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Overview

ÅAn introduction to Molecular Dynamics (MD)

ÅMolecular Fluid Dynamics and getting quantities from 

a molecular system

ÅThe liquid-vapour interface

ÅDefining a Lagrangian reference frame moving with 

the interface

ÅSome applications



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



Stick -slip 

near walls

Liquid 

structure 

causes 
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Average behaviour 

reproduces 

hydrodynamics 
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Reynolds Number

with 

4096 molecules

Wall Bounded Flow
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Wall Bounded Flow

Reynolds Number

with 

300 million 

molecules
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Reynolds Number

with 

300 million 

molecules

Minimal channel Couette 

flow

Wall Bounded Flow
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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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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 15



Phase Change
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Linking to Continuum 

Fluid Dynamics

1
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Continuum Fluid Dynamics

ÅAssumed  continuous at every point in space

ÅMass Conservation

ÅMomentum Balance (Newtonôs Law)

ÅEnergy Conservation
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Direct Numerical Simulation of 

Turbulent Couette Flow



ÅThe Navier-Stokes Equation

ÅSolve for pressure assuming incompressibility 

ÅIn two-phase flows we also need surface tension

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

the model 

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

Computational Fluid Dynamics

Viscosity Coefficient



ÅAssumes a continuous field
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Linking MD to the Continuum Representation

ÅDiscrete molecules

ÅLiquid-vapour interface



Å We need to use some statistical mechanics

From States of Matter by Goodstein

Statistical Mechanics



ÅDensity in a region of space

Getting Quantities from MD

Angular brackets 

denote time 

average



ÅDensity in a region of space

Getting Quantities from MD

or ensemble  

averaging

Angular brackets 

denote time 

average



Irving and Kirkwood (1950)

The Dirac delta 
infinitely high, 

infinitely thin peak 
formally equivalent 
to the continuum 

differential 
formulation 



ÅIrving and Kirkwood (1950) express field based quantities using the 

Dirac delta functional and ensemble averages

ÅFormally equivalent to the continuum

» Demands ensemble or time average

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

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

ÅIn conclusion - a discrete system can only be approximately represented 

using a continuous field

The Dirac Delta Function



The Control Volume (Weak) Form

ÅThe ñweak formulationò expressed the equations in integrated 

form (and we can take without ensemble average)

ÅIntegrating the Dirac delta function exactly provides a 

combination of Heaviside functions



The Control Volume (Weak) Form



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



The Control Volume (Weak) Form

ÅThe ñweak formulationò expressed the equations in integrated 

form (and we can take without ensemble average)

ÅIntegrating the Dirac delta function exactly provides a 

combination of Heaviside functions



Density

Smeared interface
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Derivative of the Control Volume



Derivative yields surface fluxes and stresses

ÅTaking the Derivative of the CV function

ÅVector form defines six surfaces

ÅOr in words



ÅControl (Finite) Volume form
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Coupled Simulation

ÅDiscrete molecules

Share the same 
time and length 

scales



Pressure (stress) in an MD Simulation

Å Pressure definition in a dense molecular system

ÅKinetic part due to fluctuations

ÅConfigurational part due to liquid structure

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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Pressure (stress) in an MD Simulation
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Pressure (stress) in an MD Simulation

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 Components of stress tensor from components and surface 

ÅCauchyôs original definition

ÅSymmetry is not guaranteed

ÅThe two dimensions tensor is then,



Control Volume Balance

Å The balance can be 

shown to be exact for 

any control volume 



The Moving Interface
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Overview of the Process



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



Identifying the Liquid

Least Square fitting to outer 

molecules, linear example here
Cluster Analysis to identify the 

liquid droplets



ÅThe Intrinsic Interface method

Chacon & Tarazona (2003) PRL 91, 166103

Å Surface fitted by least squares

Work with Carlos Braga and Serafim Kalliadasis
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Liquid-Vapour interface

Tensor product surface

Å Function of sines and cosines



The Intrinsic Interface
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Work with Carlos Braga and Serafim Kalliadasis

Liquid-Vapour interface



Derivative of the Moving Control Volume



Moving liquid-vapour interfaces

Derivative now includes terms for moving surface, curvature, etc

Vapour phase

Liquid phase

Sliding Solid walls (tethered)

Vapour phase



Pressure (stress) in an MD Simulation

Å Pressure definition in a dense molecular system

ÅKinetic part due to fluctuations

ÅConfigurational part due to liquid structure

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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Pressure Components

Å Normal pressure 

given by sum of all 

crossings over the 

interface

ÅTangential pressure given by sum of all crossings over 
flat surface tangential to interface



Pressure Components (normal form)

ÅA general form can be written in terms of the unit vectors

ÅCalculating pressure on a surface:

ÅObtain a crossing on a surface (a moving molecule or a force)

ÅDot this with the unit vector to the surface



Getting Curvature

Tensor product surface



Checking CV Balance

Å We add components over 
all volume surfaces:    
normal and tangential



Liquid vapour 

coexistence modelled 

using molecular dynamics

Cluster Analysis detects 

liquid molecules (blue)

Outer molecules 

detected to 

define liquid 

vapour 

interface (red)

Time evolving 

Fourier 

surface 

fitted

Liquid-Vapour interface



Fluxes and 

Forces 

calculated on 

each volume

Resulting pressure, 

including curvature 

and surface 

evolution, exactly 

balances over surface

Time evolving 

Fourier 

surface 

fitted

Flux

Configurational

Surface 

in time

Kinetic

Split into a 

grid of 

control 

volumes

Liquid-Vapour interface



Fluxes and 

Forces 

calculated on 

each volume

Flux

Configurational

Surface 

in time

Kinetic

Normal Pressure



Fluxes and 

Forces 

calculated on 

each volume

Flux

Configurational

Surface 

in time

Kinetic

Normal Pressure

Sum


