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. Atomic & Molecular Effects

Poisson Boltzmann (PB) does not include
* Atomic size

e Solvent & molecular effects

e Changes in mechanical and electrical properties

e Electro-chemistry @ ﬁgggﬁm
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Ingredients List

1) Mass Transport — solvent and solute particles
2) Momentum Transport — electrokinetics
3) Thermal Transport — define equilibrium and bulk

4) Electric Potential — spans all scales

More on EDL physics in

 Mandadapu et al., Polarization as a field variable from
molecular dynamics simulations. Session 8.2, 7/24 @ 5:50

* Lee et al., Atomistic effects in electric double layers at high
voltages. Session 4.2, 7/23 (@ 3:00 @ Sandia
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Two-Way Coupling for Heat Transfer

Fine-to-coarse: Fine scale vibrational energy from the
- MD region should f low into the surrounding FE

region and be accounted for as temperature

Coarse-to-fine: Temperature of the FE model (6)
should have an effect on the MD region, through
¢.g. thermal excitation of atoms

Two interdependent parts of coupling strategy:

1. Modification of finite element equation to incorporate effects of atoms on 0

2. Thermostat to transfer information from the temperature field 6 to atoms
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National
Laboratories



"!
|

P b?

Continuum Heat Equation

Heat equation with Fourier heat conduction arising from Boltzmann Transport
equation for energy conservation:

Finite element discretization leads to a set of ODE’ s for the nodal
temperatures

9
ot

MIJ = / pCUN[NJdV
Q

O (x,t) = ZNI (t) = — (M#) = K6

K[J:/FLVN['VNJdV
Q
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MD Temperature Definition

We have to relate the dynamics of atoms to the nodal temperature field

kE /|2
EMD S L P e s el /AT,
9 of (m V[P /2 + gb;) JAV,
Define restriction operation: MD particles = Nodal field
E.g. projection, averaging, shape functions...

One way: minimize difference between MD and continuum energies

mm Z < — Z pCvN[aejAVa> E>
a€atoms I€nodes

M o = 3kp Using row-sum N T
= I
U « ZB NIﬁ

(localization) and

lumping
i 1
atomic quadrature T, e AV,

Dulong-Petit expression for heat capacity || for mass matrix in 3 kp

of a mono-atomic solid or dense fluid MD region _

above the Debye temperature (thermodynamic @ ﬁg![]igﬁal
consistency) Laboratories
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Derivation of Coupled
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. | Mg

Apply Galerkin method to entire domain:

Decompose domain:

/NI pchh( )) dV =

Use atomic energy density:

) o 9 )
. N (%) 5 (pcveh( )) dv+§a: = (NjachHZAVa> =, ) 5 (pcveh (X)) dv+; = (NiaeaAVa)
Apply physics:

- Nr (x) % (pcveh (x)) dV + ; % (NIO“OCUQZAVa> _
¢

Qfem

Discretize:




Coupling MD Thermostat

Effects of FEM on MD can be included by prescribing
constraints relating the FE and MD dynamics:

Temperature constraint

ZNIQVQ : fa + ZNIQ¢ZX + Z (VNIOz : Va) eozAVa — Z % (M%D9J> =0
o' o o J

Heat flux constraint

0P
N (s Vot va )+ [ Niomna-daa =0
o Xa U'nmp

Thermostat force exactly cancels the FE boundary flux for
the total temperature definition, otherwise there 1s a q%andia

. ational
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Governing Equation for the
Lagrange Multiplier

Application of Gauss’ principle of least constraint to atomic forces
yields an elliptic-like equation for the Lagrange Multiplier:

> NiaKo) Njohs=R;
Q J

Variable A 1s a continuum field defined on the nodes:
A(xa) =) NiaAs
1

Implies a modification to the MD force

f, =fMP _ %)\ (Xa) Va

So atomic degrees of freedom are governed by

Sandia
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Combined System

Result is set of coupled FEM/MD equations

Y MD | L
Z]: 5 (M105) = ZKIJQJ + 2 Z Nrava - (fa + §fa)

Mo Ve = fM D _ Z N\ IVa Coupling parameter |
(temperature/flux constraint)

Combined MD/FEM system has two-way coupling:

<1 Atoms contribute to nodsl heat equation

¢ & & o/ 6 & o o o
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Motivation for the
Fractional Step Method

Fractional step originally developed by A. Chorin (1968) to exactly
satisfy elliptic constraints on a hyperbolic problem, including different
integration methods for different terms

In this case there are several complicating factors
Discrepancy in evolution of kinetic energy in atomic system

A2
AK, = Atv, - £, + tha .

No direct evaluation of the time derivative of the potential
¢Oé — ?
ot

Drift between change in shape functions and convection

VINi, - Vo # ANy, @ Sandia
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PO _ Fractional Step Method

for Time Integration

AGTE AOMP AN Av,

Gear update for FE ' Velocity-Verlet
dynamics, update for MD,
predictor/corrector ni1/2 LWO-StEp update
requires: d.o .y _._._. Y. requires:
éFE — Ml—JlKIKHK \./'a — mc_vlféWD
Y.o_.d.—o.o. . 4. vt
at time "1 1l at time "/

Use a consistent update for the MD
contribution to the FE temperature,
two-step update based on incremental

A Sandia
AB; = Nio (Atve - fo+ —mg o - fo + 8] mir — Ol National
2 : t Laboratories
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Gear update for FE
dynamics,
predictor/corrector
requires:

éFE = M_,_JlKIKHK

at time i

Apply resulting force at three time
increments; t", +"*1/2_and t"**

Fractional Step Method
for Time Integration

AT AOMP AN Av,

7 P

Update Lagrange multipliers after the
prediction phase by solving the non-

tn—l—l,*

Velocity-Verlet
update for MD,
two-step update
requires:

Vo = mglfojéWD

at time ¢"11/2




Demonstration Problem

" Finite El t Mesh
Boundary Conditions Free atoms e ﬁl 5
>

/ <

Ghost Atoms

2016 Lennard-Jones argon atoms with equilibrium FCC Sondin
spacing of ~5 Ang at 20 K @ National
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Liquid Argon Temperature BCs
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Liquid Argon Flux Coupling
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Coupled Momentum & Temperature Equations

* Continuum equations of motion,

D
i (pV(x,t)) = —=VP+ V- uVV(x,t)
D
= (pe,T (x,1) = ¥+ (59T (x, 1))
* Discretized using the finite element method,

D
VP (x,t) = ZNI v, ( :>H(MV) /PIVNIdV—KV
Q

MIJ:/pNINJdV K]J:/,LLVN]-VNJdV
Q Q
* Corresponding atomic quantities

P AV, = mava T,AV, = 31 Moy }Va’

kB Sandia
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Coarse-Graining of Atomic Quantities

* Minimize least-squares error between MD & FE:

2 2
.1 1
min 5 /Q (p Z PNIV[> dV%H\l/_llIli Z (pa Z pNIaVI> AV,

Ienodes acatoms Ienodes
* Results in mapping between atomic and nodal variables:

< -~ Nla
Vi=> Niamave  Nig=
~ ZB Nigmg

* As well as dynamics driven by atomistic quantities
D
Z]: Ft (MIJVJ) — za: Nlafa + zo; (VNIoz ) Va) mMaVeq

D
> o (M1sTr) =23 NiaVl - £, 423 (VN - Va) mav’ -V
J o =~
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~ Gaussian Least Constraints for Combined

Momentum/Temperature Coupling

* Create an augmented cost function using Lagrange multipliers
_ MD V. (VRHS _ yLHS) T (TRHS _ pLHS
Y- -3 (V) A |
(6%

* Which implies an augmented force:

* Where A satisfies the following matrix equation

" NiaMa 3" NsadY + 5 30 NiaPl 3 Noy = BY
o' J Qo J

1
50 NiaK 3 NaohS + 5 3 NiaPl 3 NsaAY =
Sandi
. / . ! @ National
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Concentration Control

+V

Particle
1nsertions/
deletions
based on
minimal
energy

locations ﬁgggﬁal
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Example: Flow in a Nanopore

reservoir silica pore reservoir
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Control regions maintain temperature and concentration

while preserving momentum @ Sandia
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Example: Flow in a Nanopore

Mean Velocities

0.3

—— Na+ —— Cl_ —— Water

Velocity Distributions
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AtC Model for Long-range Electrostatics

FE Mesh Enables
1. Coarse-scaling

lons
MD for increased
physical
Water understanding
2. Solves for
CNT electric field with
Channels a) Upscale FE
source terms
| b) Downscale
Gold MD electric
Electrode forces
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Finite Element Electric Potential

FE equation for nodal electric potential:

1
EfQVNI. VN,¢,dV = g—fN,pdV —fNIE’ ndsS
JEF 0 O T
Includes source from continuous charge density and natural

boundary conditions associated with the electric field.

Define nodal charge density through row-sum lumped projection:
fQNuO dV = EN?QG
Arrive at a FE potential equation with multiscale source:
1 a _a
Y JVN, VN,¢$,dV = ggzxf,q - !N,E- nds

JEF
Sandia
National
Laboratories
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Short-Range/Long-Range Decomposition

=y
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kci 26] X - ?av ¢(Xa)
aff v

~
short range Coulombic

Atoms outside
neighbor list
contribute only
through long range
FE potential solved
on the entire mesh.

long range electrostatic

+ g Y Ve'(x7)
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correction to long range forces
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oee
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Atoms 1n neighbor
list have
interactions
corrected with
short range FE
potential
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nodes using
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Boundary Conditions

Far-field
electric
potential
boundary
conditions
Ghost charges mimic conducting surface S;)ncentrau
ol == controlled
i - to
. ] | prescribed
% 0: f | ' values
)
005 |

o TNEEATN Sandia
0O 2 4 6 8 10 12 14 16 18 National
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Boundary Condition Assessment
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Silicon Nanochannel Simulation
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Other Physical Models:
Fluidic Species Transport

 Define coupling in Eulerian frame rather than Lagrangian

 Track individual species to understand particle agglomeration and
diffusion

« Example problem: transport of saltwater into nanotubes

e | 0000¢+00 Sandia
e Future work: energy storage devices LNaat;[:)orgalnries



Selected AtC References

Thermal coupling

Wagner et al., Comp. Meth. Appl. Mech. Eng. (2008)

Templeton, Jones, & Wagner, Model. Simul. Mater. Sci. Eng (2010)
Hardy post-processing

Zimmerman, Jones, & Templeton, J. Comp. Phys. (2010)

Jones & Zimmerman, J. Mech. Phys. Solids (2010)

Jones et al., Phys. Condens. Matter (2010)
Two-temperature modeling

Jones et al., Int’l J. Numer. Meth. Eng. (2010)
Long-range electrostatics

Templeton et al., J. Comput. Theor. Chem. (2011)

Simulations performed with LAMMPS MD code:
http://lammps.sandia.gov
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