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}»‘Coa rse-graining Overview
* Whatis it?

— A reduction in the number of things to keep track of

* When do we do it? What are the assumptions?

— Some dynamics are so small/fast as to be irrelevant
on larger scales (relaxation is quick) and tracking
everything is cost prohibitive

* So, ignore small/fast stuff
* Or, average over small/fast stuff

e Specific Examples
— Bead-spring polymers; Colloids — DLVO theory

— Granular — Hertz Contact |
, @] Noftorel
— Navier-Stokes Laboratores



Computational Rheology of

4" * Complex Fluids

* Physical System

— Colloids d ~ 10 — 1000 nm, suspended in fluid
* Concentration: ¢~ 0.5

Technical Challenges: Rich Physical Phenomena

- Shear Rate 7~ 100 S_l wlh{umlwuu MW coow. .
* Simulation Size and Run}|  &o=a = A i

Time
— Some rules of thumb
* > ~0(10%) particles 7
~ L~0(0.1- 10 mm) T
e Strain ~O(10) box units Jﬁ"

— v, ~ O(1 - 100 mm/s) T A R R
— T~0(0.1-15)
* Physical phenomena to model

— Dimensionless #’s, e.g., Peclet Number, Pe

INISA_ | ength and time scales @ ot
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Dimensionless Numbers and
Characteristic Times

Physical parameters a = 10nrm a=1lpm N t R P t

. ¢ ote:. ~e, rFe, T,
M = ém* ~ m‘”#fﬁ 419 <107 "g 419 < 107 g / g D’. s
G g . ot Also, note: 7, timescale for
— ] By [T == 1. S I - . . .
E _ - - momentum to diffuse in fluid over
fs=6rpa=19«10""a =~18-10" 2 =19«10" =2

co o length a

_ ksl 02  op L ]
e = G = 2 P U — Propagation length grows as vt
Hydrodynamic numbers a = 10nm a = lpm ° C0“0|d inertia: T/TBNJ
Pe — Ba = By a” ~ 0.005 = 50 * SD and the like ImpIy 7,= 0
R 1S — Compressibility: 7./t ~ac/v~1
Kn = 2= 03 yg-0 g ~ 0.0003

S o _es.wn ® Low Pe:Suspension Stability/Self
* Assembly

Ma = -:"_ = (.76 = 10 v == 6.8 « 10

Time-scales a = 10nm a=1lpm _ — A2 _ 6
2 7 = YD, ~ O(10 — 15)
o= j_'?. | - ba® ~ 5w 107 "% =55 e Scales as a’
a To T o L
fH—Ezmzﬁ =0.001 = =01s

Radius, a = 0.01pum (10nm) and 1pm in water

= i ~ 10 “a® ~ 107 s = 107 s
=10 o i at standard temperature and pressure
— 2_; _ éT 99 10" Us ~ 22«10 Ts pressure, moving at a velocity v = 10um/s.
" . . . Colloid assumed neutrally buoyant. Sandia
o= = =67 107 %0 =67 <107 =67 - 107" From Padding and Louis (2006) cond-mat/0603391 National |
i Laboratories
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}Oj Length and Time Scales

* Large systems &

15 ! -
I s e — Ouoid collisio

I s4 T — Nud de—comrelation
e lj ~
|Ong tl I I Ies Ll 5w — Fokker—Planck
1] l's— —
11 “s— — .
N > 0(104) COl |OidS ' | T omic 10" sF T — Fokker—Planck

—_— A ’
i - . 1~ s T — ;
s Felescoping down | e TEmE
1] 8 =4 10 8 Y —Kmematic

- T —~ O 107 ét T . . . 10 s T, —collod diffusion

CO“ “ s tn  —Browmian {Langevin) y

I 54 T, —kinematic

X

I
(1] ] s
i . - .
1 s —colload deffusion

e Can we resolve the

relevant phenomena?
. O pth nS‘P Time scales for 1 um colloid in water.

From Padding and Louis (2006) cond-mat/0603391

— lgnore certain phenomena
— Collapse (“telescope”) timescales

Ty I.'t\_%‘-j COarse_graln Sandia
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All atom representation of
colloids

Integration to Hammaker’s

. . steric/structural effects
Equation for colloid )

*Structural constants (polymer
and hard core)

Solvent

All atom Molecular Dynamics

(Lane et al.)
Continuum: FEM
N SRD/DPD: dual particle approach Sandia
NN A &2 National

AL (In ‘t Veld et al.) Laboratories



il
i;’qample: Colloid Dynamics

* Generalized Langevin Equation (with interactions)

m—_jr(t t) dt+F (t)+ZFeff

° i Mazur and Oppenheim (1970)
Approaches to hydrodynamics = Mazurend e 127

[~ 672'Iua5(t-t ’) Murphy and Aguirre (1972)
— lgnore colloid particle inertia

* Small Stokes number, St = Re,p./p;, or large friction p = psv
* Smolukowski limit

e Effective Interaction Potentials
Fijgff _ _yy e (lri _rj‘)
* Fluctuation Dissipation () i

Laboratories



ffective Potentials in LAMMPS

* Colloid Package

— DLVO: van der Waals attraction + electrostatic
repulsion

* pair colloid
* pair yukawa/colloid
* palr hybrid overlay
 Numerically Calculated
—palr table
* Granular Package

— Hertzian Contact Mechanics and Coulomb friction:
Noncolloidal Particles

* palr hertz history ..
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s
' Colloid Interactions

* Integrated Lennard-Jones
potentiall

— Repulsive “soft-sphere”

2a1a2 2[11(1,2

1, — (ag + &2)2)}

+ In (
13y — (a1 +as)? 1 — (a1 — as)’? 17y — (a1 — as)

. o min
Un — Apg O'_(’
B 378007, 008 ¢
rfy — Triz (a1 + az) + 6 (a'f’ + Tajas + ag)
(?'12 —a] — U.Q)T 0.02 +
+?'f2 + Tr1p (ay + az) + 6 (a + Tayas + a3)
(ri2 + ay +ag)” ool
_?'%2 + Trig (a1 — ag) + 6 (a% — Tayas + a%) %
(ri2 4 ay — as)’ I oo
_?"fz — Tria(ay — az) +6 (a% — Tajas + a%) g
(ri2 — a1 + az)" ~001 |
U = UA + UR, o < Te ooz |
IR. Everaers and M.R. Ejtehadi, Phys. Rev. E 67, 41710 (2003) 003l
TN AL =) 0 1 2 3 4 5
BN A A f—
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# Interactions Between Granular Particles

e Visco-Elastic Normal Contact Force
— No-tension (repulsive only) “spring-dashpot”
— No particle-particle adhesion

e Coulomb Friction Tangential Contact Force

Fo= TR (Kb =D 6aVn)

M . V,— V
F. = f(6/R)(—kAs; _Egtvt) - =
f(x)=+x Hertzian springs e
As, Elastic tangential displacement P
Q,

F < uF, Coulomb Failure Criterion

" Sandia
T VAN g% - .
LA TN Brilliantov et al. (2000) @ National
Laboratories



¢ Capturing Hydrodynamics

 Methods to treat hydrodynamics
— Particle-based, “explicit solvent”

— Continuum, “implicit solvent”

methods methods
e Atomistic solvent (e.g. LJ solvent) e BD — Stokes drag, FLD, etc.
* “Approximate” coarse-grained solvent e SD/BEM

e Solve continuum Navier-Stokes
equations numerically

— DPD solvent

— SRD/LB solvent treated as ideal fluid
particles with a mass

10 s
" l.;.s T, —sonic 101 3 5 T+ — Fokker—Planck
L . s T —sonic
0" s lelescoping down |
T B 10 s T —Kinematic
— . R .
T . . . [ s 1, —colloid diffusion
a 5 T —Browmian (Langevin
s T —kincmatic
. . K] I; s
. ":__-v__\.a' s s, I s —colloid diffusio
. :/ .I-\'I . 'I * I =
-l L] - - L]
e NAL | LN
- '\-.—' . L] !. . -!
Lows-Andsesan RD *,° Time scales for 1 um colloid in water.
VA ¥ g%~

INNSS

National Nuclear Securi

From Padding and Louis (2006) cond-mat/0603391
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#Iydrodynamic Models in LAMMPS

* Brownian Dynamics (with inertia)

l

03

'

— fix langevin

FLD (with and without inertia)

— palr lubricate (pailr lubricateU)
— palr brownian

— palir hybrid overlay

Generalized Langevin Equation

DPD

— pair dpd

Multi-Particle Collision Dynamics (SRD)
— fix srd

Lattice-Boltzmann (coming soon) @ Nofioe

Laboratories



_
&Se Study: Langevin Eqn. + Interactions

* Brownian Dynamics Simulations

— Markov assumption

m% =—R-v; + Y F"(r -1 )+ F2 (1)
J#

(R ) =0 (FP (OF (1) = 2Ry ks T6;5(t ~t')

— FB assumed Gaussian distributed and self similar

— Colloid inertia is often neglected (we don’t)
 Can we obtain a Generalized Langevin version?
— This is a constitutive we may be able to measure

T AL =) Sandia
CA L™ o) National
Laboratories



ple Hydrodynamic Interactions

e Steady state (quasistatic) incompressible
Newtonian fluid flow

* Stokesian Dynamics
_ PME R=(I-R)"'Rip+ Riu
» O(NlogN) |
* Fast Lubrication Dynamics
— O(N)

Isotropic Constant R = RU + R5

(mean-field mobility) . %
/ \ 0

Ry, = 3zud(1+2.16 )1 oLor 61+log(s)

Kumar and Higdon, Phys Rev E, 82, 051401 (2010)
s “ Ball and Melrose, Physica A, 247, 444-472 (1997) Sandia
A AN National

gi
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ulation Results: MSD Validation

FLD
FLD . . . a d= 1o
X (a) eXpIICIt d=10cs (b) Impllclt S iﬂ ? TTTTTT LI L R LILLLLL I B LS B B L | T l—l_li é
10°E . 210 '. = q
45_ . . l —
10°E Increasing F L T 4
103 E /’ 4 . Late Times J
107 _ WE
10°F - . Cage/Potential 1 3
—_ f : = Inertial :
"o 10F E . L ]
A 10°E ] ~ 4 01 ”
& 10; p 210 [ ¢ =0.1, inertial D(v 3
VIOE 747 [— ¢=01incrial] 4 - |— inertialess ]
10°F e 0, o4 ) N I ]
10'3i :_..._ - - B ﬂl::i- _
. : == 0. 10°F 0.5 :
10 E : Al L L LI Lol L LAl Jol A L LILL B A LLLLLL - IIII_! - Ik 2l 1
1()'55"”'"'I PPN — Lol ol - ()'5 lf_ll'l- 1[}{) llll:]'I ll;dl? II!}': 1[]'-1 ltl'.lf' lm:!h
10" 10° 10" 10° 10° 10" 10° 10" 10° 10" 107 10 10" 10° 10° t(t)

t(t)

. MSD = f(t) # Dt a1

— “Early” and “Late” time D A NEEE TN
compare well with AN R
experiments A |

— Temptation o late ™y 7L

_ _ ot timeD ™ ¢ -
- D= D(t) > MSD = D(t)t %96 01 02 03 04 f)fs .

TR T a3 Sandia
LA LN o] National
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e FLD explicit and
Implicit
“seamlessly”
overlap to give 9
orders of
magnitude!

e Comparison to
Experiment
limited...

<-
E
t "
H
B

///l

~

-

d<x"(t)>/dt (m’/s)

[a—
OI

= ol
| Combining Techniques

PS (950nm) - explicit/implicit FLD

—_
a2

[NaCl|=10"'M
| | | TTT II| T T IIIIII| T T IIIIII| T T TTTIT
o ———— — i m—— ——— -
--.\‘-H |
— E .':'..".w. . T
o= —— —E_::-hhx
— 0=0.1, explicit \\ g
N |
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* Simulation domain divided up into
cubic cells of side a

— On average, M SRD particles with mass m;
are in the ith cell, &, of volume Ax3

* Two simulations steps

— Particle streaming
* particles move according to Forward Euler v At
— Velocity update (coarse-grained collision)

* Apply rotation about randomly chosen axis to
fluctuating part of the velocity

#{ochastic Rotation Dynamics (SRD)

_1__* _d°

vi(t+ 1) =u(c, (1 + 1)) + o, (1 + D))V, () —u(s; (¢ + 7))

Padding and Louis (2006) http://arxiv.org/pdf/cond-mat/0603391v3.pdf

National Nuclear

INYS# Gompper et al. (2008) http://arxiv.org/pdf/0808.2157.pdf
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Coupling to Colloids

:z,'

* To avoid finite size effects a < R /2
* SRD particles collide with colloids

— Solvent coarse-grained so assume no-slip via
stochastic rule

* SRD particle receives a new random velocity
magnitude

P(Vy,) oV eXp(= V7))
P(v;) oc exp(= Vi)

* Difference in new and old velocity is momentum
transferred to colloid

* Can have general slip conditions or
pair-interaction, u(r rep)

3 Sandia
NS4 () e,
B e W Laboratories




* Dynamics of interest

DcoII 1 kBT ’ Vr:Vbly
67R\| p,v; Vi

Pe — Tp _ 4R2 / DCO“ :127ZUSR2 PiVs
t 2R/ ug KgT

S

* Physical parameters: p, v;,
keT, R, P

« Computational parameters

, A, 1-e kTAt M(M +2)
T 18At M 4,0fo M -1

_ MKkgT

Z_At\/ AfAX“ A<<R
_Mm/ P M R

pf_ AX3’ kBT_AX‘?” AX<A

T YA =%
UA TS S

time step (T)

mean free path/bin size, Ma

100

0.006

10000 £

%‘ Selecting Parameters for LJ System

10

1E
0.1¢

0.01}

().oob_

1000 -

0.01k

vl 1 1 L1
10

bin size (0)

1000



_
}OV\AA\CF and Memory Kernel

0.10 - = : : : -
X \\_\ . 0.1 d

0.08} 0.0¢ O 1 / t-1/3
001} ke ] 0.01}
0.06} 5 ' ]

< 1
> 0.001 | ] W
0.04f ‘ 1074 d) =0.40 11 8 . . N,
n —(k/Np) 7y -1/
0.02f \ 107 ' : ' ‘ 1 1074} N_Ze P ~t 1p

p k=1

VACF

0.00 =S
1077 forr . <t<rt,,
—0.02} , ‘ , ] 0-sL. . ; : . : .
0 10 20 30 40 50 0.01 0.1 1 10 100 1000 10*
time t
e Or, fit VACF with 1

N Al =<
f(t)=—A Z:Ciﬂf.e_ﬂ“‘t >l A

e Which leads to

dvl(t)_ t ! ' ' R 1 - —(k/N)P t/Tcon
. =—[K(t-t)v, t)dt'+F" t) K(t)~5(t)+ﬁ;e (k/N)P t/

0

VYA T =37 Sandia
NSS4 @ oo
Laboratories
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S@mmary: Langevin Equations to
" Generalized Diffusion Equations

* Brownian Dynamics Simulations

— Markovian: Langevin with interactions

mdl - R- V i Z Fcollmd

dt j#i
<FiB (t)> =0; <FiB (t)FjB (t')> = 2R kgT oo (t-t')

r—r)+F5()

— Non-Markovian: Generalized Langevin
t
m d‘gt(t) ——[K@-t)v, ()t +FF ()
N
0 1
~ 0 — —(k/N)P t/T o1
(FF (1) = 0; (FFFR () = 2k To, K (t-t) " (t)+N;e

AT =37 Sandia
VA @ National _
Laboratories




e Modify contact normal
force for attraction
e Modify sliding criterion

— Amonton’s Law

CONTACT DEFORMATION

Contact Equilibrium "Tear-off”

FiG. 2—Schematic of the deformation during the collision process. At
contact, a finite contact area is rapidly formed. This contact area grows in size
during the compression and slowing down of the collision partners. Upon
reversal of the collision process, the two grains will pull out a neck area, until
they separate at a critical displacement, 8,. See text for details.

From Chokshi, Tielens and Hollenbach (1993), ApJ

“Sticky” Particle Simulations:
JKR Adhesion Theory for “Stiff” Spheres

CHARACTERISTICS OF THE CoLLISION PROCESS

Parameter a/8, ajag F/F, Uy F. é,
Contact ............. 0 (2/3)22 —8/9 —(8 x 4*13/15)
Equilibrium ......... (4/3)*3 1 0 —{4 x 6'3)/5
B e 2.79 1.23 1.96 0
Tear-off.............. —1 (1/6)** —5/9 4/45

2 Maximum compression, calculated assuming no initial velocity upon
contact.



” Particle Simulations: Bonded/Sintered
Particle Model

e Constrain relative rotation for bonded pair

— Rolling resistance

* Torsion spring for contact moment and failure criterion
— Twisting resistance

* Torsion spring for twist moment and failure criterion

F=) (Fin+Ftg+...)
j

M. =ZRiFt(nxtS)+ Mg (tg xN)+ M1n

-V
j 1
Mg <-kgRif,, kgr=4F 32
r <—kgrRi6;, kr=4F:(alay)
2
M+ S_gﬂa(Fn +2Fc)
n=d 1 tg="t, v,=vg—(vg-n)n
‘rj_ri 2 Q,
Sandia

ve =(v, +Q, xRin)—(vj +ijRjn)
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