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« An introduction to Molecular Dynamics (MD)

* Molecular Fluid Dynamics and getting quantities from
a molecular system

« The liquid-vapour interface

« Defining a Lagrangian reference frame moving with
the interface

« Some applications
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« Solving just Newton’s law
« Energy is automatically conserved - total = kinetic + potential

Potential

)
dt

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

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

 Solid constructed with molecular roughness
« Can model complex molecules, water, polymers, biomolecules
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Discrete molecules in continuous space
» Molecular position evolves continuously in time
» Acceleration—Velocity—Position 0

'f‘i—>’i“z-—>'r@-t /i
¢ \b

Acceleration obtained from forces
* Governed by Newton’s law for an N-body system
« Pairwise electrostatics interactions from quantum mechanics
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 Force Calculation

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

N ‘ e é ) x’\\n.
RO < =
oy Z/N\N ‘K \ /. a .
® @ ® ° T a e L o L
* Move particles (leapfrog in time)
m, d’UZ‘ ~m, ’Uz’(t -+ At/2) — ’Ui(t — At/2) _ Fz
dt At
d’l"i N Tq;(t + At) — T‘Z'(t)
dt At
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Non-Equilibrium Molecular Dynamics

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

« Temperature gradients
* Flow of fluid (e.g. Couette or Poiseuille flow)
« Essentially fluid dynamics - temperature gradients and flows

* Thermostats (e.g. Nose Hoover)  m;r; = F; + F™ — hme;
remove heat from system
y TP _ [T STtaTget]

 Solids of molecules with (an)harmonic
springs linking them to tether site g

» Sliding walls by moving molecules %?

« Many techniques for inducing flows...

Q
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Analytical
o MD simulation
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Liquid
Structure
causes
viscosity

000000000000 A

200000000000
0000000000060
200000000000
0000000000060
0200000000000
00000000000 ¢
200000000000
0000000000060 |
020000000000 0¢
0000000000060
200000000000
0000000000060
20000000
00000000
20000000
00000000

Stick-slip
near walls

>/

H ~ 9nm

Brunel
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

H ~ 190nm

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

12



S &

University

Brunel l
London

Reynolds Number
Re ~ 400

with
300 million
molecules

Isosurfaces of turbulent kinetic
energy coloured by velocity
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Liquid :
structure

causes
viscosity

Wall
Texture

Stick-slip —
near walls —
0

Molecules
of arbitrary
complexity

: Oil, water and textured surface 14



Shockwave

s %

Nucleation

Droplet Formation

° L] ®
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000

Contact line

15



Temperature

Brunel

Universit
Phase Change London
Fluids

14 -

Gas - U .. .. |
1.0 Vapoar=+L iquid

L _coceccscscecess _Smmmmw @ Commmm @ @mmmw N/ ~ [
0.6 -

|

0.0 04 0.8 1.2
Density




Imperial College

225 | University
London

Brunel ‘
London




Brunel
Universit
London

« Assumed continuous at every point in space
* Mass Conservation

dp g
v, _ ;
ot pu ;B

 Momentum Balance (Newton’s Law)

0

6tp'u,—|—V puu =V - 11

« Energy Conservation

0 Direct Numerical Simulation of

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

/

18
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Computational Fluid Dynamics

 The Navier-Stokes Equation

0
8tpu+V ouUU = -V I II = PI — uVu

« Solve for pressure assuming incompressibility

0
8tpu—|—V puu = —V P + Viu V- -u=0

“\ Viscosity Coefficient

 In two-phase flows we also need surface tension

« This can appear as a boundary condition in the liquid/vapour parts of

the model
n-II-n=~4V . .n

« Other models are possible using Dirac deltas, forcing terms, etc
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 Assumes a continuous field

0
—pu+V - puu =—-VP+ uVu

ot CFD

* Liquid-vapour interface

n-II-n=~4V.n

B
e

e Discrete molecules

mm = F@ for all i in N | s e 209
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* 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 ~ oL-

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

denote time
average
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 Density in a region of space Angular brackets
N denote time
] & average
P('ra t) DY Z (M ; f) or ensemble
i€Box averaging

/
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The Dirac Delta Function
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* Irving 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

« Formally 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

* In conclusion - a discrete system can only be approximately represented
using a continuous field
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* The “weak formulation” expressed the equations in integrated
form (and we can take without ensemble average)

N

fvp(r,t)dV—Zmifé(r—ri)dV

AN (] b d

* Integrating the Dirac delta function exactly provides a
combination of Heaviside functions

S(r-vi)= d(x-2i)d(y-y)
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The Control Volume (Weak] Form

P

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

A 2xidxT

)
CQ(. 7“47-’47‘

o) o the
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The Control Volume Functional

* The 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" —2z) —H(z~ — z)
* In words

9 = { 1 if molecule is inside volume

0 if molecule is outside volume
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* The “weak formulation” expressed the equations in integrated
form (and we can take without ensemble average)

N
/ p(T, t)dV — Z m/ﬂg@
14 i=1

* Integrating the Dirac delta function exactly provides a
combination of Heaviside functions

=)
]

1 if molecule is inside volume
0 if molecule is outside volume
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Density

1.4 p

1.2

1.0
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0.4

0.2
f/) d - 6&6(

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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Derivative yields surface fluxes and stresses

« Taking the Derivative of the CV function
0Y; _
dS;z = —5 - = [0(aT — z) — (T — )]
Lq

* Vector form defines six surfaces
dS; = 1dS,; + deyz- + kdS.;

 Or in words

00 if molecule on surface
0 otherwise
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» Control (Finite) Volume form

0
a/vpudv__jépz.au-ds —ﬁﬂ'ds CFD

Share the same
time and length
scales

B
e

e Discrete molecules

mzfrz = Fz for all i in N

o6
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* Pressure definition in a dense molecular system
 Kinetic part due to fluctuations
« Configurational part due to liquid structure

N
% 1,0 - dS:L' — Z <mivxivxidsmi> Z Z <fng dS:c13>
S

1=1 ’L_l Ve
Kinetic Configurational
Kinetic Configurational
theory part > part
Momentum due © 0,/0 Inter-molecular
to average of bonds act like the
molecules . stress in a
crossing a.plane T —muv; + stretched spring
and returning 38



* Pressure definition in a dense molecular system

» Kinetic part due to fluctuations

« Configurational part due to liquid structure

A ()

N
S

1=1
L. 7
~w

Kinetic

¢

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

~,,~:' SR T N P

TP =MV; +u

1=1 j#4
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"

Configurational

»

J

Configurational

part
Inter-molecular
bonds act like the
stress in a

stretched spring
39
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« Components of stress tensor from components and surface
« Cauchy’s original definition
« Symmetry is not guaranteed A
* The two dimensions tensor is then, ——

Kinetic
theory part

Momentum due
to average of

Configurational

part
Inter-molecular
bonds act like the
molecules stress in a

crossing a plane bl . stretched spring
and returning 40
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50.0 1 .
« The balance can be Advection
shown to be exact for 0.0
any control volume
+50.01 Forcing
O ]
—/ pud — yg puu - dS 00
ot Jy <
+50.01 Accumulation
S
4 Sw fra 1500
of Ccobe 0.0 0.1 o.éme 0.3 0.4
N 1 N N
Il,, - dS M Vi Vi Syi )+ = < i dSy; >
;gyy;x >2§:zf

Kinetic Conﬁguratlonal
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The Moving Interface



Overview of the Process
a) Cluster b) Fit outer
analy81s molecules

d) Intrinsic e) Create
interface layers orid
CCCCC((

Brunel |
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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 eyt et (g2t
Vi :/ / / 0(x—x;)0(y—yi) 0 (z — z;) dedydz
z Yy $_+5_(yvzat)

= [H(a:++f+—a:i)—H(a:_—l—f_—:ci)]

_ /
< [H(y" —yi) —Hy — i), %f
X |H(z" —2z) —H(z~ — z) L
X"+ %

In words

AN
1

ats+s

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



ldentifying 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

| »¥e | Brunel
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Liquid-Vapour interface London
* The Intrinsic Interface method
[
/ s Surface fitted by least squares
. . Tensor product surface
Ve
. =) Gt x Y G(t)u(y)Eo(2),
b= k<k, k<k,
5 °. * 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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The Intrinsic Interface
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Work with Carlos Braga and Serafim Kalliadasis
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. Derivative now includes terms for moving surface, curvature, etc

. . . é9£. é’ éu+
+ o oS + + .
as,, = [a: T; + Ui " + 2; - — n ( + & :cz)
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Sliding Solid walls (tethered)
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« Pressure definition in a dense molecular system
« Kinetic part due to fluctuations
« 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
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« Tangential pressure given by sum of all crossings over n,
flat surface tangential to interface X
1 N 1 N 1
= A:dST . . Jq+
Uy = ASy ; mzyzyzdsyi + m ; fy” ﬁ y”dSyAd)\, n,
Y
. T ) s
N _ Va(—za)
1= [ Hm II ] = { 0 TII ] Na= Wae 2ol
yx T

 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
g g 3¢ 3% +
sz:fw%J/O [mzy + Yij IR + Zij 82:)\ ]dSa:)\d)\v

"

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

_A |’I”12"I’La| ¢

N
kineti 1 i n
Halne ¢ S E m;r;r1o - —adS
@ =1

N
Moving surf 1 .
]'_'[Oz :AS E miri’é‘t
> i=1 n.— Yall=za)
o IV a(§—za)ll

N
1 n
fig — B S
]](C:Eon g _QASQZZJ:fijrw |rij.na|d5a

 Calculating pressure on a surface:

« Obtain a crossing on a surface (a moving molecule or a force)
» Dot this with the unit vector to the surface
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A

. Tensor product surface €= Y  &()e®™ 7~ Y Lu(t)éu(y)6o(2),

k<k, k<k,

() = {

cos (2mab) if a >0
sin (27|a|b) otherwise,

0.4 — - 20
a -
10 03 501 "R e 15
-
. 3 o2asfugee St
; 0.1 . - T e 5 5
k t 0- a 0.0 0.0 4 = , 0 _>
01 [N ph -5 8y
=2 07 - -10
i -03F0g{ ~_ ®w =m*m -15
—10 > -
T T T —04 _!‘ "ll T —20
-10 0 10 -5 0 5
5.0 - 1'550-5_-Ii '-.; o " ig
_l 1.0 L n;‘, LI B2
2.5 0.5 257 "'. 5 a
j Ly *
0.0 0.0 0.0 : N 0 S—
2.5 -0.5 5 4 l‘- | ‘4 _ti].b =5 az
' T » -10
-5.0 205 LK l-! -15
-1.5 ' = -20
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Kinetic Curvature Surface Fvolution

L.

: — agi . 86’5_/_ 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);\ }dszj)\d)\a

Conﬁguratzonal Curvature

20.07 A Advection
0.0 A
+50.01 Forcing
Accumulation = Advection 0.0
—|—FOI'CiIlg +50.01 Accumulation
0.0
 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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Time evolving

Fourier
® .. surface
fitted
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Flux

Kinetic

/—\/\/_/

Configurational
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Configurational

2(
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Solid-liquid Liquid-vapour Liquid-vapour
Eulerian Eulerian Lagrangian
reference reference reference

100 105 110 115 120 125 130 7 3 9 10 11 12 ig -2 =1 0 1 2
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* Irving Kirkwood 1 (IK1) or Virial Pressure

« Only surface pressures . . o
satisfy this balance correctly P =2 S0 —r)t 52 furud(r=r).

1.0 1 2 /

* Volume Average (VA) Pressure @ A
1

N N 1 0.5 1 I

P_o_l s ppiy 1 ) ool
P =3y Z:; m 19”2;”%[019’\&] :"\

’ ]

)

Pressure
=
\

» Surface Pressure (Generalised 54
Method of Planes) /
_1 0_

t2 ST 1 & Ti2 T 1 &
k . 12 z + .
2 2dt = it — a0
]tl AS. m;r dS +ASz;mT "

\le'nz|

Ti 'nz
< ZAS Zf%”ra ~15 : I :
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surface Tension

« Kirkwood Buff Method to get surface tension

°
° ©006°®
%o ooooancio o

Integrate difference between normal
and tangential pressure over
liguid-vapour interface(s)

66
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2%
e Contribution to surface tension localised B [H . ] T
to very thin region at interface T L N T
2.0 1.2
1.5 Y(X)
1.0 =) .,..o.ouu . 1.0
0.5 Ky P
@)
0.0 @ 03
0.5 5
N < »
-L.5 = X  Lemmon et 3
20 H ( =
: N 33) — HT(ZC) N < Vrabec et al.
—2.5 0.4 »  Werth et al.
-3.0 @ Present study b
BT 3 5 1 o0 1 o 0207 08 0.9 10

location, x Temperature, T
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« Taking the instant Tangential Pressures on the intrinsic interface itself

Work by
Muhammad
Rizwanur Rahman

. at
o Imperial College

1.5 1.0

1.0 "

oo =08
03 5 0.6 +
-1.5 é -
j‘s’ Py(x) — Pr(x) =20
-3.0 0.2
35

-5 -4 3 2 -1

O'942 1.44 1.46 1.48 1.50 1.52

location, x _ :
Fractal dimension



University
London

Brunel |




3 .
o3

Imperial College

University
London

Brunel ‘
London




—
(o))
-
=)
i

(aa)

University
London

« Formation of concentrations gradients linked to surface
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Surface Wettability

« Depends entirely on the “wetting” interaction between
surface and fluid, tuned using:
« Mixing rules, e.g. Lorentz-Berthelot € = v/ei€s
« Bottom up simulation e.g. quantum mechanics
* Top down e.g. to get desired contact angle

180

12 6 160}
Cb(rij) = 4deg (i) — (i> 140}
Tij Tij 120}

100}
80t
60t
40F
20t

0 : : : ; 11.0

hydrophobic hydrophillic
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* Low Wettability

* Intermediate Wettability

* High Wettability
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Work with Omar Matar, Erich Muller and Richard Craster
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Dynamic Contact Line London
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3 4 5
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Dynamic Gontact Line

* In Continuum, an empirical contact line model T
is needed. Output of MD Lagrangiar

 Two fluid phases and sliding molecular walls f i
Wall velocity vs contact line angle
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Time Evolution of Contact Angle

« Linear and Cubic Fitting angles fluctuates over time

S ()
6,:=5547 3 e 160
il :&H i W
%1%8 1' LR mu.wwww:w 1”” km
)
; T 100 1000 2000 3000 4000 5000 600D 7000
ol o
it
» Probability density =010}
function of angle - 0.6
shows range of 0021 ‘_
Hicro-scale I 10010 T I00

behaviour + Linear, Advancing and Receding angles
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« A Langevin Equation uses random noise to model this

0+ T 10— (6)] — ZE(t) = 0 where (E(E(W)) = Co6 '),

« Coefficients parameterised using
« Standard deviation — range of fluctuations

 Autocorrelation — how quickly they decay.
25— ; . ‘ ; ; ;

20t ‘
15+

10+

5M/

0
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« An introduction to Molecular Dynamics (MD)

* Molecular Fluid Dynamics and getting quantities from
a molecular system

« The liquid-vapour interface

« Defining a Lagrangian reference frame moving with
the interface

« Some applications
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Questions K ondon

Thank you, any questions?

< C @ O & htt fluids.ac.uk.

O Search or jump to Pull requests Issues Marketplace Explore

SIG SRV  Talks Resources Directory Gallery  Connect

flowmol

Pull requests Actions Security Insights Settings

#¥ master ~ P2 oo Go to file Add file » Code ~

Ed Added allocation of mflux back into initial_setup when vflux not used... " O 5,047

platforms
Intrinsic_Interface

src

gitignore

README.md

README.md

Non-equilibrium Molecular Dynamics (NEW)

flowmol

A molecular dynamics solver for molecular fluid dynamics simulation. =
Description

You only need a Fortran compiler and MPI (tested with MPICH). Assuming you have gfortran installed (from gcc), Non-equilibrium molecular dynamics (NEMD) is the study of fundamental fluid flow using molecular simulation - ‘non-equilibrium’

because the system is driven away from thermodynamic equilibrium by wall motion, temperature and pressure gradients or contains

an interface, e.g. a liquid-vapour coexistence.

build it by going to the src directory and calling

Please see https://edwardsmith.co.uk
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This suggests a new insight into surface

tension on a flat surface
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Kinetic Curvature Surface Evolution
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Configurational Curvature

« This suggests a new insight into surface
tension on a flat surface
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Results for Surface Tension

Fixed Surface

~_/

Intrinsic
Surface

<€—> Tension defined by less than
:I:Q% 1nm of surface
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Pressure as a function of Temperature
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* Density at a point

,O(T', t) CFD

Share the same
time and length
scales

e Discrete molecules

m; for all i in N




A
Strain Stress

mon p=p(r,t)

048 55

UEWwN e |

Table Lookup or Embedded Models (HMM) Domain Decomposition
Coefficients :
MD —embedded ina CFD MD —CFD linked along an
MD parameter study simulation ) interface 2
stored in table and CFD
uses data

1) Ren (2007), E et al (2003), Borg et al (2013) 2) O’Connell and Thompson (1995), Flekkay at al (2000), Nie et al
(2004), Hadjiconstantinou et al (1999), Delgado-Buscalioni & Coveney, (2003), Mohamed & Mohamad, (2009)
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Density in the molecular system is defined
G, o\ dp
Ypolrt)y= < <mz-(5('r—rz-);f> — =—-V :pu
ot ot ; ot P
Time evolution from the Irving and Kirkwood procedure
a/ N\ al p;, O« da al
a<a’f>_;<aarz_lpzapz’f> azgmiﬁ(r—m)
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Viscosity

« Good agreement with experiments
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« Good agreement with experiments

10
T s oT ]
C qy — A a !/

6- Y
41 . _
24 5
0

03 04 05 0.6 07 08 09

10



