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Overview: Multiscale M ethodsfor Different Applications

Gas Flowsin Micro/Nano-
fluidic Channels

4N —
Nanoelectr omechanical Nanoscale Liquid flowsin
Systems (NEM S) the presence of charge
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Gasflow in a ImmX1nm Filter Element
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Towards Multiscale Analysis

Observations:

= MCrequiredinthechannd, and closeto
surfacesto capturerarefaction effects

= |nput/output regions are approximately
incompressible

= Combined continuum/molecular analysis

M eshless Continuum-DSM C coupling

U Meshless continuum: No need for meshing
= Can employ arbitrary shapefor theinterface
= Can usearbitrary shaped continuum domains

O Formulation and coding is easy

Aktas and Aluru, J. Comput. Phys. 178, 342, 2002
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Alter nating Schwar z M ethod

Begin:n =0; ug))‘ = initial condition
G

g G \h Repeat{ n=n+1

Solve Lugn) = f1 on W with ugn) = u(zn' D on G

Solve Lu(zn) = fo onWj with u(zn) = u:(l_n' D on (e

}until convergence

DEMC
o Domain decomposition

0 Scattered point interpolation
between domains

o Dirichlet-Dirichlet boundary
conditions

o Parallelism can beintroduced
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| nter polation between domains

DSMC to continuum interpolation

*Place kernel at each continuum node on the interface
*Find cellsthat arein cloud

Calculate interpolation functions

eI nterpolate solution to continuum nodes

......... NC
“““““ u(xn, )= a Ni (Xn;)un,
=l

y Continuum to DSMC interpolation
. *Place kernel at each buffer cell
. 0 *Find nodes that are in cloud
L ) Calculate interpolation functions
o T eInterpolate solution to cell centers
%P
ulxc;) =@ Nilxc;)un
i=1
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Multi-Scale Analysis of Microfluidic Filters

Input Zone Output Zone

Bl osve W d.
|| Stokes
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Stokes/DSM C Analysisof 0.2 x 1 mm filter

x-velocil
x10° pressure ity

DSMC 18 DSMC

)

[=3)

x-velocity (m/s)
S

pressure (Pa)

1.05¢ 2
1 0 .5 1
position (m) X 1075. position (m) x107°
Channel length 1 nm, height 0.2 nm, Expected Speedup:3.25
input/output region height 5 nm Obtained Speedup:3.2
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Example: Filter Array

Pressure vs position x-velocity vs position
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60 0.02mm filter elementsin a 5mm membrane section
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lon Channel based Nanopor e Sensors

O Investigate carbon nanotube as nano-interface between Micro channels
O Singleion trapping and manipulation in CNTs, Detection of macromolecules

Natural 1on Channel Artificial lon Channel
El- %) LY

ey W
._..-.-.:..-\.-....u i h } ; ‘f
Q Current flow changed by binding S ;)cljru;ctlonallty DEIDEEqeSai
9 Frequ'ency ra/ealsc.once.ntranon U Successful experimental evidence for
U Amplitude reveals identity Gold Nanotubules for large diameters

] Carbon nanotubes are ideal for smaller

U Durable only in alab setting
diameters due to its excellent properties
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Scalesin Simulations

mesoscde  continuum
[«}) Monte Carlo
®
# 106 S
Q molecular
g dynamics domain
= 10_8 S quantum
chemistry exp(-DE/KT)
[
10-12 S [ ] ’ F=MA
Hy = Ey
101°M 10°M 108M 10'M 106 M
Length Scale
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Multiscale Approach

Atomistic

Diffusion coefficient &

moblility
Coupled Poisson Pore surface
Continuum Nernst Planck chargesfrom
Equations experiments

Current-Voltage Curves
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Silicon Nitride Pore

IV Curve (Silicon Nitride)
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~ 500 —e— Experiment
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€ 300 A —=— PNP using experimental
£ 200 parameters with charge
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© 100 /.‘/U/' PNP without charge
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Voltage (V)

«Silicon Nitride Pore, 8nm long, 2nm diameter
1M KClI
*With and without Surface charge of 0.4 mol/dm?

|V current obtained using Multiscale solution
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Electroosmotic Transport
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Classical Continuum Theories

lon distribution: Poisson-Boltzmann equation
zeY

N3 =—é ezic,/e ¢ =c exp(- )
KsT

Fluid flow: Navier-Stokes eqluation
. N
r(u)u=nN2u- Rp+f  f=-efy § z¢

i=1

Nxu=0
Boundary conditions;
dv|_s
dn| e
Uy =0
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Limitations of Continuum Theories

¢ Poisson-Boltzmann equation
> lonsareassumed to beinfinitesimal and water is modeled as a continuum
> Accountsfor only ion-ion electrostatic interactionsin a mean-field fashion
- Molecular ion - fluid (water) interactions ar e neglected
- Molecular ion - Wall interactions ar e neglected

> Surface chargeisassumed to be continuous

¢ Navier-Stokes equations

> Statevariables (e.g., density) do not vary significantly over intermolecular
distance

> Usually assumes non-slip boundary conditions

> Assumes that viscosity depends on local properties (e.g., density) and can be
described by alocal and linear constitutive relation
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MD Simulation: Details

U Models

*Water: SPC/E model, i.e., water moleculeisrigid, hydrogen and oxygen
are point charges (O: -0.848e, H: +0.424¢)

* lons (Na* and CI-): modeled as point charge + L ennard-Jones atom

e Wall: each wall is made of four layers of Silicon atoms oriented in the

<111> direction, and only the outmost layer is charged
U Force calculation

+ L ennard-Jones interaction, electrostatic interaction and external electrical field

P e e F = Eq

Q Updating configuration

+ Time step ranges from 1.0 to 2.0fs

+ Temperature of system is regulated to 300K by Berendsen thermostat

+ Wall atoms are frozen to their original position throughout the simulation
O Dataanalysis

e Binni ng method Freund, J. Chem. Phys. 2002
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lon distribution (s>0, counter-ion only)

Channel width: 3.49nm
Surface charge density: +0.12C/m2 (0.1e/wall atom, uniform charge distribution)
System: water molecules (2246) and Cl- ions(32)
7 30 180
— PB equation E]
-~ MD simulation f
- H = Water
el i 25 4 = 150
s — =
5 S 204 +120 8
z £ H
: § 15 | {0 %
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distance fram channzl s2nter (nm) position (nm)
ClI- concentration profile acr oss the channel Correlation between CI concentration and

water density profile acrossthe channel

<+ molecular ion-wall interactions can influence theion distribution near the channel
wall significantly
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lon distribution (s<0, counter-ion only)

Channel width: 3.49nm
Surface charge density: -0.12C/m? (uniform charge distribution)
System: water molecules (2246) and Na* ion (32)

s

-

Na’ ion concentration ()

Na' o concentration (M)

Water concentration (M)

0

o 02 04 06 08 1 12 14 16
Distance from the channel center (nm) Distance from the channel center (nm)

The Na+ ion concentration peaks coincide with
the water concentration valley
+ The hydration effect of ion is more distinct for smaller ions
« Thewater structure near the channel wall can influence theion distribution
significantly

Na* concentration profile across the channel
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Velocity profile: counter-ion only

Channel width: 3.49nm

Fluid: water (2286) and CI- ions (32),
Surface charge density: +0.12 C/m?

External electrical field: 0.55V/nm

& MDsmulation
heary

¥
um theary. shift by 22 amfe

T - + The continuum flow theory using a

o constant viscosity seemsto work fine

¢ ) in the central portion of the channel

% Thenear-wall region isan issue for the
conventional continuum flow theory

valocity (mie

05 1 15 2 25 3
position {nm)

Velocity profile across the channel
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Multiscale Simulation

¢ Embedding technique
> Do an MD simulation of a fine-scale problem
-> atomistic features are usually limited in certain small regions

> Embed the information into the continuum simulation of a bigger
problem

> Computationally not very expensive and easy to implement

Original problem (w >> d) Fine scale problem (W >> W)
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Modified PB Equation

¢ Poisson-Boltzmann equation

< { Poisson Equation N3 = -é Z.C, ke
Y

i
Boltzmann distribution ¢, = ¢ exp(- Z;—T)

At equilibrium, chemical potential of an ion must be uniformin
the entire channel: M =Z€&/ +kgT logc =k,T logc;
(Only €electrostatic interaction is considered)

To account for wall effects, we introduce an excess chemical
potential f
m=ze +k;Tlogc +f_ =k,Tlogc,,

ZFY f
C =c, exp(- —)exp(- =
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Modified PB Equation

Comments:

» The excess chemical potential isnon-zero only at a position closeto
the channel wal

e Two possible ways to compute the excess chemical potential:

— statistical mechanics approach: very difficult dueto the
extremely complicated interactions between fluid and ions near
the channel wall

— MD simulation

e Do MD simulation in a small channel, obtain theion
distribution

» Extract the excess chemical potential based on the
modified Boltzmann distribution

» Canusef , tocomputeion distribution in alarger channel
where MD simulation is much mor e expensive
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Modified PB Equation: Results

@

Extract f .,
7 ———

potential energy (KbT)

Concentration (mol/l)
- —

F— o i
[ocossssooseereess® 4

I
0.5 1

Distance from channel center (nm)

T
= = = P-B equation
—— VB ino based on case ye2)
@D simulation

T E T E T

Water density profile

@
L

W =3.49nm
s =0.12C/m?

Cl ion concentration (M)
N
I

&

o

0.5 1 1.5 ; 0 1 2 3 4

Distance from channel center (nm)

Computational MEMS/Nanotechnology I Beckman Institute University of lllinois at Urbana-Champaign

Velocity Embedding Technique

» Embedding M D velocity in small channel into a larger channel
|

Integrating the governing equation from channel center:

iamﬁgz s eE i 1
dz& dzg i I
For the small channel (center at point c): c 1 c
x 3 4 z
du = 1 1
m—| = -r_Eds : :
iz ] (e I 1
For the small channel (center at point C'): : .
dU z 2 Iy - -
—1 =g -T.Eds I
dz|,. _QC wall \oenter of alarge channel
Since d_u = % =00
Gz || d Ay center of asmall channel
dn Q. TeESSdul
dz|, (‘ic'reEdS dz|, dz|,
T e B du; <L = =dF (s)
(D)= :oEdS_QoF (S)Eds—F(z)u(z)— O u(s)ds ; Cha'aniDioandAluru
: . Phys., 118, 4692, 2003

Computational MEMS/Nanotechnology I Beckman Institute University of lllinois at Urbana-Champaign

13



Velocity Embedding Technique: Results

= Embedding M D velocity (channel width 2.22nm) near channel wall into the smulation of
EOflow in a 3.49nm channel

- Parameterized contnuum pred ation
— contnuum pradistion
© MD simulation
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Comparison of velocity profilein a 3.49 nm channel
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Velocity Embedding Technique: Results

= Embedding M D velocity (channel width 2.22nm) near channel wall into the simulation of
EOflow in a 6.00nm channel

30 T T T

T T
+  Parameterizad continuum pradiction
— continuum prediction
© MO simulation

velocity (mis)
=

I T 2 3 ! 5 §
position (nm})

Comparison of velocity profilein a 6.00nm channel

Computational MEMS/Nanotechnology I Beckman Institute ] University of Illinois at Urbana-Champaign

14



Conclusions

+ A meshless continuum — DSM C coupling method was developed
to investigate the gas flow in micro-filters, and results shows good
agreement with direct DSM C simulations

+ A parameterized multiscale simulation method is proposed to
investigatetheion transport in artificial nanopores, and the results
shows good agreement with experimental results

« MD simulations of EO flow indicated that the classical Poisson-
Boltzmann equation and Navier-Stokes equation can not predict the
ion distribution and velocity profilesin nanochannels accur ately

« A modified Poisson-Boltzmann equation is proposed to compute
theion distribution, and simulation results shows good agr eement
with MD simulation results

+ A velocity embedding technique is proposed to compute the
velocity distribution in an EO flow, and simulation results show good
agreement with MD simulation results
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