W COMSO
@ Addlink

Software Cientifico

COMSOL model for the Capillary
Breakup Extensional Electrorheometry
(CaBEER) applied to functional inks

Author: Francisco José Galindo Rosales

R0
A

VALY

bl

Supervisor: Emilio Ruiz Reina

25 de Junio de 2021

| RS | umaes

's Degree in Numerical Simulation in Science and Engineering with COMSOL Multiphysics (MUCOM)



http://comsol.com/

Content

Introduction

Capillary Breakup Extensional Electrorheometry (CaBEER)

Modelling

Implementation

Remarks & Future works

COMSOL model for the Capillary Breakup Extensional Electrorheometry (CaBEER) applied to functional inks



Introduction

PRINTED
ELECTRONICS MARKET

Printer
APAC APAC
Fastest-Growing Market Largest Market
By Region (2020-2030) By Region (2019)

G -
(7 PSS -~

DRIVERS |
Materia
Increasing adoption of printed electronics in —
~ internet of things (loT) applications 83631 BIU'IUN 2030
— Growing demand for flexible electronics
— Increasing OLED production through inkjet printing technology

$35.7 BILLION —— 2019

MARKET PLAYERS

E Ink Holdings Inc. | Ynvisible Interactive Inc. |
Thin Film Electronics ASA | Nissha Co. Ltd. | Xerox Corporation | ‘ , PRESCIENT (¢ STRATEGIC
Agfa-Gevaert N.V. | DuPont de Nemours Inc. | Molex LLC | INTELLIGENCI
NovaCentrix Corp. and BASF SE. (2020—2030) - %

COMSOL model for the Capillary Breakup Extensional Electrorheometry (CaBEER) applied to functional inks



4JCOM

Introduction

Organic Photovoltaic

Flexible Display

OLED / EL Lighting

Printed RFID

Printed Memory

Organic Sensor

Flexible Battery

Smart Objects

Smart Textiles

© OE-A 2009

Consumer and first of
applications

Price labels, e-readers

Small lamps, design a
decorative applications

Brand protection
e-ticketing

Brand protection,
identification, games

Photodiode, temperat
pressure, chemical

Low capacity,
discontinuous use

animated logos

Clothing integr _
keypads, sensors, light
effects '

Off-grid ¢
building integration

High resolution colot
e-readers, e-posters

Light tiles, technical ai
architectural lighting

Logistics and
automation '

brand protection,
advanced games

Potentiometric
sensor array

Higher capacity,
continuous use

Intelligent tickets,
smart packaging

Clothing inm
displays, photovoltaics

power generation

Electronic wallpape
rollable OLED TVs

Flexible light
elements

Item level tags 3
EPC, identification

Electronics, multimed

Intelligent sen
embedded systems

Direct integratim & 4
packages, systems >

Complex smart patka»

Fuel cells,
fiber integrated sensors
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Today, Short term

1
Medium term

I
Long term

N
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Introduction

QUALITY CONTROL

Compare with other
in-house data on

qualitative basis \ L'nkno‘\\ o /
material

Conclude -
whether or not a Measure material
material is functions, e.g., 7,
appropriate for a G'@). G"(w). G()

specific T

application l

MODELING WORK

Compare measured -

with predicted

[ |

Conclude which
constitutive equation is
best for further
modeling calculations

Understanding Rheology
Faith A. Morrison
Oxford University Press (2001)

Chemistry

QUANTITATIVE ANALYSIS

Compare data with
literature reports on
various fluids

Conclude on the probable
physical behavior of the
fluid based on
comparison with known
fluid behavior

" Calculate predictions ™

of material functions
from various

._constitutive equations /

Q

&S

O

OE-A Roadmap for Organic and Printed Electronics. In:
Cantatore E. (eds) Applications of Organic and Printed
Electronics. Integrated Circuits and Systems. Springer, Boston,
MA. (2013)

Organic and Printed

Electronics

Source: Heraeus, manroland, Infineon, Karl Knauer

© OE-A 2015, October 2015
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CaBEER experiments

Macro-scale Rheometry

Shear rheometry

Extensional rheometry

r___/
¥ |
L

L

Uniaxial
extensional flow

Biaxial
stretching flow

Planar
elongational flow

m _ —£&(r) 0
2 7= 0 —&()

) -
0 2L
2€(1r) )

2L
£(t)<0

/4

_ “28() 00
7= 0 0 0
00 2

L Lz

£(r)>0

0 0
U2 W2
£(1)>0
£
: M
I
u M!‘ h

1 Squeeze flow

in rotational
rheometers

Meissner’'s rheometers
can provide biaxial and
planar flows for polymer
melts

T scissors

2 ) T
equibiarial planar

F.J. Galindo-Rosales.

"Complex fluids and Rheometry in microfluidics”.

Capillary flow Drag flow |, -v-y,n
= (Po— PL)R/2L I
H y
Vi X
e L0+ 4] = o £05) Rotational
: rheometers
Capillary
rheometers Control Control
Stress Strain
Torque .0 n,Q Tor'que
Torque
n.Q
Searle Searle / Couette
Cone-Plate Concentric | |Double gap [f*
4 cylinders | |concentric J-H
émgm' Plate-Plate cylinders ==

Chapter 1 in Complex fluid-flows in microfluidics,
Springer International Publishing (2018).
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CaBEER experiments

Macro-scale Rheometry

AV
Extensional rheometr L ’
Shear rheometry y ! |
Capillary flow Drag flow |, -v-y,n Uniaxial Biaxial Planar
x = (70— PORJL N extensional flow || stretching flow || elongational flow
X A— A —
! 2 - —£(1) 0 0 _ [ 20 0 0
v 2L 7= 0 —£(r) 0 2L 2L Y= g g _‘_[;)
X . 2&(r
- H?u:-.m(g) / OB U2 0 0 21 oL s L vz
) =200 522) Rotational £(n)>0 (<0 E0)>0
Capillary rheometers Squeeze flow || Meissner's rheometers
rheometers in rotational can provide biaxial and
Control Control rheometers planar flows for polymer
Stress Strain melts
Torque .0 n,Q Tor'que
Torque
n.Q
Searle Searle / Couette CaBER-1 planar
Cone-Plate Concentric | |Double gap T*H Thermo Scientific F.J. Galindo-Rosales.
4 cylinders | |[concentric || -‘ " . . . T
émﬁmm; Plate-Plate cylinders = Complex fluids and Rheometry in microfluidics”.

Chapter 1 in Complex fluid-flows in microfluidics,
no Springer International Publishing (2018).
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CaBEER experiments

Apparent viscosity [Pa-s]

Ferolece

About

EMG Oil-based Ferrofluid
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Apparent viscosity [Pa-s]

Applications

sites v

Technology

Contact Sales
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EMG Oil-based Ferrofluid

About Products

CaBEER

» Slow Retraction Method
> Initial height: 2 mm

> Final height: hf[mm)]

> Plate diameter: 4 mm
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CaBEER experiments

J.H. Garcia-Ortiz and F.J. Galindo-Rosales, JOR (2021) — In preparation
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Modelling

(3) L L 6 —— 7
L _Z y A//“L
t - /
T e )
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' / // ,,/’//
I e e
Gareth H. Mckinley. Visco-elasto-capillary thinning and break-up of complex fluids. 0 = " ] t
ANNUAL RHEOLOGY REVIEWS, pages 1-49, 2005. 0 1 2 3 A A

L.A. Slobozhanin and J.M. Perales. Stability of liquid bridges between equal disks in an axial gravity field.
PHYSICS OF FLUIDS, A: Fluid Dynamics, 5(6):1305-1314, 1993.

L. Campo-Deafio and C. Clasen.
The slow retraction method (SRM) for the determination of ultra-short
3 ‘ relaxation times in capillary breakup extensional rheometry experiments.

JNNFM, 165(23-24):1688-1699, 2010.
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Implementation

Two Phase Flow, phase field

1. Topology changes are expected.

2. Surface tension effects are important.

Laminar flow
V'v=10

v

o Fplo-V)o=V- { pl + p (Tt‘ f {\_1*)"-) i} + Fat + pg
(

P

Phase field method

P 9
vV =V-L2VT

pY 2 G =\ (—V% +

, Y €2\ Ofcxt
V= V-V o —1)d — —
V-eVE 4 (32 1) +(A) )

Time=0 s Surface: Volume fraction of fluid 1 (1) Contour: Volume fraction of fluid 1 (1)
Hm

8.5
gk
1.5F
7
6.5
6
55
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4
351
E]
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0 2 4 6 8 Hm

r .
p=p+(p—pg) Vs
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(@ 1)\ of
=2 Y90 Am=mt () Vs

\ e=€+ (g —€) Vs
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Implementation

Two-Phase Flow, Phase Field
rFA Absolute pressure (spt) =

Two Phase Flow, phase field B

¥ Fluid 1 Properties
Settings ~ Properties v 1
Fluid 1:

Two-Phase Flow, Phase Field

Material 1 (mat1) \ AR5
Label: Two-Phase Flow, Phase Field 1 = Density of fluid 1:
Name: tpfl L1 From material -
Constitutive relation
¥ Domain Selection Newtonian .

Selection: ~ All domains v Dynamic viscosity of fluid 1:

1 M1 From material =
2 B -

¥ Fluid 2 Properties

[
<> Fluid 2:
Material 2 (mat2) v | =y
Density of fluid 2:
> Equation P2 From material ~
Constitutive relation
¥ Coupled Interfaces
Newtonian v
Fluid flow: Dynamic viscosity of fluid 2:
Laminar Flow (spf) > |Z] @ M2 From material v
Moving interface: > Advanced Settings
Phase Field v | [Z }
P ¥ Surface Tension
¥ Model Input i Include surface tension force in momentum equation
Include surface tension gradient effects in surface tension force
Temperature:
Surface tension coefficient:
T i - E i
Common model input = User defined .
Absolute pressure: Surface tension coefficient:
Pa Absolute pressure (spf) = o sigma2 N/m
COMSOL model for the Capillary Breakup Extensional Electrorheometry (CaBEER) applied to functional inks 17
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Implementation

Two Phase Flow, phase field

Settings  Properties v A Settings =~ Properties
Phase Initialization Time Dependent
- Compute C? Update Solution = Compute ":_:" Update Solution
Label: Phase Initialization = Label: Time Dependent =i
v Study Settings v Study Settings
v Physics and Variables Selection Time unit: s v
[ ] Modify model configuration for study step Output times:  range(0,2e-6,5e-5) s | b
44 - i v
Physics interface Solve for | Discretization Tolerance: Physics controlled
Laminar Flow (spf) L] Physics settings v > Results While Solving
s Al 5 ¥ Physics settings ¥ Physics and Variables Selection
42
Multiphysics couplings Solve for [ ] Modify model configuration for study step
Two-Phase Flow, Phase Field 1 (tpf1) 41 33
Physics interface Solve for | Discretization
> Values of Dependent Variables Laminar Flow (spf) 4 Physics settings v
b Mesh Selection Phase Field (pf) 4 Physics settings v
» Adaptation and Error Estimates e el Solve for
> Study Extensions Two-Phase Flow, Phase Field 1 (tpf1) 4
COMSOL model for the Capillary Breakup Extensional Electrorheometry (CaBEER) applied to functional inks 18
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Two Phase Flow, phase field

N

v

1ms

Ay
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sigma2(1)=0.02 Time=5E-5 s Isosurface: Volume fraction of fluid 1 {1) sigma2(2)=0.05 Time=4.8E-5 s Isosurface: Volume fraction of fluid 1 (1) sigma2(3)=0.07 Time=4E-5 s lIsosurface: Volume fraction of fluid 1 (1)
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Implementation

Particle Tracing for Fluid Flow

External forces

F C\/@wkgﬂm  Fp = 3rud, (u—

Gravitational force (F))

(pp — o) 7}
F,=-" ; Lg

Brownian force (F'g) Drag force (Fp)

v)
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Implementation

Particle Tracing for Fluid Flow - External forces

Settings  Properties
Brownian Force
Label: Brownian Force 1
¥ Domain Selection

Selection: Manual

|

> Override and Contribution
»  Equation
¥ Model Input

Temperature:

T Common model input

¥ Brownian Force

Dynamic viscosity:

M From material

v Advanced Settings

Additional input argument to random number generator:

i ds
Particles to affect:

All

Settings  Properties
Drag Force

Label: Drag Force 1

¥ Domain Selection

Selection: Manual

|

b Override and Contribution
b Equation

¥ Model Input

¥ Coordinate System Selection

Coordinate system:

Global coordinate system

¥ Drag Force

Drag law:
Stokes
Velocity:

u User defined

0

2e-5

0
Dynamic viscosity:
M From material
Density:

Qo Cram matarial

Settings  Properties
Gravity Force

Label:  Gravity Force 1

¥ Domain Selection

Selection: Manual

|

> Override and Contribution

<~

Equation

¥ Model Input

v Coordinate System Selection

Coordinate system:

Global coordinate system

¥ Gravity Force

Gravity vector:

0
-g_const

Density:

P From material

v Affected Particles

Particles to affect:

All

COMSOL model for the Capillary Breakup Extensional Electrorheometry (CaBEER) applied to functional inks
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Particle Tracing for Fluid Flow - External forces
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Implementation

Particle Tracing for Fluid Flow
Inter-particle force

Inter-particle force (F,,)

Fdd 15(}01'?) (pZ'T‘)T B 3[})1 (pg"l‘) + P2 (pl-fr) —|—rp(p1-p2)]

Ameqr” Amegr®
. Ee
Electrostatic P = PsL(|Eessl) 1 L
|Eeryl
— V- (€ — = Pe.
V- (@VV Pe E.i; = E+aP
_ 3x0[Eerrl) Ps
L = coth ( . ol Bory]

COMSOL model for the Capillary Breakup Extensional Electrorheometry (CaBEER) applied to functional inks
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Implementation

Particle Tracing for Fluid Flow - Interparticle force

Model Builder " ®  Settings Properties ~»  Graphics v
- s StELSE . . Qa a@-v : "
f - Charge Conservation, Ferroelectric - % = @
4 & PparticleTracingmomoria4.mph (root) . o I o @7
4 @ Global Definitions b Equation 1070 : :
) X oL
PL Parameters 1 v Ferroelectric Material Properties 7 m
& Default Model Inputs 61 .
= Materials P - Pan(Eerr) = 0 i L
5
4 9 Component 1 (comp]) [ Hysteresis Jiles-Atherton model ! |
4 = Definitions ) - 4
. Anhysteretic polarization
@= Variables 1 E 37 r
[=] Boundary System 1 (sys7) Pan = PsatL(|Eeff|) |E5ff| > L
p viewl I et eff | |
b )f\ Geometry 1 Saturation polarization: 1
4 - Materials Psat User defined - 0
4 %o, Particle Tracing for Fluid Flow (fpt) -1 B
B wall 1 Psat C/m? e L
¢, Particle Properties 1 Anhysteretic polarization shape: 3 L
@ Drag Force 1 L . ’
angevin function v 47 =
@ Brownian Force 1
@ Particle Counter 1 mn |E9ff| 1 -5 [
M= M I(x)= coth(x)-=
@ Accumulator 1 am" (x) ) X -6 r
5 Symmetry 1 - =
Domai Il density: -7 -6
@ Gravity Force 1 omain wall density , ‘ | ‘ X107 m
3% Release from Grid 1 a From initial susceptibility A 0 5 10 15
@ Pparticle-Particle Interaction 1 _ Peat 1
& Outlet 1 a= EXO Messages Progress Log Table 1 v 1
4 X flectrostatics fes) Initial electric susceptibility: |
#® Charge Conservation 1 - -
P Zero Charge 1 Xo User defined v COMSOL Multiphysics 5.6.0.401
B Initial Val 9 | - [Jun 18, 2021 9:52 AM] Opened file: C:\Users\curro\Documents\MUCOM\Asignaturas\Segundos
nitial Values chie0 1 [Jun 18, 2021 10:48 AM] Saved file: C:\Users\curro\Documents\MUCOM\Asignaturas\SegundoSe¢
& Ground 1 i
v
3 Terminal 1 Isotropic
@ Charge Conservation, Ferroelectric 1 Effective electric field
A\ Mesh 1 Eeif =E + P
4 ~D
o Study 2 Inter-domain coupling:
Parametric Sweep .
[4  Step 1: Time Dependent e User defined M
b [r+ Solver Configurations a m/F
4 gl Job Configurations :
4 [ Results Isotropic v
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Particle Tracing for Fluid Flow - Interparticle force

Settings | Properties o Settings  Properties

Time Dependent

>tationary = Compute (' Update Solution

= Compute (' Update Solution
Label: Time Dependent

Label:  Stationary

E

¥ Study Settings
v Study Settings

Time unit: s

. . Output times: range(0,0.1e-3,1e-3)
I> Results While Solving

Tolerance: Physics controlled
¥ Physics and Variables Selection
I> Results While Solving

[ ] Modify model configuration for study step
¥ Physics and Variables Selection

44 o . L
Physics interface Solve for | Discretization el rae ) asm e e o Sy S
Particle Tracing for Fluid Flow (fpt) ] Physics settings N »
Physics interface
Electrostatics (es) 41 Physics settings v Particle Tracing for Fluid Flow (fpt)

. Electrostatics (es)
I Values of Dependent Variables

b Mesh Selection > Values of Dependent Variables

X . > Mesh Selection
> Adaptation and Error Estimates

I>  Adaptation

I Study Extensions
I»  Study Extensions

COMSOL model for the Capillary Breakup Extensional Electrorheometry (CaBEER) applied to functional inks
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Discretization

Physics settings

Physics settings
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Implementation

Model Builder

- -t | sEE

4

4 <& CaBEER.mph (root)
4 ) Global Definitions
Pi Parameters 1
% Default Model Inputs
= Materials
4 D%- Component 1 (comp1)
b= Definitions
> YA Geometry 1
b Materials
> =% Laminar Flow (spf)
> W¥ Phase Field (vh
4
"5 Axial Symmetry 1
5 wall 1

g, Particle Properties 1

3 Outlet 1
@ Drag Force 1
)
“B Brownian Force 1
“B Gravity Force 1

b &% Multiphysics

> Meshes

4 ~o Study 1

Parametric Sweep

EL Step 1: Phase Initialization
14 Step 2: Time Dependent
T Step 3: Time Dependent 2

b [re Solver Configurations
b I Results

<, Particle Tracing for Fluid Flow (fpt)

) .
%% Release from Grid 1

CaBEER*.mp

-3

Settings ~ Properties
Drag Force

Label: Drag Force 1

¥ Domain Selection

Selection: Manual

@%@:1

b Override and Contribution

~

Equation

P

Model Input

¥ Coordinate System Selection

Coordinate system:

Global coordinate system

¥ Drag Force

Drag law:
Stokes
Velocity:
u Velocity field (spf)

Dynamic viscosity:

M From material
Density:
P From material

¥ Wall Corrections

[ Include wall corrections

CaBER
+

Tracers

CaBEER

External
Forces

COMSOL model for the Capillary Breakup Extensional Electrorheometry (CaBEER) applied to functional inks
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CaBEER*.mph

Settings  Properties

Time Dependent
= Compute (' Update Solution

Label: Time Dependent 2

¥ Study Settings

Time unit: s

Output times: range(0,2e-6,5e-5)
Tolerance: Physics controlled

b Results While Solving

¥ Physics and Variables Selection

[ ] Modify model configuration for study step

" Physics interface Solve for | Discretization
Laminar Flow (spf) L] Physics settings
Phase Field (pf) L] Physics settings
Particle Tracing for Fluid Flow (fpt) 4 Physics settings

»

Multiphysics couplings
Two-Phase Flow, Phase Field 1 (tpf1)

COMSOL model for the Capillary Breakup Extensional Electrorheometry (CaBEER) applied to functional inks
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CaBE

Documentation
A
A =
Geometry  Simulation
Design Run
¥ 2D - Domain design
Length: 50e-6

Radius liquid domain:  5e-6

Radius air domain: 15e-6 m

~ Surface Tension

By de

Surface tension (Cte]

[¥] Do you want to consider Marangoni Effects?

Intraduce the surface tension expression:

N/m
Reset to
sigmascte?
 Viscosity
Liquid viscosity: 0006| Pas
 Density
Liquid density: 1200 kg/m®
Parametric Sweep Liquid Properties
Particle Tracing ¥ surface
Electric Field
Reset to s
run?

= Information

Last computation time:

galindo@fe.up.pt

ER-APP

Apply

tension [N/m:

ingle

=
Apply

Parameter value list
Start: 002
End: 007

Step: 001

CaBEER_app.mph - TFM MUCOM 20/21 - Francisco J. Galindo-Rosales -
Geometry Mesh 3D Liquid filament 2D Liquid filament  Surface Velocity Pressure
L Q@ > @0 =
sigma2(3)=0.07 Time=4E-5 s Surface: Volume fraction of fluid 1 (1) Contour: Velume fraction of fluid 1 (1) o
Hm T T T T T T T T T
ESYS | 1
20 0.0
15 0.8
10 0.7
5
0.6
0
0.5
-5
0.4
-10
0.3
-15
0.2
20F 1
0.1
25k 1
L L L L L L L ' L L L L o

[ Viscosity [Pa-s]:

Reset to single
run?

-100 -80 -60 -40 -20 o 20 40 60

Parameter value list
Start:  0.001
End: 001

Apply

Step:  0.001

This APP has been developed by Francisco José Galindo Rosales as part of the dissertation of Master’s Degree in Numerical Simulation in Science and Engineering with COMSOL Multiphysics (MUCOM), 2020/21
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Remakrs and Future works

Remarks
« CaBEERTwoPhaseFlow.mph: implemented and working

 ParticleTracing.mph: implemented and working only for external forces
« CaBEER.mph: Implemented and working with no particle-fluid interaction

« CaBEER-APP: Implemented and working for CaBEERTwoPhaseFlow.mph

Future works

* Incorporate the inter-particle force due to the electric field
« Complete the CaBEER-APP

« Run numerical experiments and assess them with experimental results
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