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An introduction to Molecular Dynamics (MD)
The moving contact line

The liquid-vapour interface - a Lagrangian
reference frame

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

N o 12 o 6
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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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Average behaviour
reproduces
hydrodynamics
(coloured by
velocity)
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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
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Reynolds Number
Re ~ 400

with
300 million
molecules

Isosurfaces of turbulent kinetic
energy coloured by velocity
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Viscosity

« Good agreement with experiments
3.0
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Work with Billy Todd and Peter Daivis
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« Good agreement with experiments
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Liquid :
structure

causes
viscosity

Wall
Texture

Stick-slip —
near walls —
0

Molecules
of arbitrary
complexity

: Oil, water and textured surface 17
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Results for Surface Tension

« Good agreement with experiments

1.6
x 1.4}
7:/ Oy —1IIr]dz 19}
— OO
> 1.0t
XN PR LN R B - 0l
Integrate 0'4
over |
Li id 0.2t
Iqui 0ol
Vapour I
interface(s) '%.5 06 07 08 09 10 1.1 12 13 14
T
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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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Work with Omar Matar, Erich Muller and Richard Craster
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Dynamic Contact Line London
1.0 |
0.8 Eulerian
. 0.6
0.4
0.2 .
0.0 S |
v 1 2 3
« Model the |
moving contact 77 A
line with MD IR
- We want contact e,

line speed as a
function of

continuum o A A
contact angle dx CRTHLOIIORIME GBI o o oo | e
7 y e




Work with Omar Matar, Erich Muller and Richard Craster
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Dynamic Contact Line London
» Two fluid phases and sliding molecular walls T
Lagrangiarn]

« Wall velocity vs contact line angle

* MD captures the sliding contact line but we
need to work out how to interpret it
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Link to Experiments London

L. Wang and T. J. McCarthy,
Langmuir, 2013, 29, 7776 28




ldentifying the Liquid and Surface Fitting

Cluster Analysis to identify the
liquid droplets

University
London

Least Square fitting to outer
molecules, linear example here

Top angle = 137.56688755 and bottom angle = 143.633949187

29
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Time Evolution of Contact Angle
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« Linear and Cubic Fitting angles fluctuates over time

« Steady state so
we can take the
probability
density function
of angle

0 8000 16000 16200 16400  0.00 0.15

« 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 ‘
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Work with Omar Matar, Erich Muller and Richard Craster
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]..0 ! ' T T T T T T
82 Eulerian agrangian
" 0.4 -
0.2 , 1 i
0.0 . : ,
0 1 2 5 1 5!
« Bulk dynamics
from a law like
Tanners or Cox k(ge = <9>)n
« Addin
fluctuations from SRR IR 1
the MD using the ;. Eiiig 20— (9V] — —£(1) = 0
Langevin model = B ;“s» o ;g >] Fg( )
dt -&:: c -"é‘(‘%’}g};‘ of 2 i ::&?E:-
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Cluster Analysis to identify the Least Square fitting to outer
liquid droplets molecules
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The Intrinsic Interface

* The Intrinsic Interface method
« Surface fitted by least squares

E= ) &M= Y Gult)Eu(y)éu(2),
k<ka k<k.,

« Sum of sines and cosines
down to intermolecular spacing

e.(b) = cos (2mab) if a >0
7 sin (27|alb) otherwise,
Y Xz

Chacon & Tarazona (2003) PRL 91, 166103 Y | Y
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The Intrinsic Interface

 The Intrinsic Interface method

Surface fitted by least squares
Sum of sines and cosines
down to intermolecular spacing
Fitting occurs in stages
> Fit to an outer set using a grid
eole

(e.g.3 by 3)
AR
("] O:

%fe%

> Order molecules based on
distance from surface

> Add nearest

> Repeat until surface density
Chacon & Tarazona (2003) PRL 91, 166103 reaches target value (~0.7)

§
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The Intrinsic Interface
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. Tensor product surface £~ Y &e(t)éu(y)éu(2),

k<k,

() = {

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

0.4 — - 20
a - -
10 03 501 "R e 15
, -
R 5 0.2 2.5 !.(v -o-ﬁ: 10
_ 0.1 - o TLa 5 35
fk) (t) 0- a 0.0 0.0 4 . . 0 —
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7% B ke ol f
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Moving Reference Frame - Qverview

a) Cluster b) Fit outer
analysis molecules

d) Intrinsic e) Create
interface layers orid
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c) Refit closest

f)

molecules

Bilinear
conversion
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Molecular Dynamics - Averaging

1
P = Vv ;(mz>
Refine « Momentum in a cell
E—
| N
pu= > (miv;)
i=1
« Temperature in a cell
| N
_ 2
1= 3N Z_;("%)
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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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Density

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0 & -
-40.0 -30.0 -20.0 -10.0 0.0 10.0 20.0 30.0 40.0

T 47

Smeared interface
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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 (" +&" —z) — H (27 +& — )]
X [Hy" —yi) —Hy™ — ys)]

X |H(z" —2z) —H(z~ — z)

In words

1 if molecule is inside the moving volume
V= : . . :
0 if molecule is outside the moving volume
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« We need pressure to understand the surface
« Using Cauchy’s original definition
* In two dimensions the tensor is then, N

I1 II {
11 = L Y ] n, 11
[ ]‘_‘['937 Hyy e

* Where pressure in molecular systems include kinetic and configurational

N

N N
f II,,-dS, = Z <mwm’0mdsm> + % Z Z <fa:zgdsmj>
S i=1 ji

1=1
~ v
' N

Kinetic Conﬁgurat ional

v
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 We need pressure to understand the surface
« Using Cauchy’s original definition
* In two dimensions the tensor is then, A

Kinetic
theory part

Momentum due
to average of

Configurational

part

Inter-molecular

bonds act like the
molecules stress in a

crossing a plane e 5l stretched spring
and returning 51
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« 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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Pressure Components (normal form) London

» Working through the mathematics, a form in terms of the I ny
unit vectors

kinetic 1 . n
Ha = Z m;r;r1o - —adSa

Moving surf
Ha

— Va(g_za)
Na= v,z

1 < n
fig — e — Y
HZOII g = QASa ; fzj’ij |7°ZJ ) na|dSOc

 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



; | Brunel
e | University
CU Balance Per Bilinear Cuhe London
Advection = mat; 22T got
AS Z |’I"12 nz|
Forcing = ds*t
Accumulation = 200 A Advection
0.0 A
+50.07 Forcing
Accumulation = Advection 00
+Forcing
+90.07 Accumulation
0.0
-50.0 -
0.0 0.1 0.2 0.3 0.4

Time
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Pressure (5tress) London

* We need pressure to understand the surface [ n,
« Using Cauchy’s original definition
* In two dimensions the tensor is, n,
I1
I = [ I

Kinetic
theory part

Momentum due
to average of

Configurational

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

crossing a plane M . stretched spring
and returning 55
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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 e
satisfy this balance correctly I
1.04%
* Volume Average (VA) Pressure @
"\
N N 1 0.5 1 \/
VA 1 D,;P; 1 / A
= — =19, + = iiT4g UadA I\
=gy |2 a2 durs ), o ] )

» Surface Pressure (Generalised
Method of Planes)

2 SF 1 N 1o - T 1 N
k . 12 z + .
pUU +szt = E m;T dST + —— E miT; 0
~/t1 AS; i=1 AS; i=1

Pressure
=
1
\

I
S
ot

—. 10

t‘\'1‘12'?’1z|
[ R TR F 1.5
T 2A8. &y m| o

N N
) :ZPT:LI:zé(T—Ti)-Fa E fij'f'ijé('j"—ri)_
i=1 i
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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 62
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« Taking the instant Tangential Pressures on the intrinsic interface itself

Work by
Muhammad
Rizwanur Rahman
at
Imperial College

Surface tension, y
o o
=Y

I
[\

-4 -3

O'942 1.44 1.46 1.48 1.50 1.52 63

location, x _ :
Fractal dimension
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« Formation of concentrations gradients linked to surface
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The Static Gontact Line

Vapour side of
a Hydrophillic

Surface
0<90
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The Static Gontact Line

Brunel
Universit
London

. N\
Vapour Side §%
of a A 4N LIQUID

surface

hydrophilic S8
6>90 A8
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The Static Gontact Line

Vapour side of
a Hydrophillic
Surface
0<90

¢
Vapour Side
of a
hydrophilic
surface
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The Static Gontact Line London
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The Dynamic Gontact Line
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Sliding Solid walls (tethered)
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tension )"3'2,.
15 A 1
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104 Pressure 22
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° o wall

50

Work by

Wen Jun (Sonic
at Imperial
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Work with Omar Matar & Tassos Karayiannis
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* Density at a point

p(r,t)

Build MD detail
into CFD

e Discrete molecules

m; for all i in N

« | Brunel
¥ | Universit
London

CFD

L)
e

/
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Open-source code

» Designed for particles

Emg

ReAppse o

ﬂonoI

» Can be used for cells/pixels

» Surface fitting can be made as
refined as necessary

Brunel
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An introduction to Molecular Dynamics (MD)

The moving contact line

The liquid-vapour interface - a Lagrangian
reference frame

Some applications

|
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Further Talks and Gollahoration

1- Talks from Brunel
(a) Thermofluids (Fluid Mech/Heat Transfer/Thermodynamics/Energy)
(b) Manufacturing (automation/sustainability/design/materials
(c) Biosystems (LOC/Biomaterials)

2- Talks from York:
(a) Microfluidics with or without a bio twist;
(b) Automation with space applications;
(c) Thermal systems with applications to vehicles; or for solar systems;
(d) Materials (Bio, polymeric, or composites);
(e) Droplet-surface interactions and applications in various industries.

3- UKRI (the UK funding Body) offers the UK-Canada Globallink doctoral exchange
scheme, a 12 week research visit for PhD students (up to £15k)

Deadline 26t April 2022
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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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« Working through the mathematics

N

kineti 1 Z : n

| Ialne €= m;r;,r12 - —adSa
AS, — 712 - 12,

N
Moving surf 1 Z .
Ha —ASa miriﬂt
1=1

N
1 n
Ha 2AS,, Z fw’l“ g |7°:rij . na‘

o

/ . .
Configurational
part
© Inter-molecular
bonds act like the

Kinetic
theory part

Momentum due
to average of

molecules stress in a

crossing aplane 1 SRaRR s stretched spring
and returning Ti =MV + U 84



Work with Carlos Braga and Serafim Kalliadasis

Tangential Pressure
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Work with Carlos Braga and Serafim Kalliadasis
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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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