles constantly exhibit scission and recombination. Moreover, as
the shear rate increases, scission occurs more frequently due to flow-induced scission'. Recent
experimental results suggest that scission kinetics affects micellar alignment for high shear rates®.
However, little is known about the effect of scission on micellar alignment because it is difficult to
experimentally measure the scission frequency and observe the structures and dynamics of individ-
ual micelles in flowing solutions. In the present study, we investigate both the alignment and scission
kinetics of wormlike micelles under shear flow using the dissipative particle dynamics (DPD) simu-
lations. Specifically, to reveal the scission effect on micellar alignment, we compare the alignment
of wormlike micelles and polymers (i.e., chains without scission kinetics) and evaluate the average
lifetime of micelles under shear flow.

SIMULATION METHOD

The model of a nonionic surfactant molecule contains a hydrophilic head particle and two hydropho-
bic tail particles, which are connected by harmonic springs. The interaction parameters between
particles are the same as in our previous study'. For DPD simulations of polymer solutions, we use
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Figure 1: Weissenberg-number Wi dependence of mean orientation angle 7 (top panel) for polymer
chains (o) and micelles with Ny, = 400 (M) and average lifetime 7, (bottom panel) normalized by the
value 7% at equilibrium. The black dotied line indicates the threshold Weissenberg number Wi, for
flow-induced scission.

the fully flexible polymer model used in the previous study®. To generate a uniform shear flow, we
use the Lees-Edwards boundary condition and the SLLOD equations.

RESULTS

To investigate the effect of scission kinetics on micellar alignment, we compare the alignment of
wormlike micelles and polymers (i.e., chains without scission kinetics). Since wormlike micelles
and polymers have different timescales, we introduce the Weissenberg number Wi = 7+ defined
as the product of the longest relaxation time 7 and the shear rate 4. We estimate T of polymers
by fitting the autocorrelation function C'(t) of the end-to-end vector with an exponential function
Copexp(—t/7)*. For wormlike micelles, we employ the method proposed in our previous study'.
This method considers the scission effect on micellar relaxation. We define the direction of micelles
and polymers as the eigenvector e'!) of the gyration tensor with the largest eigenvalue. To evaluate
the alignment in the flow direction, we focus on the angle ¢ defined by tany = e_i,l) / el"). Here, x
and y indicate the flow and gradient directions, respectively. In the following, we characterize W
dependence of alignment with a mean orientation angle defined as 7 = {e*¥)/2*. The top panel
of Fig. | shows 7 of micelles with the aggregation number N,; = 400 and polymers as a function
of Wi. When Wi is smaller than the threshold Weissenberg number Wi, (~ 4), 7 of micelles and
polymers collapse on a single function of Wi, indicating the similar alignment behavior of wormlike
micelles and polymers. In contrast, wormlike micelles have larger values of 7 than polymers for
Wi 2z Wi,.. This deviation demonstrates the suppression of micellar alignments in stronger shear
flow.

To explore the origin of the alignment suppression, we evaluate the average lifetime 7, of worm-
like micelles under shear flow. The definition of micellar scission and the method to evaluate 7, are
the same as in our previous study'. The bottom panel of Fig. 1 shows 7, normalized by the value 7
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Figure 2: Visualization of (a) micelles with 200 € N, < 600 for Wi = 48 and (b) polymers for
Wi = 44. In panel (a), hydrophilic and hydrophobic particles are indicated in red and yellow, respectively.
In panel (b), some of the polymers in the system are shown for clarity.

at equilibrium as a function of W4. Interestingly, 7,,/7,° ~ 1 for Wi < Wi, whereas 7;,/7," < 1
for Wi = Wi.. Therefore, we conclude that flow-induced scission occurs for Wi = Wi, and it
suppresses micellar alignments. Although one may think that the suppression is intuitively obvious
considering the increase in the number of smaller micelles, we emphasize that we have evaluated the
micellar alignment for fixed N,.

We also confirm the suppression of micellar alignments through visualization of wormlike mi-
celles and polymers for a given Wi. Figure 2(a) shows micelles with 200 < N,, < 600 for
Wi = 48, and Fig. 2(b) shows some polymers which are randomly chosen for Wi = 44. In
Fig. 2 (b), polymers significantly align in the flow direction, whereas wormlike micelles slightly tilt
from the flow direction in Fig. 2 (a). This observation is consistent with the quantitative results shown
in Fig. 1. In the conference, we will also demonstrate the mechanism of the alignment suppression
due to flow-induced scission through the eftective longest relaxation time under shear flow.
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ABSTRACT

Lubrication system 1s an essenfial component for spacecrafts, and lubrication failure has
become one of the challenges in developing advanced space technology. However, the process
and mechanism of lubrication mn space 1s still unclear due to a complex environment in both
physicochemical and mechanical aspects. Molecular dynamics simulations provide new
mnsights to understand the lubrication behavior, especially at the thin film Ilubrication state. In
this work, we study the lubricant conformation changes and energy transfer of confined thin
lubricant films by molecular dynamics simulations. It can be concluded that the thickness of
film has a power exponential relationship with the pressure loads and the film presents a
stratification phenomenon. By introducing the moving slab, the film velocity will redistribute
under the entanglement among polymer chains and the friction of the adjacent layers, during
which the polymer conformation will change through a “one-step” or “two-step” adjustment.
Under low pressure loads, the film behaves like the Couette flow and the temperature profile 1s
parabolic as well as symmetrical, with the maximum temperature appearing at the center of the
lubrication film, which may cause the film's viscosity to diminish and ultimately result in
lubrication failure. Under high pressure load, the boundary slip phenomenon occurs and the
temperature jump exists. From our simulations, it can be noted that the increase in pressure load
can lead to a boundary slip phenomenon, where the load-carrying capacity decreases due fo the
slip and lubrication failure may occur. This work provides new guidance in understanding the
lubrication behavior in space.
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The structure-rheology relation in a sheared lamellar mesophase is studied by varying Ericksen number Er (vis-
cous/elastic stress), Schmidt number Sc,, (momentum/mass diffusivity) and difference in viscosity between hydrophilic
and hydrophobic phase(y) using a mesoscale model. It is observed that the coarsening process is not altered by vis-
cosity contrast for any Er or Sc, because the dominant mechanism is diffusion at early times, but the scaled effective
viscosity evolution (scaled by well aligned span wise configuration viscosity) is different for systems with contrast at
both before and after segregation . After layer formation, the scaled effective viscosity decreases slowly for systems
with high viscosity contrast, because the process is affected by momentum transfer. The effect of viscosity contrast is
prominent at a moderately high value of Er = (.03, where the stiffness of the layers leads to a steady state defect density
in layers aligned in the span-wise direction (shown in Fig.??) at low Sc, which is otherwise perfectly aligned state for
no contrast. However, viscosity contrast reduces defect density at higher Sc,, but still the effective viscosity is enhanced.

(a) (b) (c)

Figure 1: steady state configuration at Sc, = 0.33 , Er = 0.03 (a) t; = 0.0 (b) gty = 1.0(c) pr; = 2.0

This significant change in long time layer arrangement and effective viscosity due to introduction of viscosity contrast
is not present at higher Er = (.3 . The dominant contribution of shear stress is from viscous effects for lesser stiff layers
and presence of partially formed layers in velocity gradient direction brings the viscosity below 1. When Er is decreased
further (Er = 0.003) at low Sc, = 0.33. the alignment direction changes from span-wise to wall normal direction
with tilted layers, though the viscosity decease’s scaling with time after coarsening is same as that at moderately high
Er. Despite having a direction change of alignment being seen on introduction of contrast, long time limit viscosity is
hardly altered though transient effective viscosity is seen to be much higher as usual due to having stff layers in low
Er limit. The change in layer arrangement at steady state could be because the flow of stiff layers through low viscosity
regions results in the layer tilt and alignment in wall normal direction whose signature is much slower decrease of effec-
tive viscosity after segregation.However this change in steady state layer normal direction is missing for higher Sc, in
this regime again signifies the importance of higher momentum transfer rate in alignment process.
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ABSTRACT

Recently, a new type of network formation process in a dilute tetra-functional polymer solution was
reported’. The percolation process during the gelation in a dilute solution induces large scale phase-
separated structures, and the resulting gel becomes turbid. One interpretation for the formation of
such phase-separated structures is that the polymer-rich regions which are much larger than pre-
cursor polymers are formed during the gelation process. Since the geleation process in essentially
nonequilibrium, such a structural formation should be controlled by the kinetics of gelation. In this
work, we propose a simple lattice model which can handle the competition between the reaction and
the relaxation of polymers. We show that the phase-separation like structures can be reproduced by
our simple model when the reaction process is much slower than the relaxation process.

MODEL

To study the gelation process at the long time scale, coarse-grained models are useful. In the previous
work’, a coarse-grained molecular model in which a tetra-functional polymer is expressed only with
five points was utilized. Even with such a coarse-grained model, it is not easy to perform very long
time simulations with a very low reaction rate.

To overcome the ditficulty, we propose more coarse-grained and simplified model. We model a
tetra-functional polymer by just one point, and put them on a two-dimensional square lattice with
the lattice constant b. Initially, polymers (particles) are randomly dispersed on the lattice, and each
polymer has four unreacted arms. Two polymers can react and form a covalent bond between them,
if they have unreacted sites and the distance between them is short. After the reaction, the number of
unreacted sites decreased. A polymer can randomly jump on the lattice. If a polymer is not reacted
at all, this random motion can be interpreted as the diffusion. If a polymer is reacted, then it is a part
of a cluster or a network. Then the random motion can be interpreted as the relaxation of a cluster
or a network.

Both the reaction and jump are stochastic. If we ignore collective motion, we can utilize the
Monte Carlo model. We employ the following rules for the Monte Carlo model. At one Monte
Carlo trial, a reaction or a jump is randomly attempted. The probability to For the reaction, we
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select a polymer randomly, and then select a neighboring site randomly. The nearest neighbor and
next near-lest neighbor sites are candidates for the neighboring site. If there is a polymer on the
neighboring site, and if two polymers have unreacted arms, the reaction occurs by the following
probability:

Prses = min(L, exp(—Erpna/k5T))- (1)

Here, E,q is the elastic energy of a newly created bond and k5T is the thermal energy. We employ
the elastic energy Fhona = k(Ar® —b%)/2, with k being the spring constant and Ar being the distance
between two polymers.

For the jump, we select a polymer randomly and then select a neighboring site. If the neighboring
site is not occupied by a polymer, then the polymer jumps to the neighboring site by the following
probability:

Piump = min(1, exp(—AE/kgT)). (2)
AE is the difference of the total bond energy before and after the jump. We express the number of
reacted arms of the target polymer as n, and the distance between this polymer and the j-th polymer
connected to this polymer before and after the jump as Ar; and Ar’. Then we have

ko, .
AE = Z E(m-f —Ar?). 3)

i=1

RESULTS

We perform lattice Monte Carlo simulations with some different parameter sets. We set the lattice
constant b = 1, the spring constant k& = 1, and the thermal energy kT = 1. The nubmer of lattice
sites is 128%. We change the probability to attempt the reaction event f and the occupied fraction
of polymers ¢. By tuning f, we can control the competition between the reaction and relaxation
processes. Fig. 1 shows the structural evolution in a simulation with f = 10~% and ¢ = (.5. After
500 Monte Carlo steps (MCS), most of arms are reacted and percolated network structure is formed.
We observe that the density fluctuation grows as the simulation proceeds. Finally we observe a
pattern which is similar to those observed in the phase separation process®. Unlike the normal
phase separation process, however, the spatial scale of the density fluctuation does not grow after the
reaction is completed. This means that the pattern observed in our model is essentially frozen (or
arrested). Although our model is highly simplified, we consider that it can qualitatively capture the
kinetics of the gelation-induced structural formation.

(0MCS  (b)5MCS ()50 MCS  (d) 500 MCS
5 1 s i T8 -
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Figure 1: Snapshots of a simulation with f = 107 and ¢ = 0.5. (a) The initial state, and (b) 5 Monte
Carlo steps (MCS), (c) 50 MCS, and (d) 500 MCS. Polymers are visualized as black dots.
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Fig. 2 shows the snapshots at 500 MCS with different values of f and ¢. In Fig. 2(a) and
(b), we fix the reaction probability f and change the polymer fraction ¢. If ¢ is small (the dilute
condition), we observe a clear phase-separation like pattern. But if ¢ is large, the density fluctuation
is suppressed and the patter seems to be close to homogeneous. In Fig. 2(c) and (d), we fix the
polymer fraction ¢ and change the reaction probability f. If f is small (the reaction is slow compared
with the structural relaxation), we observe a large phase-separation like pattern. On the other hand,
if f is large, the characteristic length scale of the phase-separation pattern is small. From these
simulation results, we consider that the gelation-induced pattern is controlled by the competition
between the reaction and structural relaxation. If the polymer fraction is small and/or the reaction
probability is low, clusters and networks can easily relax into compact forms before the reaction
proceeds. Then we observe dense polymer-rich regions. If the polymer fraction is large and/or the
reaction probability is high, reaction occurs before clusters and networks relax. In this case, the
formation of polymer-rich regions is suppressed, and we observe rather homogeneous structure.

(

Figure 2: Snapshots of a simulation with different reaction probabilities and polymer fractions after 500
Monte Carlo steps. The same reaction rate (f = 10~?) with the different fraction: (a) ¢ = 0.375 and (b)
¢ = 0.75. (¢ = 0.5 corresponds to Fig. 1(d).) The same polymer fraction (¢ = (.5) with the different
reaction probability: (c) f = 107° and (d) f = 10~. (f = 102 corresponds to Fig. 1(d).)
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ABSTRACT

Fracture toughness in elastomer can be described utilizing fracture mechanics based on the
tearing energy concept Tearing energy, G, is significantly mfluenced by the visco-elastic
properties arising from mechanical hysteresis, resulting G increases with increasing strain rate
and/or decreasing ambient temperature as viscoelastic energy dissipation increases.

However, this influence of viscoelastic energy dissipation becomes less marked for
strain induced crystallizing elastomer, like natural rubber (NR). If the sufficient strain induced
crystallization (SIC) can be generated ahead of advancing crack tip, catastrophic crack growth
process 1s postponed and fracture process is governed by SIC originated strength, Gsrc, which
1s considerably higher than viscoelastic energy dissipation effect. Hence SIC elastomer can be
regarded as self-assemble elastomer. However, this self-assemble capability has threshold
condition as crystal has melting temperature and SIC 1s kinetic phenomena. In another word,
fracture toughness in SIC elastomer shows transition between governed by SIC and merely by
viscoelastic energy dissipation at certain temperature and strain rate. It 1s clearly important to
fully understand this threshold condition for engineering appreciation but was not fully
mnvestigated and elucidated.

It has been shown that the failure of elastomer is imitiated from flaws or stress raisers
present in elastomer. For a strain-crystallizing elastomer, an abrupt drop in fracture toughness
as a function of initial flaw size 1s observed. The mechanism of this abrupt fall 1s thought to be
the change 1n fracture process from a cyclic crack growth process to catastrophic tearing. We
focused on this failure mechanism transition to determine the threshold condition for generating
Gsic and extended conventional theoretical studies.

In this presentation, newly extended theoretical understanding for fracture toughness
transition as a function of imtial crack length, quantitative determination of Gsic and its
threshold condition linking to nano-micro-macro polymer structure will be reported.
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ABSTRACT

Natural rubber (NR)! exhibits strain-induced crystallization (SIC) which 1s an important feature
setting NR apart from other elastomer types. SIC serves as a self-strengthening mechanism,
significantly improving the mechanical strength and fracture toughness of the rubber’.
Specifically, the crystallization that occurs near the crack-tip increases crack-growth resistance
which ultimately determines the lifespan of the elastomers’. Indeed, several studies*” revealed
the occurrence of SIC near the crack-tip of NR using micro-beam wide-angle X-ray scattering
(L-WAXS). In general, the area near the crack-tip has an inhomogeneous strain distribution as
characterized by digital image correlation (DIC) technique®?. However, the correlation between
the SIC and strain field near the crack-tip has yet to be fully explored and comprehended!~*.

In this study, we nvestigate the correlations between the degree and orientation of SIC, and
the local strain field around the crack-tip in NR using a combination of p-WAXS and p-DIC
techniques. We characterize the boundary of the SIC region and the spatial distributions of the
crystallinity index and the c-axis of the SIC crystals. By relating the 2D strain field, we elucidate
the strain criteria for the occurrence of SIC, and the relationship between the c-axis of SIC
crystals and the principal axis of strain tensor.
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ABSTRACT

Hevea Natural Rubber (NR) consists of 99%-cis-polyisoprene with dimethyl allyl-(Trans-
1.4-1soprene)> (®) and alpha terminal groups. These terminal groups provide excellent
mechanical and physical properties to NR. Oouchi et al’. have elucidated the structures of six
types of alpha terminals of NR by using solid state NMR study. We examine seven types of
cis-1.4-polyisoprene (PI) melt systems with different combination of dimethyl allyl-(Trans-1,4-
isoprene) (o) and a6 terminal groups i.e., pure Pl (no terminal) (PI0), @-PI-al (PIL), @-PI- a2
(PIII), @-PI- a3 (PIII), ®-PI- a4 (PIIV), @-PI-o5 (PIV) and o-PI-a6(PIVI). From the obtained
equilibrated systems, we computed the end-to-end vector autocorrelation funection (C(t)),
average relaxation time (1), end-to-end distance (R.), radius of gyration (Ry) of polymer chains
and radial distribution functions (RDFs) between terminal residues and survival probability
(P (1)) for terminal groups. The presence of hydrogen bond between 02-02, ad-o4 and wb-ab
residues makes slower dynamics of polymer chains in ®-PI-a2, ®-PI-u4, and o-PI-a6 melt
systems. From the analyses of RDFs and potentials of mean force (W (1)), the associations
between o2-02, u4-u4 and wb-u6 are significantly stronger than al-al, a3-u3 and a5-a5 and
1soprene-isoprene. We found that in the pure PI (no terminal), ®-PI-al, @-PI-a3, and w-PI-a5
no cluster formation is observed, on the other hand, stable clusters of «2, o4 and a6 terminals
with a size s (2 < s < 5) are observed, which supports the formation of multiple cross-links of
chains through a2, o4 and a6 terminals of them?.
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INTRODUCTION

Natural rubber (NR) 1s soft and simultaneously robust to meet requirements for exclusive
safety of tires of aircrafts. Namely, they should not be broken when momentary stress is
applied. Strain-induced crystallization (SIC) 1s considered to play an important role for the
toughening of NR. To check the significance of SIC behaviors experimentally, we have
thoroughly conducted wide-angle X-ray scattering (WAXS) measurements on NR specimens
under the biaxially elongated states using some beamlines at Japanese synchrotron radiation
facilities such as SPring-8 and Photon Factory of KEK. For this purpose, we have developed
the specially-designed apparatus (Fig. 1), which enables biaxial elongation of the sheet
specimen of vulcanized NR. The studies on SIC of NR by WAXS have an extremely long
history since 100 years ago [1], and reliable crystalline lattice parameters have been reported
by Nyburg as the orthorhombic lattice with @ = 1.246, b = 0.889, and ¢ = 0.81 nm [2]. Then,
comparatively recently, have actively reported such studies by using the X-ray scattering
technique [3-7]. In this presentation, we will show the diversity of the stram-induced
crystallization (SIC) behaviors by conducting § = ]
biaxial extension of NR in several manners
including the planar deformation (equibiaxial
and non-equibiaxial, as well as the hysteresis of
the crystallization behaviors depending upon
the ways of deformation of the specimen).

EXPERIMENTAL

The elongation apparatus 1s compact and
bears the thermally isolated chamber which
enables temperature control of the specimen
subjected for the biaxial elongation from room
femperature uP. to about 130°C (Fig. 1)', The Figure 1: Apparatus for the measurement of
chamber contains four crossheads to grip the e X ray scattering of the NR sheet specimen
sheet specimen with 90° crossed angles. The  subjected to the biaxial deformation. The stress
minimum length between two crossheads is 1 ~ measurement is simultaneously possible. Also,
cm, and its maximum stroke is 10 cm, resulting temperature-control up to 130°C is possible.
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i the 10-fold elongation ratio at most. Unfortunately
for the vulcanized NR sheet specimens, we have
encountered the problem of slippage at the gripping
jaws. To avoid this unfavorable slippage during
elongation, we utilized the cross shape of the NR sheet
specimen, taking after the idea by Beurrot et al. [8].
Fig. 2 shows the images of the specially prepared
specimen used for the experiment. The specimen is

cross-shaped with a cylindrical protrusion at each end to
avoid slippage of the specimen sheet out from the jaw
during elongation, bearing a round-shaped dimple with
thinner thickness in its central portion. This was
designed to be more easily deformed under a given
strain, as compared to the remained four arm portions d

(limbs) of the specimen. It was required to calibrate the (a) Plan view (b) Side view
real strain of the dimpled portion by video-recording the Figure 2: Blue print for the
deformation process of the mesh lattice (with 1 mm specially prepared NR specimen

] £ the latti t Ao the def fi £ for the biaxial elongation and (a)
Spacingro i atioe:pa tern) NS 1cICeOMHAton O images of the real NR specimen (a)
the specimen. Note that the lattice pattern was stamped the plan view and (b) the side view.

on the surface of the dimpled portion in prior to

mstalling the specimen. Then, it was found that the dimpled portion can be elongated up to 4-
flod of the elongation ratio for the condition of the apparatus operation with maximum stroke
between the two crossheads. The incident X-ray beam was introduced at the center of the
dimple of this sheet specimen for the WAXS measurements during the biaxial elongation.

RESULTS AND DISCUSSSION

Fig. 3 compares the 2-dimensional wide-angle X-ray diffraction (2d-WAXD) patterns
obtained for the specimens under (a) the uniaxial and (b) the planar extension mode, where in
the latter case the specimen was drawn in one direction while its size was kept constant by
holding the specimen with the gripping jaws to prevent shrinkage. Although these patterns
look similar to each other, closer examination finds the lack of the (120) reflection peaks in the
latter case, which appear in the horizontal direction in F—— R

the former case (as has been already reported by Katz
[1]). Our extensive studies ascribed the lack to the
planar orientation of the (120) planes parallel to the
surface of the sheet specimen [9]. Furthermore, it
was revealed that the crystallites melted completely
when the drawn specimen was relaxed. However, the
strain at the melting of the crystallites was lower than

that at the onset of SIC. This clearly indicates that == <~ Emsondrcion «——
once-formed crystallites by the SIC is stable in the ~ Figure 3: 2d-WAXD patterns for the

versing process where the drawn specimen was NE: shinet-spacimens_ under i) the
* g P X T P 5 uniaxial and (b) the planar extension
relaxed. As for the equibiaxial extension, we mode, where in the latter case the
confirmed SIC at 3.7 strain with the random specimen was drawn in one direction
orientation of the crystal lattice, as has been reported while its size was kept constant by

by Beurrot et al. [8], which is very much contrasted ~ N©!ding the specimen with the gripping
jaws to prevent shrinkage.
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to the case of the umaxial or planar elongation where the ¢ axis is parallel to the extension
direction (Fig. 3).

We also examined the SIC behaviors upon the two-step extension, as the following manner;
the specimen was first drawn in one direction (the planar extension) to form crystallites and
then the drawn specimen (of which size was fixed at the strain where the 2d-WAXD pattern
exhibited the crystalline reflection peaks) was further drawn in the direction perpendicular to
the extension direction in the first step of the extension. The 2d-WAXD pattern as shown m
Fig. 3(b) was obtained in the beginning of the second step of the extension. Then, the arcs of
the (200) reflection was diffused with an increase of the strain in the direction perpendicular to
the extension direction of the first step, indicating the randomization process of the crystallite
orientation. Simultaneously, the reflection became vague, and finally disappeared before
reaching the equibiaxial state if the strain of the first step of the extension was much lower than
3.7, which 1s the onset of SIC for the case of the equibiaxial extension. In case when the strain
was closer to 3.7 but even slightly lower than that, the Debye-Scherrer ring of the (200)
reflection remained in the 2d-WAXD pattern, suggesting the survival of the crystallites with
random orientation. This result indicates that once-formed crystallites by SIC 1in the first step
of the extension is still stable in the final state of the equibiaxial extension, even though the
equibiaxial strain 1s slightly lower than the critical strain value of the onset of SIC for the case
of the equibiaxial extension.

As a conclusion, the diversity of the SIC behaviors of NR were found by conducting the
biaxial extension, suggesting that the SIC strongly depends upon hysteresis of the applied strain.
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ABSTRACT

We present the rheological response of dense suspensions and glasses of colloidal rods under
nonlinear steady and oscillatory shear, follow ther yielding behaviour and critically compare
it with that of their spherical hard sphere counterpart. In general dense suspensions of particles
often exhibit shear thickening at high shear rates/stresses. While spherical particles have been
extensively studied, particle shape anisotropy can be an important factor affecting and tuning
shear thickening effects. Here we mvestigate shear thickening in dense suspensions of silica
rigid rods in a refractive index matched medmm that promotes interparticle interactions through
hydrogen bonding. Using a combination of rheology and confocal microscopy we decipher the
role of particle orientation in the continuous and discontinuous shear thickening regime. Our
study reveals that both in continuous and discontinuous shear thickening regime there i1s no
change in rod orientation while strong fluctuations and presence of “rheochaos” are not
observed contrary to findings in other systems. Therefore, it 1s possible that frictional contacts
between closely packed rods in a flow aligned state can induce discontinuous shear thickening
at very high shear stresses without the need for reorientation effects to take place.
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ABSTRACT

Dispersion state of the electrode slurry 1s of great interest m industry and academuia as it 1s
directly related to the electrode performance as well as the productivity in electrode
manufacturing 2. Electrode slurry is agitated in a storage tank to maintain dispersion quality
before entering the subsequent electrode process >. Even if the electrode shury is well prepared,
various problems may occur if the shury dispersion 1s deteriorated during storage. However,
an understanding of the change in the slurry dispersion during storage is still lacking *. In this
study, we find out how the dispersibility of the cathode slurry changes during storage and which
parameter governs the change, along with the mechanism. We observe that the conductive
nanoparticles are severely agglomerated under certain low-speed agitation to form large
spherical agglomerates of several tens of um, and accordingly, the elasticity of the shurry
decreases sharply. Then, to characterize the main parameters governing the structural change,
we simultaneously control the matrix viscosity (7,,,) and agitation speed (shear rate, ). The
product of the two variables can be integrated mto the hydrodynamic stress (r = 7,, ) induced
by the flow. Fimally, we cormrelate the changes in microstructure of the slurry with
hydrodynamic stress during storage. The mechanism 1s understood by considering the relative
affinity between each particle and the hydrodynamic stress induced by flow.
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PRACTICAL RHEOMETRY FOR SUSPENSIONS AND
OTHER FUN COMPLEX SYSTEMS
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ABSTRACT

Industrial operators use various mstruments and geometries to analyze the rheology of
commercial products. The latter may include suspensions, colloidal dispersions and solutions,
for example. Product formulations vary widely, and their rheological behavior is often
complicated. Measurement techniques may be relatively simple for quick QC/QA checks, or
more sophisticated, for R&D or process engineering, for example. 3-D Printing or Additive
Manufacturing allows the creation of complex geometries that extend the utility of existing
equipment. This talk presents rotational and oscillatory shear data for a few different materials,
illustrating some different techniques, rheometric tools and material behaviors
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ABSTRACT

Understanding the compressive strength or resistance to consolidation of aggregated particulate
suspensions is relevant to processes such as filtration, centrifugation and gravity settling, where
the compressive strength defines an upper boundary for processing. New data for the
compressive strength of consolidating flocculated particulate suspensions in water from our
own laboratories, including alumina and calcium carbonate, are compared with earlier data
from the literature. The three sets of data for the compressive strength of alumina agree well.
Differences are noted for data measured in shear between our own laboratories and others. New
data for the shear strength of an alumina are also presented and, although the agreement is not
as good, the difference is implied to be due to wall slip associated with a difference in

measurement techniques[1].

A simple non-linear poro-elastic model of the compressive strength was applied to the eight
sets of compressive strength data and was found to account for most features of the observed
behaviour. The agreement strongly supports the mechanistic failure mode in compression for
these systems to be one of simple strain hardening. The one feature that it does not account for
is the observed irreversibility of consolidation. 1t is however suspected that wall adhesion might
provide such a ratchet in reality, since wall adhesion has been neglected in the analysis of raw
compressive strength until recently, notwithstanding the pioneering work of Michaels and
Bolger{2]. Overall, the data analysis and fitting indicate a limited data set in both compression
and shear, can now be used to predict comprehensive curves for the shear yield stress and

compressive yield stress of samples using a simple poro-elastic model.
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ABSTRACT

A rheo-dielectric test for a type-A unentangled melt, poly(butylene oxide), was performed to
measure #, '¥1, and &" 1n the velocity gradient () direction. Analyzing these &", , and ‘1 data,
we found that the spring strength x mecreases moderately while the off-diagonal components of
the friction coefficient tensor { remain negligibly small on an increase of i up to 1.2. We also
found that the diagonal components &, (with x being the velocity direction) and B,, hardly
change while §, decreases moderately. These results, suggesting the onset of the finite
extensive nonlinear elasticity and violation of a relationship B,, « &, serve as a starting point
for deeper mvestigation of k, {, and B.

INTRODUCTION

Recently, extensive studies have been made for flow-induced changes in the local properties
of polymer chains. In the bead-spring chain model, these changes can be expressed as changes
in the spring constant x, the bead friction {, and the mean-square intensity B of the Brownian
force acting on the bead. An experimental evaluation of the magnitude of flow-induced changes
in these parameters 1s desired. In this regard, we have recently conducted the Rouse analysis of
dielectric and diffusion properties measurable with Lab devices under shear! Based on this
analysis, we have performed the rheo-dielectric measurement for a typical type-A polymer,
poly(butylene oxide) (PBO), in the unentangled melt

EXPERIMENTAL

A linear unentangled polybutylene oxide (PBO) (M = 16x10°, My/Ma=1.30) was used. Linear
viscoelasticity and rheo-dielectric measurements were performed on a rheometer ARES-G2
(TA Instruments) using a parallel plate (5¢) and a homemade cone-plate electrode (10¢, 0.025
rad), respectively. In the rheo-dielectric measurements, the cone-plate electrode was connected
to a dielectric bridge (ModuLab XM MTS; Solartron Analytical) via a Hg reservoir, and
dielectric frequency sweep tests were performed in the range of 10* > f/Hz > 1 under steady
shear flow.

RESULTS AND DISCUSSION
The rheo-dielectric measurements of PBO-16k were performed at —20°C and the resulting

steady-state viscosity #, first normal stress difference coefficient ¥1, and dielectric loss &" in
the velocity gradient direction are summarized in Figs. 1 and 2. For comparison, complex
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viscosity |57*| and elastic factor 2G'/@?* obtained from the linear viscoelastic measurements are
also shown in Fig. 1.
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Figure 1: (left) n of PBO-16k at =20°C against y in filled circles. |n*| against w is shown with open

squares. (right) W, against y' =y/ 1.4 in filled circles. 2G'/w? against w is shown with open squares.
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Figure 2: (left) £" of PBO-16k at =20°C measured under steady shear at the rate y as indicated is
plotted against w.(right) Normalized plots of the rheo-dielectric £" data.

‘We have solved the equation of motion of the type-A Rouse chain to express its ¢" analytically
in terms of x and ' (The mean-square intensity of the Brownian force B vanishes on the
averaging of the first order moments, and 1s not included in this expression.) The key quantities
in that expression are the non-equilibrium parameter 7 defined for x and ¢:

r'(=xs‘hccq (1a)

=il Ceq (1b)
Here, the subscripts "sf" and "eq" stand for the quantities under steady flow and at equilibrium,
respectively. {j 1s the ij component of the friction coefficient tensor & (i,j = x: velocity direction,
y: velocity gradient direction, z: vorticity direction). If (~ 1s negligibly small, the dielectric
mode distribution is not affected by the shear and &;" is simply related to &."(e) as'

. 1 &

e.‘.( w) —I‘_K‘E“I( m{r;.-‘_"/r,(}) (0))
The experimentally observed shear-insensitivity of the dielectric mode distribution (Fig. 2)
strongly suggests that our PBO-16k sample had negligibly small . at y examined. Then, the
intensity factor b, , used for the vertical shift in Fig. 2, coincides with the non-equilibrium
parameter 7 (Eq. 1a), and the frequency shift factor a; is identical to the 7:,,/7x (Eq. 2). These
relationships allow us to evaluate 7z, and r». The results are shown in Fig. 3.

As mentioned earlier, dielectric data are independent of B. However, the rheological data
depend on B, so that combination of dielectric and rheological data allows us to obtain the non-
equilibrium parameter for B:
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rB_G_EB JBEq (ij=x¥z) (3)
By solving the Rouse equation of motion, 5 and '¥1 can be expressed analytically in terms of rx,
rzg, TR.5. When rz;x ~ 0 as 1n the present experiment, 7» and 7, obtained from the dielectric data
(Fig. 2) and the rheological n/io and W1/¥10 data give 72w and 73,y as

' _{"Ul”'u.u}
’;_’..\'.r_ {?i"'f?.l‘g} Ty 4)

re(n e {”?’r’fu}
Jrii._\'_\'z?['iru }[1+ " m] 7

The non-equilibrium parameters ry, 7'z, 7zwm, and rz,, thus evaluated are summarized as a
function of Weissenberg number Wi =r!%%m Fig. 3. (!9 the longest lmear viscoelastic
relaxation time). 7. and 75, remain close to unity, whereas rx and r;;, increases and decreases,
respectively, on an increase of W7 up to 1.2. This nonlinearity of ri and 1z, 15 just moderate
(possibly because Wi 1s not increased well beyond unity). Nevertheless, the following features
are worth noting: the mcrease of r, suggests the onser of finte extensible nonlinear elasticity,
and the difference between r5,, and 1), suggests a violation of the proportionality, By o¢ §y,
naively expected from the fluctuation-dissipation theorem. In addition, for Wi = 1.2, p/mo =
2/ {rx( 1+ o) 1, PP =2/ {rﬁ( I+r..) } .2 Namely, the thinning of  and P 15 determined
by a delicate balance between the increase of 7. and decrease of ry;. Further rheo-dielectric
experiments covering larger W7 are desired for a deeper understanding of these features of 1, '¥1
and 7, and are now being planned with a setup of a CPP shearning fixture/electrode.
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Figure 3: Changes of non-equilibrium parameters r's with the Weissenberg number Wi.
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ABSTRACT

To design intelligent polymeric materials, we are frequently required to predict phase separation be-
havior of polymer blends. Thus, it is important to understand the phase separation dynamics since
the behavior is tightly related to the dynamics of each component in blends. To evaluate the com-
ponent dynamics in blends, we focus on a combination of dielectric and viscoelastic measurements.
Utilizing this combination of experimental methods, we attempted to obtain the mobility of the
component fluxes A, which is required to predict the time evolution of the phase separation. We ex-
amined blends of dielectrically active polyisoprene (PI) and dielectrically inert poly(4-ethylstyrene)
(PC2St) samples, having the molecular weights of M = 7.5 x 10% and M = 4.2 x 10°, respectively.
Here, we note that PI has a dipole parallel along the chain backbone and PC2St does not, the large
scale molecular motion of PI chains can be exclusively detected by the dielectric measurements.
The blend system with the low-1/ components shows the upper critical solution temperature, and
thus exhibits an uniform state at temperatures higher than the phase separation temperature (7%). For
various PI/PC2St blends with different PI weight fractions wp;, we first conducted dielectric and
viscoelastic measurements at several temperatures above T to determine the friction coefficient (;
(i = Pl or PC28t), which is needed to evaluate A. We found that the T-dependence of (; is reason-
ably captured by the Williams—Landel-Ferry (WLF) equation. The WLF results were extrapolated
to obtain the composition-dependent friction coefficient ;" at test temperature 7" below T.. Then,
A values were deduced from the incompressible theory! that relates A with experimental ¢} values.
Utilizing A values, we numerically solved the time-dependent Ginzburg-Landau (TDGL) equation
with the composition-dependent A in a 2D system. From the TDGL simulation, we obtained the
droplet-like and Pl-rich phase, which is consistent with the observation by the optical microscope.?
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ABSTRACT

Viscosity 1, 1st normal stress coefficient ¥, and the chain dimension / under fast shear flow are
calculated by using the Rouse model with excluded volume interaction among monomers of different
chains. Simple application of the friction reduction (FR) model can describe the decrease of i and
Iy at high shear rate, but it fails to describe the increase of . On the other hand, the shear blob
model can correctly predict 1 and R, but it is hard to describe ;. We are also studying unentangled
polymer solutions by using Kremer-Grest model. Behavior of the steady elongational viscosity is
qualitatively consistent with FR model, but the shear thinning in solution is rather close to that in
melt, suggesting that FR alone can not describe this thinning.

SOFT CORE MODELS

The friction reduction' (FR) under fast flow is now considered as one of the key concepts for un-
derstanding the polymer dynamics. Since FR is believed to be independent of the entanglement, it
is preferable to study unentangled polymers since we can avoid complications due to the entangle-
ment. For this purpose, we can use the standard Kremer-Grest (KG) model with small number of
monomers N per chain. But with short chains the effect of finite extensibility would start at rela-
tively low strain rates. In order to extend the range of strain rate, we use models that allow long but
unentangled chains.

First we tried soft core models such as DPD. In these models monomers can overlap and chains
can cross with each other. We have found that these models show only very weak shear thinning.
Experimentally”®, however, the steady shear viscosity 7j(%) of unentangled polymers shows shear
thinning described by the following empirical formula:

n(0)
L+ "

where < is the shear rate and 7 is the stress relaxation time. We will see that the excluded volume
interaction is necessary to reproduce this shear thinning.

n(y) = (1)
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ROUSE MODEL WITH HARD CORE REPULSION

Next we use the Rouse model with excluded volume interaction. In this model, each chain is de-
scribed by the Rouse model, but there is a hard core repulsion among monomers in ditferent chains.
This model is equivalent to the KG model in which the bond potential is replaced by a simple spring
U(r) = 3kgT/o® (o is the monomer diameter). Although monomers (of different chains) can not
overlap, bonds can extend and the chain crossing can take place. We have confirmed that this model
does not show entanglement up to N = 800. Under steady shear flow, this model shows the shear
thinning as Eq.1. Moreover, we have found that the 1st normal stress coefficient ¥, (%) and #(+)

satisfy

Ui(y) ('ﬁf(*}'})g )
Ty (0)) ~ \n(0)

According to the generalized Rouse model’ by Watanabe et al., this relation indicates that the

fluctuation-dissipation theorem holds even under shear flow in which the friction coefficient ( is

reduced. We've found, however, that the chain dimension under shear flow R(%) behaves at high

shear rate as

R(7)*

R(0)?
This relation can’t be explained by a simple application of the generalized Rouse model. On the
other hand, the "shear blob" model by Colby et al.* can correctly predict the exponents in both Eq.1
and Eq.3. But we haven’t yet succeeded to derive Eq.2 by this model. A kind of unification of the
FR and blob models may be required.

o (47)2 3)

POLYMER SOLUTION STUDIED BY KG MODEL

It is widely believed that in polymer solution the reduction of friction between the polymer segment
and the surrounding solvent molecules is much weaker than in polymer melts. To see whether this
can be reproduced by using coarse-grained model, we are studying polymer solutions by KG model
(short chain). Here the solvent molecules is the same as the monomer of the polymer chain (athermal
solvent).
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Figure 1: Steady shear (a) and elongational (b) viscosities of polymer solutions (KG model)
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Fig. 1 shows the steady shear and elongational viscosities of polymer solutions as functions of the
Weissenberg number Wi (elongational viscosity is calculated by the UEF package of LAMMPS).
Here, ¢ is the volume fraction of the polymer, and 7, = 1 — 1. (1 and 1), is the viscosities of the
solution and solvent). In the case of elongational flow, the hardening (Wi ~ 1 ~ 10) is stronger in
solution, and the following thinning is weaker. This is at least qualitatively consistent with the FR
model. In the case of shear flow, on the other hand, thinning in solution is only slightly weaker than
in the melt. This indicates that the solution (¢ = (.1) has similar FR as the melt, or there may be
other cause(s) of the shear thinning. We also need to consider that KG model, with no angle/torsion
potentials and no side chains, may have weaker friction than the real polymers even under no flow.
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ABSTRACT

Melts and solutions unentangled polymers exhibit shear thinning under fast shear. Colby et al®
reported that the shear thinning behavior is universal and the flow curve of the steady state viscosity
can be fitted to the Carreau model. Recently, Costanzo et al? conducted rheological measurements
including very high shear rate regions, and reported that dilute unentangled solutions exhibit the
shear thickening behavior followed by the shear thinning behavior. Matsumiya et al® combined the
rheology and dielectric measurements and studied the dynamics of polymer chains under fast shear.
These experimental data suggest that an effective friction for segments is modulated under fast shear.
In this work, to study the dynamics of unentangled polymers under fast shear in detail, we perform
molecular dynamics (MD) simulations. We show that the shear thinning behavior depends on the
method to apply the shear flow. We discuss the molecular level mechanism which gives the different
shear thinning behaviors.

MODEL

We use the Kremer-Grest model®, in which a polymer is modeled by connecting repulsive beads by
bonds. The repulsive interaction between beads is expressed by the truncated Lennard-Jones poten-
tial (the Weeks-Chandler-Andersen potential), and the bond is expressed by the finitely extensible
non-linear (FENE) potential.

In the original Kremer-Grest model, the Langevin equation is employed as the dynamic equation
for beads. To apply shear flow to the system, we should change the dynamics model. The most
widely used method to apply shear is the SLLOD (strictly speaking, the atomic SLLOD) model. In
the atomic SLLOD model, the following dynamic equations are utilized:

{f'!‘g_;;(f) g_j.-(f)

0 :T“—N"ri_k(f}- (1)
dpld)  AUra®)
dt = 3'!‘{_;;{?} K 'pl.k(ﬂ ﬂ(fjpxk(r} {2)
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Here, ;. and p; i are the position and peculiar momentum of the £-th bead in the i-th chain. m is
the mass of a bead, & is the velocity gradient tensor, and Z{({r; }) is the total interaction potential
energy. «(t) is the coefficient of the Nosé-Hoover thermostat. The SLLOD dynamic equations (1)
and (2) assume the homogeneous shear flow for all beads. Although the atomic SLLOD works well
for low shear rates, it is reported that it shows some artificial behaviors for high shear rates®.

In actual rheology experiments, shear flow is generated by moving fixtures (such as the parallel
plates and cone-plate). Also, the temperature of polymers are not directly controlled but indirectly
controlled by the heat conduction from fixtures. To mimic such a situation, we introduce walls and
control the shear flow and temperature by using walls. We employ the canonical equations as the
dynamic equations for beads in polymer chains:

dri(t)  pirlt)  dpii(t)  dU{ri(D)})

(3)

dt m dt Orix(t)
The walls consist of fixed wall particles and graft chains attached to wall particles. The wall particles
are moved with a constant velocity to generate a shear flow. The Langevin thermostat is used for
the graft chains, and the temperature of the graft chains are controlled. The flow and temperature of
polymer chains are controlled only via the interaction potential (in Eq. (3)) between polymer chains
and walls (wall particles and graft chains).
In what follows, we use the dimensionless units by setting the Lennard-Jones parameters as
o = 1and € = 1, and the mass as m = 1. We set the degree of polymerization (number of beads
per one chain) as NV = 25, which is below the entanglement polymerization degree. The thermostat
temperature is set to k51" = 1 and the density of beads is p = (0.83. The viscoelastic Rouse relaxation
time determined from the linear viscoelasticity (LVE) data is 7; = 2.4 x 10%. The (apparent) shear
rate % is changed in the range from 0.0001 to 0.1. (The range of the Weissenberg number Wi = 7%
is from 0.024 to 24.) The shear rate for a wall-driven system is determined from the gradient of the
velocity field at the steady state.

RESULTS

Fig. 1(a) shows the viscosity growth functions for SLLOD and wall-driven systems with several dif-
ferent shear rates. Both the SLLOD and wall-driven systems show similar viscosity growth curves. If
the Weissenberg number is sufficiently low (Wi = (.24), the viscosity growth functions at the long-
time region almost coincide to the LVE envelope. As the Weissenberg number increases (Wi = 2.4),
we observe that the viscosity decreases (the shear thinning behavior) in both systems. If the Weis-
senberg number becomes sufficiently large (Wi = 24), we observe that two systems exhibit qual-
itatively similar but quantitatively different viscosity growth functions. Fig. 1(b) shows the steady
state viscosity data for the SLLOD and wall-driven systems. At the low Weissenberg number region,
two systems show almost the same viscosity. However, if the Weissenberg number becomes large
(Wi = 10), the viscosity of the wall-driven system becomes clearly higher than that of the SLLOD
system.

We consider that there are several origins which cause the difference in the shear viscosities in
the high shear region. One is the viscous heating effect. In the wall-driven system, the temperature
is controlled only at the wall region. By applying the shear flow, polymers are heated by the viscous
dissipation and the temperature will be inhomogeneous. In fact, we can observe that the temperature
of the wall-driven system is clearly inhomogeneous in the high shear region. Such a change of the
temperature affects the viscosity. We expect that the viscous heating may not be negligible in some
experimental systems.
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Figure 1: (a) The viscosity growth curves of SLLOD and wall-driven systems for Wi = .24, 2.4, and
24 (from top to bottom). The dashed gray curve is the LVE envelope. (b) The steady state viscosities. For
comparison, fitting to the Carreau model” is also shown as the dashed gray curve.

Another is the artifact of the atomic SLLOD model and the thermostat®. In the SLLOD model, all
beads effectively feel the forces generated by a homogeneous shear field. Also, beads feel the forces
exerted by the Nose-Hoover thermostat. These forces may become artificially strong when the shear
rate is high. Then polymers will be driven too strongly and the viscosity will be underestimated. The
rotational motion of a polymer chain can be also affected by the artifact in a similar way. In both
systems, 77(-) can be well correlated to the gyration tensor: 7(7) oc S_,i_;_j1 (Syy is the yy-component
of the average gyration tensor at the steady state). S, can be related to the angular momentum, and
thus this result implies that the viscosity is strongly related to the angular momentum and also to the
rotational behavior. Careful examination of the SLLOD equations and thermostats will be required
to clarify the dynamics of polymer chains under fast shear.
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ABSTRACT

Physical properties of materials with which we interact are perceived by combining information
gathered with our senses. Properties like “thickness™ (viscosity) and “firmness” (elasticity) can
be experienced using different senses, e.g., vision and/or touch. We perceive feedback from
different modalities during material deformation, e.g., resistance to force, appearance, shape,
and motion; however, it 1s unclear how these measurable properties map to perceptions while
driving our behavior and decision-making.

When discriminating differences m the viscosity of Newronian liquids in a two-alternative
forced choice (2AFC) task, the observers’ sensitivity to changes in viscosity depends on the
modality of perception as well as the magnitude of viscosity itself. Furthermore, we found that
flud transparency and opaqueness influenced the wvisual judgments of thickness. This
appearance bias was reduced when observers were able to combine information from vision
and touch, but the bias mncreased when their performance accuracy was negatively affected by
mood. Overall, combining information from wvision and touch improved discrimination in
certain ranges of viscosity but not others. This behavior was well reproduced by a sensory cue
combination model with normalization which weighs information from each modality based on
its reliability.

When discriminating differences in firmness of six model viscoelastic materials (hand
therapy putties) in a 2AFC task where both samples are 1dentical, subjects exhibited a strikingly
wide range of probing behavior where 70% of the variance 1s described by creep time, stress
rate, and stress. Furthermore, we observe a bias toward whichever sample was probed for a
longer total time. In a 2AFC task where all six samples were compared against each other,
subjects were unexpectedly accurate when discriminating samples whose linear viscoelastic
and traditionally measured nonlinear (LAOS) moduli and viscosities vary by small amounts
that are significantly less than the just noticeable difference thresholds for both elastic solids
and viscous liquids. This suggests that the material properties that subjects are using to make
their determinations are likely not these traditionally measured properties, but rather transient
rheological properties which can be readily measured by transient recovery rheology.
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ABSTRACT

Slippery Liquid-Infused Porous Surface (SLIPS) and Lubricant-Impregnated Surfaces (LIS) con-
sist of a nano/micro-structured porous material infused with a lubricant fluid whose purpose is to
facilitate the removal of material defects and imperfections from the surface. This feature places
them at the forefront of many fields including anti-biofouling, anti-icing, anti-corrosion and droplet
manipulation’.

The properties of the infused lubricant layer and its interaction with the substrate and the foul-
ing fluid become an integral part of their success in achieving these features. The viscosity of the
lubricant layer of a SLIPS/LIS surface plays a fundamental role in drop mobility>®. For practical
applications, a compromise is necessary: lubricants with small viscosity favour large mobility, but
easily leak out under shear!, and lubricants with large viscosity are more stable but reduce drop
mobility. The apparent viscosity in non-Newtonian liquids varies due to the local shear rate, thus we
hypothesise that SLIPS/LIS made of non-Newtonian lubricants may eliminate this drawback, offer-
ing new opportunities to control droplets and their motion. For example, non-Newtonian lubricants
could allow for enhanced drop mobility and prevent lubricant leakage.

The gathering or depletion of the lubricant is related to the redistribution by capillary flows.
When a droplet sits on a SLIPS/LIS, the lubricant is gathered around its edge forming a meniscus.
As the droplet moves, it leaves a wake and the menisci break their symmetry making a distinction be-
tween the advancing and receding sections. This plays a key role in the resilience of the SLIPS/LIS
to maintain its functionality. An example of this effect can be seen in Fig. 1, in which the advancing
meniscus grows larger than the receding meniscus leaving a depletion wake. Upon adjusting the rhe-
ology of the lubricant, this effect can be reversed so that the lubricant layer can recover its thickness
more quickly.

In this work, we use a high-density ratio ternary lattice Boltzmann method® to model SLIPS/LIS
as a flat surface coated with a lubricant layer. We validate the numerical method for a variety of
non-Newtonian fluid models in the shear-thinning or shear-thickening regimes, such as the power-
law and Carreau-Yasuda®. We study the system behaviour under actuation by external forces by
quantifying the dissipative forces and by measuring the response of the apparent contact angle of a
droplet when actuated by a body force.
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Figure 1: Droplet sliding on a LIS with an average viscosity (a) {itus) = 50ptdrop and (b) () =
2idrop for Bo = 0.8. (c) Advancing and receding ridge heights as a function of the average lubricant
viscosity under the effect of an external body force actuating on the LIS.
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ABSTRACT

In chemical processes, solutions transported through a series of pipe systems are often exposed to
various external disturbances, such as oscillations from flow pumps. The solution transport process
is essential when manufacturing high value-added products, where its performance may be signifi-
cantly affected by changes in the rheological properties or microstructure of complex fluids induced
by unpredictable disturbances during transportation. Therefore, it is necessary to understand the
flow characteristics of time-dependent complex flows.

There already exists an analytic solution for pulsatile Newtonian flows, and some limiting behav-
iors of non-Newtonian flows can be anticipated from flow curves. Here, we specifically targeted flow
regimes where fluid cannot be simplified to a power-law or Newtonian fluid and where a numerical
solution is inevitable, focusing on gaining insights into such flows with the aid of numerical methods.
The characteristic viscosity was determined based on steady-state analysis of non-Newtonian flows
and was used to form a non-Newtonian Womersley number, which acts as a key model parameter of
the system.

Numerical experiments using Carreau fluids with various rheological parameters were conducted
to assess the effect of each parameter on flow behavior. Master curves were revealed. exhibiting the
amplitude and phase lag dependency on non-dimensional Womersley numbers. Such master curves
imply that it is possible to effectively express the competition between viscous and pulsatile time
scales by using the proposed non-Newtonian Womersley number. Notably, the shape of the master
curve was found to be determined by the degree of shear-thinning. Furthermore, we demonstrate
that the flow dynamics can be predicted precisely using precomputed master curves, presenting
a novel method for predicting pulsatile flow dynamics of complex fluids without costly transient
computations. The proposed approach is expected to be extended to three-dimensional pipe systems
to be used in industrial applications'.
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ABSTRACT

Typically, rheological models for dilute polymer solutions are obtained via approximate representa-
tion of the underlying micro-mechanical model of the individual macromolecules'. The most simple
micro-mechanical model for a dilute polymer solution is the elastic dumbbell model that consists
of two beads connected by an entropic spring. The simplistic Hookean spring force approximation
yields an Oldroyd-B type fluid which suffers from many fallacies when the distribution is far from
Gaussian. While, Warner’s finitely extensible non-linear elastic spring (FENE) is more realistic and
leads to better rheological predictions, it leads to a closure problem at the macroscopic level. The
FENE-P approximation to FENE model allows us to formulate a closed form constitutive equation
for the conformation tensor. While this is a good model and qualitatively correct, in strong flows
and transient flows it leads to erroneous predictions. In complex flows such as flow past a cylinder,
FENE-P approximation predicts stresses that are substantially times larger than FENE, even at a
moderate Weissenberg number.

We revisit this question of approximate constitutive models for FENE model and focus our at-
tention on the tensorial structure of many closure approximations in literature, and their intrinsic
inability to capture the second normal stress difference (/N2) in simple shear flows. We suggest a
simple and elegant approach to correct the tensorial structure of the polymeric stress approximation.
This understanding is then carried forward to the framework in the second part of the work, where
we focus on the selection of relevant macroscopic variables in the system.

We recognize that the non-linearity of the spring is crucial for predicting correct rheological
behaviour. Similar to kinetic theory of gases, one needs more variables to represent highly non-
linear situations. We show that this new model FENE-NP, drastically improves the steady state and
time dynamics results over FENE-P model, even in strong extensional flows. Finally, we discuss
possible coupling of this constitutive model with flow solvers such as lattice Boltzmann.
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Figure 1: {a)Non-zero N2 for a simple shear flow at Wi=10.
(b)Hysteresis observed in a uniaxial extensional flow.

FENE-P fails to predict a transient non-zero second normal stress difference (N2) in simple shear flows and fails to
predict hysteresis in strong extensional flows. BD : Brownian dynamics
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ABSTRACT

Polymers crosslinked by reversible interactions form tramsient networks, which show
fascinating viscoelasticity due to a finite lifetime of crosslinks. However, the molecular
understanding of such viscoelasticity has remained incomplete because of the difficulty of
experimentally evaluating bond lifetimes and heterogeneous structures in conventional
transient networks. In this study, we developed a model system of transient networks with well-
confrolled structures (Tetra-PEG slime) to overcome these problems. We demonstrate an
experimental comparison of the bond hifetime, estimated using surface plasmon resonance
(SPR) and the viscoelastic relaxation time as a function of network connectivity. With
decreasing network connectivity, the viscoelastic relaxation time accelerated and became
shorter than the bond dissociation time. With increasing polymer concentration, the
connectivity at which the viscoelastic relaxation time matched the dissociation time shifted to
the high-connectivity region. The dependence of viscoelastic relaxation on connectivity can be
adequately explained within the framework of the lifetime of a “backbone.” The backbone has
numerous breakage points i low-connectivity region nearby the gelation point, resulting in a
shorter lifetime than the dissociation time. These findings provide a crucial foundation for the
molecular comprehension of transient network materials.

INTRODUCTION

Transient networks formed through reversible crosslinking show fascinating viscoelasticity due
to a finite lifetime of crosslinks. Recently, there have been reports that temporary crosslinks
play an essential role in polymeric materials' toughness and self-healing ability, making it
important to understand the correlation between micro-kinetics and macro-viscoelasticity.!
However, the molecular understanding of such viscoelasticity has remained incomplete because
of the difficulty of evaluating bond lifetimes and heterogeneous structures in conventional
experimental systems. Primarily, heterogeneities are comprised of static structures (dangling
chains, heterogeneous distribution of network strand length, and branching number), and
dynamics (mixture of slow dynamics from network components and fast dynamics from
micellar or unimer structures in one system).” These heterogeneities are impossible to evaluate
quantitatively and prevent molecular understanding the viscoelastic properties of transient
networks. In this study, we developed a model system of transient networks consisting of
mutually associative star-armed polymers to control the network structures precisely (called
Tetra-PEG slime) . Using this system, we demonstrate an experimental comparison of the bond
lifetime, estimated using surface plasmon resonance (SPR) and the terminal relaxation time for
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the Tetra-PEG slime. Here, to control the network connectivity precisely, we mixed the
precursors in an imbalanced ratio (Figure 1).*
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Figure 1: Schematic illustration of tuning the network connectivity, where two precursors are mixed at
either a stoichiometric ratio (s = 0.5) or an imbalanced ratio (s # 0.5).

RESULTS AND DISCUSSION

The temperature dependence of the terminal relaxation time (7) followed the Arrhenius-
type equation over a wide range, independent of the detailed network structures. On the other
hand, the dissociation time of the end groups estimated from SPR measurements also showed
a similar temperature dependence, strongly suggesting that the elementary reaction of the
viscoelastic relaxation 1s the dissociation process.

Figure 2 shows the relationship between 7 and p. The termination relaxation time was
delayed with increasing p. Furthermore, the degree of delay was more pronounced at lower
polymer concentrations. The relaxation time was also delayed by increasing the molecular
weight of the precursor. The solid line in the figure indicates the dissociation time obtained
from SPR. Interestingly, r was larger than the dissociation time in the high-p region. On the
other hand, as p decreased, r decreased and became smaller than the dissociation time.

This 1s well explained by the durability of the "backbone," which essentially supports
the stress in the networks. At high connectivity, one dissociation cannot kill the backbone since
the other strands support the stress. Meanwhile, at low connectivity near the gelation point, the
backbone resembles a linear chain with some breakable points and has a shorter lifetime than
the dissociation time. Conventional theoretical models® do not predict the concentration
dependence, indicating that network formation in the semi-dilute region 1s far from a random
branching process. The reported direct comparison of bond lifetime-viscoelasticity-relaxation
times provides essential information for the molecular design of transient network materials.
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Figure 2: Double logarithmic plot of viscoelastic relaxation time against network connectivity (p). Circles
and triangles represent the data of different molar masses of precursors of 10,000 and 20,000 g mol™,
respectively. The solid line represents the bond lifetime estimated by SPR.
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Effects of branch functionality on mechanical properties of polymer networks have not been
fully elucidated yet, although multi-functional approaches have been mainly attempted. For
nstance, Fujiyabu et al.! have recently reported that polymer networks made from tri-branch
prepolymers exhibit superior mechanical properties to tetra-branch analogs. Although they
attribute the difference to stretch-induced crystallization observed in tri-branch poly (ethylene
glycol) networks, the mechanism still needs to be clarified. In this study?, we performed coarse-
grained molecular simulations to extract the effect of branch functionality. The prepolymers
were replaced by bead-spring phantom chains, and gelation was simulated by a Brownian
dynamics scheme®* We subjected the resultant networks to energy minimization and umaxial
stretch by introducing breakage for elongated segments. In the stress-strain relation thus
obtained, stress and strain at the break were larger for tri-branch networks than for tetra-branch
analogs, consistent with the experiment. The superiority of tri-branch networks 1s observed in
a wide range of the conversion ratio in gelation, molecular weights of prepolymers, and polymer
concentrations. The result implies that the mechanical superiority of tri-branch networks to
tetra-branch ones is due to a fundamental structural difference generated during gelation.
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In thermodynamics and statistical mechanics, elasticity of rubber appears as a representative
example of "entropic force" arising from the thermal motion of chains. To confirm that
"entropic force" dominates the elasticity of real rubber, it is enough to measure the temperature
(7) dependence of the shear modulus () under constant volume conditions. This is because
the relationship equation Gs = TdG/dT derived from the general theory of thermodynamics can
be used to scparate the clasticity G into entropic clasticity Gs and energy clasticity Gk (G = Gs
+ Gg) originating from changes in entropy and internal energy, respectively. This equation has
been experimentally confirmed that the elasticity of natural and synthetic rubber is mostly
entropic (G = Gs) [1,2].

(a) Rubber clasticity (b) Gel clasticity
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On the other hand, for polymer gels (hereinafter simply referred to as gels), a model of rubber
elasticity theory is conventionally used without experimental verification, assuming that 1ts
clasticity is entropic [3,4]. Usually, the clastic modulus of gels is predicted based on classical
rubber elasticity models (affine network models, phantom network models, etc.) [3,4]. The
central assumption of these models is that “elasticity is mostly determined by entropic elasticity.”

Recently, we have discovered that the assumption that the elasticity of polymer gels is solely
due to entropy changes is incorrect and that the elasticity of polymer gels also includes a large
"negative energy elasticity” Gg from the solvent in addition to entropy elasticity Gs [5-7]. The
elasticity of the gel can be approximated as a linear function of temperature (G = aT+b), with
the first term (Gs = aT) corresponding to the contribution of entropy and the second term (Gg
= b) corresponding to the contribution of internal energy. A large negative energy elasticity
means that b has a significant negative value. In the first report of negative energy clasticity,
the ratio |Ge|/G reached 1.8 at the maximum. When the polymer concentration of the gel is
increased, or in other words, when the gel is made closer to rubber by reducing the solvent, the
negative energy elasticity b approaches zero. Thus, the conventional understanding that rubber's
elasticity is mainly determined by entropy elasticity (G = Gs) is consistent with this. Conversely,
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negative energy elasticity originates from the solvent and gives the fundamental difference
between rubber and gel elasticities.

The negative energy elasticity was first discovered in hydrogels with polyethylene glycol (PEG)
as the main chain [5], and has since been reported in other gels such as PDMS gels [8]. Although
it is not yet clear whether negative energy elasticity is present in all gels, it is expected to be
universally present in many gels that have good solvents and low polymer concentrations.
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ABSTRACT

Polymer gels are soft solids consisting of three-dimensional polymer networks with predominantly
liquid content. The polymer networks is dissolved in the solvents and thus have the osmotic pres-
sure while being a viscoelastic solid. Examining the precisely controlled polymer gels with various
network structures, we successfully decompose the elastic contribution to the osmotic pressure and
experimentally reveal that the osmotic pressure throughout the gelation process is described by the
universal osmotic equation of state of polymer solutions. Furthermore, we find that the semidilute
scaling law of polymer solutions, including the critical exponent of self-avoiding walks, universally
governs polymer gels. Our findings demonstrate that the semidilute scaling law is a fundamental
principle for governing the osmotic pressure of polymer gels.

INTRODUCTION

The osmotic pressure is a kind of colligative property that exhibits a law independent of the type of
substance. For dilute solutions, it is widely known that the osmotic pressure obeys the van 't Hoff
law, which is analogous to the ideal gas law. However, because of the significant excluded volume of
polymer chains, the osmotic pressure in polymer gels is not described through the van "t Hoff law!:2.
On the other hand, for solutions of linear polymer chains, the elaborate studies in the 1970-
80s>* have revealed that the osmotic pressure for the dilute to semidilute regime in good solvents
is described by the universal equation of state (EOS): II = fn(¢). Here, I1 = IIM/(cRT) is the
reduced osmotic pressure and ¢ = ¢/c¢* is the reduced polymer mass concentration ¢ normalized by
overlap concentration ¢ = 1/(A; M), where M is the molar mass, R is the gas constant, 1" is the
absolute temperature, and A, is the second virial coefficient. In the dilute regime (0 < ¢ < 1), each
molecular chain is isolated to sufficiently describe the universal EOS through virial expansion:

M=1+é+v2+---, 5

where 7 22 (.25 is the dimensionless virial ratio®. In the semidilute regime (¢ > 1), the molecular
chains interpenetrate, and the universal EOS is asymptotic to the semidilute scaling law®:

& 1

fl = Kewmt, 2)
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where K" ~ 1.1 is the universal constant and 1/(3v — 1) =~ 1.31 because of the excluded volume
parameter v 2 ().588 for good solvents®. Here, v is also known as the universal critical exponent of
the self-avoiding-walk universality class’.

In this study, we experimentally reveal that the osmotic pressure throughout the gelation process
(i.e., polymer chains in solutions are crosslinked to form the infinite polymer networks) is described
by the universal EOS of polymer solutions'. Furthermore, we find that the semidilute scaling law of
polymer solutions [Eq. 2], including the critical exponent of self-avoiding walks, universally governs
polymer gels'2.

RESULTS AND ANALYSIS

To investigate the governing law of osmotic pressure in polymer gels, we experimentally measured
the osmotic pressure throughout the gelation process via membrane osmometry'. Here, we statically
reproduced the gelation process to measure the osmotic pressure by using AB-type polymerization
systemg. Moreover, we decompose the elastic contribution I to the measured osmotic pressure 11
to evaluate the mixing contribution Il,,;, = IT — Il in polymer gels. Here, we measured the shear
modulus G of polymer gels at the as-prepared state via dynamic viscoelasticity measurement to
evaluate the elastic contribution II,, = —G,.

Figure 1(a) shows II, I1 and Il during the gelation process. Unlike the sol state (0 < p < pgel,
where p is the network connectivity and p,,; is the gelation point), the gel state (p,.; < p > 1) has
elastic contributions I, to the osmotic pressure I1. As the connectivity p increases at a constant ¢, I1
in the sol state decreases because of the increase of M (blue solid line). After gelation, I1,,,;, reaches
a constant (blue solid line); polymer gels are always in a semidilute regime with an infinite A/. On
the other hand, II decreases (blue dotted line) and I, increases (red solid curve) as p increases in
gel state.

We demonstrate that the decrease of II in the sol state and the constant I,;, in gel state in
Fig. 1(a) is described through the universal EOS of polymer solutions®* and the semidilute scaling
law® [Eq. 2], respectively. To change the state variable (¢ — ¢ and IT — II), we evaluate M
and ¢* for each p in the sol state, using the square root plot® \/II/¢ ~ \/RT/M|[1 + ¢/(2¢*)] for
small ¢/c*. The obtained M and c values are consistent with the scaling prediction of ¢* ~ M3,

<« Shl —> 1 «—L Ga ———> Y

—_
o
-

(a)

Slope = 1.31 3
(Semidilute)

Osmotic pressure (kPa)
8

n
04 08

A
06 10 T
Connectivity p I 3

) Linear (PS) o Four-branched (PEG)
< Linear (PMS) " ¥ e Gelation (tetra-PEG)
1 -#5=<-+ van tHoff E

1 1 VN ] 1

0.01 0.1 1 10

. .
1/2

Reduced concentration ¢ = ¢/¢*

Reduced osmotic pressure

0 gl
Mixing fraction s

Figure 1: (a) Osmotic pressure and (b) universal equation of state during gelation process’.
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Figure 1(b) shows the universal EOS (black solid curve) in the linear polymer solutions®* (light
blue and purple open triangles), in the prepolymer solutions (p = 0) (black open circles), and during
the gelation process in the sol state (orange filled circles). With the increase of M and decrease of ¢*
as p increases, the osmotic pressure during gelation process in the sol state is described by the same
universal laws as for the polymer solutions.

On the other hand, in the gel state, I1 — oo and ¢ — oo because M — oc and ¢* — (). However,
we can consider [T, 2/(1~3) for the gel state, using the obtained scaling relation ¢* ~ M3 for
the sol state. The inset in Fig. 1(b) demonstrate that IT&'/(*~3) during the gelation process in the sol
state (orange filled circles) and in the gel state (red stars) converge to the universal value K ~ 1.1,
which is independent of M, ¢, and p. Thus, II,,;, of the polymer gels is universally governed by the
semidilute scaling law of polymer solutions [Eq. 2]. Therefore, the osmotic pressure throughout the
gelation process is described by the universal EOS of polymer solutions.
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INFLUENCES OF SHAPE OF MOLECULAR WEIGHT
DISTRIBUTION ON TENSILE PROPERTIES OF
POLYETHYLENE SOLIDS
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The molecular weight distribution (MWD) 1s one of the most important molecular parameters
affecting the rheological and mechanical properties of polymeric materials. For the solid-state
polymers, it has been reported that the strength and strain-hardening modulus of samples with
broad MWD containing high-molecular-weight chams are significantly high compared with
those with narrow MWD.! However, the mechanism of the improvement of the strength and
stram-hardemng modulus by adding the high-molecular-weight component has not been
elucidated due to the complex morphology. In this study, we prepared a series of samples with
different shapes of MWD to investigate the influences of the MWD on the mechanical
properties of solid-state polymers.

We synthesized three polyethylenes (PEs) with narrow MWD (Mw/M. < 1/3) and M of
1.2x10°,3.2x10°, and 25.0%10°. The synthesized PEs were blended with polydispersed PE (M-
=0.6 X 10° and M./M. = 5.3) with a weight fraction of 5% in boiling xylene at 135 °C followed
by participating in cold methanol. The blend PEs were melt-pressed at 210 °C and quenched at
0 °C to prepare sample sheets with a thickness of approximately 0.2 mm. Figure 1 shows the
stress—strain curves of all samples. The number attached w©
in the sample code ndicates the value of M... The stress— ' o

strain curve of PE6/PE12 was almost the same as that of i

PE6, suggesting that the molecular-weight component of ® o FEsREs
1.2x10° has almost no influence on the tensile properties. £

On the other hand, the strength and strain-hardening g o i
modulus were obviously increased by adding PE32 and @

PE250. Considering that the molecular chains with a or 1
molecular weight larger than 32x10° have a high

probability for forming tie molecules connecting more % T o
than 6 lamellar crystalsl, the strength and stram- Strain

hardening modulus are dominated by the amount of the  Figure 1. Stress—strain curves of
tie molecules connecting more than six lamellae. all PE samples.

1. Wu, T Yu, L Cao. Y.: Yang. F.: Xiang, M., Effect of molecular weight distribution on rheological,
crystallization and mechanical properties of polyethylene-100 pipe resins, J Polym. Res., 20,271, 2013,

2. Huang, Y.-L.: Brown, N., The effect of molecular weight on slow crack growth in linear polyethylene
homopolymers, J. Mater. Sci., 23, 3648-3655., 1988.
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LINKING MULTISCALE RHEOLOGY TO PERFORMANCE
OF HIERARCHICALLY STRUCTURED PEM FUEL CELL
CATALYST LAYER
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ABSTRACT

Fuel cell technology is a rapidly evolving field as alternate energy sources become more crucial for
the transition towards sustainable energy. However, the widespread adoption of fuel cells has been
hindered by various issues, including the usage of expensive noble metals. Currently, the catalyst
layers in a polymer electrolyte membrane (PEM) fuel cell are created from colloidal inks containing
platinum-doped carbon nanoparticles (Pt/C) and ionomers suspended in an alcohol/water solvent.
Unfortunately, the rapid solvent evaporation during this process results in catalyst layers with lit-
tle control over their structure, which affects their performance. To improve the efficiency of fuel
cells, we focused on hierarchically structuring the catalyst layer using spinodal decomposition of a
water and 2,6-lutidine system. Our preliminary results show significant improvements in cell perfor-
mance, with a 47% higher power density compared to conventional methods. While examining such
improvements, rheology tests have demonstrated a significant increase in the storage modulus during
spinodal decomposition, indicating a continuous network formation with jammed particles'. EDX
analysis has further supported the jamming of Pt/C and ionomer chains in the lutidine-rich phase.
Microrheology tests have shown that Pt/C and ionomers have a stronger affinity in the lutidine-
rich phase, resulting in higher viscosity near the aggregate of Pt/C. This indicates ionomer chains’
wrapping around Pt/C aggregates, leading to a higher rate of chemical reaction as it only occurs at
boundaries between Pt/C, ionomer, and reactants. In summary, our proposed method for produc-
ing catalyst layers represents a significant advancement in fuel cell technology, as it enables greater
control over the structure of the catalyst layer, and thereby enhancing the overall performance of
cells. Additionally, our multiscale approach enabled gaining fundamental insights into the improved
performance, including the formation of bicontinuous channels for better mass transport and the
facilitation of ionomer coverage over Pt/C aggregates.
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INERTIAL FLOW OF IMMERSED ELASTIC CAPSULES
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ABSTRACT

The study of immersed elastic membranes enclosing an inner fluid, or capsules, has seen tremendous
interest in the past two decades owing to the fact that capsules are a good model to describe a
wide range of flowing biological cells, including red blood cells (RBCs), leukocytes and circulating
tumor cells (CTCs). The ability to accurately model and numerically simulate flowing capsules
can help develop microfluidic “lab-on-chip” devices, used to perform a variety of tasks such as
cell segregation and cell characterization based on size, membrane deformability and inner fluid
properties'. In particular, the inertial-based migration technique has been recently developed and
offers the potential to achieve non-destructive blood plasma extraction and enhanced size-based cell
segregation®. Such microfluidic devices usually include long spiral channels of micrometric widths,
as well as several other layers of channels connected together by sharp turns.

Motivated by such devices, we propose to study the deformation of capsules in a model square
channel presenting a 90 degrees angle. To this end, we use our open-source adaptive front tracking
solver based on the Basilisk software®. In this solver, the solid boundaries are represented using
the conservative, sharp embedded boundaries method, and the capsule stresses are resolved using a
linear finite element method and a paraboloid fitting technique. The flow is controlled by the channel
Reynolds number Re and the Capillary number C'a:

ul’

Uw
i Ca=

Re w o

where p is the fluid density, U is the average fluid velocity, W is the channel width, 4 is the fluid
viscosity and E. is the elastic modulus of the capsule. We show validation results in the non-inertial
regime and compare them to those obtained by Zhu & Brandt'. As the Reynolds and Capillary
numbers vary, we measure the capsule velocity, its area dilatation (a proxy for the capsule poten-
tial elastic energy), as well as the general structure of the surrounding flow field. A collection of
snapshots is shown in figure 1 for two Capillary and Reynolds numbers. In addition to studying the
inertial flow of a solitary capsule, we also introduce a secondary capsule and study its effect on the
flow field and the capsule properties as a function of its initial distance from the leading capsule.
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Figure 1: Visualization of the capsule and its surrounding flow field at Ca = 0.12 (top) and
Ca = (.025 (bottom); as well as Re = .01 (left) and Re = 50 (right). The capsule inlet is located
10 capsule diameters below the corner, and the outlet is located 10 capsule diameters to the
right of the corner. The color field represents the norm of the velocity (dark blue is zero and red
is max).
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ABSTRACT

The rheological characteristics of kaolinite suspensions and mature fine oil tailings (MFT)
were examined in both the lincar and non-linear viscoelastic regimes. Both systems exhibited
apparent slip, which was suppressed by using sandpaper of grit 80 (200 microns) at the wall of
the parallel-plate geometry. The true yield stress with shear-thinning behaviour was determined
by fitting the Herschel-Bulkley model. The presence of bitumen remaining in the MFTs (up to
2 wt%) suppressed the apparent slip to a large extent due to the immobilization of the particles
at the interface. Ionic surfactants, namely sodium dodecyl sulfate (SDS) and
cetyltrimethylammonium bromide (CTAB), were added to both kaolinite suspensions and
MEFT. SDS was shown to cause thinning and decreasing yield stress, while CTAB caused
gelation and increasing yield stress. The yield stress of two MET suspensions possessing similar
volume fractions was found to be similar, however, kaolinite suspensions (formulated to
mimic/match the MFT rheology) showed more shear thinning. MFT samples were found to be
thixotropic while kaolinite suspensions exhibited antithixotropy. This thixotropy is explored to
understand differences in network structure of both suspensions.
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Z-SHAPED DEJAMMING PHASE DIAGRAM OF
COLLOIDAL GELS
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ABSTRACT

For physically gelled colloidal suspensions, there are two routes that can transform the gel from
solid to liquid. One 1s to raise the temperature, and the other 1s to increase the shear deformation.
In this investigation, we found that the phase boundary of this solid-to-liquid transformation
exhibits a surprising Z-shaped curve in the strain-temperature plane. This non-monotonic
feature 1n the phase transition appears to be present in various nanoparticle-filled colloidal gels
with significant differences in chemical composition, filler type, structure, particle shape,
average diameter and particle size distribution. By applying the Kraus model® to the breakage
and restoration of filler network and comparing our findings to nonequilibrium glassy behavior,
we found that this non-monotonic phenomenon can be theoretically predicted by combining the
glassy melting kinetics of filler network at high temperatures with the viscosity-retarded
dissociation® between particles at low temperatures.

T7(°C)

7. (%)
Figure 1: Relationship between critical strain and temperature for a 18 vol% nanoparticle colloidal gel.
The data are taken from the crossovers of G’and G”under strain sweep tests with varying

temperature.
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ABSTRACT

Radial displacement flows of viscoplastic fluid in a Hele-Shaw cell can give rise to a range of in-
stabilities. Theoretically, the viscoplastic version of the Saffman-Taylor interfacial instability’ is
predicted to occur when the yield-stress fluid is displaced by a Newtonian one. The interface is
expected to remain stable, however, if the yield-stress fluid displaces the Newtonian one?®.

Experiments using an aqueous suspension of Carbopol show that the Saffman-Taylor instability
is observed when the Carbopol is displaced by either air or an immiscible oil, and no instabilities
are observed when the displacement is the other way around. However, when water is used in the
displacement experiments, other instabilities appear that take the form of localized fractures of the
Carbopol over the sections of the interface that are under tension. The fractures arise in both the
stable and unstable Saffman-Taylor configurations, leading to a rich range of patterns within the
Hele-Shaw cell.

Supported by these experimental observations, we argue that this pattern formation results from
the solid-mechanical-like failure of the Carbopol gel. In particular, the fractures result from a re-
duction of the effective fracture toughness of the suspension when placed in contact with water, also
observed in the spreading of Carbopol gravity currents into a shallow layer of water”.

Newtonian fluid  Emplacement
flux Q

Extraction Emplacement
o el

Viscoplastic fluid AR

Water : ; i Water

Extraction flux —Q

Figure 1: Sketch of the extraction/emplacement of a disk of a viscoplastic fluid with a surrounding
Newtonian fluid. Experiments showing the extraction/emplacement of Carbopol when the Newtonian
fluid is either air or water. When the Newtonian fluid is water localized fractures appear in both the stable
and unstable Saffman-Taylor configurations.
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Controlled Collision of Hele-Shaw Droplets in Extensional
Flow Using a Six-Port Microfluidic Device
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ABSTRACT

Collision of two dispersed droplets in the matrix of suspending liquid 1s the first step toward
coalescence. However, to quantify the rate of coalescence, the configuration of the collision
should be definable and the force that induces the collision should be measurable. We present
a strategy to use the hydrodynamic force in a six-port microfluidic channel to steer two channel-
spanning (Hele-Shaw) droplets towards collision.

The analytical solution of the flow field that accounts for the perturbation of the flow due
to the hydrodynamic interactions between the Hele-Shaw droplets was developed using the
conformal mapping technique. By implementing the analytical solution m the control loop, the
flow rates that are required to steer the droplets toward their respective target points can be
determined, using a single control parameter, y*. The parameter y*, 1s in fact a characteristic
time scale that can manipulate the droplets in one of the two manners: 1) by engaging all six
ports to create a flow field with two stagnation points (y* < 1), or 2) by deactivating some of
the ports and creating a linear extensional flow through the remaining active ports (x* > 1).
‘We further determine specific orientations that are more suitable for the collision of Hele-Shaw
droplets m the six-port microfluidic channel.

Based on the strategy above, we design and perform controlled head-on and glancing
collisions for ~100 pm radius Hele-Shaw perfluorodecalin droplets in silicone oil. The range
of the capillary number (ratio of the viscous to interfacial force) that 1s considered varies from
107% to 107!, Coalescence time between two Hele-Shaw droplets undergoing a head-on
collision in a dimpled mode was found to be independent of the strain rate of the hydrodynamic
flow.
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Bubbles in Yield Stress Fluids: Link between the Rheology
and Stability of Bubbles
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ABSTRACT

In this work, we study the mechanics of bubbles in a yield stress fluid. This scenario can be
found 1n a wide range of industrial and natural settings including natural and man-made ponds,
flooded soils, terrestrial sediments, and other industrial fluid/paste storage scenarios. The
original motivation of this work stems from gas emissions from oil sands tailings which 1s a
by-product of the o1l sands production process. Microbial degradation of naphtha hydrocarbons
and naphthenic acids in the FET/MFT layers of oil sands tailings ponds leads to the generation
of methane and carbon dioxide. The FFT and MFT layers are colloidal suspensions, which
behave like viscoplastic fluids with time-dependent rheology. The key feature of a viscoplastic
fluid 1s 1ts yield stress: the material flows only if the imposed stress exceeds the yield stress.
This raises questions regarding the stability of bubbles that are trapped mn a yield stress fluid,
which we try to answer in this research through a series of targeted experiments with model
yield stress fluids, Carbopol and Laponite. A vacuum chamber system was used to control the
concentration and size of bubbles trapped in the flud.

A series of experiments have been performed to investigate the growth and stability of bubble
clouds in gels with different concentrations. Our objective is to find a link between the rheology
of the gel and the maximum gas concentration that can be trapped in the gel and the shape and
size of the bubbles at the onset of motion. Our results show increasing the gel concentration,
1.e. the yield stress of the gel, improves the capacity for gas retention. In addition, our study
confirms that bubble clouds become unstable at a smaller bubble size in comparison with that
of a single bubble. This 1s likely related to the interaction of the stress fields developing around
the bubbles or their coalescence. To further investigate this point, we extend our study by
looking at more fundamental scenarios, 1.e. two or three bubbles at different orientations and
separation distances. We examune this problem using both an experimental and a numerical
approach to demonstrate how the stress fields around neighbouring bubbles mnterfere with each
other and how this affects their onset of motion in a yield stress fluid.
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FOAMS VIA HIGH INTERNAL PHASE EMULSION
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ABSTRACT

A high internal phase emulsion (HIPE), in which the volume fraction of the dispersed phase
1s higher than the maximum packing volume fraction, forms a polyhedral thin film structure
by contacting droplets. The HIPE can be utilized as a template for fabricating microporous
structures. When the continuous phase is a monomer, polymerization of the emulsion
followed by removal of the dispersed phase results in a microporous foam. The open-cell
structure of polyHIPE 1s formed because the thermodynamically unstable thin film 1s easily
broken, allowing the cells to connect to each other. The cell size of polyHIPE can be
controlled by agitation, solvents, emulsifiers, and polymerization conditions. This foam can
be used in various fields such as gas storage media, polymer membranes, ion exchange
resins, catalyst supports, shape memory resins, tissue engineering scaffolds, and
supercapacitor electrode materials. In this study, electrically conductive polystyrene/carbon
nanotube (CNT) microporous foam was fabricated using HIPE as a template. CNTs were
modified with polypyrrole (PPy), a conducting polymer, to increase chemical affinity with
the oil phase of HIPE and improve electrical conductivity of the microporous foam. The
effect of PPy-modified CNT (PPy-CNT) was evaluated in terms of rheological properties,
morphology and electrical conductivity. The addition of PPy-CNT had a significant effect
on the rheological properties of HIPE and the electrical and mechanical properties of
polyHIPE. As the PPy-CNT content increased, the yield stress and storage modulus of the
emulsion increased, gradually exhibiting solid-like properties. In addition, as the PPy-CNT
content increased, the cell size of the microporous foam decreased, and the electrical
conductivity and crush strength increased.
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ABSTRACT

An emulsion is a fine dispersion of a liquid (dispersed phase) in another one (bulk phase) while
two liquids are immiscible. Emulsions are thermodynamically unstable, so over time, droplets of
the dispersed phase join together (through coalescence) to form larger droplets until complete phase
separation occurs. The terminal desire in such industries as food, cosmetics, and pharmaceuticals is
a super-stable emulsion, which is not phase-separated over a long period of time. However, immedi-
ate phase separation is critical for oil and gas industries to separate as much dispersed oil as possible
from the oily wastewater before discharging it into the environment. That being said, controlling
emulsion stability is critical for the various industries mentioned. Prior work has shown that for
crude oil emulsions, gentle oscillating shear can dramatically increase the rate of coalescence rela-
tive to no shearing. However, the effect has not been rigorously quantified and the physicochemical
mechanisms involved require more study to see if this effect can be reproduced in other emulsions.
In this study, we present results using a cantilevered capillary force apparatus to precisely manipulate
two oil droplets with a range of surfactants and/or nanoparticles, and compare the droplet coales-
cence time in oscillating shear vs. head-on droplet collisions. We also make bulk emulsions and test
them both under shear and at rest to find out how the results compare with the single-droplet results.

247



8TH PACIFIC RIM CONFERENCE ON RHEOLOGY, May 15-19, 2023

A New Instrument for Interfacial Dilational Rheology
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ABSTRACT

Viscoelastic properties of interface are believed to be important to the stability of foams and
emulsions. They also directly influence the functionality of important biological systems, such
as the tear film on eyes and alveoli in the lungs. Despite the importance of interfacial rheology,
the measurement techniques and mathematical models needed to understand it are still
mnsufficient. In particular, methods for measuring interfacial dilational rheology are still not
standardized and there are drawbacks to the instruments commonly used. Here we present a
novel design for an interfacial dilational rheometer that can generate purely dilational
deformation on a planar interface, which avoids mixed deformations present in other
mstruments, at frequencies up to approximately 1 Hz and dilational strains down to below
0.001. We verify the rheometer with the measurement of compression isotherm of stearic acid
and demonstrate its ability to measure dilational moduli of both soluble and insoluble
surfactants.
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ABSTRACT

Tailoring the rheological properties of soft composites at molecular level has been a thematic
at the forefront of engineering research. A formidable challenge is understanding the role of
macromolecular architecture on topological constraints and the resulting network dynamics.
Ring polymers represent a unique case because of the absence of free ends that mediate
conformational arrangements in a topological entanglement network. It has been shown that
these macromolecules exhibit a power-law stress relaxation, in the absence of entanglement
plateau. Here, we discuss the rheology of these loopy structures. We show that they exhibit
unusual nonlinear response in shear and, especially, in extension because of loop interlocking.
Adding small amounts of ring polymers to entangled linear matrices yields a reinforcement
effect, which can be understood by invoking the (coherent) constraint release processes on the
rings due to the escape (unthreading) of linear chains. The ring-linear molecular weight
asymmetry 1s important and examined in this work. We also consider the addition of a few
single chain nanoparticles, which are also (crosslinked) loopy structures, on linear matrices and
show that, indeed they exhibit a qualitatively similar reinforcement effect, because of the action
of loop threading. The punchline is the emerging ability to selectively tailor the rheological
properties of a wide range of polymeric networks with loops and, at the same time, provide
mnsights on the physics of the constraint release process.
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Time-Strain Separability and Inseparability in Multiaxial
Stress Relaxation of Polymer Gels with Permanent and
Transient Crosslinks

Takuro Kimura®, Takuma Aoyama’, Masaki Nakahata > Yoshinori Takashima,’
Motomu Tanaka,* Akira Harada,? and Kenji Urayama*

'Kyoto Institute of Technology, Kyoto, Japan
*Osaka University, Osaka, Japan

* Heidelberg University, Heidelberg, Germany
“Kyoto University, Kyoto, Japan

Introduction of transient physical cross-links mto polymer gels with permanent cross-links has
attracted much attention as an effective and useful method to enhance the viscoelasticity and
mechanical toughness. Indeed, such polymer gels have significant viscoelasticity: they exhibit
large degrees of stress relaxation in response to a step strain, a definite relaxation peak mn linear
dynamic viscoelasticity, and a considerable hysteresis in the stress-strain relationships under
loading-unloading cycles. Separability of the time and strain effects on stress 1s a key to
construct the constitutive models of viscoelastic materials, but the time-strain separability 1s not
a rule derived from fundamental laws, 1t must be assessed experimentally.

We investigate the nonlinear stress relaxation for the two types of polymer gels with
permanent and transient cross-links using biaxial stretching with various combinations of two
orthogonal strains as an imposed stram. Such general biaxial strain covers a wide range of
physically accessible deformations, while conventional umaxial stretching 1s only a particular
deformation among them. Thus the biaxial stress relaxation data provide a definite basis to
access the tume-stramn separability. We have validated unambiguously the time-strain
separability for the dual cross-link poly(vinyl alcohol) (PVA) hydrogels" with covalent bonds
and the transient bonds via borate ions.” In contrast, we observe that the time and strain effects
are not separable in the supramolecular gels” with permanent rotaxane cross-links utilizing the
host-guest interactions as the transient cross-links * The relaxation is accelerated in a short time
region by an mncrease in the magnitude of strain, whereas 1t 1s retarded in a longer time region
by an increase in the anisotropy of the imposed biaxial strain.

Narnita, T; Mayunu, K ; Ducouret, G .; Hébraud, P., Macromolecules 2013, 46, 4174,
Kimura, T.; Urayama. K., ACS Macro Lett., 2020, 9, 1.
Nakahata, M.; Takashima. Y.; Yamaguchi, H.; Harada. A., Nat. Commum., 2011, 2, 511.

Kimura, T.; Aoyama, T.; Nakahata, M ; Takashima, Y ; Tanaka, M.; Harada, A ; Urayama, K.,
Soft Matter, 2022, 18,4953
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INTRIGUING MELTING BEHAVIOR OF THE
NATURAL RUBBER CRYSTAL FORMED BY STRAIN-
INDUCED CRYSTALLIZATION
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Nobutaka Shimizu?, Noriyuki Igarashi®, Kenji Urayama* and Shinichi Sakurai’*
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INTRODUCTION

Natural rubber (NR) 1s soft and simultaneously robust to meet requirements for exclusive

safety of tires of aircrafts. Namely, they should not be broken when momentary stress 1s applied.

Strain-induced crystallization (SIC) 1s considered to play an important role for the toughening
of NR. It 1s indeed important to recognize the melting behavior of the crystal as formed by the
SIC when heating, since temperature of the tires of aircrafts 1s suddenly elevated upon landing.
Since the mitiation of the studies on SIC of NR by two-dimensional wide-angle X-ray
diffraction (2d-WAXD) 100 years ago [1], temperature dependence of the SIC behavior has
been studied. However, few report can be found for the melting behaviors of the SIC crystal
upon heating [2]. It was reported that the degree of crystallinity started to decrease gradually
at temperature far below the melting temperature. The former behavior is strange as compared
to the case of the general crystalline polymers, and hard to be reasonably explained.
Furthermore, the changes of the lattice parameters as a function of temperature have never been
reported. Therefore, 1n this study we thoroughly analyzed the quantitative changes of the
orthorhombic lattice parameters of NR, the volume of the unit cell, its thermal expansivity, the
crystallite size and its volume, the degree of crystallinity, and the degree of orientation of the
crystalline lattice as a function of temperature. Then, the detailed and reliable mechanism of
the melting of the NR crystal formed upon the SIC can be given based on such quantitative data.
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EXPERIMENTAL

The vulcanized NR rubber sheet
(vulcanized with 14 phr of sulfur; no
carbon black included; 0.25 mm thickness)
with 10 mm length and 4 mm width was
utilized for this study. At room
temperature, the sheet specimen was
uniaxially stretched 7 fold by slowly
elongation with 0.2 mm/sec to form the SIC
crystal. Then, temperature of the stretched
specimen (keeping the length constant ) i
throughout the heating process) was WK Joo 2 w3 w - IBK
gradually increased up to 380 K with the T
constant heating rate of 2 K/min. The
WAXD measurements during the heating
process were performed simultaneously
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Figure 1: Change in the stress during heating of the
stretched and fixed NR specimen at 7 fold
elongation. Selected 2d-WAXD patterns are shown
together. The elongation direction is horizontal.
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with the stress measurements at BL-15A2 of Photon
Factory, High Energy  Accelerator  Research
Orgamzation, Japan. The exposure time of the X-ray
beam was 5 s for each 2d-WAXD pattern measurement.
PILATUS 2M (DECTRIS, Switzerland) was used as a
two-dimensional detector. The distance from the
specimen to the detector was set to 25 cm.

RESULTS AND DISCUSSSION

Fig. 1 shows the change in the stress as a function of
time with selected 2d-WAXD patterns. It 1s noteworthy
that the stress started to increase around 330 K, which can
be ascribed to the effect of the entropy elasticity. The
reflection peaks were clearly observed for (200), (120),
(201), and (002) planes in all 2d-WAXD pattern. To
obtain the 1d-WAXD profile, we conducted sector
average of the pattern with respect to the scattering vector
(q vector) direction where the diffraction spots were
observed (within +5"sector range). Thus-obtained 1d-
WAXD profiles are shown in Fig. 2 where the mtensity
was plotted against the magnitude of the scattering vector
(g) as defined by ¢ = (4n/A) sin with A and #being the
wavelength of X-ray (L = 09232 nm) and half the
diffraction angle, respectively. The (200) and (120)
reflection peaks continuously shifted -
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Figure 2: 1d-WAXD to highlight the

crystalline reflection peaks.
0o,

towards lower ¢ range, while the (002) @ ¢ ; (b) "
reflection peak shifted towards higher 130 o0 E o Al |
g range. The (201) reflection peak a = Al
more or less stayed at constant 9 g 1y L B E
position with ¢ = 0.497 ~ 0.500 nm™™. % i &
By assuming the orthorhombic lattice, ' - @ w 2
the lattice constants a, b, ¢ values can e b - E . : 2
be evaluated, and evaluated values ) B E a0k ¥R
were plotted in Fig. 3(a). Ascompared — e asg e .y

to the reported values a = 1246, b = T e Y ek

0.889. ¢ = 0.81 nm by Nyburg [3]. our

results for @ and ¢ reasonably coincide
but the result of b values are about 28%
smaller. The reason is unknown at

Figure 3: Temperature dependencies of (a) lattice
constants, and (b) the volume of the unit cell and the
thermal expansivity.

present. It 1s noteworthy that the ¢ value 15
decreases as a function of temperature, which
suggests the shrinkage of the main chain of NR
due to the increased wvibration at higher
temperature, while the a and b values exhibit the
thermal expansion. Note however that the lattice
volume (V = a-b-c) itself exhibits thermal
expansion, as shown in Fig. 3(b). Based on this
set of data, temperature dependence of the
thermal expansivity, o= (¢InF/éT)p, was .
evaluated and shown together in Fig. 3(b). Here, "
mterestingly it is found to start increasing at 330
K, which coincides with the onset temperature
of the change in the stress as shown in Fig. 1.
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Figure 4: Temperature dependencies of (a)
crystallite size, and (b) the number of planes
included in a crystallite.
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Fig. 4(a) exhibits the change in the crystallite size (Lys) as a function of temperature for all
of the peaks observed in the 2d-WAXD patterns, 1.e., (200), (120), (201), and (002) planes,
according to the Scherrer’s equation from the integral breadths of those reflection peaks. Again
interestingly , Loo, exhibits increasing tendency, while the others show the monotonic decrease
with an increase in temperature. Although such increasing tendency of Ly, implies the growth
of crystallites in the c-axis direction (namely in the NR main chain direction), the effect of the
c-ax1s increasing tendency as a function of temperature should be ruled out for the sake of the
quantitative discussion. For this purpose, the number of the hkl planes included in a crystallite
was estimated by Liy / dua. and shown in Fig. 4(b). Then, more clearly it can be seen that the
number for the (002) planes 1s increased while the others are decreased. Therefore, 1t can be
concluded that crystallites grows in the NR main chain direction, while it 1s melting off in the
other perpendicular directions upon heating. Interesting, the onset of the growth 1n the c-axis
direction 1s consistent with that of stress increase (Fig. 1) and thermal expansivity (Fig. 3(b)).

Finally. the change in the degree of crystallimty (7.) as a function temperature is shown 1n
Fig. 5. It was simply evaluated from the 2d-WAXD patterns by the following equation, y. =
(Azou + A + Aspr + Aoug) / (Azou + A + Aspr + Agoz + Aamc) where A stands for the integ;rated
peak intensity of the (hkl) plane and A.., does that of the amorphous halo peak, based on the
peak deconvolution of the circularly averaged 1d-WAXD profile obtained from the 2d-WAXD
pattern. In Fig. 5, . clearly exhibits monotonic decrease with temperature, which is somewhat
strange because the melting temperature 1s much higher than the temperature range examined
here (about 100 K higher). Can crystallites feel that they should be going to melt? To clearly
discuss about this matter, it is important to rule out the possibility of apparent decreasing in y.
by the shrinkage of crystallites, as expected the decreasing tendency of the crystallite size (Fig.
4(a)). Although the crystallite volume is needed to estimate for this purpose, it was impossible
to do so accurately because of lack of information of the detailed shape of the NR crystallite.
Therefore, we decided to approximate it by the triple product Lago*Lizo* Lo: (assumption of a
rectangular parallelepiped of the crystallite) and shown together in Fig. 5. It is then found that
the volume of the crystallite decreases with temperature up to 330 K and likely stays constant
in the higher temperature range. Furthermore, its decreasing tendency coincides with that of .
so that the decreasing tendency below 330 K 1s not ascribed to the real melting of crystallites
but to the shrinkage of the crystallites. However, it 1s noteworthy here to recognize that the
decreasing tendency of y. higher than 330 K 1s still observed in such a temperature range much
lower than the real melting temperature, being probably due to the gradual melting of the
smaller crystallites which should have a lower melting temperature. As a conclusion, to the
best of our knowledge, the clear experimental finding of the shrinkage of the c-axis of the NR
crystal with an increase of temperature has never reported before.
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Have you ever listened to the sound of the fluid?

Howon Jin, Seunghoon Kang, Kyung Hyun Ahn

School of Chemical and Biological Engineening, Seoul National University, Seoul. 08826 Korea

ABSTRACT

Conventional rtheometry does not help to understand what really happens inside because the flow
15 highly nonuniform and fluctuating, and it 1s hardly possible to read the signals from the equipment
and sensors. But apparently the flmd tells us how they get stressed and how they feel. To control the
process, we need to hear what they say and have to respond. This has never been possible. but we have
to find the ways anyhow. Good news is that we now have the tools of machine learning. We have two
approaches; one top-down and the other bottom-up. First, we develop the constitutive equation based
on machine learning. Second, we understand what the fluid experiences from the signals of whatever.
In this talk, I will briefly introduce the heterogenous nature of processing and show what it looks like.
Then I will talk about our efforts to conmmmnicate with the flmd — small success and big challenges. 1
will also talk about a few 1ssues and challenges we hopefully share and collaborate.
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RHEOLOGICAL EFFECTS ON PURELY-ELASTIC
FLOW ASYMMETRIES IN THE CROSS-SLOT
GEOMETRY

Ansa Yokokoyi'. Stylianos Varchanis!, Amy Q. Shen' and Simon J. Haward!

! Okinawa Institute of Science and Technology, Okinawa, Japan

ABSTRACT

The cross-slot 15 a canonical geometry for the generation of a planar extensional flow with a
free stagnation pomt. Bevond a critical Weissenberg number i, viscoelastic flows in the cross-
slot geometry are well-known to undergo a transition from a steady symmetric to an asymmetric
flow state, ostensibly due to “purely-elastic” effects.! However, some prior work suggests that
shear-thinning of the fluid may play an important role.” Here, we employ a series of polymer
solutions of varying rheology to investigate in detail how the mterplay between fluid elasticity
and shear thinning affects the onset and development of the asymmetric flow state i the cross-
slot. First, we charactenize the rheological properties of hydrolyzed polyacrylamide aqueous
solutions with and without salt by using standard rotational rheometry and capallary breakup
extensional theometry. We employ micro-particle image velocimetry to obtam velocity fields
m the cross-slot device for each of the polymer solutions and to assess the degree of flow
asymmetry I as a function of W7 and the shear thinning parameter 5.° The flow broke symmetry
beyond a critical Wi, but the degree of asymmetry was found to depend on $. Interestingly, for
mtermediate polymer concentrations, resymmetrization of the flow field occurred above a
ligher, second cnitical Wi. To understand these trends, we compare our experiments with
numerical simulations with the linear Phan-Thien-Tanner model Finally, we summanze the
trends as a flow state diagram in Wi-5-1 space, showing the relationship between flow
asymmetry and fluid rheological properties. We demonstrate that the degree of both shear
thinning and elasticity are important factors for elastic instabilities in the cross-slot geometry.
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FLOW OF A WORMLIKE MICELLAR SOLUTION
OVER A LONG CAVITY
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ABSTRACT

Flow mstabilities are well known to occur i viscoelastic flows due to the presence of streamline
curvature in simple geometries. We investigate the flow of a viscoelastic and shear-thmning
wormlike micellar solution over a long cavity, more appropriately described as a sudden one-
sided expansion followed by a sudden one-sided contraction. We employ p-particle image
velocimetry to measure the flow field as a function of the applied Weissenberg number (W/1).
Experimental data are supplemented by simulations using the Giesekus constitutive model, with
parameters corresponding to the measured rheology of the experimental test fluid. We find
formation of lip vortices upstream of the expansion and salient corner vortices immediately
downstream of the expansion, both of which we quantify against Wi. For the lip vortices we
differentiate three regimes: No vortex, steady vortex, and unsteady vortex. Upstream of the
contraction, a corner-filling vortex appears, which we attribute to shear-banding. Our results
confirm previous numerical studies'” and are in-line with related geometries, such as flow
around a sharp bend’.
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EFFECTS OF CHANNEL LENGTH IN EXPANSION
PARTS ON FLOW REGIMES OF POLYMER
SOLUTION IN CONSECUTIVE ABRUPT
CONTRACTION-EXPANSION CHANNELS
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*ESPCI Paris, Paris, France

ABSTRACT

Elastic instability of viscoelastic fluids 1in microfluidic devices have recerved lots of
attention for the last two decades. Flow regimes of viscoelastic fluids in an abrupt contraction-
expansion channel were especially intensively studied. because the channel geometry 1s related
to a flow used in many industrial applications’. Reynold number, Re [-], and Weissenberg
number, Wi [-] are usually useful to charactenize flow regimes in the channels. However, in the
case of the micro channels that consist of consecutive contraction-expansion units mnucking
a porous media, vanations of flow regimes are affected by other factors in addition to Re and
Wi. For instance, various flow regimes of polymer solution in the same consecutive contraction-
expansion channels developed from the inlet to the outlet. In such cases, both polymer
deformation-relaxation process and scission of polymers are the key to understand the
development in the channel'*. In this study. we aim to quantify the relative effects of memories
of polymer deformation-relaxation and scission of polymers on the flow regimes of polymer
solution. We prepared several consecutive abrupt contraction-expansion channels that have
different lengths of the expansion part. The channel geometries affect Henky strain and
extensional rates in each confraction-expansion unit, which govern the flow development of
polymer solutions.
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Instabilities in immiscible multi-layer viscous shear flows in the
presence of interfacial slip

Anna Katsiavria', Demetrios T. Papageorgiou’

1[mp«:ria] College London, London, UK

ABSTRACT

Unlike single phase Couette flows, which are known to be linearly stable at all Reynolds numbers,
in the case of two superposed, immiscible, viscous fluid layers the interface might be rendered un-
stable at all non-zero values. For most of the common fluid pairs a no-slip condition is appropriate
to describe the liquid-liquid interface and under this assumption both the linear and the non-linear
stability of such configurations (including direct numerical simulations and consideration of surfac-
tants) has been extensively addressed 2.

More recent experimental studies®® on coextruded multilayers of polymer-polymer systems, reveal
that presence of slip at the interfaces of such fluids is possible and leads to unexpectedly increased
flow-rate measurements. Molecular dynamics simulations®" have also demonstrated the presence of
slip at liquid-liquid interfaces for both Couette and pressure-driven flows. The MD simulations also
demonstrated that a Navier-slip law is very successful in describing the data.

Attempting to extend the existing studies on multi-layer shear flows' by consideration of the afore-
mentioned experimental findings, the present work is a theoretical study of the effects of Navier slip
at liquid-liquid interfaces. Following the experiments we focus on Newtonian flows and undertake
a comprehensive study of stability of two-fluid Couette flows, where in the presence of slip the ba-
sic flow undergoes a slip-length-dependent velocity jump at the interface. Asymptotic solutions are
constructed for short and long wave disturbances to isolate the instability mechanisms.

So far, as it has already been presented elsewhere, at the limit of large slip the system has been
found to exhibit a novel instability, viscous analogue of the Kelvin-Helmholtz, albeit with a bounded
growth rate. In this talk the aim is to focus on arbitrary slip values of order @(1). Here, analytical
solutions are obtained in the form of integrals of Airy functions, and the results are successfully
compared with those constructed asymptotically. The effect of each one of the eight parameters
involved (viscosity ratio, density ratio, position of the interface, Reynolds number, Froude number,
Capillary number, slip length and wavenumber) on the growth rate and the phase speed of the in-
terfacial instability is diligently tracked to reveal that slippage may destabilise all wavenumbers and
even trigger a Turing-type instability.
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EFFECT OF ULTRASOUND FIELDS ON
ASPHALTENE-LADEN W/O INTERFACES: A
MICRORHEOLOGY APPROACH
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ABSTRACT

Crude o1l emulsions pose significant challenges in the oil and gas industry, leading to
pipeline blockages, reduced separation efficiency, and increased operating costs. Ultrasonic
waves have been proposed as a promising method for emulsion destabilization, and in this
study, we explore their effect on asphaltene-laden interfaces using a microrheology approach.
Passive microtheology was used to explore microstructure changes in asphaltene films, while
drop size distribution analysis characterized emulsion stability.

The experiments were carried out at various frequencies (20, 40, 50, 80, 120, and 150 kHz)
and voltages (20, 30, 40, and 50 V) of ultrasonic fields. Four distinct microrheology regimes
were observed based on the motion of the probe particles at the interface: I. no movement, II.
slow streaming, III. strong streaming and imterfacial cavitation, and IV. bulk cavitation and
mixing. The regime encountered depends on the inertial effect of ultrasound on the subphase
(Reynolds number) as well as the thermodynamic impact of ultrasonic fields. No significant
change was observed in the mechanical behavior of the interface under the ultrasonic field n
Regimes I and II. However, a strong disturbance in the asphaltene interfacial film was detected
in Regime III, where mterfacial cavitation was observed. The linear diffusion of probe particles
was observed more frequently, and the interface’s elastic shear modulus decreased
considerably. In addition, the film’s heterogeneity was boosted by increasing the more viscous
regions.

Treating the emulsions with the same ultrasonic fields resulted in three categories of
behavior: no coalescence, coalescence, and emulsification. There was a strong correlation
between emulsion behavior with the microrheology regime. Below the threshold of interfacial
cavitation (microrheology Regimes I and II), no change in the emulsions was detected. When
mnterfacial cavitation occurred (microrheology Regime II), the emulsions coalesced
significantly, mdicating the ability of the cavitation process to break the asphaltene barrier
between the droplets. However, increasing the frequency and voltage of the field increased the
mechanical effects of the ultrasonic field (microrheology Regime IV) and caused secondary
emulsification in the system.
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This study highlights the importance of microrheology in understanding the behavior of
asphaltene-laden interfaces under ultrasonic fields. The correlation observed between the
emulsion behavior and the microrheology regimes suggests that the behavior of emulsions
under ultrasonic fields 1s strongly mfluenced by the changes in the interfacial rheology. These
findings can be used to develop more efficient and targeted ultrasonic techniques for crude oil
emulsion management, which can potentially mitigate the problems associated with crude oil

emulsions in the oil and gas industry.
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ABSTRACT

Nonlinear rheological behavior was examined for an aqueous solution of poly(vinyl alcohol) (PVA;
M =101 kg mol™! and My = 67 kg mol™!) mixed with sodium tetraborate decahydrate (borax). In
a neat solution with the PVA concentration of weys = 15 wt% but without borax, the PVA chains
were m a concentrated but barely entangled state. On addition of borax to this solution at a molar
concentration of Chorax = 15 mM, a well percolated transient network of the PVA chains was formed
because of dynamic crosslinks between the chains formed through complexation with the borate
ions dissociated from borax. Consequently, this PVA/borax solution showed sticky-Rouse type
linear viscoelastic (LVE) relaxation much slower than the relaxation of the neat PV A solution. The
PVA/borax solution also exhibited time-flow rate separable damping of the viscosity decay
function 7 (#,7) on cessation of fast flow as well as time-strain separable damping of the nonlinear

relaxation modulus G(7,)) under large step strain. The electrical conductivity measured together
with the stress was found fo be very close to that in the quiescent state, which unequivocally
indicated that the concentration of the free borate and sodium 1ons determining the conductivity
was hardly affected by the strain/flow. The flow/strain undoubtedly disrupted the percolated PVA
network, and the conductivity would have increased if this disruption were to release free borate
1ons. Thus, the observed flow/strain-insensitive conductivity strongly suggested that the disrupted
network was rapidly reformed under flow/strain through the intrinsic Rouse motion of the PVA
chains in the disrupted portions of the network. The sticky Rouse model'™ applicable to the
PV A/borax solution at equilibrium was modified for this flow/strain-induced disruption followed
by rapid reformation. This modification simply considered that the fast intrinsic Rouse motion in
the disrupted portions averages the orientational anisotropy within those portions; the slow sticky
Rouse dynamics itself was not modified in the model. This sumple model well captured the features

of the PV A/borax solution seen for 17 (r,7) and G(z, ). This success of the modified model in turn

demonstrates an importance of a simple but unexplored mechanism of the nonlinearity of
associative chams, the conformational averaging of the chain on the network disruption followed
by rapid reformation.
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ABSTRACT

We investigate theoretically the one-dimensional compression of a hydrogel layer by a uniform fluid
flow normal to the gel surface. The flow is driven by a pressure drop across the gel layer, which is
modelled as a poroelastic medium. Since the pressure simultaneously drives the Darcy flow through
the pores and compresses the gel, the flux-pressure relationship is in general non-monotonic. Most
interestingly, we discover hysteresis when the pressure drop is controlled, which are also confirmed
by transient numerical simulations. The hysteresis stems from the interplay between the gel com-
pression at the upstream interface and that in the bulk of the gel, and would not be predicted by
models that ignore the interfacial compression. Finally, we suggest experimental setups and condi-
tions to seek such hystereses in real gels.

METHODS

Consider the one-dimensional (1D) compression of a layer of hydrogel by a normal ow of the solvent
(Fig. 1). The gel layer extends to infinity in y-direction and the uniform flow with the flux () in -
direction is driven by the prescribed pressure drop across the layer. The downstream surface of the
gel layer is fixed in space but allows passage of the solvent, as if by a stiff and highly permeable
mesh. The upstream gel surface is displaced by the flow as the layer compacts. The layer of hydrogel
is modelled as a poroelastic medium, with volume fractions ¢y and ¢, = 1—¢; for the fluid and solid
components. We assume Darcy flow inside the gel layer and adopt the same constitutive relation as
Hewitt et al.', which is close to the linear elastic behavior for small strains but diverges as the strain
approach to a prescribed maximum value.

In our study, we compared the influence of various permeability models and entry boundary con-
ditions of the layer of hydrogel. Specifically, we investigated the difference between the Kozeny-
Carmen model and our own permeability model with a constant drag coefficient. For boundary
conditions, we examined two options: the stress-free boundary condition used by Hewitt et al* and
our entry condition based on interfacial permeability #.%* The following results will be in dimen-
sionless variables that have been properly scaled.
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Figure 1: A diagram showing the 1-D compression of a layer of hydrogel. The dashed red line denotes
the initial interface between the clear fluid and the hydrogel, and the solid red line the displaced interface
under compression. The downstream surface of the gel layer is constrained by a fixed permeable plate (the
black dash line), and has zero displacement.

RESULTS
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Figure 2: (a) The flux-pressure ( ~ P curve with different 5 = 1,2, 2.6,4, 7. The gray dashed line
marks the vertical segment of the curve at the threshold n = 2.6, and the red dashed line represents the
curve at the limit of 7 — oo; (b) Hysteresis observed by increasing P gradually from P = 8.2 to 20, and
then decreasing it back to 8.2, at a constant rate dP/dt = £25. The red solid lines represent the transient
solution whereas the blue dashed lines the steady-state solution corresponding to the 5 = 4 curve of (a).

We will present two types of results, steady-state (J( ) relationships that exhibit hystereses, and
transient simulations to confirm the hysteretic behaviors expected in an experimental setup. Numer-
ical method is shown in our previous study®. Here we present predictions of our entry boundary
condition and permeability model. The interfacial permeability # turns out to be a key parameter for
the flux-pressure relation. Fig. 2(a) depicts the steady-state flow rate () as a function of the pressure
drop P for a range of 1 values. Two distinct behavior can be identified. For small 7, () initially
increases with P, reaches a maximum, and then declines as P increases further. In this regime, there
is a single () value for each P, and no hysteresis exists. Above a threshold n = 2.6, the curve over-
turns as a breaking wave to produce three () for an intermediate range of the P. Now hysteresis is
expected if one varies P in small increments and monitors the reaction of (). With greater 1 values,
the achievable flow rates are higher, and the curve extends toward the upper-right of the plot, with

greater jumps expected for the hysteresis.
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The hysteretic behavior, exemplified by i = 4 in Fig. 2(a), is more intricate. We note that the
transient solution largely confirms the expectations from the analytical steady solution, with hys-
teretic jumps when P crosses thresholds while increasing and decreasing. we can rationalize the
hysteresis from the dynamics of ()(P) which clearly indicates two distinct states; let us call them
"relaxed” and "compressed” for brevity. The hysteresis happens for pressure between two thresh-
olds, 13 < P < 16.2. As P increases from below the lower threshold Pp = 13, The flux keeps
increasing with pressure. The interfacial compression remains small and the upstream portion of
the gel layer stays "relaxed”, until P reaches the upper threshold of Py = 16.2, when the upstream
portion of the gel suddenly becomes "compressed", accompanied by a drop in the fluid velocity. A
similar hysteresis occurs when P decreases from above the upper threshold. Note that the hysteretic
behaviors can be observed from the flux as well as the thickness of the layer and interfacial volume
fraction. We have explained the observed behaviors by analyzing the total pressure drop into two
components: interfacial and bulk. Additionally, we discussed the condition of hysteresis in relation
to various permeability models and entry conditions.
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ABSTRACT

While extensive studies made linear rheological properties of wormlike micelles (WLMs) to be rel-
atively understood, our understanding of nonlinear rheological properties of WLMs is still poor.
For deeper understanding of the rheology of WLM solutions, we developed a mesoscopic model
to investigate linear and nonlinear rheological properties of entangled WLM solutions." This model
is based on the slip-spring (SS) model originally proposed for entangled polymers.” To reproduce
the dynamics of wormlike micelles, breakage and rejoining events are combined with the polymer-
SS model. Furthermore, we address the effects of finite extensibility of springs and stress-induced
micelle breakage (SIMB), which are required to reproduce nonlinear rheological properties. After
confirming that the micelle-SS model can quantitatively reproduce the linear rheological properties,
we used this model to predict nonlinear rheological properties under shear and uniaxial extensional
flows. We found that the micelle-SS model can quantitatively predict the shear-rate-dependent vis-
cosity of the WLM solution with a moderate number of entanglements per micelle Z (Z < 7).
Furthermore, the shear rheological properties of the micelle-SS model with moderate shear rates
without the remarkable spring stretch can be reproduced by the Giesekus model, which is in agree-
ment with the experimental finding. On the other hand, the extensional properties of the micelle-SS
model have not been well tested by comparing with experiments since it is difficult to obtain reliable
experimental data for WLM solutions with computationally accessible Z values. Nevertheless, we
confirmed that the strain rate dependence of steady extensional viscosity predicted by the micelle-SS
model with SIMB shows thickening followed by thinning, which is in qualitative agreement with the
experimental observation. We hope to utilize the micelle-SS model to develop a constitutive model.

REFERENCES

1. Sato T.; Moghadam S.; Tan G.; Larson R.G. A slip-spring simulation model for predicting
linear and nonlinear rheology of entangled wormlike micellar solutions, J Rheol, 64, 1045-
1061, 2020.

2. Likhtman A.E. Single-chain slip-link model of entangled polymers: Simultaneous description
of neutron spinecho, rheology, and diftusion, Macromolecules, 38, 6128-6139, 2005.

265



8TH PACIFIC RIM CONFERENCE ON RHEOLOGY, May 15-19, 2023

COUPLING A IONIC SURFACTANT AND A DRUG SALT:
EQUILIBRIUM CHARACTERISTIC PARAMETERS &
STRAIN HARDENING IN START-UP FLOW

Rossana Pasquino?, Ilaria Cusano!, Dganit Danino® and Nino Grizzuti
*Universita degli Studi di Napoli Federico II, MNapoli, Italy

*Russell Berrie Nanotechnology Institute, Technion, Haifa Israel

ABSTRACT

Surfactant solutions containing Cetylpyridinium Chloride (CPyCl), a classical 1onic surfactant,
and Sodium Diclofenac (Diclo), a non-steroidal anti-inflammatory drug, were mvestigated in a
wide range of compositions using rheology and Cryo-EM. Solutions were made at three
different concentrations of CPyCl, 1.e. 5.0, 16.7 and 33.0 mM. The ratio between the salt and
the surfactant concentrations, R=CPyCl/Diclo, was within the range 04<R<14. Linear
viscoelastic rtheology was performed at 25°C using a stress controlled DHR-2 Rheometer (TA
mstruments), equipped with sandblasted 40 mm diameter parallel plates, a Peltier system fo
control the temperature, and a solvent trap to avoid evaporation. The use of dilute solutions
allowed to examine their microstructure via cryo-EM imaging, e.g. avoiding high density of
micelles. High-resolution images of vitrified specimens were recorded with a Glacios FEG
electron microscope (Thermo Fisher) at 200 kV. Nonlinear rheological experiments were
performed at 25°C with a strain-controlled ARES rheometer (TA mstruments, USA), using a
50 mm — 0.017rad cone-plate geometry.

We discovered that by tuning R it 1s possible to achieve completely different microstructures,
with variable persistence and contour lengths, and unexpected behaviours in nonlinear start-up
flow.

LINEAR RHEOLOGY AND MICROSTRUCTURE

By following the zero-frequency viscosity evolution as a function of Diclo content, 1t was
possible to identify various regions, characterized by a completely different rheological
response.
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By matching the frequency sweep data with the cryo-EM images, we were able to connect these
regions to specific morphological transitions: from spherical micelles to very long and
entangled wormlike micelles, to branched networks and eventually well-defined vesicles.

For some systems, we were able to measure the entire spectrum of relaxation times, including
the shortest characteristic Rouse time at high frequencies, usually reached only by Diffusive
Wave Spectroscopy'. This allowed for the evaluation of some important microstructural
parameters, such as entanglement, contour, and persistence lengths, taking advantage of
available models’?. We were able to quantitatively correlate the above microstructural
parameters with the information disclosed by the cryo-EM analysis. A very good quantitative
agreement was found between the extracted parameters and the cryo-EM data. The combination
of dilute solution rheology and microscopy shed a new light on the role of the binding salt in
the morphological transitions of these peculiar micellar solutions.

START UP EXPERIMENTS

For the more entangled systems, the transient behavior in shear flow was investigated through
starfup measurements, performed at different shear rates so as to cover a wide range of the
Weissenberg number, 7. The long-time response allowed also to build up the flow curves for
each sample.

During the transient regime, some samples show flow instabilities and strain hardeming
phenomena at Wi > 1, a phenomenon already detected before on surfactant solutions* Other
solutions do not show the same features, behaving like ordinary linear polymers in fast shear
flows, that 1s, exhibiting pronounced overshoots followed by tiny undershoots of the transient
shear viscosity, before approaching steady-state®. We tried to rationalize this behavior, by
identifying the most important parameters, 1.e. number of entanglements, characteristic micellar
lengths, relaxation times etc., and by clarifying their role in the transient dynamics.

A possible mechanism for the onset of flow singularities 1s suggested and discussed 1n terms of
a modified rubber network theory, applied recently on similar micellar networks®.
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ABSTRACT

This study seeks to explore, through rigorous and accurate hydrodynamical simulations, the
fundamental effects of surface contamination by surfactants on emulsion flow of deformable
drops through a porous medmm. As a prototype problem, high-resolution, long-time 3D
simulations are presented for slow, pressure-driven flow of a periodic emulsion of deformable
drops through a dense, simple cubic array of solid spheres (one drop and one particle per
pertodic cell). The drops, covered with insoluble, non-diffusive surfactant, are large compared
to pores, and they squeeze with high resistance, very closely coating the solids to overcome
surface tension and lubrication effects. The solid volume fraction 1s 50%, the emulsion
concentration €, in the pore space is 36% or 50%, the drop-to-medium viscosity ratio 4 is
0.25 to 4. The contamination measure g = RIT, /og <0.1 (with the universal gas constant
R, absolute temperature 7 , equilibrium surfactant concentration Ty and the clean surface

tension o) keeps the hinear surfactant model (assumed in most of the work) physically
relevant. The boundary-mntepral solution requires extreme resolutions (tens of thousands of
boundary elements per surface) achieved by multipole acceleration with special
desingularizations, combined with flow-biased surfactant transport algorith.mus.1 for numerical
stability. The time-periodic regime 1s typically attained after a few squeezing cycles; the
motion period 1s used in the extrapolation scheme to evaluate critical capillary numbers Ca,,,;,
demarcating squeezing from trapping. Due to Marangoni stresses, even light (£ =0.05) to
moderate (4 =0.1) contaminations significantly reduce the average drop-phase migration
velocity (compared to clean drops), especially at small 4 =0.25. In contrast, Ca,,, is weakly
sensitive to contamination and levels off completely at f=005. At A =0.25and ¢, =0.36,
the average drop-phase velocities are much different for lightly and moderately contaminated
emulsions, except for near-critical squeezing when they become the same. Non-linear
surfactant models (Langmuir, Frumkin) are used to validate the linear model.
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EXAMPLE RESULTS

As one example of the physical trends’, Fig. 1 presents the snapshots from the Langmuir
model simulation at three close time moments. The time moment = 6.74corresponds to the
peak surfactant concentration ['= 3,9req (1e. 0.78T,,) reached in the periodic cycle. The

linear model would be clearly inadequate for this I. However, such peak concentration in
the Langmuir model simulation is observed only on a small portion of the drop surface, and
only during a small portion 7= 6.74 of the periodic cycle. Away from #=6.74, the surfactant
concentrations quickly fall to much smaller values on the entire surface, typical of the rest of
the periodic regime. The deficiency of the linear model, therefore, does not have a global
effect, and both models identically predict the integral flow properties, in particular, strong
drop mobility reduction (2.8 times, on the average) due to surfactant.

t=6.60

1=6.74

2
1.6
i 12
t=6.94 0.8
0.4
0

Figure 1: Snapshots of tight emulsion squeezing (left images) and surfactant concentration
distribution (right images) for 2 =0.25, ¢,,, =0.5, #=0.1and E=RIT, /o, =0.5.
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ABSTRACT

This study performs boundary-integral simulations to investigate the role of interfacial viscosity
on the deformation and breakup of a single droplet in Stokes flow. We model the insoluble
surfactant monolayer using the Boussinesq—Scriven constitutive relationship for a Newtonian
interface, and simulate the droplet in uniaxial extensional flow. The deformation and breakup
results are compared against recently developed small-deformation perturbation theories. The
simulations find that the surface shear/dilational viscosity increases/decreases the eritical
capillary number beyond which the droplet becomes unstable by reducing/increasing the
droplet deformation at a given capillary number compared to a clean droplet. We present the
relative importance of surface shear and dilational viscosity on droplet stability based on their
measured values reported in experimental studies on surfactants, lipid bilayers, and proteins. In
the second half of the talk, we incorporate the effect of surfactant transport by solving the time-
dependent convection-diffusion equation and consider a nonlinear equation of state (Langmuir
1sotherm) to correlate the interfacial tension with the changes in surfactant concentration. We
explore the coupled influence of Marangomi stresses, surfactant dilution, and pressure-
dependent surface viscosity on the droplet deformation and breakup. We conclude by
discussing how surface viscosity alters the relaxation of an imitially extended droplet in a
quiescent external fluid. We note that even small amounts of surface viscosity can alter the
thinning behavior towards pinch off, even when surfactant convection (i.e., surface Peclet
number) 1s significant.
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ABSTRACT

Buoyancy-driven bubbles crossing horizontal liquid-liquid interfaces are encountered in a variety
of engineering applications and natural settings such as wastewater treatment process and methane-
emitting lakes. In these two-layer fluid systems, methane bubbles are generated in the lower layer
due to biodegradation of organic material. The lower layer exhibits yield stress behaviour and is
capped with water. The purpose of this study is to find the effect of the rheology of the lower layer
on instability and turbidity driven by rising bubbles. The volume of viscoplastic fluid drawn into
the upper layer is a quantity of primary interest. This volume may determine the efficiency of the
aeration in the process of wastewater treatment, and the turbidity of the lakes.

Direct numerical simulations employing a volume-of-fluid type formulation combined with a
quadtree adaptive mesh refinement technique are performed. The effect of the rheology of the lower
layer on the volume of entrained fluid over a range of Archimedes number, density ratio, Bond num-
ber and viscosity ratio is explored. Our results show that as the bubble crosses the interface between
two liquids tows a column of lower fluid that eventually breaks off into smaller droplets. We define
the entrained volume as that of lower fluid located above the position of the initial horizontal inter-
face. This volume consists of fluid trapped in the wake of bubble, the entrained column, and the fluid
displaced at the liquid-liquid interface. In cases where either Bond number or Archimedes number is
high, a larger volume of entrained fluid gets trapped in the primary/secondary wakes formed behind
bubbles, see figure 1. By increasing the viscosity of the upper layer, the major contribution to the en-
trained volume comes from the region close to the liquid-liquid interface. Finally, the entrainment is
categorized into three regimes based on the variation of entrained fluid as the bubble ascends. These
were observed to be the ascending, descending, and plateau regimes. The viscoplastic entrainment
mainly follows the plateau regime, suggesting that the yield stress of the entrained fluid resists the
stress due to density difterence between the fluid layers and thus remains unyielded.
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Figure 1: Spatiotemporal images of a bubble crossing the interface between a yield stress fluid
(lower layer) and a Newtonian fluid (upper layer). The fluid are iso-dense and the viscosity of
the upper layer is 0.1 of the plastic viscosity of the lower layer. The Archimedes number is 5,
and the Bond number varies from left to right with values of 0.1, 1, 10, and 50. Since fluids
are iso-dense, the Archimedes number varies by a factor of 100 due to the viscosity ratio, as
the bubble crosses the interface and the Bond number remains unchanged. By increasing the
Bond number, the volume of the lower fluid that bubble entrains increases. It is expected that a
combination of strongly sheared and displaced interface, the higher the liquid column entrained
and liquid trapped in the primary wake of bubble in the lower layer, contribute to an increase in
entrained volume by increasing the viscosity of the upper fluid.
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ABSTRACT

The problem of particle trapping and manipulation has a wide range of applications in biotechnol-
ogy and engineering. Recently, a flow-based, particle-trapping mechanism called the Stokes trap
was developed to allow for trapping and control of small particles in microchannels’. This mecha-
nism consists of trapping particles in the intersection of multiple branches in a microfluidic channel.
The motion of such particles can then be controlled by changing the flow rates in the branches. For
deformable particles and vesicles, this mechanism can also be used to perform rheological exper-
iments to determine the viscoelastic response of an emulsion or cell suspension®. Besides these
applications, the various flow modes produced by the Stokes trap can also be used to manipulate the
shape and even induce internal mixing in droplets. In this work, we analyze the dynamics of a droplet
in a Stokes trap through boundary-integral simulations®. We also explore the response of drop shape
with respect to distinct external flow modes, which allow us to perform numerical relaxation exper-
iments such as step strain and oscillatory extension. A linear controller is also used to manipulate
drop position, and the drop deformation is characterized by a decomposition of the shape into spher-
ical harmonics. For droplets with small deformation (e.g., small radii and/or capillary number), we
observe a linear superposition of harmonics that can be used to manipulate drop shape. We also
investigate how the different flow modes may be combined to induce mixing inside the droplets by
performing a mixing-number analysis®. The transient combination of modes produces an effective
chaotic mixing inside the droplet, which can be further enhanced by changing parameters such as
viscosity ratio and flow frequency.

PRELIMINARY RESULTS

In this work, we investigate the dynamics of a single Newtonian droplet in the intersecting region
between six symmetrically distributed branches of a microfluidic channel with finite depth. To model
the branch intersection, we consider a hexagonal prism as our computational domain. The problem
geometry, as well as a sample simulation of a deformable droplet in such geometry, can be seen in
Figure 1.

Figure 2 shows numerical simulations of mixing inside a droplet undergoing a three-phase exten-
sional external flow mode for a/H = 0.4, Ca = 0.1, W/H = 1 and different values of viscosity ratio
for different times. The droplet starts with a spherical shape with a passive dye in the lower region.
The final configuration of the points is calculated by using the backward Poincaré cell method, where
each grid point is traced back to its original position by numerically solving the reverse dynamical
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system. As expected from previous works?, mixing is more effective for less-viscous droplets, as the
inner velocity is larger in those conditions.

inlet/outlet

microfluidic chip

Figure 1: Geometry used for the numerical simulations of a droplet in a Stokes trap. The
computational domain shown in (b) is an hexagonal prism corresponding to the intersecting
region of the multiple rectangular channel branches, illustrated in (a). The flow velocity at each
rectangular panel is given by a Boussinesq velocity profile with prescribed fluxes Q;, which can
be dynamically changed.

Figure 2: Numerical simulations of mixing inside a droplet undergoing a three-phase extensional
flow for a/H = 0.4, Ca = 0.1, W/H = 1 and different values of viscosity ratio for different times.
The results are for the midplane = = 0. Droplets with a lower viscosity ratio present a better
mixing, which is indicated by a smaller mixing number.
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ABSTRACT

‘We use computational methods to study propagation of bubbles inside porous media filled with
yield-stress liquid, given the pressure difference across the porous layer. The main motivation
for this study comes from the potential for greenhouse gas emissions. In o1l sands tailings ponds,
the by-products of the extraction of bitumen from o1l sands are stored over many decades. The
pond slurries, known as Fluid Fine Tailings and Mature Fine Tailings (FFT/MFT) are complex
suspensions, rheologically characterised as thixotropic yield-stress fluids. These fluids provide
the interstitial liquid within the coarse sand layer that forms undereath, at the bottom of the
pond. Anaerobic micro-organisms within the flud degrade the by-products and create both
carbon dioxide and methane. The objective of this research 1s to provide understanding on how
gas generated in the lowest coarse sand layer may propagate to the surface. The underlying
research motivation 1s environmental, 1.e. emissions estimation and control.

We use a pore-throat methodology to model the porous media. We develop an algebraic
description in the form of a closure law that relates flow rates and displacement efficiency to
the fluid properties and applied pressure drop, considering gas motion along an axisymmetric
pipe (throat), filled with yield-stress fluid. This 1s used as the building-block for a meso-scale
network model of the coarse sand layer. Gas propagation behaviour is then solved using a gas-
liquid hydraulic closure model. This type of model allows us to impose both statistical
distributions (e.g., throat size, length, etc.) and background physical variations (e.g. initial
conditions for the gas, depth-wise aging of the liquid properties). In this way we can build a
picture of the system response of the coarse sand layer, understanding how gas generated in the
mnterstitial liquid might percolate upwards.

Acknowledgement: This research was made possible by funding from NSERC and
COSIA/IOSI (project numbers CRDPJ 537806-18 and IOSI Project #2018-10).
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ABSTRACT

Viscoplastic fluids (VPFs) are a class of non-Newtonian fluids that be-
have like solids when the applied shear stress is less than a threshold value
called the yield stress (?y). When the shear stress exceeds the yield stress,
VPFs flow like fluids. Mixing VPF is a ubiquitous problem in many disci-
plines. Pharmaceutical, polymer, and food processing are examples where
mixing plays a vital role in the quality of the final product. We investigate
the mixing of a dye in a 2D circular domain of radius R filled with a VPF.
The stirring strategy is to move a circular stirrer along a circular path with
a constant velocity (ﬁ,ﬁ, where 7, is the radius of the path and €1 is con-
stant). The material initially contained in one half of the flow domain is
marked by a (passive) dye, described by a concentration field governed by
an advection-diffusion equation. The flow domain and the initial condi-

Figure 1: Schematic
of the domain geometry
and the initial condition

tion are illustrated in Fig. 1, where the red and blue colors represent the dyed and dye-tree fluid.
When the fluid is Newtonian, mixing is enhanced by periodic vortices that spread away from the
stirrer. The recirculation zone expands steadily and monotonically (see Fig. 2 for an illustrative
example). Keeping the stirring strategy constant, we investigate the effect of viscoplasticity on the
evolution of mixing and fluid low. When the fluid has a yield stress, the kinetic energy decays
more rapidly away from the stirrer. Expectedly. the recirculation zone is confined to a finite domain
around the stirrer (see Fig. 2 for an illustrative example). We classify the different mixing regimes,
characterize the limit cases and discuss the transition between different mixing regimes.

(a) (c)

(d)

Figure 2: lllustrative examples of the time evolution of the concentration field for a Newtonian

fluid (a,b) and a VPF (c.d).
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ABSTRACT

We consider the flow of a viscoplastic fluid on a horizontal or an inclined surface with a flat and an
asymmetric topography. A particular application of interest is the spread of a fixed mass — a block
— of material under its own weight. The rheology of the fluid is described by the Bingham model
which includes the effect of yield stress, i.e. a threshold stress which must be exceeded before flow
can occur. Both the plastic viscosity and the yield stress are modelled with temperature-dependent
parameters. The flow is described by the lubrication approximation, and the heat transfer by a depth-
averaged energy conservation equation. Results show that for large values of the yield stress, only
the outer fraction of the fluid spreads outward, the inner fraction remaining unyielded. We also
present an analysis which predicts the threshold value of the yield stress for which partial slump
oceurs.
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ABSTRACT

The damping of surface waves by floating material plays an important role in geophysics and engi-
neering. In the marginal ice zone, for example, broken floating ice damps sea waves, with important
implications on the maintaince of ice cover and the Arctic climate' =2,

A theoretical model is presented to explore how surface waves in an inviscid fluid layer are
damped by the bending stresses induced in a overlying floating film of yield-stress fluid. The model
applies in the long-wavelength limit, combining the shallow-water equations for the inviscid fluid
with a theory for the bending of a thin viscoplastic plate described by the Herschel-Bulkley constitu-
tive law. An exploration of the energetics captured by the model suggests that waves decay to rest in
finite time, a result that is confirmed using a combination of approximate, numerical and asymptotic
solutions to the model equations. In the limit that the plate behaves like a perfectly plastic material,
the sloshing motions take the form of triangular waves with bending restricted to narrow viscoplastic
hinges.

gFig. 1 shows a sketch of the geometry. The thickness D of the viscoplastic plate is comparable
to the typical depth of the inviscid fluid layer . Both are much smaller than the characteristic
lengthscale £ over which the plate bends.

| Viscoplastic plate

Tnviscid fluid

Figure 1: Sketch of the geometry
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The simultaneous application of rheological and optical techniques leads to a better
understanding of the dependencies between the microstructure and the mechanical properties
of complex fluids and especially polymeric materials. Various optical methods such as small
angle light scattering, microscopy (polarized, fluorescence, confocal), spectroscopy (NIR, IR,
Raman), birefringence and dichroism have been used. A rheo polarized imaging techniques
(SIPLI - shear induced polarization light imaging) which measures local stresses by detecting
birefringence and Raman spectroscopy are discussed in more detail. By using a parallel-plate
geometry with SIPLL, the entire measuring plate is observed and the birefringence can be
visualized over the full range of shear rates in a single experiment. To directly relate changes
in rheological behavior to chemical changes or phase transition, Raman spectroscopy can be
used in situ with rheology.

A rheometer platform based on a combined motor transducer (CMT) rheometer with an
electrically commutated synchronous motor on the upper side allows the use of a second motor
on the bottom side. The second motor could either be a rotational or a linear drive. When a
rotational drive is used, the instrument becomes a separate motor transducer (SMT) rheometer
by using one motor as drive and the second as a torque transducer. In addition, the instrument
can be operated in a counter-rotation mode where both motors rotate in opposite directions,
allowing the creation of a stagnation line in the sample where it is sheared but not moved from
its position for rheo-microscopy. The SMT mode has some advantages in terms of sensitivity
under certain measurement conditions and allows the use of special tools such as a cone-
partitioned-plate (CPP), which allows measurements to be made even when edge fracture would
hinder them in standard geometries. Combining the upper rotational motor with a linear drive
in the bottom enables new testing possibilities. By using only the linear drive, Dynamic
Mechanical Analysis (DMA) is possible on more solid specimens with different geometries like
tension, three-point bending, cantilever, or in compression. When using a solid bars geometry,
DMA in tension by the linear drive and DMA in torsion with the upper rotational drive are
possible on the same specimen, allowing to extract not only the DMA parameters but Poisson’s
ratio to be determined.

The fast response of the linear motor can be used in combination with a fast visualization
setup for capillary breakup rheometry.
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ABSTRACT

Understanding the diffusion of nanoparticles and macromolecules in biopolymer networks is im-
portant for many biological and medical applications'. For example, elucidating the mechanisms
underlying the transfer of macromolecular drugs into living tissue is essential for their use as drug
delivery vehicles®. The role of the structure of the diffusing species as well as the polymer matrix
in determining the physics of the diffusion process has been widely studied experimentally using
probe species such as nanoparticles or branched polymers with well defined topologies in semidi-
lute polymer solutions of linear polymer chains?=". The results of these experimental studies have
been described by hydrodynamic®, scaling” and computational models'®, which have led to many
insights identifying the key length and time scales involved. The theoretical models have however
been confined to studying the diffusion of nanoparticles, which are hard spheres. The applicability
of these models to situations when the probe diffusing species are soft tenuous particles such as a
star polymers or dendrimers is currently unknown. In the present work, a multi-particle Brownian
dynamics simulation algorithm, based on a modification of the GPU-accelerated python package
HOOMD-blue!!, is used to describe the diffusion of dendrimers of arbitrary topology in a semidi-
lute solution of linear chains. Diffusive and sub-diffusive regimes for the probe dendrimer and the
background linear chains are identified and their dependence on the key parameters that determine
length and time scales are elucidated. A new scaling law for dendrimer diffusivity as a function
of the ratio of its mean size to the correlation length of the semidilute solution is proposed, which
differs significantly from previously proposed scaling laws for hard sphere nanoparticles. With the
appropriate choice of scaling variables, it is shown that data for dendrimers of different architec-
tures can be collapsed onto a mater curve, independent of architecture. The Gaussian character of
normalised particle displacements at various times, as a function of solution concentration, is also
examined. It is shown that the central ditference between dendrimers and hard sphere nanoparticles,
which is responsible for the distinctness of their diffusive behaviours, is the reduction in the mean
size of a dendrimer with increasing solution concentration.
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ABSTRACT

In this study, we investigated the effect of the solvent dielectric constant &, on the counterion
condensation for an imidazolmum-based polyelectrolyte, poly(1-butyl-3-vinylimidazolum
bis(trifluoromethanesulfonyl)imide) (PC4-TFSI), by measuring the shear viscosity of the PCs-
TFSI in a series of non-ionic good solvents having dielectric constants ranging from 7.9 for
tetrahydrofuran to 178 for V-methylformamide. We found that for a given molar concentration
cp of the PCs-TFSI monomers, the specific viscosity 7, decreased significantly with
decreasing £,. Moreover, the dependence of 75, on cj, in solvents at high &, followed the scaling
law of ngp, for salt-free polyelectrolytes in good solvents, but its scaling relationship gradually
shifted to the scaling law of 74, for electrically neutral polymers in good solvents as & was
decreased. Thus, we found that PCs-TFSI could behave as both polyelectrolyte and neutral
polymer chaimns by simply changing the solvent dielectric constant. We further analyzed the
viscosity data by estimating the overlap monomer concentration ¢, as a monomer concentration
at which 15, = 1. The value of ¢, decreased with increasing & with a power of —3 for & <
70, and asymptotically approached a constant value at higher £.. Smce the overlap polymer
concentration is related to the chain size, i.e, ¢, &< 1/R3, the observed result indicates that the
chain size mcreases with mcreasing &, due to the mcrease in the charge fraction on the PCs-
TFSI caused by the counterion condensation. By applying the Dobrynin blob model for ¢, of
salt-free polyelectrolytes in good solvents’, we found that the charge fraction f was scaled as

f o £: /* The obtained scaling exponent was larger than the value predicted by the classical
Manning counterion condensation model®, i.e., f o £l. Our results provide, for the first time, a
valid experimental reference for the study of the counterion condensation process of
polyelectrolytes with respect to the varying &;.

1. Dobrymn, A V.. Colby, R. H.. Rubmsten, M. Scaling Theory of Polyelectrolyte Solutions.
Macromolecules, 28, 1859-1871.. 1995 https://do1.org/10.1021/ma00110a021.

Manning, G. S. Limiting Laws and Counterion Condensation in Polyelectrolyte Solutions I. Colligative
Properties. J. Chem. Phys.. 51, 924, 1969. https://doi.org/10.1063/1.1672157.
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ABSTRACT

One good way to explam the elasticity of a polymeric liqud, 1s fo just consider the
orientation distribution of the macromolecules. When exploring how macromolecular
architecture affects the elasticity of a polymeric liquid, we find general rigid bead-rod theory to
be both versatile and accurate. This theory sculpts macromolecules using beads and rods.
Whereas beads represent points of Stokes flow resistances, the rods represent rigid separations.
In this way, how the shape of the macromolecule affects its rtheological behavior in suspension
1s determined. Our work shows the recent advances in polymer viscoelasticity using general
rigid bead-rod theory, including advances applied on the coronavirus. The coronavirus is
always 1dealized as a spherical capsid with radially protruding spikes. However, histologically,
in the tissues of infected patients, capsids in cross section are elliptical, and only sometimes
spherical. This capsid ellipticity implies that coronaviruses are oblate or prolate or both. We
call this diversity of shapes, pleomorphism. Recently, the rotational diffusivity of the spherical
coronavirus in suspension was calculated, from first principles, using general rigid bead-rod
theory. We did so by beading the spherical capsid, and then also by replacing each of its bulbous
spikes with a single bead. In this paper, we use energy mimimization for the spreading of the
spikes, charged identically, over the oblate or prolate capsids. We use general rigid bead-rod
theory to explore the role of such coronavirus cross-sectional ellipticity on its rotational
diffusivity, the transport property around which its cell attachment revolves. We learn that
coronavirus ellipticity drastically decreases its rotational diffusivity, be 1t oblate or prolate.
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ABSTRACT

This work examined the effect of temperature during annealing below glass transition
temperature (T;) on relaxation behavior of amorphous structure and improvement of physical
heat resistance in polystyrene injection moldings. The higher the annealing temperature, the
faster the rate of the enthalpy relaxation, resulting in that the annealing time required to increase
heat distortion temperature (HDT) was shortened. Meanwhile, when the annealing time was
longer than 7 hours, it was not that the higher the annealing temperature, the higher the HDT.
Then, we investigated the dependence of both the enthalpy relaxation and the increase in HDT
on the annealing temperature, using polystyrene with different 7. As the results, the optimum
annealing temperature for the increase in HDT due to the enthalpy relaxation depended on the
temperature difference from T.

Intorduction

Amorphous resins are widely used in designing components such as automobile parts because
amorphous resins are easy to color owing to high transparency. In particular, polystyrene has a
high production volume owing to its high versatility.

Injection moldings is a common industrial process because it allows mass production together
with high dimensional accuracy. In the injection molding of an amorphous resins such as a
polystyrene, the resin is rapidly cooled rom the molten state when it is injected into the mold,
so the molecular motion freezes before the intermolecular distance becomes close. It is thought
to solidify in an unstable enthalpy state'’. When the injection moldings is annealed below T,
the amorphous structure relax to more enthalpy-stable structure. It is known as physical aging
that the various physical properties change with the relaxation of the excess enthalpy”. In our
previous studies, we have shown that physical heat resistance [Heat distortion Temperature
(HDT)] improves with the enthalpy relaxation in polystyrene injection moldings”. In this study,
the annealing temperature dependence of the enthalpy relaxation and HDT was investigated
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using polystyrene with different 7. in order to obtain a guideline to annealing condition for
increase in HDT of polystyrene injection moldings using physical aging.

Experiment

We used 679 (Mw=237000, Mu/My=3.49, T,=94 °C, PS Japan corp) and HF77 (M,=240000,
M, /Mx=2.53, T,=102 °C, PS Japan corp) as general purpose polystyrene.

The test specimen was molded using an injection molding machine (Si-801V, Toyo Machinery
and Metal Co., Ltd.), under the condition included a cylinder temperature of 210 °C, cooling
time of 10 s, holding time of 20 s, and overall cycle time of 40 s.

HDT was measured by flatwise method with reference to ISO Test Method 75. The test load
was 1.8 MPa. Each specimen was thermally analyzed using differential scanning calorimetry
(DSC; DSC 214 Polyma, Netzsch) in temperature-modulated mode, the extent of enthalpy
relaxation (4 H) was quantified on the basis of the area of the endothermic peak near 7.

Results and Discussion

Fig.1 shows the resuls of the annealing temperature dependence of the enthalpy relaxation
and HDT, arranged by the temperature difference (7,-T;) between T, and annealing
temperature (73), with the annealing time fixed at 336 hours. As shown in Fig. I, the
annealing temperature at which the HDT was maximized was almost the same as in the case
of enthalpy relaxation for each polystyrene. Therefore, the increase in HDT and the enthalpy
relaxation are considered to be closely related. Inaddition, regardless of the material grade, the
enthalpy relaxation and HDT were maximum at the same 73-7%. Therefore, the optimum
annealing temperature for increaseing HDT using physical aging is thought to depend on the
temperature difference from T,

The higher the annealing temperaturem, the faster the relaxation rate. Meanwhile, the
enthalpy in the equilibrium state is high (that is, the AH is small), when the annealing
temperature is high. From those balance, it is considered that the optimum temperature for
enthalpy relaxation and increase in HDT existed in the annealing for 336 hours.
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Figure 1: The enthalpy relaxation (a) and HDT (b) as a function of the annealing temperature.
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Conclusion

The annealing temperature dependence of the enthalpy relaxation and HDT was investigated
using polystyrene with different 7} in order to obtain a guideline for the annealing condition for
the increase in HDT of polystyrene injection moldings using physical aging. As the result, the
optimum annealing temperature for increasing HDT depends on the temperature difference
from T. Although the optimum temperature is presumed to differ depending on the time scale,
the optimum temperature is considered to be about T-25 °C in the heat treatment for 336 hours.
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ABSTRACT

Clogging 1s ubiquitous in a wide range of material processing. This undesirable phenomenon
causes various flow problems. As a fundamental study of clogging, we mvestigate the clogging
dynamics 1 terms of the colloidal interaction and hydrodynamics stress in a single-micro pore
through miecrofluidics and image analysis.

Polystyrene suspension with various salt concentrations 1s used as a feed solution.
Microfluidic observation is employed to mvestigate particle deposition in a contraction
microchannel. To quantify particle deposition, particle deposition area 1s calculated and the
pressure drop 1s also measured.

Dramatic differences in particle deposition were observed. When the colloidal interaction is
repulsive, the deposition occurs mostly in the downstream. On the other hand, an opposite
deposition behavior 1s identified when the colloidal interaction 1s attractive. As the flow rate 1s
changed, more complex deposition behaviors are observed. The difference in particle
deposition behavior was explained by the particle flux density and the ratio of the lift force to
colloidal force.
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ABSTRACT

Dynamically crosslinked gels are attractive materials for applications requiring time-dependent
mechanical responses. DNA duplexes with predictable binding energies are 1deal crosslinkers
for building such gels. However, the mechanical responses of most DNA gels are unpredictable
due to the complications in the gel networks. Here, we designed a DNA gel with a lmghly
homogeneous gel network and well predictable mechanical behaviour using star-polymer
strategy. Stress-relaxation tests and dissociation kinetics measurements showed that the
macroscopic relaxation time of the DNA gels was approximately equal to the lifetime of the
DNNA crosslinkers over 4 orders of magnitude from 0.1-2000 s. A series of durability tests show
that the DNA gels are hysteresis-free and self-healing after the application of repeated
temperature and mechanical stimuli. These results demonstrate the great potential of star-
polymer-DNA precursors for building gels with predictable and tunable viscoelastic properties,
suitable for applications such as stress-responsive extracellular matrices, injectable solids and
soft roboties.

MAIN TEXT

We used a recently proved star polymer strategy ' to improve the homogeneity of the gel
network and designed a pair of DNA sequences showing a simple two-state transition as the
dynamic crosslinkers’. The formed gels responded to multiple stimuli, such as temperature and
forces, and were still self-healable and hysteresis-less. The contrast-matched small-angle
neutron scattering (SANS) measurements confirmed the high spatial homogeneity of the gel
network. UV spectroscopy determuned that the two-state transition of the DNA duplexes
occurred in the gels, the same as the simulated results from the DNA calculator. In addition,
stress-relaxation tests and dissociation kinetics measurements revealed that the macroscopic
relaxation time of our DNA gels agreed with the lifetime of the DNA crosslinkers over an
extended time range from 0.1-2000 s, which was challenging for most other dynamically
crosslinked gels. In combination with the demonstrated star-polymer-DNA gel scheme with
the well-established database for DNA thermodynamics and kinetics, we will be able to
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fabricate DNA gels with on-demand viscoelastic properties. We envision that highly
predictable and tunable star-polymer-DNA gels can boost the fundamental understanding and
applications of dynamically crosslinked gels.
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Figure 1: Relationship between gel stress relaxation and DNA duplex dissociation. a) An illustration of
the deformed star-polymer—DNA network. b) The viscoelastic properties of the gels were characterized
with a rheometer using two different methods: an oscillatory test for fast relaxation at high temperatures
and a step-strain test for slow relaxation at low temperatures. c) The duplex dissociation kinetics were
evaluated for DNA-only solutions using fluorescence resonance energy transfer (FRET). d) Master
curves of G' and G" obtained from the oscillatory test for star-polymer—DNA gels over the range of 45—
60 °C at intervals of 2.5 °C. The master curves were prepared by the time-temperature superposition
treatment, using the curves at 45 °C as reference. e) Stress-relaxation curves of star-polymer—-DNA gel
obtained from the step-strain tests over the range of 37-47 °C at 1 °C intervals. f) Temperature
dependence of the stress-relaxation time of the gels (TR). g) Time variation of the normalized molar
concentration of DNA duplexes (a) obtained from FRET measurements over the temperature range of
36—45 °C at 1 °C intervals. h) Temperature dependence of the lifetime of the DNA duplexes (1d). i)
Correlation plot of TR with respect to 1d. The 1d values in the experimentally inaccessible time range
were estimated using the Eyring equation and displayed as open circles to distinguish them from the
experimentally measured 1d values (filled circles). All TR values were obtained experimentally. The solid
line denotes a guide for the one-to-one correspondence limit (TR = 1d), where the macroscopic stress
relaxation is directly linked with the microscopic dissociation of the DNA duplexes. Reproduced from
Ref. 3 with permission from the Royal Society of Chemistry.
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ABSTRACT

In this study, it 15 visualized the flow birefringence of an aqueous surfactant solution, which
forms wormlike micelles and has strong viscoelastic properties, in a dynamically oscillating
two-dimensional squeezed flow over the entire flow field. Strong flow birefringence was
observed in the direction of elongation and a phase difference between the birefringence and
the strain was confirmed. This result indicates that viscoelastic properties in extensional flow
can evaluate from the birefringence measured by image immediately after cessation of the
squeeze motion.

INTRODUCTIN AND PURPOSE

In aqueous surfactant solutions, surfactant molecules aggregate above a concentration called
critical micelle concentration to form micelles. Micelles are known to take various shapes
depending on a surfactant concentration and a salt concentration. The surfactant solution
forming wormlike micelles exhibit strong viscoelasticity, and their rheological properties have
long been the subject of research. Wormlike micelles change their macrostructure under strong
shear deformation. This is called the shear-induced structure (SIS), and it leads to the
occurrence of opaque, shear thickening, and inhomogeneous flow in rheometric flow have been
reported!). However, those relationship is not fully understood.

On the other hand, there have been efforts to investigate elongation-induced structures (EIS).

The Capillary Breakup Elongational Rheometer (CaBER, Thermo Scientific HAAKE) and
stagnation pomnt flow are used for those study. Studies using stagnation point flow have reported
that EIS occur at a lower strain rate and strain than SIS*¥. In study using CaBER, micelle
structures and EIS were reported based on the relationship between the shape change of
filaments and the ratio of relaxation times between shear and elongational flow*). These reports
suggest that important findings about macrostructure of micelles can be obtained from
elongational flow, where micelle are stretched and occurred orientation in only one direction.

In this study, we propose a method to visualize micelle motion in dynamically fluctuating
squeeze flow. The flow birefringence of the entire squeeze flow field is observed, and the
rheological properties of a surfactant solution in the elongational flow are clarified from the
relationship between the birefringence and the squeeze motion.
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EXPERIMENTAL APPALATUS AND SAMPLE FLUID

Fig. 1 shows the experimental apparatus used for the flow birefringence observation. From the
direction of observation, circular polarizer, squeeze flow cell, circular polarizer, and the light
source are arranged in this order. A video camera capable of shooting at 120 fps was used to
capture images from the start of flow to relaxation. Fig. 2 shows a schematic diagram of the
squeeze channel and drive system. The squeeze channel consists of a reservoir (80.0 mm = 30.0
mm * 10.0 mm) with an optical glass window (¢30.0 mm) for observation to visualize the flow
birefringence caused by the squeezing motion. The upper and lower parts of the flow channel
are fixed to a movable stage, which 1s moved by rotating a ball screw with a stepping motor.
The ball screw 1s divided mto a right-hand thread and a left-hand thread, and the stage moves
symmetrically up and down when the axis 1s rotated. The gap between the plates in the squeeze
region H changes according to cosine wave. In this experiment, the amplitude 4, the squeeze
frequency ®, and the initial gap Ho were used as variables.

CTAB/NaSal aqueous surfactant solution with surfactant concentration 10mM and

salt/surfactant ratio 3.00 was used as the test fluid.
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Observation dirsction b) Front view of squeeze flow cell Stepper motor

a) The optical train for birefringence visualization
) Side view of squeeze flow cell and
it’s driving systems
Figure 1 : The experimental apparatus and it's coordination system.

EXPERIMENTAL RESULTS AND DISCUSSION

Flow birefringence immediately after the start of squeeze motion

Fig. 2 shows a visualization of flow birefringence under the squeezing motion at an initial gap
Hy=2.0 mm, amplitude .4=2.0 mm, and frequency f=1.0 Hz. The image shows one cycle of
squeeze motion divided into ten segments. Fig. 2(a) shows the image before the start of the
flow, and Fig. 2(k) shows the state in which the squeeze plates return to its initial position. The
dark background in Fig. 2(a) shows no birefringence. Fig. 2(b) and after show the results during
the squeeze motion, and the change i color indicates the measure of birefringence. Squeeze
motion begins in the direction which H increases. Therefore, the fluid 1s deformed in the z-axis
direction from Fig. 2(b) to (e). Fig. 2(f) 1s the top dead center, and the fluid 1s deformed n the
x-axis direction from Fig. 2(g) to (j). Fig. 2(k) 1s the initial position. Flow birefringence due to
the deformation was observed very strongly in the z-axis direction from the stagnation point
immediately after the start of flow. The birefringence around the stagnation pomt reached a
maximum at Fig. 2(e) and entered a decreasing process at Fig. 2(f). From Fig. 2(g) to (j), the
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fluid 1s deformed 1n the x-axis direction, but no strong birefringence 1s observed in the x-axis
direction. It indicates that the flow birefringence that occurred in the z-axis direction is relaxing
during this period. Birefringence is also observed in Fig. 2(k), which returns to the initial
position. Furthermore, the birefringence in Fig. 2(k) 1s larger than that in Fig. 2(j), confirming
the phase difference to the variation in the strain.

(a) wt=27/10x0 (b) ot=2/10x1 (c) wt=21/10x2

'\‘ﬂ‘:ﬁ.. - 'ﬂrj;’('/i qri‘@f?
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(2) wt=217/10x6 (h) wt=2/10x7 (1) wt=27/10x8

W 10.0 mm

FALIISIAIRIS IS,

H=2.0~ 6.0 mm

(J) wt=21/10x9 k) ot=277/10x10
Figure 2 : Birefringence observation in the first cycle of squeeze motion.
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ABSTRACT

Block copolymer copolymers (BCPs) generally form periodic structures on the order of tens of
nanometers. The morphology and the dimension are determined by the volume fractions of the
blocks, the segregation power described by the Flory-Huggins interaction parameter (), the
molecular weight, and the molecular architecture.

The aim of this study 1s to control dimensions of microphase-separated structures, 1.e.,
domain spacings for potential application of BCPs to photonic crystals with high tunability of
wavelengths. BCPs are expected to play an important role in the development along this
strategy because they form structures by self-assembly at less energy cost. Many researches on
controlling domain spacings have been conducted by temperature change, constructive or
destructive change of hydrogen bonding, compositional change in blend systems of BCPs.

In this study, we demonstrate the control of domain spacings by exposing diblock
copolymers to solvents with selectivity to one or both constituent blocks; lamella-forming
symmetric polystyrene-b—polyisoprene, PS-b-PI, diblock copolymers and three kinds of
solvents were employed: dimethyl phthalate (DMP) selective for PS, n-tetradecane (C14)
selective for PI, and dioctyl phthalate (DOP) as a neutral solvent. DMP and C14 selectively
swell PS and PI, respectively, resulting in the enhancement of the segregation power between
PS and PI and the increase in the domain spacing, while DOP shields the segregation power
resulting in the decrease in the domain spacing’™*.

METHODS AND MATERIALS

Two kinds of polystyrene-b-polyisoprene (PS-b-PI), designated SI-60 and SI-655, were
synthesized by anionic living polymerization. SI-60 has weight averaged molecular weight
(M.,.) of 60.1k with M./M, =1.03, where M, 1s number averaged molecular weight, and has fps
of 467 vol % . SI-655 has M., of 655k with M,/M, =1 .09, and fp; of 379 vol %. DMP, C14 and
DOP were used as described above. Small-angle X-ray scattering (SAXS) was measured with
in-house apparatus, Nanoviewer (Rigaku), and at BL-40B2 at SPring-8. Reflection spectra
measurement was conducted with Multispec-1500 (Shimadzu corp.), measurement wavelength
of which ranges from 190nm to 800nm.

A diblock copolymer used for Small-angle Neutron Scattering was poly(styrene)-block-
poly(methyl meth-acrylate) with a molecular weight of 2.4x10° g/mol. The volume fraction of
PS was 0.43. We used two combinations of solvent mixtures ((1)tetrahydrofuran (THF) / water
and (1)toluene / methanol as a good and non-solvent, respectively). Small-angle Neutron
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Scattering (SANS) measurement was conducted at 40M SANS Beamline in HANARO, Korea
to evaluate the spatial distribution of the solvent molecules by the contrast variation method
using the nuxtures of protonated and deuterated solvents.

RESULTS AND DISCUSSION

By combination of protonated and deuterated solvents, the scattering length densities of block
copolymer solutions were varied for the SANS experiments. From the primary peak intensities,
the spatial distributions of the solvents were evaluated. THF and Toluene were mainly
distributed into PS phase. However, Toluene was slightly selective for PS chain. From
theoretical calculation on the basis of SCFT, THF and water were mainly distributed into
PMMA phase and behaved as a single solvent. In the case of toluene and methanol mixture,
however, toluene was mainly distributed into PS phase and methanol was mversely distributed
into PMMA phase. These phenomena resulted in the increase in the segregation power in
solutions.

We prepared various ratios of S'DOP/DMP/C14 nuxtures of SI-60 and SI-655. Each
solution has different concentrations of the polymers and/or different ratios of DOP mn the
solvent mixture (DOP, DMP and C14). The volume ratios of DMP to C14 are fixed at 47:53
for SI-60 solutions, and 39.2:60.8 (50:50 by weight) for SI-655 solutions. Solutions at the
volume ratio of DOP from 0 to 100% were prepared for SI-60. However, as for SI-655, at least
ca. 28 vol.% of DOP was required to dissolve the polymer mto the mixture. In Figure 1, the
domain spacing of SI-60 solutions are shown as a function of the DOP ratio. We studied the
solutions at the polymer concentration of 20, 30, 40 vol.%. Domain spacing was calculated
from the first SAXS peak position by 27/qu.x. Where (. 15 the first peak position. The SAXS
profiles of the solutions at the lower ratio (0 to 40%) of DOP showed multiple scattering peaks.
The ratios of the peak positions confirmed that the structure is lamella. The solutions at the
higher ratios (50 to 100%) of DOP showed only one peak, from which 1t 1s difficult to 1dentify
the morphology. However, the morphology is most probably lamella in the weak segregation
regime, because volume ratio of PS:PI and DMP:C14 are nearly 50:50. As shown in Figure 1,
we successfully controlled domain spacing by adjusting the ratio of the selective solvents to the
neutral solvent. As for the solution at the polymer concentration of 20 vol.%, the domain
spacing varied from 28 8 to 107.9 nm, while that of neat SI-60 15 34.8 nm. In Figure 2, the
reflection peaks of SI-655 1s 34.8 nm.

In Figrue 2, the reflection peaks from the SI-655 solutions are shown. We observed the
reflection peaks varying from 3422 to 7709 nm. In the past study, Urbas et al. conducted
reflection wavelength control by blending PS and PI into SI. In their report’, the reflection peak
was ranged from c.a. 340 to 610 nm, and the full width at half maxima of those were ca. 70 nm
at narrowest. In our study, the use of solvent mixture successfully yielded wider range and
narrower peak width. From Figures 1 and 2, we can see the different behavior of the shift of
domain spacing against the polymer concentration, e.g. SI-60 at 30% of DOP and SI-655 at
29% of DOP. They have almost the same concentration of DOP, although the rise of polymer
concentration increase the domain spacing of SI-655 solution, while it decreases that of SI-60
solution. We consider that SI with the larger molecular weight (SI-655) has higher segregation
power that was shielded 1n the solvent mixture with 29% of DOP by a so-called dilution effect
while 1t increases for the lower molecular weight one (SI-60). As a conclusion, the effect of
solvent mixture depends on the magnitude of the segregation power of the diblock copolymers.
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CONCLUSIONS

We prepared solutions of SI-60 and SI-655 with various ratio of PS-selective solvent (DMP),
Pl-selective solvent (C14) and a neutral solvent (DOP). In the SI-60 solution, we obtained
lamella structure with the domain spacing varied from 28 .8 to 107.9 nm by adjusting the neutral
solvent ratio, while that of neat polymer 1s 34 8nm. The reflection peaks of SI-655 solutions
shifted over the whole range of visible wavelength (342.2 to 770.9 nm). In brief, we found that
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Figure 2 Reflection peaks from SI-655 solutions
as a function of wavelength. Attached numbers
represent polymer concentrations and DOP ratios
in the solutions.

domain spacing can be controlled over quite a large range by using solvent mixture.
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ABSTRACT

In classical wetting, the spreading of an emulsion drop on a surface 1s preceded by the formation
of a bridge connecting the drop and the surface across the sandwiched film of the suspending
medium. However, this widely accepted mechanism ignores the finite solubility of the drop
phase i the medium. We present experimental evidence of a new wetting mechanism, whereby
the drop dissolves in the medum, and nucleates on the surface as 1slands that grow with time.
Island growth 1s predicated upon a reduction in solubility near the contact line due to attractive
interactions between the drop and the surface, overcoming Ostwald ripening. Ultimately,
wetting 1s manifested as a coalescence event between the parent drop and one of the islands,
which can result in significantly large critical film heights and short hydrodynamic drainage
times prior to wetting. This discovery has broad relevance in areas such as froth flotation,
liquid-infused surfaces, multiphase flows and microfluidies.
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ABSTRACT

Multilayer, multicomponent films are widely used for their barrier properties, with more than
40 million tons of all plastic being produced annually being composed of multilayer polymer
systems. This creates an enormous challenge as recycling of these multilayer systems is not
technically feasible at large scales. In fact, the component plastics often have differing recycling
pathways which prevents these films from being recycled. This work 1s aimed at developing a
novel chemical-mechanical approach that leads to achieving in-process melt separation of
polyethylene/polyethylene terephthalate (PE/PET) blends in twin-screw extrusion for posterior
mdividual recycling. Heremn, we pursue two strategies to achieve this goal:

1) We use various levels up to 1.00% w/w of pyromellitic dianhydride (PMDA) as a PET
chain extender at 260 °C and demonstrate that significant chain-extension occurs up to
0.5% w/w/ of PMDA, while chain-branching becomes dominant above this PMDA level.
The corresponding increase in PET viscosity, and consequently blend viscosity ratio,
mduces coalescence of the PET droplets, which can then be mechanically filtered out of
the main PE melt stream. This work further studies the coalescing ability of the chain-
extended PET vs. that of branched PET and determines the optimal PET modification
levels to maximize droplet coalescence within the typical processing window 1n twin-
screw extrusion of 2-3 minutes.

2) We use various levels up to 8% w/w of ethylene glycol (EG) to depolymerize PET at 260
°C and demonstrate that significant chain depolymerization occurs with a reduction of
PET molecular weight (MW) greater than 95%. The corresponding decrease in PET MW
allowed for the PET to be depolymerized to a level that was extractable with the aid of
SC CO2. The resulting PET wax separated from the PET/LLDPE film was further
depolymerized into monomeric form with the aid of zinc acetate. This work further studies
the effect EG%, time, temperature, screw design, feed rate, and screw speed have on the
depolymerization in a twin screw extruder. Two different reagents EG and BHET
(Bis(hydroxyethyl)terephthalate) were used to look at the depolymerization efficiency,
with EG being the more efficient depolymerization reagent.
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ABSTRACT

Woaste plastics are often a muxture of plastics m various states depending on the recycling
process, which consists of sorting, washing, drying, and melt-blending, and making them into
pellets!. Waste plastics are known to have reduced mechanical properties”, and recycled plastics
are often used by blending with virgin plastics. In molding processes, high-precision moldings
in extrusion molding and injection molding rely on the uniformity of the flow characteristics of
the plastics. Therefore, it 15 required that the viscosity 1s uniform even in the recycled pellets of
waste plastic.

In this research, we developed the Viscosity Homogenization Treatment System® of waste
plastic recycling and verified 1t experimentally. The system consists of two extruders, the lab-
made in-line viscometer, and a control PC. To general verification, virgin plastics
(polypropylene, PP) with different flow curves were used. For the target viscosity of the
recycled plastic was reached, the volume fraction of the two virgin resins used as adjusting
agents was controlled considering the transient viscosity change of PP measured by an in-line
viscometer. Then melt-blending was carried out using a second extruder. As a result, the
viscosity of the obtained recycled plastic agreed well with the target viscosity, demonstrating
the system's effectiveness.
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DEVELOPMENT OF COMPOSITE VIA SECONDARY
POLYMER-INDUCED PARTICLE AGGREGATION
AND DESTRUCTION OF ITS PARTICLE
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School of Chemical and Biological Engineering and Institute of Chemical Processes, Seoul
National University, South Korea

ABSTRACT

The performance of polymer composite 1s determined depending on several parameters. Among
them, particle dispersion and percolation structure control are the most important. In this study,
poly(lactic acid) (PLA) composite was fabricated through a secondary polymer-induced
particle aggregation. Particle dispersion was manipulated through the addition of secondary
polymer with high-affinity to particles and analyzed corresponding changes in electrical
conductivity and moduli. Through rheological scaling analysis of percolation structure, it was
found that the addition of a small amount of secondary polymer induces diffusion of particle to
form aggregates of high-order structure against interaction between particles. A ternary
composite of PLA, poly(caprolactone) (PCL) and carbon black (CB) exhibited the PCL-
induced CB aggregation when the amount of the PCL was comparable to that of particles.
Particle percolation with a high-order structure improves the performance of composite like
high storage modulus, high dielectric loss, and negative-positive switching of dielectric
constant at high frequency (~ 100 Hz). Most of all, 1t induced a brittle-ductile transition to PLA.
However, during 3D printing process of this ternary composite, CB aggregates were rearranged
and percolation structure was disrupted under the given flow, resulting in a decrease in the
modulus of the composite and lower electrical conductivity. Under high shear through nozzle,
assemblies of CB aggregates could not remain close enough to maintain the percolation
structure
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ABSTRACT

Shear-thinning and yield stress are two important rheological properties in the industrial using
coating liquid, such as battery slurries. In this study, we use the Herschel-Bulkley constitutive
equation to describe coating liquid flow. We develop a simple model by applying HB
constitutive equation to the 1-D viscocapillary model. Additionally, the visualization
experiment 1s performed using a custom-made apparatus that mimics all essential mdustrial-
grade slot coater features to detect the location of gas/liquid interfaces and contact lines.

All of the coating windows obtained through experiments and modeling were depicted on
the dimensionless space. The shape of dimensionless coating windows obtained from various
dimensionless numbers 1s similar. The effect of yield stress 1s mnsignificant m B1 (Bmgham
number) about 0.1. However, when the Bi1 and Rgt (gap-to-thickness ratio) become larger, the
yield stress effect should be considered. The effect of shear-thinming changes the dimensionless
coating window dramatically. In high Rgt cases, the shear field under the die lip drastically
deviates from the simple shear flow, and the shear thinning effect becomes more considerable.
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ABSTRACT

We performed direct numerical simulations (DNSs) of a zero-pressure-gradient turbulent boundary
layer flow of viscoelastic fluids with variations of solution concentration and temperature in order
to investigate the effect of local variation in the relaxation time on the drag reduction. To this end,
we proposed a new constitutive equation model based on the FENE-P model, ¢-7-FENE-P model,
in which the FENE-P model was coupled with the scalar equations of solution concentration and
temperature. In this study, DNSs for 6 cases of increasing and decreasing relaxation times with
temperature were performed.

INTRODUCTION

As reported in recent reviews,! numerous DNS studies of wall-bounded turbulent flows of viscoelas-
tic fluids can predict some experimental findings such as the steeper gradient of mean velocity profile
in wall-units and more suppression of turbulence structures with the amount of the drag reduction.
In the minimal channel flow, Xi & Graham? found that the instantaneous levels of polymer stretch-
ing and drag reduction were anticorrelated in time. Tamano et al.? also revealed that what occurs
temporally in the minimal channel® was similar to what occurred spatially in boundary layer flow,
and the streamwise profile of drag reduction ratio shifted downstream, as the Weissenberg number,
i.e. the relaxation time became larger. However, the effect of local variation in relaxation time on the
drag reduction still remains unknown in wall-bounded turbulent flows of viscoelastic fluids, since
the relaxation time is constant in space and time in previous studies based on the FENE-P model.
In this study, the effect of the local relaxation time on the drag reduction in wall-bounded turbulent
flows is investigated by coupling the FENE-P model with equations of solution concentration and
temperature.

NUMERICAL METHOD AND CONDITIONS

The non-dimensional governing equations for the incompressible viscoelastic flow are continuity
and momentum equations:
Au; du;  Ouguy dp 1—PBOE,; 8

dx; '@t ' 9r;  Oz; ' Reg, 0r; Reg, Or;0z;’

(1
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where wu; is the velocity component, p is pressure, x; is a spatial coordinate, ¢ is time, and Ej; is
the viscoelastic stress component. In this paper, x, (), x5 (y) and x5 (z) directions are streamwise,
wall-normal and spanwise, respectively. 3 = 1, /n is the ratio of solvent viscosity 1, to zero shear
rate viscosity of solution r,. In the present study, the inflow condition for the boundary layer is
given by the Lund’s method," so that the computational domain is divided into the main and driver
parts in which the inflow condition for the main part is obtained. In Eq. 1, the momentum-thickness
Reynolds number Re,, is defined as, Rey, = pU.0,/n9. where U, is the free-stream velocity, 6,
is the momentum thickness at the inlet plane of the driver part, p is density. The non-dimensional
FENE-P constitutive equation for conformation tensor C;; for inhomogeneous polymer solutions is
as follows:*

aC;; _ aC; Oy du;
It Hkm - E ki — ECH‘ = —nkj;. (2)

The viscoelastic stress component is related to the conformation tensor, E;; = (fCy — &)/ Wi,
where f is the Peterlin function f = L*/(L? — Tr(C};)). and L represents the maximum extension
of polymer. The Weissenberg number Wi is defined as, Wi = A/, /0y, where X is the relaxation
time.
In Eq. 2, n is the number of density, i.e. the polymer concentration which is described by the
following equation:*
dn " dn 1
ot "oz, T Pe,
where Pe, = ScReg, is the Péclet number for concentration. In this study, the Schmidt number
is set at Se = 1 for the computational limitation. We called this type of FENE-P model? coupled
with the concentration equation “c-FENE-P model”. In this model, the relaxation time is constant
(A = Ag). so that Wi is the same as the setting Weissenberg number Wiy (= AgUe /).
In this study, moreover, we introduced the equation of the non-dimensional solution temperature
T as follows:

Vn, 3)

aT aT 1 .

w— = — VT, 4
at " "9z,  Per @
where Per = PrRey, is the Péclet number for temperature. In this study, the Prandtl number is set
at Pr = 1 for simplicity. Here, it is assumed that the relaxation time A is the simple function of the
solution temperature, A(T') = A TEVSFLOELD o that the Weissenberg number is rewritten as,

r
Wi— A(Iéit', e_ A/{\? Wio. )
We name this type of constitutive equation model “c-T-FENE-P model.”

The second-order accurate finite difference scheme on a staggered grid is used. The semi-implicit
time marching algorithm is used where the diffusion term in the wall-normal direction is treated
implicitly with the Crank-Nicolson scheme, and the third-order Runge-Kutta scheme is used for all
other terms. The setting momentum-thickness Reynolds and Weissenberg numbers are Reg, = 670
and Wiy = 50, respectively. The viscosity ratio is § = (0.9. The maximum extension of the polymer
L is 100. The size of the computational domain for the present simulations is equal to (L, x L, x L.)
= (3008, x 308, x 20m#,/3) in the streamwise, wall-normal, and spanwise directions, respectively.
The grid size is (N; x Ny x N.) = (384 x 64 x 64). The concentration inlet boundary condition
is given by the constant Gaussian profile.? The inflow temperature is constant (T' = Tj,), and the
isothermal heated wall boundary condition (T, = 47T;,,) is imposed.
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RESULTS

The streamwise variation in the drag reduction ratio DR is shown in Fig. 1. DR(x) is defined as,

DR(z) = Cxemtonisn () — Cf\«'iscnch.-;lic(‘r), )
Cmeumim (1')
where Cy, - (x)and Cy,, . . (x) are the skin friction coefficients for Newtonian and viscoelas-
tic fluids, which are functions of the streamwise position x and are evaluated at the same x. For
the case of increasing relaxation time with temperature (open symbols), the DR of the c-T-FENE-
P model is smaller than that of the c-FENE-P model (A = \y), while it is larger for the case of
decreasing relaxation time with temperature (closed symbols).

* —FENE-F (1= 1)

&)
60)
P g ety
§ 20 o
" .. e—T-FENE-F .|
0d=i4I" »i=3,m"
=20 A=A @ a=aT
| A=A ag=ar
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Figure 1: Streamwise variation in drag reduction ratio

CONCLUSIONS

Direct numerical simulations of the zero-pressure gradient drag-reducing turbulent boundary layer
of viscoelastic fluids were performed using the proposed c-T-FENE-P model. The effect of local
variation in the relaxation time on the drag reduction ratio was discussed.
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ABSTRACT

We present an experimental study of turbulent drag reduction with flexible and rigid polymer solu-
tions in a 2:1 aspect ratio rectangular channel. The experiments are carried out at low drag reduction
(LDR, % DR < 40), high drag reduction (HDR, % DR > 40) and maximum drag reduction (MDR,
where the velocity profile I/* roughly matches Virk’s asymptote), with partially hydrolyzed poly-
acrylamide as a flexible polymer, and xanthan gum as a rigid polymer'. The rheology of the polymer
solutions is characterized with a Malvern Kinexus Ultra+ Rheometer. We measure velocity profiles,
streamwise and wall-normal Reynolds stresses and power spectra of streamwise velocity fluctuations
with a Laser Doppler Anemometry (LDA) setup.

Our results” show similar effects of both polymeric additives on the velocity and Reynolds stress
profiles, provided that the Reynolds numbers and % DR are also similar. At both HDR and MDR,
the power spectral densities of streamwise velocity fluctuations of both XG and HPAM flows show a
power-law decay near —3 instead of —5/3 in the inertial range. This slope was recently interpreted
as evidence of elasto-inertial turbulence (EIT) in polymer jets®. Atconcentrations near 100 ppm, we
observe that flexible polymer solutions are more eftective at reducing drag, while XG can only reach
MDR at very high concentrations. Therefore, we hypothesize that the formation of polymer ag-
gregates with high concentrations contributes to increase viscoelasticity and % DR in rigid polymer
solutions.
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RELATING ELASTOINERTIAL TURBULENCE TO THE
PHENOMENOLOGY OF POLYMER DRAG REDUCTION
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ABSTRACT

A small amount of flexible polymer additives may cause drastic reduction in turbulent friction drag.
The rich dynamics of polymer-turbulence interplay behind the drag reduction (DR) phenomenon is
reflected in the transitions in turbulent phenomenology between several distinct stages as the fluid
becomes more elastic (higher Weissenberg number Wi)'.

Starting from the Newtonian limit, there is initially no DR (NDR) until Wi reaches its onset
level Wigneee. As Wi further increases, the flow enters the low-extent DR (LDR) stage, where DR
effects are contained in the turbulent buffer layer only®. Transition to the high-extent DR (HDR)
stage is manifested by several distinct markers in flow statistics, especially those in the log-law
layer”. There are still ongoing debates about conflicting observations in the HDR stage'. Finally,
at sufficiently high Wi, the level of DR converges to the maximum DR (MDR) limit, whose full
mechanism remains unexplained.

Recent discovery of the so-called elastoinertial turbulence (EIT), a distinct type of high-Wi
flow instability where polymer elasticity feeds into, rather than suppressing, turbulent fluctuations,
sparked much interest among researchers. We focus on building the connection between EIT and
the phenomenology of DR, especially the multistage transitions in turbulent dynamics as described
above. Several interesting findings arose during our investigation. First, although EIT has been
widely associated with MDR, we found that MDR cannot be described by the simple convergence
to a single EIT state®. Second, EIT shows up a lot earlier than MDR does. Its rise to dominance
marks a previously unknown transition, which would explain the seemingly contradictory observa-
tions in HDR*. Third, opposite to the prevailing view, transition to EIT is triggered by a new linear
instability’, which is also a sharp contrast to the laminar-turbulent transition in Newtonian fluids.

On the numerical side, EIT dynamics cannot be captured with spectral methods because its sharp
stress shockfronts would be smeared by the artificial diffusion term required for numerical stability.
This has cast doubt over the general reliability of spectral methods in viscoelastic fluid simulation.
We show that although artificial diffusion is detrimental to EIT structures, it has minimal impact on
the traditional inertia-driven turbulence (IDT), provided that the numerical ditfusivity is chosen at a
proper magnitude*®. Therefore, artificial diffusion can not only still be used in IDT, it also provides
a way for us to separate the two types of turbulent dynamics by selectively removing EIT.
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ABSTRACT

The rheological properties of associating polymers are driven by a combination of
entanglements and dynamic intermolecular interactions between chains. Binary mixtures of
aminopolyolefin associating polymers with low and high molecular weight (Af,, ) were prepared
at systematic mass fractions. The ability to tune rheological, mechanical, and adhesive
properties was investigated. A transition from viscoelastic liquid to elastic solid is traversed
between the limits of low and high A, by controlling the ratio of the two components. As the
fraction of high M, increases, the mechanical properties (Young’s modulus, tensile strength)
increase. Transitions between cohesive and adhesive bonding to low surface energy substrates
are also observed, while the peel and lap shear strength can be tuned by the molecular weight
distribution. Due to the high density of polar amine groups, recoverable adhesion on
poly(tetrafluoroethylene) is facilitated by the inherent self-healing ability of the associating
polymers. The adhesion strength recovers monotonically with healing time. Controlling the
ratio of low and high M, could be used to accurately control material properties from two simple
component feedstocks, replicating the behavior of an individual monomodal sample.
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LINEAR VISCOELASTIC PROPERTIES OF COMB-
SHAPED RING POLYSTYRENES

Yuya Do1!

!Nagoya University, Nagoya, Japan

Ring polymers with no chain ends and their derivatives (having both ring and hnear umts in
their structures) are known to exhibit characteristic viscoelastic properties ! Thus, it is important
to correctly understand their properties through experiments using model samples with well-
defined structures and analyses based on molecular models. This study examined linear
viscoelastic properties in melt of a series of comb-shaped ring (RC) polystyrene samples with
different branch cham length, 1.e., the molecular weight of the ring backbone M (= 4M. where
M: 15 the entanglement molecular weight) and linear branch chains M (= M., 2M. and 4M5),
with the average number of branch chains f = 20.>* Even for the RC sample with the shortest
branch chains, a plateau region of the dynamic modulus G'(w) was observed in the middle
angular frequency  regime. The longer the branch chains of the RC samples, the wider plateau
region became, suggesting that intermolecular branch chain entanglement occurs. In the @
region between the plateau and terminal region, G*(w) with a weaker ® dependence than the
terminal relaxation was observed. This behavior at low @ was more pronounced for the
corresponding linear comb (LC) sample than the RC one. Moreover, the obtained G’() data
were analyzed by two models: the comb-Rouse in which the structure of the RC/LC molecules
1s considered by graph theory,* and the Milner-McLeish model for entangled star-shaped
polymers * The former model qualitatively described the terminal relaxation behavior of G*()
at low e, but failed to reproduce the plateau in the middle & range. In contrast, the latter model
described the entanglement plateau in the middle e, but the difference in the terminal relaxation
regime between the RC/LC samples, which was seen in the comb-Rouse model as well as i
the data, was disappeared.
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ABSTRACT

Catalytically synthesized amine-containing polymers have been reported to possess enhanced
rheo-mechanical adhesion and self-healing properties. While the rheo-mechanical and adhesive
properties can be consistently and reliably measured using well established experimental
protocols, self-healing behavior requires further investigation to gan a better understanding of
critical parameters to be considered for a consistent evaluation. In this study, we developed a self-
healing protocol for a class of newly synthesized amine-functionalized polyolefins. A dynamic
mechanical analyzer 1s used to determine the impact of critical time scales such as the waiting time
before the damaged pieces are brought together, the healing time, characteristic relaxation times
of the polymers (reptation and lifetime of associations) and the contact force to critically evaluate
the self-healing rate of the materials under examination.

To achieve a good healing performance at room temperature, we also combined hydrogen and
lonic bonding, two different types of dynamic interactions, in aminated polyolefins. This
combination results in high toughness along with a relatively fast self-healing rate.
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ABSTRACT

An 1mportant stage of copper processing 1s grinding as it 1s responsible for more than 60% of
the energy consumption as well as of plants production. All the grinding phenomena strongly
depend on the rheological behavior of the shuries generated from the mixture of the fine
particles generated in the process, and water. The operational results of grinding circuits
indicate that one of the variables that has significantly impacted its performance 1s associated
with the rheological behavior of the treated suspensions. Additionally, it 1s observed that the
rheological behavior varies significantly depending on the mineral blends processed.

The objective of this work was to analyse the effect of the ore type on the rheological behavior
of the suspensions generated from 7 ore samples of varying mineralogical characteristics using
seawater. Rheological flow curves were obtained by using the infinite gap approach techmque
in a Haake VT-550 rheometer. The effect of pH, solids content, sodium hexametaphosphate
and sodium silicate on the rehological behavior of the resulting suspensions was studied.

The results indicated a wide range of rheological behaviors that are strongly influenced by the
type of mineral. The results clearly show that the solids content of the suspensions has an
important effect on the yield stress. This result 1s very important for mining operations since
minor variations in the control of the solids content in the secondary grinding circuit can have
important effects on the pulp transport in the mills. The results also show that lime addition
generates an increase in the yield stress of suspemsions, which 1s associated with the
precipitation of magnesium and calcium hydroxyl-complexes in seawater. These compounds
generate particles aggregation and an increase in the yield stress and viscosity of the pulp. This
conclusion 1s a relevant precedent to be considered in other operations that also use seawater.
Finally, sodium hexametaphosphate and sodium silicate showed no significant effects on the
rheological behavior of the suspensions.
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ABSTRACT

Mineral beneficiation produces tailings, which 1s finely ground waste rock. Tailings undergo
dewatering via thickening and filtration to increase solids content and recycle process water.
However, there can be substantial clay and fine particles n tailings. This causes poor
dewatering that can reduce plant throughput, increase additive dosage, or decrease final solids
content. In practical terms, mineral processors are keen to understanding the allowable amounts
of fines or clay before catastrophic impacts to process performance.

Compressive Rheology’, uses the compressive yield stress, p,(¢), to describe network strength
or compressibility, and the hindered settling function, R(¢), to describe the fluid-liquid drag or
permeability. In this work, we measure the compressibility and permeability of a range of
synthetic tailings suspensions using filtration’ and sedimentation’ methods. The synthetic
tailings are caleium carbonate of various sizes with kaolin added to some. Fine particles and
clay are usually detrimental to both compressibility and permeability, although there are some
subtle effects on compressibility where small particles can sit in the mterstices of large particles.
Since suspension composition can affect both compressibility and permeability, there 1s not a
single number to describe the effects of fines and clays on solid-liquid separation processes.
Therefore, this work uses the measured solid-liquid separation properties of the synthetic
tailings suspension in models of filter presses* and thickeners’ to quantify the dewatering
performance. The results show that fines and clays are always detrimental to filter and thickener
performance. Mineral processing must either reduce output solids concentration to maintain
throughput or reduce throughput to maintain final solids concentration.
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ABSTRACT

Mineral tailings are solid-liquid suspensions that contain finely ground waste rock particles and
processed water. To ensure safe storage and disposal of tailings and mimmise water usage, it is
crucial to increase the solid concentration of the suspension and recover water through various
dewatering techniques. A novel filtration technology, comned High Pressure Dewatering Rolls
(HPDR) designed and developed at the University of Melbourne!, is currently being
investigated through experiments and modelling to utilise as a secondary dewatering stage
following the thickening process.

To understand the flow dynamics and cake formation inside the HPDR, a modified two-
fluid framework® that accounts for multi-particle effects is used in this study. The model
includes material-dependent functions describing suspension compressibility, permeability,
and a solid volume fraction-dependent viscosity model partitioned between the solid and liquid
phases. On application of a vacuum pressure to the permeable rolls, preliminary results show
filter cake formation on the rolls and an mcrease of cake thickness along the roller surface. The
cake 1s forced through the gap between the rollers, exposing it to a high compressional load.
Further, simulations show that the part of the formed cake near the top surface of the roll 1s
swept away as the feed suspension falls on top of the cake (see Fig 1). Shifting the feed location
to the bottom of the HPDR shows no disturbance to the cake formation, suggesting the
possibility of utilising the simulation results m optimising the HPDR. design and throughput.

cake erosion

0.3, L3T6
solid volume fraction (viv)

1 fitrate
cake formation l

permeable rolls
Figure 1: Filter cake formation inside the HPDR in a 2D transient simulation.
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ABSTRACT

Water recovery in mineral processing operations has been proven that depends strongly on the
performance of the classification equipments. Hydrocyclones are widely used as the main
classification operations in the copper industry in Chile and their understanding 1s crucial for
any effort in the optimization of water consumption In this work, we perform an
experimental study of roping in hydrocyclones'” using as a base, a Bingham-type fluid, and
another Pseudo-plastic that follows a power law”. In particular, the transition from spray to
roping was analyzed based on the parameters that characterize the constitutive equations of
the different fluids. A strong dependence was found between the hydrocyclone discharge
angle and the fluid rheology for both types of fluids.
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