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2. Multiscale molecular simulations

3. Complex physical phenomena in
Materials (Nano and Microfluidics)
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Avaliacoes
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Métodos numéricos para escoamentos em

nano e microescalas

Objetivos:

Apresentar tecnicas avancadas de simulacao de fenomenos de transporte
e dinamica dos fluidos em Engenharia (mecanica, aeronautica, quimica,
naval, civil, petréleo, bio-engenharia, entre outras).

Apresentar metodos de simulacdo de escoamento com aplicacdes em
nano e micro-fluidica, assim como técnicas de acoplamento dessas
escalas para macro escalas nas quais a hipotese do continuo sao
aplicaveis.

Cobrir métodos em nano e micro-escalas, e.g. atomisticos (Dinamica
Molecular e Método Monte Carlo) e redes de Boltzmann.

Apresentar metodologias de acoplamento desses com métodos
convencionais em Dinamica dos Fluidos Computacional.



Métodos numéricos para escoamentos em
nano e microescalas

« Método: Base - Exploracao — Aplicacao

Meéetodos em multiescala: atomisticos (Dinamica

Molecular e Método Monte Carlo), redes de Boltzmann, e

Dinamica Computacional de fluidos (volumes / diferencas

finitas e elementos finitos).

* Foco na exploracao do metodo

- Enfase na experimentac&o dos métodos através de
laboratorios computacionais.

« AplicacOes na industria do Petrdleo

* Organizacao: Aulas + Laboratorio
 Avaliacao: Lab + Projeto



Lab

 Linux / Computacao Cientifica

Micro:

Dinamica Molecular

Multiescala:

Acoplando Dinamica Molecular e Redes de
Boltzmann

Macro:

 Métodos do continuo



Projeto e seminario

* Propor um projeto na linha de dinamica de
fluidos a partir de um enfoque em multiescala

Motivacao
Importancia para industria
Estudo em micro e macro escalas



Cronograma

Ter atividade Instrutor
8
"5.1' 15 Apresentacéo do Curso / Métodos Multiescala Caetano
“o122 Ambientagédo - Maquina Virtual / Projeto / Linux Caetano / Kirch
29 Dinamica Molecular 1 Caetano / Kirch
6 Lab 1 - Dindmica Molecular -Fluidos bulk (Estrutura e Transporte) Caetano / Kirch
= 13 Dinamica Molecular 2 Caetano / Kirch
o 20 LAB 2 - Dinamica Molecular -Interfaces (Tenséo Interfacial) & Viscosidade Caetano / Kirch
27 LBM Julio / Adriano
3 LBM Julio / Adriano
10 CEFD Julio / Rafael
E 17 CED Julio / Rafael
24 CFD Julio / Rafael
CED Julio / Rafael
g 8 Projeto - Apresentagao Julio / Rafael / Caetano
o
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Reterencias

* Notas de aula

* Artigos relevantes ao metodo

« Computational Materials Science - Dierk Raabe
* Crystal, Defects and Microstructures - R. Phillips
* Primer on Molecular Dynamics - Ercolessi

« Computer simulations of Liquids - Allen/Tildesley

As referéncias relevantes serao
distribuidas em classe.



PME5429 — Edicio 2020

O Aulas e laboratorios

- Sincronas e assincronas (Lives e videos de 30 - 60 min)
- Cada aula (3 partes — 45 min com 5 min de intervalo)

. Maquina virtual e/ou acesso remoto

- Engajamento e contato continuo

- Transmedia (E-disciplinas, Instagram, whatsapp, ...)

- Participacao importante: atividades coletivas (artigos)

- Gamificacao
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PME5429 — Edicio 2020

o Ambientacao

O Montagem das maquinas virtuais e acesso
remoto

o Introducao ao Linux, programas de
visualizacao e VR

o Bibliografia a ser distribuida
O Duvidas: de imediato use hotlines
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Tenho duvidas nas aulas assincronas
... O que fazer ?

Duvidas use o HOTLINE:
crmiranda@usp.br

Assunto: SCM2020

Projetos e Labs

Todas as duvidas serdao comentadas no inicio das aulas.
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https://docs.google.com/forms/d/e/1FAIpQLSfrv1BXsKjGadnzFDCKM8JjIvfcIXJINMyZInE2XpidkZG2Tg/lviewform



Quem ¢ seu professor ? Experiencia Protissional

(Nano / porous media / fluidics)

O

O

Do pai poeta, sempre ouvia as palavras de Heraclito, “Tudo flui e nada
permanece”.

Intrigado, voltou-se a Fisica tendo como alma matter, a Unicamp. Finalizou
o doutorado levado a cha preto na Universidade de Cambridge, Inglaterra.

Como pos-doc, embembeu-se de café no ICTP em Trieste — Italia e coca-
cola no MIT explorando simulacGes moleculares aplicados a materiais sob
condicOes extremas e nanotecnologia.

Foi professor assistente na Universidade de Kyoto, onde transgrediu
percolando agua sobre cha verde em alta pressao, enquanto introduzia
simulacdes moleculares para indastria do petroleo.

ApoOs passagem pela UFABC, é atualmente professor no IFUSP
desenvolvendo projetos em dinamica de fluidos em materiais complexos e
design computacional de materiais nanoestruturados para aplicacoes em
energia, combinando realidade virtual e simulagdes moleculares em
multiescala.

Desenvolve projetos com o setor produtivo e realiza experimentacoes
envolvendo dialogos entre ciéncia e arte.



SCALE



1010 10% 10°

Parte 1 - Nano a Micro Parte 2 - Meso a Macro



Crossmg scales In O|I & Gas

1010 10® 10° 4102 10° 107 104 108 108 10%0

Oil&Gas: How the large can drive small systems ?



Operating conditions

(relatively harsh conditions)

O

O
O
O
O

O 0O

Depths: 1.5-4.5km

Temperatures: 0to 180°C

Pressures: 0to 8 Kpsi ( 0 - 550 atm)

pH: 4-8 (acidic)

Presence of: complicated fluids, water and clays
(heterogenity)

Salinity: seawater to very concentrated

Size (pore throats in rock formations): <5 um

The current average recovery factor from
conventional oil reservoirs is ~35%.

Poor sweep effect in the reservoir & capillary forces



From simple models to solve some problems in industry

“Toy models” in Physics Industry:
« Simple models « Complex systems
« Strong approximations . Heterogeneity

» |deal conditions

» Relative time and length scales

« Searching for analytical * "Macroscopic”
solutions or universality classes e Trial-and-error method

 Real conditions



How the knowledge of atomic and molecular
Interactions can contribute in the development
and industrial innovation ?



From simple models to
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ltiscale comp. methods:

Complex models
Controlled approximation
Real conditions

Molecular Scale
"Microscopic"

Solutions based on the
knowledge acquired

solve some problems in industry

Industry:

« Complex systems

» Heterogeneity

« Real conditions

« "Macroscopic"
 Trial-and-error method



Length and time scales in materials modeling

NASA Langley Research Center by Greg Odegard, NASA
Hampton, Virginia
Computational Materials - Nanotechnology Modeling and Simulation

Computational Computational Computational
Chemistry Materials Mechanics

Quantum

Qualitative Predictions Quantitative Predictions

* Electrons . Molecular fragments « Surface Inter

e v~  Nuclei - Bond angles * Qrientation
«Atoms  +Force Fields » Crystal Pack
* Molecular We

* Free Volume

10-12 10 106 103 100
Length, (m)
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large scale FEM, FID
{large-scale plasticity,
elasticity, heat transport,
etc.)

callular automata, .
percolation models

(Teerle frddependenc)

crystal plasticity FEM .

homogenization methods:

Taylor, Sachs, Voigt. Reuss, g C::_-:’ 3

Hashin-Shtrikman, and s=lf-

consistent models in conjunction | ("‘q
with advanced constitutive laws
kinetic multistarte Potrs models g @ 3

Ginzburg-Landau-ty pe
and kinetic phase field
models, microscopic
field kinetic models

dislocation dynamics

topological network and
wvertex models, boundary
dynamics

spring models
molecular dynamics
MMetropolis Monte Carlo

local electron density
functional theory




NANOFLUIDICS



Nanofluidics

Dirain Reservoir
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PATOLSKY, Fernando; ZHENG, Gengfeng; LIEBER, Charles M.
Nanowire sensors for medicine and the life sciences. 2006.
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Time (s)

FUEST, Marie et al. A three-state nanofluidic

field effect switch. Nano letters,
A.V' 15, n. 4, p. 2365-2371, 2015.
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Graphene cleans up water. Nature nanotechnology,

v.7,n.9,p.552-554,2012.




Nanofluidics

Calcite,
Silicates

X

B -
Core from Reservoir Rock

Naga Siva Kumar Gunda, Bijoyendra Bera, Nikolaos K. Karadimitriou, Sushanta K. Mitra and S.
Majid Hassanizadeh (2011) Reservoir-on-a-Chip (ROC): A new paradigm in reservoir

engineering. Lab Chip, 11, 3785-3792

O Low reagent volumes;

O Low cost;

O Excellent control of environment

conditions;

Property
Measurement
S s
R et ey
P23 9 0F G oodd
233%8%353%%
O Apoa”P iR R

Oil & Gas
Analysis

Enhanced Oil
Recovery

Sinton, D., 2014. Energy: The Microfluidic Frontier. Lab on a Chip, 14 (17):
3127-3134. Available on http://www.spe.org

A Fluidic-based analysis and
separations tools for applications in
the chemical industry:;

Q Better fluid property measurement
and fluid analysis;

Q Understand pore-scale process in
reservoirs 27



Nanofluidics

Water structuring

Pbuik
300K, Tatm

Pore
Solid

N

Phys. Chem,2015,17,7303

Phase Diagram

Bulk S-L

Pore V-S
Pore V-L

Bulk Vapor
(unsaturated), Py,

BT - °
Nanopore Y
o
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LIMITS ATOMISTIC AND
CONTINUM



Phenomenon of Electroosmosis

Electric
double layer

Electroosmosis

=> » Electrostatic (lon concentration)
* Hydrodynamic (Velocity profile)
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Phenomenon of Electroosmosis at nanoscale

Molecular Dynamics Continuum Theory
« Euler — Lagrange equations » Electrostatic (Poisson — Boltzmann)
* Interatomic potential  Hydrodynamic (Navier — Stokes)

Molecular Dynamics ; Continuum Theory
ﬂ
1A 10nm 100nm 10pm 100um

@..-

ZrQ NWs L MEMS grgpe

|

 Modified Poisson — Boltzmann equation

« Embending Velocity MD (in Navier — Stokes )

31




Density [g/cm3x1 0'1]

Limitations at nanoscale

lon concentration

Molécular Dynamics: CCa} ——
Na ==
2 Poi$son-BoItzmann: —_
1 w
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NaCl
LR CaCl,
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Width [nm]

Velocity profile

Molecular Dynamics ——
Navier-Stokes —

Width [nm]

MD (h> 10 nm)
High

* Computational cost
« Simulation time

CT (h <1000 nm)
Neglects

Atomic interaction

Variable viscosity i
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Nanofluidics

NANOFLUIDICS MICROFLUIDICS MILLIFLUIDICS
BOCQUET, Lyderic; TABELING, Patrick. Physics and technolo'ical aspects of :
nanofluidics. Lab on a Chip, v. 14, n. 17, p. 3143-3158,20][4 |
< Non-continuum : :
... methodology : :
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Noncontinuum description How the characteristic scales pertaining to the 1-100 nm

Surface-dominated range interfere with the system size ?
Low Reynolds number

Multiscale and multiphysi - i
Hitiscale and muitiphysics = can they combine together to produce new physical effects ?



MULTISCALE APPROACHES



What is multiscale modeling and
why do we need 1t ?

Physical-chemistry phenomena in materials can occur
in different scales

Challenge: modeling a physical phenomena ranging
from micro to macro

So far, models are created for particular scale of
Interest

Finer scale processes often govern processes seen at
coarser scales and vice versa

Multiscale Modeling: combination of models from
different scales.




Multiscale 1n the laws of Physics

Time A
PART 2
ls + Continuum Theory
‘ (Navier-Stokes)
10-2S:.o Kinetic Theory \
PART 1 ;
(Boltzmann) A
10-10¢ Molecular Dynamics
(Newton's Equation)
10-15¢ | Quantum Mechanics
(Schrodinger)
i f } } } -
1A° Inm Lpm Ilm Space




Modeling across scales

Multi-scale Computational Hierarchy of
Materials Simulations

ELECTRONS = ATOMS => SEGMENTS =2 GRIDS

TIME L
A Finite Element
hours Analysis
Discrete [[m
microsec Element
v Analysis Lf‘l

Molecular
Dynamics___

nanosec

\j

picosec

Quantum
Mechanics

A nm micron m

Length



Multiscale computational approach

Tlme Scale —

Continuum
Methods

Mesoscopic Methods
Lattice Boltzmann

stretch

@» Atomistic Methods
Molecular Dynamics

Electronic
Structure Methods

First Princinles

torsional
A

Qi n 4T DAlbrr e e R Kinetic T _ _ Lattice Boltzmann

rc e Understanding of fluid behav1or at theicroscale

 Phase separation, interface instability, bubble/droplet dynamics and

wetting effects
| - e~ |

3f
Vi« FV =
vVl T EVe 5 i, ) + Qu(x, 1)




MD ab initio and classical X 1.LBM:

a soccer perspective

« Tactical formation or random
« Collisions

* Interactions between players
result in a goal

N 3 _
. r“h i) Classical MD

Ab initio MD

foosball
Simple way to describe
the movement of players
during a game LB



How to combine the scales ?

O Goal: to obtain constitutive laws and

physical properties of a given system,
whose parameters can be determined

from a finer/coarser scale models:

Microscopic M (p,m,,m,,...,m_) =0

!

Continuum C(p,Cl,CZ,...,Cp)ZO



Linking levels of resolution: energies,
time and length

0 Coarse graining methods are characterized by the
physical quantities, which the models of different levels
are supposed to reproduce as accurate as possible.

o The link between levels of resolution can be based on:
i)  Potential energy surface (energy and forces)
i) Structure (characteristic time and length scales)

i)  Environment (electrostatic, hydrodynamics, elastic, ...)

o “The first ansatz directly allows for a forward and backward
mapping of the investigated systems.”



Multiscale Modeling strategies

o Different ways to combine each levels of resolution
(energy, time and/or length):

(i) Sequential: the simulation models on different
scales are treated separately by simply transfer
information between levels of resolution. (mature)

(i) Hybrid: different levels of resolution are running
simultaneously with a direct link between them,
(developed)

(iii) Adaptive: switch between resolution levels on the
fly (work in progress — problem specific)



Which one choose ?

O The size and time scale of
the problem,

o the accuracy of the
method,

o the desired resolution,

o the available computing
resources.

length

From: Recent progress in adaptive multiscale
molecular dynamics simulations of soft matter

S. O. Nielsen, R. E. Bulo,P. B. Moore and B. Ensing,
Phys. Chem. Chem. Phys., 2010, 12, 12401



