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Surface-Driven Phenomena

Surface processes: Catalysis, Chemical Vapor Deposition, epi-

taxial growth, etc.
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Atmosphere/Ccean applications: Tropical convection; sub-
arid scale effects

High precipitation
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Cell Biology: Epidermal Growth Factor binding/dimerization Since 1965

Early events of EGF signaling

- "noisy” intercellular communication; synchronization

Shock Dynamics: randomly rough surface
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Imagine the promise of Mesoscale Science

* [magine the ability to manufacture at the mesoscale: that is, the directed
assembly of mesoscale structures that possess unique functionaliby
that yields faster, cheaper, higher performing, and longer lasting prod-
ucts, as well as products that have functionality that we have not yet EFON AUANTA 15 THE SORTIIULM;

OPPORTUNITIES FOR
I mag| Med. A REPORT FOR THE BASIC ENERGY

TTEE

BCOMMITTEE

* |magine the realization of biologically inspired complexity and func-
tionality with inorganic earth-abundant matenals to transform energy
conversion, transmission, and storage.

* [Imagine the transformation from top-down design of materials and
systems with macroscopic building blocks to bottom-up design with
nanoscale functional units producing next-generation technological
Innovation.

This is the promise of mesoscale science,




» Sampling

* Projection

* Filtering

+ Optimization

Mathematical
Challenges

Transport

+ Coarse-grained variables
+ Coarse-graining for dynamic

B r O k e n Sy m m et ry response and fluctuations

* Quantifying uncertainty
« Hierarchy in space and time

Reduced-
order/Coarse-
grained Models

Fluctuations

+ Colloid structure and transport

* Flow in channels and at
material interfaces

» Macromolecular dynamics
and energetics

Physical Model
Problems

+ Descriptions of fluctuations driven by

Interfaces and correlation and confinement

+ Understanding emergent phenomena

d aries «Improved experimental interpretation

New Physical
Insight

+ More impact from measurements

Targeted
Material
Design

+ Hierarchical self-assembled materials
» Platforms for chemical separation
+ Resilient bio-inspired materials

Inhomogeneity



Equilibrium




Shear Flow




Buckling Instability due to Thermal Noise Amplification
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~ » Thermal noise is amplified as a result of stochasticity and nonlinearity
- competition leading to buckling of elastic fibers in the stagnation flow region.
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Multiple Scales - Multiple Methods
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@ Introduction Next Lecture: Implementation & MUI
@ particle methods at various scales

© Deterministic-deterministic coupling
@ Schwartz alternating method
@ multi-resolution SPH

© Deterministic-stochastic coupling

@ fluctuations at equilibrium
@ periodic domain
@ truncated domain

@ fluctuations at nonequilibrium
@ periodic domain
@ heterogeneous adjacent multi-domains

@ Stochastic-stochastic coupling

@ the adaptive resolution scheme
@ force-force coupling
@ energy-energy coupling

© Summary and some perspectives



Hierarchy of Mathematical & Numerical Models

Continuum / Conservation laws
(Navier-Stokes, Advection-Reaction-Diffusion)

N

Bolt Smoothed Particle
?“‘“‘ Hydrodynamics (SPH)
Mori-Zwanzig Smoothed Dissipa_tive
/ Particle Dynamics (SDPD)
Liouville Dissipative Particle
/ Dynamics (DPD)
Newton \
Molecular
Dynamics (MD)
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Hierarchy of Mathematical & Numerical Models

Continuum / Conservation laws
(Navier-Stokes, Advection-Reaction-Diffusion)

N

Smoothed Particle
B"‘;‘“‘“ Hydrodynamics (SPH)
Mori-Zwanzig Smoothed Dissipative
/ Particle Dynamics (SDPD)
Liouville Dissipative Particle
/ Dynamics (DPD)

Newton

Molecular

Dynamics (MD)
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* MICROscopic level - set of point particles that
approach move of f-lattice through

prescribed forces
- atomistic approach is

often problematic - each particle isa
because larger collection of molecules
time/length scales are

involved * MESOscopic scales

* momentum-conserving
Brownian dynamics

Ref on Theory: Lei, Caswell & Karniadakis, Phys. Rev. E, 2010

Navier-Stokes

l

- continuum fluid
mechanics

* MACROscopic
modeling



Pairwise Interactions

Fluctuation-dissipation relation:

s exerted b ticl n ticle I:
Forces exerted by particle J on particle 2 DT wb= [ WRP

- C (c) - .
Fo = F\ (r::)e;; > Conservative
Lj lJ ( t ) L fluid / system dependent
Fij = —yw (rfj)(vfj . eij)eij —> Dl;Slpaflve '
frictional force, represents viscous
R R/, . \N& 2. resistance within the fluid -
Ffj = ow"(rij)§ijeij accounts for energy loss
"ij .
‘ | Random
] ‘ — stochastic part, makes up for lost
degrees of freedom eliminated
r after the coarse-graining
i

r'J 2:—| T 1 T T Ll ||_:
= 1 - - :
ok , r - L o

0 1000 2000 3000
. |
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Dissipative Particle Dynamics (DPD)

Original DPD Extensions of DPD
NVIDIA.
CUDA
=] g z 312 o> o |z
513 3 £ 5|2 ] & H B 8'% 213
=1 = = =.12. 4 E == 2] =5 @ |
ol = © Jo ol3 o= D 3 8
i~ 1= Q. P 7 B Ssla o2 Iy =
«Q o . ) = 1= D = o
=1 =. @) QD =1 o =3 =
@ = ' 2 Q. = =
3 S n -
Particle Charged  Simple tDPD aDPD sDPD mDPD eDPD
self-assembly polymers  flows | | | | | NVIDIA.
T _ _ ) | CUDA

Advection-diffusion Liquid  Colloidal  Multi-phase Heat
-reaction systems Colloids suspensions  flows transfer
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Algorithmic similarity: pairwise forces within short range r.

@ in a nutshell, ¥V particle i in SPH, SDPD, DPD, or MD, the EoM:
miv; = ) (Fg +F7 + F) (1)

@ options for different components
e weighting kernel or potential gradient in MD
e equation of state
e density field
e thermal fluctuations
o NVT: thermostat

top-down /continuum-based
@ SPH: Gingold et al. 1977, Mon. Not. R. Astron. Soc. Lucy 1977, Astron. J.
@ SDPD: Espaiiol et al. 2003, Phys. Rev. E

bottom-up/coarse-grained /semi-empirical

@ DPD: Hoogerbrugge et al. 1992, Europhys. Lett. Groot et al. 1997, J. Chem. Phys.

@ MD: Allen et al. 1989: Frenkel et al. 2002; Evans et al. 2008; Tuckerman 2010



Grid-Based Methods

Immersive Grid-Based

FCM
Coarse-grained dynamics
Small particles, simple shapes
Efficient for many particles
Mesh independent

SPM
Finer resolution
Larger or compound particles

SELM
Thermal fluctuations
Finer resolution
Deformable bodies or interfaces

Atzberger (UCSB)

Higher-order schemes

Macro

Micro

Particle — Based (meshless)

SPH
Lower-order continuum scheme
Based on local smoothing kernel
Easy to configure
Galilean invariant

SPH + Thermal fluctuations
Pan & Tartakovsky (PNNL)

Smoothed DPD
Continuum terms from SPH
Thermal fluctuations

DPD
Coarse-grained MD
Thermal fluctuations

Classical MD

17



Concurrent
Stochastic
Coupling

18



Overview on multiscale C0up|ing (incomplete list)

@ domain decomposition method:
e coupling state variable
@ relaxation dynamics o'Connell et al. 1995, Phys. Rev. E
o Maxwell buffer Hadjiconstantinou et al. 1997, Int. J. Mod. Phys. C
@ least constraint dynamics Nie et al. 2004, J. Fluid Mech.
-] COUpliI‘Ig flux Flekkgy et al. 2000, Europhys. Lett. Delgado-Buscalioni et al. 2003, Phys. Rev. E
e adaptive resolution scheme
@ coupling force Praprotnik et al. 2005, J. Chem. Phys.
o coup|ing ENergy Potestio et al. 2013, Phys. Rev. Lett.

@ CON N FFESSIT Laso et al. 1993, J. Non-Newton Fluid Mech. Ottinger et al. 1997, J. Non-Newton Fluid

Mech. Hulsen et al. 1997, J. non-Newton Fluid Mech. (FEM + Brownian dynamics)

@ heterogeneous multiscale method: Eetal 2003, comm. Math. sci. Ren et al. 2005, J.

Comput. Phys. (continuum + molecular dynamics)

Qo equatlon—free: Kevrekidis et al. 2003, Comm. Math. Sci. Kevrekidis et al. 2009, Annu. Rev. Phys. Chem.

(molecular dynamics + spatial interpolation/temporal projection)

@ adaptive mesh & algorithm refinement: Garcia et al. 1999, J. Compur. Phys. Donev et al.
2010, Multiscale Model Simul. (AMR + DSMC)
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Red blood cell and surface interacions Pacific Northwest
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RBC-surface
interactions

Adhesion of RBCs

Vessel wall
modelling

RBC migration




Coarse-grained multiscale

descriptions

o
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Triple-Decker Algorithm e

Proudly Operated by Battelle Since 1965

Domain decomposition Time progression
e | '
1 ] e
1 1 4 ] B
: NS ; - 1 1 .
' 1 communication
' /)ﬁnmunication Y U F-TTTTTETTT step k1 ~ ~
NS -DPD overlap _— 1 T
-------------------- T " o 1
DPD - B 1 1 o
—|_~tommunication S —— L. —— A communication
B e A + step k

-----------------------------------------

e Atomistic-Mesoscopic-Continuum Coupling
» Efficient time and space decoupling

- Subdomains are integrated independently and are coupled
through the boundary conditions every time 7T




Communication among domains =

Proudly Operated by Baffelle Since 1965

Step 1 Step 2 Step 3

1) Integrate DPD domain | emmemmemeasessanaanan,
; during time T Lo :
1) Integrate MD domain ' 2) Obtain BCs for send BC dfler: NS

T |
during time 1 MD and NS domains  Slep 35

2) Obtain BCs for § : :
DPD domain ; i ‘HI : :

CHOCCEEEadAAIIIIIIEEEITEEE 1 "'I'I'I'I'I'I.I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I:
T

send BC belween
slep 2 and 3 DPD send BC between

e ™ slep 2 and 3

i imim . o mp T [ [ [ g g o o o o o oo E
% ! 1) Integrate Ngﬂdomaln
: | during time

: MD : send BC belween | 2) Extract BCs for

. : Slepland2 5 DPD domain

1.D. A. Fedosov and G. E. Karniadakis, "Triple-decker: Interfacing atomistic-
mesoscopic-continuum flow regimes", Journal of Computational Physics, 228(4),
1157-1171, 2009.



http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WHY-4TT36SK-1&_user=10&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=32544ce42bb4bb7fb3d026cf6b90b670

Algorithm validation: 1D flows .

Proudly Operated by Baffelle Since 1965

Couette flow Poiseullle flow




Square cavity flow
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Square cavity, upper wall is moving to the right

Re =50, DD’ cut

MD
DPD
ra NS




The Triple-Decker algorithm:Summapy.

Proudly Operated by Battelle Since 1965

¢ Triple-Decker algorithm is able to glue together atomistic,
mesoscopic, and continuum regimes

¢ Effective space and time decoupling

*» Algorithm is tested on well-known prototype flows such as
Couette, Poiseuille and lid-driven square cavity

¢ Certain types of flows allow zero thickness of domain overlap

¢ Extension to complex fluids...

1.D. A. Fedosov and G. E. Karniadakis, "Triple-decker: Interfacing atomistic-
mesoscopic-continuum flow regimes", Journal of Computational Physics, 228(4),
1157-1171, 2009.



http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WHY-4TT36SK-1&_user=10&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=32544ce42bb4bb7fb3d026cf6b90b670

© Deterministic-deterministic coupling



Schwartz alternating method?

@ DDM: overlapping sub-domains @ (k = 1) solve elliptic PDF in

o domain Q = Q5 U Lu¥ f in Q1. (2)
e external b.c. 92 = 9Q2; U9, P 90+ (3
o artificial be. T=T1UT> ! £ on 1.(3)

ui‘ u§_1|r1 onli. (4)
o

“|" is the restriction onto 7.

@ solve elliptic PDF in €5

Lus f in €.

3

3

@ Dirichlet b.c. on 01, and 04 o multiplicative Schwartz

—

. e additive Schwartz
@ Dirichlet b.c. on 1 and 5 4 .
© k+ = 1 repeat until convergence

ISmith et al. 1996.
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DDM with non-overlapping: Robin-Robin algorithm

Q (k=1) solve PDF in {4

Lui( — f n Ql._ (8)
u{‘ — g on 01, 9

Ouk Ouk1 _
(“)—nl + 1 uf c“)zn + 9 ug LonT. (10)

@ solve PDF in 2»
Luk = f in Qo. (11)
Ué‘ = g on 0. (12)
Ouk oum 4 Yo uf

8—!72 + YUl = { Sk K 1!_ onT. (13)

o uJ is assigned

@ 71, 72 are non-negative acceleration parameters that satisfy v; +o > 0
e for parallelization
© k+ = 1 repeat until convergence
2Quarteroni et al. 1999.




SPH: isothermal Navier-Stokes equations

@ continuity equation: Monaghan 2005, Rep. Prog. Phys.

d_;: ﬂ :ZWU, h‘ — Vi (14)

mu; = > (F§+FP)+FP,
j#i
P,  P;\ oW
F¢ = —|-L4+-L) —e,
J (d,? df drj
n OW /2D -1 D+2
p - 1 oW1, D42,
J d,ajry df’u D D

W(r;;): B-Splines, Gaussian,
Wendland functions ...

@ wea kly ComprESSible: Batchelor 1967; Monaghan 1994, J. Comput. Phys.

-n ()

po relates to an artificial sound speed ct



Overlapping sub-domains of particles: hybrid interface’

C o o -l __________
b1 :. ________ !_-1 N ::/o ,_=. Yi_“_ _____________
| ﬁ,z |
: 5.
- | loverlap £,
a—l # a
:- 1 5239
L —— ! | region &,
1

I
1
1 E E b:
I I
Y. ! Iq
i Qs | <
1

——————————— .. C:

@ [ and INy: constraint dynamics for v (and p)
@ c; and ¢: pressure correction and deletion-insertion of particles

@ a: hybrid reference line for combining two results

3X. Bian et al. (2015b). “Multi-resolution flow simulations by smoothed particle
hydrodynamics via domain decomposition”. [n: J Comput. Phys. 297.0, pp. 132 —155.




Hybrid interface region: identified tasks®

@ velocity, density constraint in [1.[>: targeting the other side
e Lagrangian interpolation from the other sub-domain

ugonst Z Wi, di" = Z Wk,f kel €l pe(19)

constr cons _ ml
Z — Z Eth k € [, | € Ql |y:[el,f1](20)
@ pressure correctlon. keep e particle deletion/insertion
conditionally F}f ce,inl, > o deletion: leave sub-domain

e insertion: according to (integer)

mass accumulated along ¢, o
n—1

Ni = Ni +daua,AxiAn, (21)
n n—1
Ng = Ng +dgvg,,L00t. (22)

A; are regular points spaced Ax; along ¢,
B; are regular points spaced Ax> along .

when N' > 1 insert one particle and N'— =1

“Bian et al. 2015b, J. Comput. Phys.



Parallel integrations/intermediate communications

o Atrh = N.Aty and Ateomm = NcAD

ﬂi:omm

00, o
Communication pattern
b §
i i
I i
I I
S ro— i
_________ i1 communication
loverlap I : >
IrEgion tcnom e } tn+n]'.|rn : tn:r%lm
I 1
I I
I I
I I
I I

R aaaGREEY S

=1
»
|,-'l
f
Y
L
n
a
-»
0

At

F

@ at each At.omm, a quasi-steady state is assumed



Numerical errors due to intermediate communications

@ Iransient Couette flow:

o Vx # 0 and dv,/dy >0
o hybrid reference line y, = L, /2
e m=8m; and Aty = 4Aty

T T T | : : : : : -
Q ,:1=0.0208s i QA=A
] {1 9. 1=0.02085 --[-}-- . Mt Qo Ateymm=ts -
0 :1=0.0554s @ Ef/ o 01 e Ral QA =8At, e
\ A 1 B £
Q5 1=0.0554s - I Q 5 Atoym=8Aty
; = : A ® £ = M Pn 1
0 4:1=0.11095 — - A 0.01 |g T M o Q42 Alpymm=64aty ———— 4
| o o e | L oy ik Y
= %P apt01100s A AT o AT :, = chdagy_Tool el Ma., Q ot Alggp=64At, - &
= . S .____i;:f‘ = e ?'EEE T e M Aty ]
& o O W T = 0.001 u ‘oEEﬂ B e A -
T 'E = - am T ‘_,.-’ g n .‘l.‘.._l i';'|_7,| R A i, m:‘ltz
= 0.01 -~ L HA _.--"t L — ::D .E‘"EL. "‘i\ &'}h A B EHEHE )
[ r-'l‘:_‘ . A _____‘--'_" _‘_.‘-"'J A‘I g = L .E.]E 3 agawﬁ‘qp'j—_.ué}&&é,& ]
A e 1 7 0.0001 F N oEapsRpTRIATERRSRESS
L "_/——'----- k..—"' - i F E\HE ‘-.! P ?,.t' -
= - [} : DAL
0.001 | - | I AN, .
| & 7 1e-05 ¢ \/ ' .
< . ] E
| 1 | ST TN TN TN N ST SN T N N TN T [T T S T N T ST N TN O N S 1 o
1 2 4 8 16 32 64 128 256 18-06 ' ' ' ' '
Aty /Aty 0 0.2 0.4 0.6 0.8 1 12
com
t(s)
errors vs. teomm at three snapshots errors vs time for three t.,,ms.

solid symbols for €21 (fine resolution) and empty for 2> (coarse resolution)



Perturbations on coupled sub-domains

Y oy
\\
L
\\
pa X \
\
1
1
"""""""""" I ."
: r 1 1 I
a_! | a K
1 7
: , /
: I F z ,’
I | /
I : ,"
I
| Ql 1 f’
| 1 s
I [ /
1 1 7
I 1 P
: I ’ /;
; : | f' 2 ’ JJ'
d 1 ! d )
t o () .
} r : | perturbation
R i T e 1— -------- ] 1‘ magnftude
LY
*
%
LY
\\
\'\

@ periodic in all directions
@ initial velocity either in x (transversal) or in y (longitudinal)



Vorticity diffusion and sound wave across hybrid interface

@ multi-resolution SPH: my = 8mq and Aty = 4At

T T T
analytical . analytical 0.0138s 0.18025 =

1k I
L W t=0s = =05 m 0.0554s
0.8 | | - .
| 0.0277s - 1.008 0.0069s = 0.1456s .
0.6 i b 0.0554s . - T -
0.1108 .
04 L e S .
T i 0.2079s 1.004 |
0.2 | i 0.6931s =+ o
- 1 a l'2 =
02 1
04 F
05 | 0505 B
_DB -
-1+
1 | 0992 1 1 1 |
0 0.2 0.4 . . 0 0.2 0.4 0.6 0.8 1
v/l v/l

transversal perturbation (v, # 0) longitudinal perturbation (v, # 0)



Wannier-like flow: Re = 0.0946

@ single high resolution SPH: N = 41504

200 5 10 15 2[12{}

15

> 10

A cylinder confined in channel flow: streamlines
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Wannier-like flow: two and single resolutions

@ my = 16mq and Aty = 16Aty
o N; = 23704 and N>, = 1850

0& 03 01 0020003005 01 02 05 ! 05 02 01 005 001 001 005 01 02 0.5

....ni""'_""""-‘l.. . . - o \.

velocity contour: vy velocity contour: Vy

°Bian et al. 2015b, J. Comput. Phys.



© Deterministic-stochastic coupling

@ fluctuations at equilibrium
@ periodic domain
@ truncated domain



The Landau-Lifshitz-Navier-Stokes (LLNS) equations®

The equations of continuity and dynamics for an isothermal fluid read as,

(%—FV'V)Q—FQV'V = 0.

9
p(‘—Jrv-V)erV-l'l = 0.

Jt
where the stress tensor consist of three components
M = NS +N0 +nk,.
Mo = Pouo.
= (Gt e 3 ) ~ g
<nf, > =0
<ML ONEXK ) > = 2kgTA,pe0(x —X)5(t — 1),

(23)

(24)

(25)
(26)
(27)

(28)
(29)

A,ucre. — (O,u,fom, + oj_LLoG'E) + ((3 — §n) O,u,croe'(?’o)



Linearization of LLNS

The fluctuations on the state variables are defined as
z(x,t) = [0p(x. t). ov(x. t)]. (31)

with p = po+ 0p =< p > +0p and v = vg + v = 0v.
Neglecting the second order in fluctuations we get

Aop .
— V-ov = 0, 32
I + /0 v . (32)
5p — vo,&—(f-. —) Vv = —— 2 R
Ot T po Ox, p—v L h 3/ Oxy Y po Oxy, i
After spatial Fourier transform, we write in a compact form
0z.(k, t ~
Zéf ) _ (k)3 (k. 1) (33)

where L is the hydrodynamic matrix. Solve Eq. (33) to get evolutions and
correlations of fluctuations.
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Summary of theory: correlation functions of fluctuations

@ in k-space: spatial Fourier transform of fluctuations

< gJ_(/(‘. f)gj_(k, t+ ’T) > e—pkzr

o2gL (k. t)] - | o
< gj|(k. f)gH(k t+17) > _ e_erzTCOS(CTk’T)- (35)

o* g (k. 1)] -
< p(k plk.t+71) > B e_erzTCOS c+ kT

2] et
<g| (k. t)ip(k. t+7)> o TTRT i o o

o? [gi(k. )] Jer i -
< plk.t)ig (k. t+7) > —e TR sin(cr k), (38)

o* g (k. t)] /et

o 't =(4n/3+ ()/2p: sound attenuation coefficient

"Ernst et al. 1971, Phys. Rev. A; . Boon et al. 1991; Hansen et al. 2013.



Discretization of the LLNS equations.

@ Eulerian discretization of SPDE

as5¢ a5

—_— theary
- DEMC

) e, 1) dplan, t7)=

1
1] 0.5 1
T

FVM with various temporal schemes
(periodic versus specular wall)

@ no guarantee of thermodynamic
consistency on the discrete level

@ some improvement has been done
recently

@ lLagrangian mesoscopic

particle methods:
thermodynamic
consistency
o dissipative particle
dynamics
e smoothed dissipative
particle dynamics

o GENERIC framework?

o discrete form easily
cast into its
formulation

20ttinger et al. 1997b, Phy. Rev. E.



SDPD simulation: correlation of fluctuations in pbc’

@ autocorrelation functions

T T T T T
R @) theory . 1 'J‘iu fc) theory: nﬁ:; ....... .
A .: SDPD: =1 +--&— A . i Eu
; . . = = £ =4
= 0BF&, note beee! = £ ] SDPD:n,=1 o
v i |7 L Fy M2 o
i 06} X + ¥ Pl 7, MWt e
= .y | 13 =)
2 E> 5 b Eau
5:'_ 04l iz g: (9 i )
=2 @ z i
< ) S
| 5 ¥
W v
[] -
| | | |
0 1 2 3 4
vkt Crkt

@ cross-correlation functions

1 (a) I theory:n,,l,=1 _______ - fﬁi\

CTk'L' CTk'L'

"X. Bian et al. (2015a). “Fluctuating hydrodynamics in periodic domains and
heterogeneous adjacent multidomains: Thermal equilibrium™. In: Phys. Rev. E 92 (5),
p. 053302. por: 10.1103/PhvsRevE.92.053302.
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DPD fluid properties: measured by correlation functions

Given trajectories, we calculate po —
XN~ —s—

i ¥iNg=1t--o--
08F B i

< u(lk, t)wlk.t+71) >=

Ns
Ni S F(u(x ) (wlx. t + 7)), (28)
° s=1

06 |

04

av kb (otet)siev’ (K Hs

02

where Fourier transform is defined as

N ' ooy
Fal ]_ P Y A E ‘ YiMg=1 b3t
fk(U(X, f)) — N— E U(Xj? f)e_Ik'xJ'{t), %: I ﬁ . .
P . A .

-:Vuik,t:n.'l I It 1)/

(29)
From Eqs.(23) and (24), we infer the
fluid properties as

@ n=1077, cyt =4.085, ( =0.718

Transversal and longitudinal CFs

8Bian et al. 2015a, Phys. Rev. E.




Fluctuations in a truncated domain at equilibrium

@ continuum-particle coupling may be simplified by a truncated domain

y
0.
Z X
Buffer region
e | E"""T}"J""l
overlapjr=================- 1 g ——— A
region | ] ! -
I B | 1 :
[ I
: I : l
: QL: : : Ql: :
: Fluctuating i : Fluctuating '
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simplification of coupling
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examined zone

we quantify the fluctuations in the shadowed zone
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@ velocity is from a Gaussian distribution
e a Gaussian distribution or

@ density is from

e a conditional Gaussian distribution using Kriging

@ missing pressure: conditional conservative force
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Temperature, density, its variance, and spatial correlation
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Correlation functions of fluctuations in truncated domain
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9
Bian et al. 2015a, Phys. Rev. E.




© Deterministic-stochastic coupling

@ fluctuations at nonequilibrium
@ periodic domain
@ heterogeneous adjacent multi-domains



Perturbation theory at stationary state:
ACFs of fluctuations in Lees-Edwards bc

k —vao(k,T
Cr,(k.7) = (Wi)) e~volkr) (30)
CTQ(k'. 7_) _ e—L’Oi{k_,T)? (31)
k(T) Y2 —Tra(k,m) ,
C(k,7) = e e T cos(cr3(k,T)). (32)
0
«v and /3 are defined as
1
a(k.t) = kit —Akok, t* + §f=~f2k§r3._ (33)
, 1 2, | ky(t) + k(1)
5(k. — — — .
5k, t) 2k, {kykg ky(t)k(t) — k7 In [ K+ ko (34)

Lutsko et al. 1985, Phys. Rev. A; . Otsuki et al. 2009, Phys. Rev. E; . Varghese et al. 2015, Phys. Rev. E



Exponent a(k, t) and frequency 5(k, t)

@ v > 0 versus v =

(equilibrium)

30

a(k, 1)

10 |

20

k=(1.414, 0, 0): 4=0.2
k=(1, 1, 0): 9=0.2
k=(1, -1, 0): =0.2

| |
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B(k,t)
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@ transversal ACF: may decay faster or slower

e longitudinal ACF: sound frequency may be higher or lower

10
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DPD simulation 1: transversal ACFs of fluctuations

e ki = (27/L,.0.0):

f L2 1-,2 243
a(k,t) = k5t + 37 kit (35)
- % L "
Qo ,.'__ __ k Q
'Ea'-f: ﬂl‘% i . L u L T ::'”,11
0.01 L E LG 001 e I U ! AN
0 5 10 15 20 0 5 10 15 20
T T

4 =1.0, 0.5, 0.2, 0.1 and 0 (at equilibrium)

10X Bian et al. (2016¢). “Correlations of hydrodynamic fluctuations in shear flow”.
In: J. Fluid Mech. submitted.
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DPD simulation 2: transversal ACFs of fluctuations

o k; = (2n/L«,27/L,.0)

1
a(k, t) = kit — Akok, t* + §ﬁ,f2k§ t> (36)
I —] -
theory ------- 1
DPD
o, 1202
— g, —
< ey, <
iy B 1 = 3
. ~"_\. L"&it-‘.ﬂ:ﬂ 1
Lo e,
\\ T :C..-G 4
By o ?= s\‘ ' \:‘EE‘?:?UL; .‘ 5
0.01 % LN L 0.01 TR L '
0 5 10 15 0 : 10 15
T T

4 =1.0, 0.5, 0.2, 0.1 and 0 (at equilibrium)

1Bjan et al. 2016¢, J. Fluid Mech. submitted.



DPD simulation 3: transversal ACFs of fluctuations!?

o k; = (2n/Ls.—27/L,.0)

1
a(k, t) = kit — Akok, t? + gﬁgkf t3

4 =1.0, 0.5, 0.2, 0.1 and 0 (at equilibrium)

12Bjan et al. 2016c, J. Fluid Mech. submitted.



DPD simulation 4: longitudinal ACFs of fluctuations®®

@ Doppler effects for v > 0

;kx {kykﬂ_ky(f)k(f)_kil” [ky(k?:;;(t)]} (38)

lg(k f) —

1 P\ I T 1 I
4
q . o \
0.5 —;,4 fﬁ?@\ v=0.5 ¥=0.2 ¥=0.1 y=0 n 05 ‘,“ ¥=0 ¥=0.2: (KyKy.0)
W N R
3 d 4w o VR | v ;
% D — llll- d; dl‘ *;zi? Ei\ ;r" ,.}‘I :':"I .’;;- .-.--“f-- H:‘: % !l ‘.? -"‘J-'\J'-"-ﬂ‘\’ﬂ.‘ ‘oa‘(
° 1 08 LM A RS eemesd O 0 4 ) oF e e Pt e T ey
A I 4 o 3 s LA e |
PO B O ¥4 v -
o5 % {? i
Il B - o theory -------
! 05F & @ =0.2: (Ky,k,.0) .
AW ' TOElRD T Thep
2 | | | |
0 3 6 9 0 2 4 6
T T

ki = (27/L«.0,0) ki = (27 /Ly, £27/L,.0)

13Bjan et al. 2016¢, J. Fluid Mech. submitted.



DDM: nonequilibrium coupling®*

Particle

N Ea

Domain decomposition y

b poeseRst r hybrid —1-
ro | , T
! j region —

c ................... wnflun
d I P>C hmmmmmmmmmmmeeooo —4e
s r I

|
|
|
1

Sketch of coupling between particles and finite difference method: Ateomm = At

14X Bian et al. (2016a). “Analysis of hydrodynamic fluctuations in heterogeneous
adjacent multidomains in shear flow". [n: Phys. Rev. E 93 (3), p. 033312, por



DDM: artificial b.c. and constraint dynamics

@ P — (: simple spatial-temporal average
1 Nt 1 ch
Ve = — — Vi 39
S NP (30

e N.4 is the instantaneous number of particles in cell P — C
o Ny = At/dt (example latter Ny = 180, VACF is below 1.5% at 1804t)

@ at truncation line a:
@ mean pressure by integral function Leietal. 2011, J. Comput. Phys.
e specular reflection Bian et al. 2015b, J. Comput. Phys.

@ C — P: non-holonomic constraint

Nr,

1 .
Y vi=Vr,, 40
er ;-:lv rl. ( )

e tends to be satisfied at every ot
o leave thermal fluctuations unaffected as much as possible



Constraint dynamics 1: relaxation dynamics

o idea: let the average of 1 relax towards V', over Atcomm

F; € [ -— 1 I
.‘ p— _." —_. V e |, . 41
Vi=—+—|Vn e :‘E—l vi | - (41)

where F; is the usual particle force and ¢(= 0.01) is a tuning parameter

O'Connell et al. 1995, Phys. Rev. E

remark:
@ little intrusion on fluctuations

@ c depends on both fluid properties and flow condition



Relaxation dynamics for Couette flow

@ velocity, shear stress and density

R
f-u. t/1007 ]
Tl EL_ ® Q-1 J
-, s 33 |
. 0.5 o _O-r-‘ 8 G4 -
of (@) TTE—
02y 2 . .
[ i R e ——
L ] o T -
7// //.///7// :‘ﬁollr‘ | T S
Zy -/ 4/ Continuum: ./ / T S S
2y ....4{.{4’14’ ....... 2P () T
Té.x MD X L e
Vi, (1) 1-51 HSI (&)
R oathli t ‘
Schematic for coupling MD-continuum o8 w
and a setup for Couette flow o Loh ]
0 0.5 1.0

O'Connell et al. 1995, Phys. Rev. E z/h



Constraint dynamics 2: Maxwell buffer

@ idea: equation of motion for particles in ['1 is shuffled at every ot

e mean: interpolated from the continuum
e fluctuation: drawn randomly

vi = Vi+0v, (42)
Vi = Vi + (Va— Vb)(yi —yb)/Ay, (43)

i m —m(dv;)?
Svi) = | a4
p(0vi) 2kaTEX‘D[ kg T ] (44)

where p is the Maxwell-Boltzmann distribution

Hadjiconstantinou et al. 1997, Int. J. Mod. Phys. C

remark:

T

® very effective for the mean

@ strong intervention: abrupt move on iso-surface (T.) in phase-space



Maxwell buffer for obstructed channel flow

@ inflow: parabolic velocity
@ outflow: no-stress

(2)
A6 — e . : A5
A : i, 1) wl @
H. 1IHH B R LT I == e | \1* ]
g - 7_7_ 77 a0 4 | 300 ‘I\‘ 4
. // /Zji ! 20 20+ 1
A D
-~ ——: ' | 15 16}
i ///TL B E 10 10
i) I~ | |
5 sl
N o Q i
e ' o o
[»] 10 20 ‘I'\- 30 1] 10 20 ‘u an

problem setup and velocity profiles at stead state

Hadjiconstantinou et al. 1997, Int. J. Mod. Phys. C



Constraint dynamics 3: flux imposition

@ idea: impose stress 75 on the @ if assuming linear shear locally
interface Ren 2007, J. Comput. Phys.
xy ~D
. Fi - Fi'" = BoT, /| (h)h. (48)
m 08 = ' " Boy(hh
T x oW(h)h ==eeee
Flo= w9M).  (e) [ |
where A is the interface area and w04 1
er 02 | i
A(y’) — g(y'f)/ Zg(yf) (47) Do 0|_2 0|.4 _ Dl.s C:B 1
1':]_ . hrg
remark:
is an arbitrary but normalized function . L
| o @ more fundamental, two fluids
in the original work. i -
may have different properties

@ conservative’ not really
Flekkgy et al. 2000, Europhys. Lett.

@ By depends on fluids property

and flow conditions



Flux imposition for Couette and Poiseuille flows

;| Cont. 2=l Cont
UpSTr. 4 %"« downstr.

L - Theory =
0.5 o—o Continuum g = Particles '-
* Particles 02 O Continuum upstream ‘:_ .
. O Continuum downstream -
o : I : I 0 ": L :
0 02 04 h] n2 04 06 08 1
v/ E

Couette and Poiseuille flows at steady state
Flekkeyv et al. 2000, Europhvs. Lett.



Constraint dynamics 4: least constraint dynamics

e idea: principle of least constraint (non-holonomic on V)

PR %F"Jrl %
" m erf__lm ot E

where F; is the usual particle force

Nie et al. 2004, J. Fluid Mech.

@ alternative but equivalent idea: body force adjustment

Werder et al. 2005, J. Comput. Phys.

remark:
@ little intrusion on fluctuations

@ non-holonomic constraint at every 0t too strong? € again?




Least constrain dynamics for channel flow

@ nano-scale rough walls @ velocity profiles at various x
0.03
Moving wall U N
oving wa UUE i i
Continuum
¥
IIIIIIIIIIIIIIIIIIIIIIII;llIIIIIIE):IL:]I-IIiI:IIIIIIII"”.IIIIIIIIIIIIIIIIIIIIIII l ﬂ B 1
2 m _ﬂ'(il B 7]
Still wall
=0.02 -
Nie et al. 2004, J. Fluid Mech. =0.03 ! L l l
0 02 04 06 08 10



Hybrid DPD+FDM simulations: transient mean profiles™

o L/PM =2[PPP and At = 1804t

1 T ! 1 ! ..:.-.ﬁ
theory ]
0s L DPD :--g--- Lt/

FDM o A

relaxation dynamics (e = 0.02) flux-imposition

o Maxwell buffer & least constraint: similar accuracy, not shown
1°Bian et al. 2016a, Phys. Rev. E.
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Single particle simulations versus hybrid simulations

002; 00

Q:: FDM I

Pure particle domain

gap region | Igap

I
T G LAt Sl ——
: le: Examined region : l-: Examined region ' |
I = e e = el - - - - el
| | | et =
: i Q! Particle !
| | | y
- S !
o1, single 0102; hybrid z x

Sketch of examined region for fluctuations

1°Bijan et al. 2016a, Phys. Rev. E.



Hybrid simulations: fluctuations o v,

e transversal ACF: k; = (0,0,27/L,)

1 *. | 1 1 1 *. | 1 1
DPD: wall-bounded 7 DPD: wall-bounded 7

% DPD-FDM: rgap:0 I - % DPD-FDM: rgap:0 -
(814 (o4

v v

A A

e e

x x

=3 =3

> >

< <

.'-'-"x .'-'-"x

v v

0 1 2 3 0 1 2 3
vkor vk
Maxwell buffer least constraint dynamics

@ ko =(0,0,47/L;): similar, not shown



Root mean squared errors on fluctuations Jv, !’

015 1 | | 1 1 015 1 | | 1 ]
[h\ maxwell buffer --Lz1-- maxwell buffer --F--
0.12 - relaxational dynamics -~ o 0.12[ relaxational dynamics -~ © - o
“1\ least constraint -4 ) least constraint &
W 009 F N flux imposition - 4~ 0.09¢ . flux imposition --g -
o E';-:,____' E‘-h‘ C ‘#"E‘.'r,:._..l_
0.06 F ilimagy e - 0.06 | . -
":E"*“*MLT:E, e,
W s o, R T g
= 'n'}‘";ﬂ - B N - .
0.03 MMTQ 0.03 |
D 1 1 1 1 1 U 1 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5
rgawfrc rgapfrc

@ Maxwell-buffer: a strong intrusion

e with a sufficient gap, all are the same and error decays linearly

17Bjan et al. 2016a, Phys. Rev. E.



Pure particle domain

012,

():: FDM -

Sketch of two sources of contaminations

 truncation effects: mean pressure and specular reflection
artifacts by constraint dynamics: four methods



Two sources of contaminations on fluctuations v,

e transversal ACF: k; = (0,0,27/L;)

1 IL' | ] | 1 *- ] | ]
DPD: wall-bounded ] DPD: wall-bounded ]

A DPD-FDM: rgap:'j- lei=0 & A DPD-FDM: rgap:D- lget=0 ——=—

NE; 0.8 rgap:D! Mget=Tc & 7 mé:'.: 0.8 rgap:'l Met=Tc = 7

3 Foap=Tc lget=0 #-torvi b

A A

(= B

! =

= =

> >

< <

})-: }x

A" W

0 1 2 3 0 1 2 3
vk’t vk

Maxwell buffer least constraint dynamics

@ relaxation dynamics: similar to least constraint dynamics, not shown
@ flux imposition: two sources can not be separated
@ ko =(0,0,47/L,): similar, not shown



Two errors on fluctuations v,

e ki =(0,0.27/L,)

U.TEE} T T T T T T T T T
LT : detach --fz}--
B g 0.06 F~ -
g12pF -  HTTEeeal E ______ - E“ gap G}
Ry = RN £ .
0.09 | . i 8 |
'C;E”.J detach --f}-- 'C;E”.J 0.04 ‘-a\m@
0 ap O
T 006 F } o { € ",
"B TR
g 0.02 - ‘H
0.03 | g -
-
0 | | | | | 0 | | | | |
0 1 2 3 4 5 0 1 2 3 4 5

et/ Te: Tgap/Te et/ Te: Tgap/Te

Maxwell buffer

least constraint dynamics

@ relaxation dynamics: similar to least constraint dynamics, not shown
@ flux imposition: two sources can not be separated

@ ko =(0,0,47/L,): similar, not shown

18Bjan et al. 2016a, Phys. Rev. E.




@ Stochastic-stochastic coupling

@ the adaptive resolution scheme
@ force-force coupling
@ energy-energy coupling



Adaptive resolution scheme (AdResS)

changing degrees of freedom on the fly




AdResS: force coupling

e a b ¥ ' f

o h}/brld force between MD and DPD Praprotnik et al. 2005, J. Chem. Phys.
Fils = AMXo, Xs)F25 +[1 = A(Xa. X5)] Fis. (50)
N, Ng

FIP = Z Z Fr. (51)



AdResS: weight function

The weighting function is A(X,,. X3) = w(X,)w(X3) and

(0, Xe < X < X5
cos? % (2_2)} X < X < xp
w(X) =< 1. xp < X < Xc (52)
cos? % (g_’;‘;)} X < X < xy
0. Xg < X < Xf

@ weight function and its first derivative are continuous.

Praprotnik et al. 2005, J. Chem. Phys.



AdResS: the actual hybrid regions

@ Due to weighting function: A(X,. X3) = w(X,)w(X3)

a b beu
B
hybrid
DPD | [I}II: | DPD
ol i T
¢ aA b hexl o . - f

Hybrid molecules exist not only in | and I, but also in |l and II'.



AdReS: the actual interactions

@ interactions between molecules «v and /3 in different regions

molecules o \3 | DPD | hybrid | | hybrid Il | MD
DPD FC F$, X X
hybrid | FCL

a3
hybrid 1] < FVD
MD X FD




Hamiltonian-AdResS: energy coupling — force coupling

@ A Hamiltonian H for "mixed resolution” reads potestio et al. 2013, Phys. Rev. Lett.

H = ol S L w(Xa) VP 4 [1 = w(Xa)] VS } Lvint (53)

@ Force derived from H on atom level reads

¢ N,
Fctfr' — Z \ A(Xﬁ Xﬁ) Z Fcu|'i’_; T [1 (X Xr?’)] Far|3

3.4+« \ j=1

R — (VMP = VE) Vaw(X.) (54)

where A\(X,. X3) = W(XCEJ;FW(XB)

@ Force derived from H between two molecules reads
Flls = AXa. Xs)FYP +[1— AM(Xa. X3)] FS5 (55)
- (Vaﬁ ~ Va,ﬁ) Vaw(Xa) (56)



Hamiltonian-AdResS: if drift force vanishes

@ extra drift force from the H-AdResS:
For — _ (v,_,{‘;gﬂ _ va.ﬁj Voaw(X.) (57)

MD ~_ C : :
o for Va_ﬁ ~ Va,ﬁ which Is true for

e force-matching coarse graining izvekov et al. 2005, J. Chem. Phys.
o Mori-Zwanzig coarse graining Li et al. 2014, Soft Matter

we have from H-AdResS
Fis = AMXa. Xp)Fo5 + [1 = A(Xa. X5)] FS5 (58)
@ then the difference between force-coupling and energy-coupling is

w(Xa) + w(X5)

AN Xa, X5) = w(Xo)w(X5) vs. A Xa. X3) = ;

(59)
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AdResS: force coupling formula is non-symmetric

Recall the force coupling in AdResS:

Fllo = MXo Xo)FMP +[1 = MXa. X3)]FS. (60)
AMXa Xs) = w(Xo)w(Xs). (61)

This setup is not symmetric
@ either by swapping MD and DPD regions
@ or by changing the monotonic direction of the weight function w

For example, X, and Xj3 are both in the middle of the hybrid region
w(X,) = w(X3z) = 0.5. Therefore, FHj = 0. 25F D4o. 75F

If swapping MD and DPD regions, or reversing monotonic direction of w,
we get F05_075F +025F
A completely dn‘Ferent physu:al system!

19% . Bian et al. (2016b). "Compatibility and symmetry of the adaptive resolution
scheme”. In: J. Chem. Theo. Comput. in preparation.



A reconciliation of AdResS and H-AdResS: symmetry20

The simplest modification on the force-coupling formula in AdResS is:

FH, = SwX)WOG)FMD + 2 1= w(X)w(X,)] FS,
E hlw’(xa)w(Xa)}F D (X)W (X)FS,

If we take w/(X) to be symmetric with w(X), FH? s symmetric
@ by either swapping MD and DPD regions

@ or changing the direction of the weight function w(x).

Note that w'(X,) =1 — w(X,) and w/(X3) =1 — w(X5), we get

w(Xa) + w(Xs5) cum w(Xa) + w(X5s)
F:‘.-"g — 2 Fa? T 2 |

which coincides with the H-AdResS!

C
F Y 3

2OBjan et al. 2016b, J. Chem. Theo. Comput. in preparation.

(62)

. (63)



Symmetric AdResS or H-AdResS: hybrid regions?!

@ Due to the weighting function: A(X,, X3) = W(X“);W(Xﬁ)

dext a b hext Cext C d ext

b
|
I
| |

|

MD |1rin\ inr
| | |

|

Ir{DPD

0 * ext f

21Bjan et al. 2016b, J. Chem. Theo. Comput. in preparation.



Symmetric AdResS or H-AdResS: interactions®?

Interactions between molecules o and 3 in different regions: conservative part

molecules o \3 | DPD | hybrid Il | hybrid | | hybrid Il | MD
DPD FS, F$s X X X
hybrid [ Fgﬁ

hybrid | X

hybrid [l X

MD X

22Bjan et al. 2016b, J. Chem. Theo. Comput. in preparation.



A microscopic system by molecular dynamics

e
| | 1
: Fe | 1
|

( ot ! i
e ",'r'.i_ o » o' 122 Lo
g A Y LSRR A "y

: individual molecule
polymeric melts
@ Hamiltonian
2 P 1 @ potentials
H=3 =L +23 V() (65) i
=1 < i V(rij) = Vwealrij) + Vrene(r) (66)

237 Li et al. (2014). “Construction of dissipative particle dynamics models for

complex fluids via the Mori-Zwanzig formulation”. In: Soft Matter 10 (43),
pp. 8659-8672. poI1: 10.1039/C4SMO1387E.



A hybrid simulation by AdResS: MD sandwiched by DPD?#

changing degrees of freedom on the fly

o temperature: T = Tp(1 £ 1%)
__® pressure: P = Po(1+5%)

2%Bjan et al. 2016b, J. Chem. Theo. Comput. in preparation.



Structure of the hybrid simulation?

| | | | |
2r MD —— T
DPD seseeses
5 AdResS-DPD  ©
g 15 AdResS-MD
=
ke
5
2
o 1F
o
I
k< !
T 05} -
o ®
] ] ] ]

Radial distribution function of CoMs of molecules

@ RDF is reproduced well
2'Bijan et al. 2016b, J. Chem. Theo. Comput. in preparation.




e Summary and some perspectives



@ deterministic-deterministic coupling: classical DDM

e extension to multi-resolution particle simulations

@ deterministic-stochastic coupling:

e often focus on the mean quantites, such as, velocity.
e fluctuations in the stochastic sub-domain need to be preserved well

@ stochastic-stochastic coupling: for complex fluid melts

o reproducibility of MD via corase-grained (Mori-Zwanzig) DPD
e compatibility and symmetry of MD and MZ-DPD within AdResS
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Dissipative Particle Dynamics* ...

AAAAAAAAAAAAAAAAAA

Force is the sum of three pair-wise additive terms:
F.dt = FCdt + FR+/dt + F2dt
1) Conservative force:

—C C — I.
F :ZFij (;)E; Fijc(rij)zaij(l—r—”) for r,<r,
1# ] c
2) Random force:
~ R R ~ NP
R =0 ) W ()46, wR(rij){ —r”) for r,<r,
i r.

3) Dissipative force:
FP =—» > WP (r.)(V. -6.)& D _( R )2
. 72;, (50 €8 wP(r) = (wR(r,)
0_2 . ijBT - (Espanol & Warren, Europhys Lett, 30:191, 1995)

* Hoogerbrugge & Koelman, Europhys Lett, 19:155, 1992



Molecular Dynamics: microscopic ...
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» Lennard-Jones particle interactions
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» System Is kept at equilibrium temperature through the
DPD thermostat

» The particles evolve according to Newton’s second law
of motion




DPD and MD boundary conditions

Pacific Northwest
NATIONAL LABORATORY

Proudly Operated by Battelle Since 1965

1) Imposition of normal velocity component

» Specular reflection at the interface in the system of coordinates at the moving
boundary #

» Deletion of particles leaving the computational domain and insertion of
particles according to BC flux N =nAv_At

2) Imposition of tangential velocity component

__________________ ®e pressure force
a
| & @ . ® ® i adaptive tangential force
i R @
N Fo(h) Fo(h)
. rF N
: - K (h,u,)
' F(h t n
. : t( IurJ F‘ (h u
@ h h bd B N
: @ .
BCI = v T AT A

F (h) = C(v, —Vvgc ) *w(h) C..=C,+a(v,—Vg)

" Werder et al., J Comp Phys, 205:373-390, 2005
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