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Overview

A An introduction to Molecular Dynamics (MD)

A Molecular Fluid Dynamics and getting quantities from
a molecular system

A The liquid-vapour interface

A Defining a Lagrangian reference frame moving with
the interface

A Some applications
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Molecular Dynamics

ASolving just Newtonds | aw
AEnergy is automatically conserved A total = kinetic + potential

Potential

)
dt

APressure, viscosity, heat flux and surface tension do not need to
be specified and, are in fact, all outputs of the simulation

APhase change (evaporation, condensation) occur with no
additional models needed

A Solid constructed with molecular roughness
ACan model complex molecules, water, polymers, biomolecules
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Molecular Dynamics

Discrete molecules in continuous space
AMolecular position evolves continuously in time

AAccel erationYVel ocityO;Q ‘L/t/viQn

r; — 1; — ri(t) o/i\

Acceleration obtained from forces
AGoverned by Newt-batydsgstelmaw f or an
APairwise electrostatics interactions from quantum mechanics



University
London

Brunel ‘

MD Computing

A Force Calculation

A All pairs simulation uses local cell and neighbour lists to reduce
the N2 calculation to order N

v KV e
RO <N = |
o Z/AN K \ /. J .
® @ ® ° T a e L o L
A Move particles (leapfrog in time)
m, d’UZ‘ ~m, ’Uz’(t -+ At/2) — ’Ui(t — At/2) _ FZ
dt At
d’l"i N T@(t + At) — T‘Z'(t)
dt At
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NonrEquilibrium Molecular Dynamics

A Non-Equilibrium Molecular Dynamics (NEMD) is the study of
cases beyond thermodynamic equilibrium, with:

ATemperature gradients
AFlow of fluid (e.g. Couette or Poiseuille flow)
A Essentially fluid dynamics - temperature gradients and flows

AThermostats (e.g. Nosé Hoover)  m;i; = F; + Frt™ — pmye;
remove heat from system
emove heat y b L [T 3]

ASolids of molecules with (an)harmonic

springs linking them to tether site
ASliding walls by moving molecules %

AMany techniqgues éﬁ
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Wall Bounded Flow

Liquid
structure

causes
Viscosity

Stick -slip
near walls

H ~ 9nm

University
London

Average behaviour
reproduces
hydrodynamics
(coloured by
velocity)

Reynolds Number

Re =~ 15
with
4096 molecules
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Reynolds Number

Re ~ 400
with

300 million

molecules
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Minimal channel Couette
flow
L ~ 523nm
<€ >
A
H ~ 190nm
> 7

W =~ 359nm

Reynolds Number

Re ~ 400
with

300 million

molecules
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Minimal channel Couette
flow

Reynolds Number

Re ~ 400
with

300 million

molecules

Isosurfaces of turbulent kinetic
energy coloured by velocity
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Reynolds Number

Re ~ 400
with

300 million

molecules

Isosurfaces of turbulent kinetic
energy coloured by velocity
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Liquid
structure

causes
VISCOSity

Stick -slip
near walls

Molecules

of arbitrary

complexity

Oil, water and textured surface
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Molecular Dynamic® Shocks and MuHlPhase

Shckwave . Droplet Formation
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Temperature

Phase Change
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Linking to Continuum
Fluid Dynamics
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Continuum Fluid Dynamics

A Assumed continuous at every point in space
AMass Conservation

0
_p:_ .pu

ot

AMoment um Bal ance

%pu+V-puu=V~H

AEnergy Conservation

0 Direct Numerical Simulation of

a‘g(ﬁ'dv = -V - [pgfu, +II-u+ q] Turbulent Couette Flow

18
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A The Navier-Stokes Equation
0
apU%—V-puu = —V_.II II =PI — uVu
A Solve for pressure assuming incompressibility
0 2
apu—l—v-puu:—VP+MVu V- -u=0

Viscosity Coefficient

A In two-phase flows we also need surface tension
AThis can appear as a boundary condition in the liquid/vapour parts of

the model
N

AOther models are possible using Dirac deltas, forcing terms, etc



AAssumes a continuous field

0
apu +V - puu = —-VP+ uViu

ALiquid-vapour interface

A Discrete molecules

mm = Fz foralliin N
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Statistical Mechanics

A We need to use some statistical mechanics

1.1 INTRODUCTION: THERMODYNAMICS AND STATISTICAL
MECHANICS OF THE PERFECT GAS

Ludwig Boltzmann, who spent much of his life studying statistical
mechanics, died in 1906, by his own hand. Paul Ehrenfest, carrying on the
work, died similarly in 1933. Now it is our turn to study statistical mechanics.

Perhaps it will be wise to approach the subject cautiously. We will begin
by considering the simplest meaningful example, the perfect gas, in order
+~ oet the central concepts sorted out. In Chap. 2 we will return to comp’
117519 solution of that problem, and the results will provide the foundatior,

o

From States of Matter by Goodstein
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ADensity in a region of space Angular brackets

denote time
NBOX
1 average
p(r,t) = Z (m;) /
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Getting Quantities from MD #O%" London
ADensity in a region of space Angular brackets

Np denote time

1 X average
— . /
p('r', t) T4 Z (mg; f) or ensemble
1€Box averaging

/
)
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Irving and Kirkwood (1950)
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Alrving and Kirkwood (1950) express field based quantities using the
Dirac delta functional and ensemble averages A Ay
X

p(r,t) = i <mz‘5 (r—mri) ;f> ’

1=1

AFormally equivalent to the continuum
» Demands ensemble or time average 0(z) = im éemz/mz

» Dirac delta formally correct but no molecule ever at point r in limit

» Any approximation to the Dirac delta is no longer formally correct

AlIn conclusion - a discrete system can only be approximately represented
using a continuous field
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The Control Volume (Weak) Form

AThe fiweak formulationd expresse
form (and we can take without ensemble average)

N

fvp(r,t)dV—Zmifé(r—ri)dV

AN (] b d

Alntegrating the Dirac delta function exactly provides a
combination of Heaviside functions

S(r-vi)= d(x-2i)d(y-y)
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(2: = (7}?(;4;) §(y-9) dux 4

;o
= [HG 1) - HExr-30)]
LM (y -9 - Hiy = 5)]

) A 2x;dxT st

CQ(. y~& 7-’47‘

o) o the

J




The Control Volume Functional
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AThe Control volume functional is the formal integral of the Dirac delta
functional in 3 dimensions (3D top hat or box car function)

0= [ [ [ 6@ - 005w~ (i — 2)dodyd

x |H(z

Aln words

(1
={}

—z) — H(z~ — z)]

if molecule is inside volume
if molecule is outside volume
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AThe fiweak formulationd expresse
form (and we can take without ensemble average)

N
/ p(’l", t)dV — Z mzﬁz
14 i=1

Alntegrating the Dirac delta function exactly provides a
combination of Heaviside functions

if molecule is inside volume
0 if molecule is outside volume

)
]
—N—
—_
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Density

1.4

1.2

1.0

0.8

0.6

0.4

0.2
/’ d = én

: N
0.0 Smeared interface

-40.0 -30.0 -20.0 -10.0 0.0 10.0 20.0 30.0 40.0
€T 32
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ATaking the Derivative of the CV function
0Y;

dSiz = —2— = [0(a" — z;) — (™ — ;)]
8:1:,,;

AVector form defines six surfaces
dS; = tdSy; + 3dS,; + kdS.;

AOr in words

00 if molecule on surface
0 otherwise
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Coupled Simulation

AControl (Finite) Volume form

0
a/vpudv__jépz.au-ds —ﬁﬂ'ds CFD

Share the same
time andlength
scales

A Discrete molecules

mzfrz = Fz for all i in N




Pressure (stress) in an MD Simulation

A Pressure definition in a dense molecular system
AKinetic part due to fluctuations
A Configurational part due to liquid structure

<mwxwxid5m>

Kinetic

g

Kinetic

theory part
Momentum due
to average of
molecules WP
crossing a plane
and returning

ZZ

1=1 j#4
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Configurational

Configurational

part
Inter-molecular
bonds act like the
stress in a

stretched spring
38



Pressure (stress) in an MD Simulation

A Pressure definition in a dense molecular system

AKinetic part due to fluctuations

A Configurational part due to liquid structure

A ()

N
S

1=1

A /

W
Kinetic

¢

Kinetic
theory part
Momentum due
to average of
molecules WP
crossing a plane
and returning

TP =MV; +u

1=1 j#4

Brunel ‘
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"

Configurational

»

J

Configurational

part
Inter-molecular
bonds act like the
stress in a

stretched spring
39



Pressure (stress) in an MD Simulation
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A Components of stress tensor from components and surface

ACauchyodés original

A Symmetry is not guaranteed

AThe two dimensions tensor is then,

Kinetic
theory part
Momentum due

to average of
molecules

def

N
H’y

A

t1 on

[T

ey

ny

)

J

crossing a plane " T
and returning

Configurational

part
Inter-molecular
bonds act like the
stress in a

stretched spring
40
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A The balance can be 2007 Advection
shown to be exact for 0.0
any control volume
+50.0 Forcing
0 0.0-
— d — - dS ‘
8t/‘;pu jgpuu
+£50.01 Accumulation
— ¢ II-dS 0.0
S
6 Sufra 50,0
of cube 0.0 0.1 o.Tzime 0.3 0.4
N 1 N N
.. - — PITTN . - - .
fi s ; <m,vmvyzd8yz>—i— 5 ;g < fmdeyw>

. . Vv
Kinetic Configurational
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The Moving Interface



Overview of the Process

a) Cluster b) Fit outer
analysis molecules

d) Intrinsic e) Create
interface layers orid
(¢
§55566

N 4
e
PEe=4533
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c) Refit closest
molecules

f) Bilinear
conversion

\\>\\\\

/
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The Control volume functional is the formal integral of the Dirac delta
functional in 3 dimensions (3D top hat or box car function)

2T+ (y,2 t)
Vi _/ / / 0(x—x;)0(y—yi) 0 (z — z;) dedydz

+£~ (y,2,1)
= [H (@' +¢" —a) —H (27 +& — )]
< [H(y" —yi)) —H(y~ — vi)
X [H(z+ — Zz) — H(Z_ — Zz) - -

In words X"+ 5 atss

e

1 if molecule is inside the moving volume
V= : . . :
0 if molecule is outside the moving volume



|dentifying the Liquid

Cluster Analysis to identify the
liquid droplets

Least Square fitting to outer
molecules, linear example here

Top angle = 137.56688755 and bottom angle = 143.633949187




Work with Carlos Braga and Serafim Kalliadasis
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LiquidVapour interface London
A The Intrinsic Interface method
&
/ A Surface fitted by least squares
. Tensor product surface
(9
" =) &)™ T x Y G(t)u(y)€u(2),
b= k<k, k<k,
ye. A Function of sines and cosines

cos (2mab) if a >0

c Efa(b) ={ sin (27|alb) otherwise,
. x

Chacon & Tarazona (2003) PRL 91, 166103

46
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$=3(y,2¢)
DY/ D Ax Alb—él

/c—’

2y 72y 29
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Moving liguidvapour interfaces

Derivative now includes terms for moving surface, curvature, etc

dS;;{:i:—._:ti%—y'i%—l-zZaiJr g;] (o% + € — ;)
J CH (5" —9) B (o — )

< [H (27 —z) ~ H (7 =)

000000000000 0000000000000000000000000000000000000000000000000000000CCOOROOOOROORORDY ®000000000000000
000000000000 0000000000000000000000000000000000000000000000000000000000COROO0ROGIOIOOYS 0000000000000 00 ...”

T00000000000000000000000000000 ......000.0..0..... 000000000000 00000COCOOOORONOOOONOROODS 000000000000 QOONOLS
....00..0........0..00...Q...000....0.0...0.0.......‘..00.0..O.....Q.....O..... 000000000000 000000CS
'..00.0...0.00.......0.....0..00..0..............00... ...0..0.‘0..0.....000... Go0000000000000OCOCOS

o \ ‘",~‘-, s (3! ';:‘}1,’ _i,'
" :”1* . ’f’"'lr-’\" .‘\'0-&.'"7' .
R

Vapour phase -

evoevo0e .......O...Q...OQ.0..'..00....0.0..00....O................l.......'........ 0000000000000 0CS
.000‘...00...0........00.000....0...00.0...0'... 000000000000 0000000000000000000000000000000000000CC
000000000000 0000000000000000000 000000000000 000000000000000000000000000000000000000000CCOCROIOGOROCOOROOROY
.0.0..............O...QO.........'...Q...................................‘........ 000000000000 0OCY
000000000000 000000000000000000000000000000000000000000000000 0000000000000 0000000OCCRQOOIOPOIORIOGROROOOOOS

Sliding Solid walls (tethered)
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Pressure (stress) in an MD Simulation

A Pressure definition in a dense molecular system
AKinetic part due to fluctuations
A Configurational part due to liquid structure

Kinetic Curvature Surface Evolution
N - 8£+ ~ 8&'_'? 8&"/‘ N
. . . . . ) 1 . ) 1 1

1 ! I3 T N

W

Configurational Curvature

Configurational

part

© Inter-molecular
bonds act like the

Kinetic
theory part

Momentum due
to average of

molecules NV A stress in a

crossing a plane T REEFET i
gap ri=m;v; +u stretched spring

and returning 53



Pressure Components
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A Tangential pressure given by sum of all crossings over n,
flat surface tangential to interface X
R !
= g, Do maaS)+ ; Iy wa | sz n,
Y
M, II My 0 T -
_ Va(€—za)
IT = [ Hm " ] = { ON n ] Na= v, ==
yx T

A Normal pressure
given by sum of all
crossings over the
Interface

T 9AS,

Kinetic Curvature Surface Evolution
AN

N l
o Ter e 9 1.
> mid R e

N 1
) ) o6y o0& T
%:fmj/[) |:$’L] + Yij a + 2ij 82)\ ]dSa;)\d)\a

"

ConﬁguTatzonal Curvature



S &

University

Brunel l
London

Pressure Components (normal form)

A A general form can be written in terms of the unit vectors I ny

1 N n Nz
kinetic . o
11 = MiTiT 12 - dS
(0 ASa ; 1% |'I”12 . na| «
N
Moving surf 1 Z .
]:[Oz _AS min’é‘t
o =1 n.,. — VCX(E_ZQ:)
o ||va(§_za)||

N
1 n

E - ————dS,,
285 Fums 745 - Tl

config —
]]a

A Calculating pressure on a surface:

A Obtain a crossing on a surface (a moving molecule or a force)
A Dot this with the unit vector to the surface
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Tensor product surface = Z Er(t)e?™RT Z E(t)u(y)E0(2),
k<ky k<k.,
Ea(b) = cos (2wab) if a >0
] sin(27|alb) otherwise,

B 0s 50| o -
A 51 | g:i 2.5 s =5 c'(’h';"—': ;0 35
fk (t) 0 a 0.0 0.0 4 - jf . 0 8_

—-0.1 = - -5
=] =2 | - _". S -10 Y

orol amd 2 3 )

5:; 20

i 15

10
5 66
0 >
€ -5 0z

-10

-15
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Checking CV Balance

Kinetic Curvature Surface Fvolution

L.

: — agi . 8€%+ é-i_l_ +
Advection = E m;T; [IEZ + U o + Z; B>, }dSm
, 1 ! OET ¢y
Forcing = IAS, Eij f:mg[) [mw + yzj Oy 2 + Zij 82);\ }dS;_Ad)\a

Conﬁguratzonal Curvature

20.07 A Advection
0.0 A
+50.07 Forcing
Accumulation = Advection 0.0
+F OI'CiIlg +50.01 Accumulation
0.0
A We add components over
all volume surfaces: 250.0-
normal and tangential 0.0 0.1 0.2 0.3 0.4

Time
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LiquidVVapour interface

Time evolving

Fourier
@ surface
= 2 fitted
0o oF°

@ .f _ é (t)e%rik-r’
BN =

grid of
control Surface

in time
volumes
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Normal Pressure

Surface
in time
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Normal Pressure




