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Overview

ÅAn introduction to Molecular Dynamics (MD)

ÅThe moving contact line

ÅThe liquid-vapour interface - a Lagrangian

reference frame

ÅSome applications



Molecular Dynamics
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ÅSolving just Newtonôs law

ÅEnergy is automatically conserved Ą total = kinetic + potential

ÅPressure, viscosity, heat flux and surface tension do not need to 

be specified and, are in fact, all outputs of the simulation

ÅPhase change (evaporation, condensation) occur with no 

additional models needed

ÅSolid constructed with molecular roughness

ÅCan model complex molecules, water, polymers, biomolecules

Molecular Dynamics
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Discrete molecules in continuous space

ÅMolecular position evolves continuously in time

ÅAccelerationŸVelocityŸPosition

Acceleration obtained from forces

ÅGoverned by Newtonôs law for an N-body system

ÅPairwise electrostatics interactions from quantum mechanics

i

Molecular Dynamics
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MD Computing

ÅForce Calculation

Å All pairs simulation uses local cell and neighbour lists to reduce 

the N2 calculation to order N

ÅMove particles (leapfrog in time)
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Non-Equilibrium Molecular Dynamics

ÅNon-Equilibrium Molecular Dynamics (NEMD) is the study of 

cases beyond thermodynamic equilibrium, with:

ÅTemperature gradients

ÅFlow of fluid (e.g. Couette or Poiseuille flow)

ÅEssentially fluid dynamics - temperature gradients and flows

ÅThermostats (e.g. Nosé Hoover)         

remove heat from system

ÅSolids of molecules with (an)harmonic 

springs linking them to tether site

ÅSliding walls by moving molecules

ÅMany techniques for inducing flowsé
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Wall Bounded Flow
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Wall Bounded Flow

Reynolds Number

with 

300 million 

molecules
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Reynolds Number

with 
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molecules
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flow

Wall Bounded Flow

12



Minimal channel Couette 

flow

Reynolds Number

with 

300 million 

moleculesIsosurfaces of turbulent kinetic 

energy coloured by velocity

Molecular Dynamics - Turbulence
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Isosurfaces of turbulent kinetic 

energy coloured by velocity

Reynolds Number

with 

300 million 

molecules

Molecular Dynamics - Turbulence
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Viscosity

ÅGood agreement with experiments
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Heat Conduction
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Work with Billy Todd and Peter Daivis

ÅGood agreement with experiments



Molecular Dynamics ðComplex Walls and Fluids

Oil, water and textured surface

Stick -slip 

near walls

Liquid 

structure 

causes 

viscosity

Wall 

Texture

Molecules

of arbitrary 

complexity
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Molecular Dynamics ðShocks and Multi-Phase

Shockwave Droplet Formation

Nucleation Contact line 18



Phase Change
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Results for Surface Tension

ÅGood agreement with experiments

Integrate 

over 

Liquid

Vapour 

interface(s)
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Surface Wettability

ÅDepends entirely on the ñwettingò interaction between 

surface and fluid, tuned using:

ÅMixing rules, e.g.  Lorentz-Berthelot

ÅBottom up simulation e.g. quantum mechanics

ÅTop down e.g. to get desired contact angle



The Moving Contact Line
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MD Simulation of Droplets

ÅLow Wettability

ÅIntermediate Wettability

ÅHigh Wettability
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Dynamic Contact Line

Work with Omar Matar, Erich Muller and Richard Craster
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Dynamic Contact Line

Å Model the 
moving contact 
line with MD

Å We want contact 
line speed as a 
function of 
continuum 
contact angle

Work with Omar Matar, Erich Muller and Richard Craster



Dynamic Contact Line

ÅTwo fluid phases and sliding molecular walls

ÅWall velocity vs contact line angle

ÅMD captures the sliding contact line but we 

need to work out how to interpret it

Work with Omar Matar, Erich Muller and Richard Craster



Flowfields
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Link to Experiments

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



Identifying the Liquid and Surface Fitting

Least Square fitting to outer 

molecules, linear example here
Cluster Analysis to identify the 

liquid droplets
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A Cubic Fit to the Interface

Vapour phase

Liquid phase

Sliding Solid walls (tethered)

Vapour phase



Angle vs. Velocity



Time Evolution of Contact Angle

ÅLinear and Cubic Fitting angles fluctuates over time

ÅSteady state so 

we can take the 

probability 

density function 

of angle
ÅLinear, Advancing and Receding angles



Building this into the Continuum Model

ÅA Langevin Equation uses random noise to model this

ÅCoefficients parameterised using 

ÅStandard deviation ïrange of fluctuations

ÅAutocorrelation ïhow quickly they decay.

Work with Omar Matar, Erich Muller and Richard Craster



Building this into the Continuum Model

Å Bulk dynamics 
from a law like 
Tanners or Cox

Å Add in 
fluctuations from 
the MD using the 
Langevin model

Work with Omar Matar, Erich Muller and Richard Craster



The Intrinsic Interface
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Identifying the Liquid

Least Square fitting to outer 

molecules
Cluster Analysis to identify the 

liquid droplets



Chacon & Tarazona (2003) PRL 91, 166103

Work with Carlos Braga and Serafim Kalliadasis

The Intrinsic Interface

Å Surface fitted by least squares

Å Sum of sines and cosines 

down to intermolecular spacing

ÅThe Intrinsic Interface method



ÅThe Intrinsic Interface method
Å Surface fitted by least squares

Work with Carlos Braga and Serafim Kalliadasis

The Intrinsic Interface

Å Sum of sines and cosines 

down to intermolecular spacing

Chacon & Tarazona (2003) PRL 91, 166103

Fitting occurs in stages 

> Fit to an outer set using a grid 

(e.g. 3 by 3 )

> Order molecules based on 

distance from surface 

> Add nearest 

> Repeat until surface density 

reaches target value (~0.7)



The Intrinsic Interface



Getting Curvature

Tensor product surface



Moving Reference Frame - Overview



Molecular Dynamics - Averaging

Refine

Å Density in a cell

Å Momentum in a cell

Å Temperature in a cell
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Irving and Kirkwood (1950)

The Dirac delta 
infinitely high, 

infinitely thin peak 
formally equivalent 
to the continuum 

differential 
formulation 



The Control Volume Functional

ÅThe Control volume functional is the formal integral of the Dirac delta 

functional in 3 dimensions (3D top hat or box car function)

ÅIn words



Density

Smeared interface
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A more general 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)

In words
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Work with Carlos Braga and Serafim Kalliadasis

The Intrinsic Interface



Pressure (Stress)

Å We need pressure to understand the surface 

ÅUsing Cauchyôs original definition

ÅIn two dimensions the tensor is then,

Å Where pressure in molecular systems include kinetic and configurational



Pressure (Stress)

Kinetic 

theory part
Momentum due 

to average of 

molecules 

crossing a plane

and returning 

Configurational 

part
Inter-molecular 

bonds act like the 

stress in a 

stretched spring
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Å We need pressure to understand the surface 

ÅUsing Cauchyôs original definition

ÅIn two dimensions the tensor is then,



Derivative for Fluxes and Stresses

ÅTaking the Derivative of the CV function

ÅVector form defines six surfaces

ÅOr in words


