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ABSTRACT

We examine several aspects of the dynamics of linear polymers under

shear and extensional flows. We use nonequilibrium molecular dynamics

(NEMD) to simulate systems under planar Couette flow (PCF) and pla-

nar extensional flow (PEF). In addition we look at several kinetic models

of polymer melts, in particular the Curtiss-Bird model, for which we calcu-

late the predictions of steady-state viscosity under PEF. To the best of our

knowledge this is the first time that these results have been presented for

this kinetic model. Our simulations under PEF are enabled by the use of

Kraynik-Reinelt periodic boundary conditions (pbcs). We include here our

observation that these pbcs are closely related to the Arnold cat map, a sim-

ple example of a dynamical map with chaotic properties. This observation

enhances our understanding of this simulation technique.

We compare directly under flow for the first time two commonly used

coarse grained models of linear polymers. The first, a bead-spring model

which uses the flexible finitely extensible nonlinear elastic potential (FENE)

to bond adjacent beads. The second, a bead-rod model which uses a con-

straint force algorithm to fix the bond length. For this model we use the

name freely jointed chain (FJC). The comparison is based on viscometric,

structural and dynamical properties. We find that results for FENE and

FJC systems are almost identical. Comparing results with predictions of the

Curtiss-Bird model under PEF we find that values for the parameters of the

Curtiss-Bird model required for a fit with the simulation data fall outside

the range allowed by the Curtiss-Bird model and we conclude that assump-

tions of the Curtiss-Bird model deviate from dynamics observed in liquids

under extensional flow.
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We then focus on the self-diffusion of molecules under PEF and PCF,

calculating elements of the diffusion tensor using appropriate mean-squared

displacement formulae. Our interpretation of these results incorporate prop-

erties from the FENE and FJC comparison and results for the velocity au-

tocorrelation function in these systems. We find anisotropy of diffusion more

significant under PEF than under PCF. We conclude that this arises due

to the significant enhancement of alignment under PEF. Our simulations

represent the widest range of molecular systems under shear flow for which

self-diffusion has been calculated. Results for PEF represent the first exam-

ination of self-diffusion for molecular systems under an extensional flow.
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Dr Matthew Downton, Dr Jarek Bośko, Dr Federico Frascoli and Dr Jesper

Hansen. I have found it impossible to justly acknowledge in this small space

the support and encouragement I’ve received from so many friends over the

years and so I will have to thank you all individually very soon.

Finally, I would like to thank my mother and father for their continual

encouragement and support, thank you.

iv



Preface

During the course of this project, a number of publications and presentations

have been made which are based on the work presented in this thesis. We

also have some publications which we intend to write based on work in this

thesis. We have listed them here for reference.

REFEREED JOURNAL PUBLICATIONS

• T A Hunt and B D Todd. On the Arnold cat map and periodic bound-

ary conditions for planar elongational flow. Molecular Physics, vol. 101,

no. 23-24, pp. 3445-3454, 2003.

PUBLICATIONS IN PREPARATION

• T A Hunt and B D Todd. Diffusive properties of polymer melts un-

dergoing planar shear and extensional flows.

• T A Hunt and B D Todd. Comparison between FENE and FJC sim-

ulations of chain molecules under flow.

CONFERENCE PROCEEDINGS

• T A Hunt and B D Todd. On maps, cats, and how to simulate indefinite

elongational flow by molecular dynamics. 3rd International Conference

“Computational Modelling and Simulation of Materials” & ”Modelling

v



and Simulating Materials Nanoworld”, Acireale, Sicily, Italy, 30 May

- 4 June 2004.

CONFERENCE ABSTRACTS

• Thomas A Hunt and B D Todd. A comparison of the Doi-Edwards

model with non-equilibrium molecular dynamics simulations of chain

molecules. 3rd Pacific rim conference on rheology, Vancouver, BC,

Canada, 8 July - 12 July 2001.

vi



Contents

1 Introduction 1

2 Models and Theory of Polymer Rheology 4

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Continuum mechanics and constitutive equations . . . . . . . 5

Conservation equations . . . . . . . . . . . . . . . . . 6

Constitutive equations . . . . . . . . . . . . . . . . . . 8

2.3 Rheology and phenomenological constitutive equations . . . . 11

Homogeneous Flows . . . . . . . . . . . . . . . . . . . 11

Constitutive Equations . . . . . . . . . . . . . . . . . . 14

Rheological transport coefficients . . . . . . . . . . . . 15

Extensional Flow . . . . . . . . . . . . . . . . . . . . . 17

2.4 Polymers and polymeric materials . . . . . . . . . . . . . . . 19

2.5 Molecular models for polymer rheology . . . . . . . . . . . . . 25

2.5.1 The Rouse Model . . . . . . . . . . . . . . . . . . . . . 26

2.5.2 The Doi-Edwards Model . . . . . . . . . . . . . . . . . 29

Calculation under planar extensional flow. . . . . . . . 34

Further developments of tube based models . . . . . . 36

Simulations based on the Doi-Edwards model. . . . . . 40

2.5.3 The Curtiss-Bird Model . . . . . . . . . . . . . . . . . 41

Calculation of the Curtiss-Bird model for PEF . . . . 45

vii



3 Molecular Simulation 53

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.2 Equations of motion and thermostats: atomic systems . . . . 55

3.3 Intermolecular potentials . . . . . . . . . . . . . . . . . . . . . 59

3.3.1 Molecular Models . . . . . . . . . . . . . . . . . . . . . 60

The FENE molecule . . . . . . . . . . . . . . . . . . . 62

The FJC molecule . . . . . . . . . . . . . . . . . . . . 64

3.4 Equations of motion for molecular systems . . . . . . . . . . . 65

3.5 Calculation of Rheological and Energetic properties . . . . . . 67

3.6 Periodic boundary conditions . . . . . . . . . . . . . . . . . . 70

3.6.1 Equilibrium . . . . . . . . . . . . . . . . . . . . . . . . 70

3.6.2 Shear flow . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.6.3 Extensional flow . . . . . . . . . . . . . . . . . . . . . 76

3.7 The Arnold cat map and Kraynik-Reinelt boundary conditions 80

4 Comparison of FENE and FJC molecules 91

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.2 Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.2.1 The FJC molecule . . . . . . . . . . . . . . . . . . . . 92

4.2.2 The FENE molecule . . . . . . . . . . . . . . . . . . . 94

4.2.3 Studies with varied molecular properties . . . . . . . . 96

4.3 Simulation details . . . . . . . . . . . . . . . . . . . . . . . . 98

Units . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.4 Bond length calculation . . . . . . . . . . . . . . . . . . . . . 100

4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.5.1 Rheological properties . . . . . . . . . . . . . . . . . . 101

Extensional and shear viscosity . . . . . . . . . . . . . 101

Normal stress differences . . . . . . . . . . . . . . . . . 104

Comparison with the Curtiss Bird model . . . . . . . 110

4.5.2 Microscopic properties . . . . . . . . . . . . . . . . . . 118

viii



Extension of molecules . . . . . . . . . . . . . . . . . . 118

The order tensor . . . . . . . . . . . . . . . . . . . . . 124

Alignment angle . . . . . . . . . . . . . . . . . . . . . 127

Spin angular velocity . . . . . . . . . . . . . . . . . . . 129

Algorithm efficiency . . . . . . . . . . . . . . . . . . . 130

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . 132

5 Diffusion in Shear and Extensional flows 134

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.2 The diffusion equation: A macroscopic description of diffusion 135

Diffusion equation with streaming velocity . . . . . . . 136

5.3 Microscopic description of diffusion . . . . . . . . . . . . . . . 137

5.4 Correlation functions and the Green-Kubo calculation of dif-

fusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Linear regression and covariance . . . . . . . . . . . . 140

5.4.1 Correlation functions . . . . . . . . . . . . . . . . . . . 141

5.4.2 Derivation of the Green-Kubo expression . . . . . . . 142

Diffusion coefficient from mean squared displacement . 146

5.5 Review of previous simulations . . . . . . . . . . . . . . . . . 148

5.5.1 Equilibrium simulations . . . . . . . . . . . . . . . . . 148

5.5.2 Nonequilibrium simulations . . . . . . . . . . . . . . . 149

5.6 Simulation details . . . . . . . . . . . . . . . . . . . . . . . . 150

5.6.1 Validation of method . . . . . . . . . . . . . . . . . . . 152

Tests of correlation functions GK method . . . . . . . 152

Tests of mean squared displacement calculation . . . . 155

5.7 Diffusion results . . . . . . . . . . . . . . . . . . . . . . . . . 160

Equilibrium . . . . . . . . . . . . . . . . . . . . . . . . 160

Molecular systems out of equilibrium . . . . . . . . . . 161

5.8 Correlation function results . . . . . . . . . . . . . . . . . . . 168

Temperature . . . . . . . . . . . . . . . . . . . . . . . 178

ix



Conclusion . . . . . . . . . . . . . . . . . . . . . . . . 179

6 Conclusion 192

Appendices 198

1 Discussion of periodic boundary conditions for mixed flows.198

Reproducible lattices for mixed flow. . . . . . . . . . . 199

Minimum lattice spacing for mixed flow. . . . . . . . . 202

The SLLOD equations for mixed flow . . . . . . . . . 203

Bibliography 206

x



List of Figures

2.1 Schematic diagrams of fluid deformation under planar Cou-

ette flow and extensional flows. . . . . . . . . . . . . . . . . . 13

2.2 A selection of polymer architectures. . . . . . . . . . . . . . . 20

2.3 The chemical formula of two example polymers. . . . . . . . . 22

2.4 Illustration of reptation and disengagement. . . . . . . . . . . 31

2.5 The memory function µ(t) for the Curtiss-Bird and Doi-Edwards

models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.6 The memory function ν(t) for the Curtiss-Bird models. . . . . 49

2.7 Curtiss-Bird and Doi-Edward prediction for the steady-state

viscosity under PCF. . . . . . . . . . . . . . . . . . . . . . . . 50

2.8 Functions Axx −Ayy and (Bxx −Byy)/λε̇ for PEF and UEF. 51

2.9 Curtiss-Bird and Doi-Edward predictions for the steady-state

viscosity under PEF. . . . . . . . . . . . . . . . . . . . . . . . 52

3.1 The Lennard-Jones potential. . . . . . . . . . . . . . . . . . . 61

3.2 FENE potential, WCA potential and the combination poten-

tial FENE + WCA. . . . . . . . . . . . . . . . . . . . . . . . 63

3.3 FENE and FJC molecules. . . . . . . . . . . . . . . . . . . . . 64

3.4 Periodic boundary conditions for equilibrium simulation. . . . 72

3.5 Lees-Edwards periodic boundary conditions. . . . . . . . . . . 74

3.6 Lagrangian Rhomboid periodic boundary conditions for PCF. 75

3.7 Map for Lagrangian rhomboid periodic boundary conditions. 76

xi



3.8 Alignment of the lattice vectors for a temporally periodic lattice. 79

3.9 The Arnold cat map. . . . . . . . . . . . . . . . . . . . . . . . 81

3.10 The Kraynik-Reinelt map. . . . . . . . . . . . . . . . . . . . . 84

3.11 Iterations of the Arnold cat map. . . . . . . . . . . . . . . . . 87

4.1 FENE bond lengths under both PCF and PEF. . . . . . . . . 102

4.2 Comparison of shear viscosity for FENE and FJC molecules. 105

4.3 Comparison of the extensional viscosity for FENE and FJC

molecules. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.4 Comparison of zero strain-rate viscosity for FENE and FJC

molecules under PCF and PEF. . . . . . . . . . . . . . . . . . 107

4.5 The first normal stress Ψ1 for FENE and FJC molecules under

PCF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.6 The second normal stress Ψ2 for FENE and FJC molecules

under PCF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.7 The ratio of the second and first normal stresses under PCF. 113

4.8 The second extensional viscosity η2 under PEF for FENE and

FJC molecules. . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.9 Ratio of the first and second extensional viscosities under PEF.115

4.10 Mean-squared radius of gyration 〈R2
g〉 of FENE and FJC

molecules under PCF. . . . . . . . . . . . . . . . . . . . . . . 120

4.11 Mean-squared radius of gyration 〈R2
g〉 of FENE and FJC

molecules under PEF. . . . . . . . . . . . . . . . . . . . . . . 121

4.12 Mean-squared end-to-end distance 〈R2
ee〉 of FENE and FJC

molecules under PCF. . . . . . . . . . . . . . . . . . . . . . . 122

4.13 Mean-squared end-to-end distance 〈R2
ee〉 of FENE and FJC

molecules under PEF. . . . . . . . . . . . . . . . . . . . . . . 123

4.14 Comparison of the order parameter S for FENE and FJC

molecules under PCF. . . . . . . . . . . . . . . . . . . . . . . 125

xii



4.15 Comparison of the order parameter S for FENE and FJC

molecules under PEF. . . . . . . . . . . . . . . . . . . . . . . 126

4.16 The alignment angle χ under PCF. . . . . . . . . . . . . . . . 128

4.17 Molecular spin angular velocity ωz for FENE and FJC molecules

under PCF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

5.1 Example and illustration of a correlation function. . . . . . . 143

5.2 Velocity autocorrelation functions for test atomic systems.

These results can be compared with results of Cummings et

al. [CWEF91]. . . . . . . . . . . . . . . . . . . . . . . . . . . 156

5.3 Velocity correlation functions for test atomic systems. These

results can be compared with results of Cummings et al.

[CWEF91]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

5.4 Velocity autocorrelation functions for test atomic systems.

These results can be compared with results of Cummings et

al. [BC95]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

5.5 Mean squared displacement data as a function of time for the

test of this calculation. . . . . . . . . . . . . . . . . . . . . . . 159

5.6 Example of the integral of velocity autocorrelation function

Cxx(t). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

5.7 Diffusion coefficient for systems at equilibrium as a function

of molecular weight. . . . . . . . . . . . . . . . . . . . . . . . 162

5.8 Diffusion coefficientD under PCF for FENE and FJC molecules.167

5.9 Diffusion coefficientD under PEF for FENE and FJC molecules.168

5.10 Diffusion coefficientDxx under PCF for FENE and FJC molecules.169

5.11 Diffusion coefficientDyy under PCF for FENE and FJC molecules.170

5.12 Diffusion coefficientDzz under PCF for FENE and FJC molecules.171

5.13 Diffusion coefficientDzz under PEF for FENE and FJC molecules.172

5.14 Diffusion coefficientDxx under PEF for FENE and FJC molecules.173

5.15 Diffusion coefficientDyy under PEF for FENE and FJC molecules.174

xiii



5.16 Diffusion coefficientDzz under PEF for FENE and FJC molecules.175

5.17 2-site FENE velocity correlation functions under PCF. . . . . 181

5.18 4-site FENE velocity correlation functions under PCF. . . . . 182

5.19 10-site FENE velocity correlation functions under PCF. . . . 183

5.20 20-site FENE velocity correlation functions under PCF. . . . 184

5.21 50-site FENE velocity correlation functions under PCF. . . . 185

5.22 100-site FENE velocity correlation functions under PCF. . . . 186

5.23 2-site FENE velocity correlation functions under PEF. . . . . 187

5.24 4-site FENE velocity correlation functions under PEF. . . . . 188

5.25 10-site FENE velocity correlation functions under PEF. . . . 189

5.26 20-site FENE velocity correlation functions under PEF. . . . 190

5.27 100-site FENE velocity correlation functions under PEF. . . . 191

A-1 Demonstration of the reproducibility of a Kraynik-Reinelt lat-

tice under PEF. . . . . . . . . . . . . . . . . . . . . . . . . . . 204

A-2 A reproducible lattice under mixed flow with ε̇ = γ̇ . . . . . . 205

xiv



List of Tables

2.1 Summary of several predictions from the literature for the

molecular weight dependence of D and η0. . . . . . . . . . . . 40

4.1 Details of systems simulated. . . . . . . . . . . . . . . . . . . 99

4.2 Extrapolated zero strain-rate viscosities. . . . . . . . . . . . . 108

4.3 Estimates of the link tension coefficient as calculated from

NEMD extensional viscosity data. . . . . . . . . . . . . . . . 116

4.4 Coefficients for a power-law fit to the molecular spin angular

velocity ωz in the non-Newtonian regime. . . . . . . . . . . . 130

4.5 Estimate and comparison of the efficiency of the FENE force

calculation and FJC constraint force calculation. . . . . . . . 132

5.1 Comparison of diffusion coefficient results with results from

Baranyai and Cummings [BC95] . . . . . . . . . . . . . . . . 154

5.2 Results for the test of mean squared displacement calculations.158

5.3 Comparison of MSD and GK-type calculations of the equilib-

rium diffusion coefficient. . . . . . . . . . . . . . . . . . . . . 158

5.4 Data for the fit to the molecular weight dependence of the

diffusion coefficient. . . . . . . . . . . . . . . . . . . . . . . . 161

5.5 Power-law dependence under PEF of the diffusion coefficients

Dyy and Dzz as a function of II . . . . . . . . . . . . . . . . . 164

xv



Notation

Scalars,Vectors and Tensors:

• All scalars use a plain font.

• In the Latin alphabet bold font is used to denote vectors, while sans
serif font is used to denote tensors.

• In the Greek alphabet bold font is used to denote tensors.

• The Greek alphabet is used for vectors only in exceptional cases.

• Components of a vectors and tensors use a plain font and are indexed.

List of Acronyms:

BEF Biaxial extensional flow.

CB-model Model of Curtiss and Bird.

DE-model Model of Doi and Edwards.

FENE Finitely extensible nonlinear elastic spring potential.

FJC Freely jointed chain model.

MD Molecular dynamics.

MIC Minimum image convention.

NEMD Nonequilibrium molecular dynamics.

pbcs Periodic boundary conditions.

PCF Planar Couette flow.

PEF Planar extensional flow.
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RIS Rotational isomeric state model.

RME Retarded motion expansion.

UEF Uniaxial extensional flow.

VACF Velocity autocorrelation function.

Greek pronumerals:

β Scaling exponent for the Curtiss-Bird model.
γ̇ Strain-rate.
γ̇(r, t) Strain-rate tensor.

γ
[0](t, t′) Finite strain tensor.

ε Link-tension coefficient, for the Curtiss-Bird model.
ε′ Reptation coefficient for the Curtiss-Bird model.
ε̇ Extensional strain-rate.
εLJ Well depth of the Lennard-Jones potential.
ζ Friction coefficient for the Rouse model
ζA Atomic thermostat multiplier.
ζM Molecular thermostat multiplier.
η Shear viscosity.
[η] Intrinsic steady-state viscosity
η̄ Planar extensional viscosity.
η̄∞ Plateau planar extensional viscosity.
η0 Zero strain-rate viscosity.
η1 First extensional viscosity.
η2 Second extensional viscosity.
η+
1 (t) Transient first extensional viscosity.
η+
2 (t) Transient second extensional viscosity.
ηp The Hencky strain.
ηs Solute viscosity
ηV Bulk viscosity.
ηM (t) Maxwell memory function
η+(t) Transient shear viscosity.
θ Orientation angle for spatially and temporally periodic boundary

conditions.
Θ2(z|τ) Jacobi Theta function.
λ Time constant in Curtiss-Bird model.
λ1, λ2 Eigenvalues of the Kraynik-Reinelt maps.
µ(t) Memory function in the Curtiss-Bird model.
ν(t) Memory function in the Curtiss-Bird model.
ρ(r, t) Density of a fluid.
σ(r, t) Stress-tensor.
σLJ Effective diameter of the Lennard-Jones potential.
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τd Disengagement time of the primitive chain in the Doi Edwards model.
τi Relaxation coefficients for the generalised Maxwell model.
τp Relaxation coefficients for the Rouse model.
τp Period of temporally-periodic, periodic boundary conditions.
τR The Rouse time.
χ Alignment angle of molecules also known as the birefringence

extinction angle.
ψ(t) Memory function for the Doi and Edwards model;

The fraction of a molecule still in the initial tube after a time t.
Ψ1 First normal stress coefficient for shear flow.
Ψ2 Second normal stress coefficient for shear flow.
Ψ+

1 (t) Transient first normal stress coefficient for shear flow.
Ψ+

2 (t) Transient second normal stress coefficient for shear flow.
ω Molecular spin angular velocity.
ωz Molecular spin angular velocity about the z-axis.

Latin pronumerals:

a Step-length of the primitive chain.
a′ Rod length of the Kramers Bead-rod chain model

used in the Curtiss-Bird model.
a(r, t) An arbitrary scalar field.
ai Coefficients for the generalised Maxwell model.
A(t, t′) Second-order tensor function for the Curtiss-Bird

model.
b0 Bond length in a molecular model.
b Average bond length of the Rouse model.
bK Kuhn length.
bmol Bond length of a molecule.
B(t, t′) Second-order tensor function for the Curtiss-Bird

model.
c Monomer concentration, number of monomers per

unit volume.
cv Heat capacity at constant volume.
Cαβ(t) Velocity auto/correlation function 〈vα(t)vβ(0)〉.
Cov(x, y) Covariance between the variables x and y.
D Self diffusion coefficient.
D Self diffusion tensor.
DG Centre of mass diffusion coefficient for the Rouse model.
e(r, t) Energy density.
e1, e2 Eigenvectors of the Kraynik-Reinelt maps.
E(t, t′) Deformation gradient.
f Number of degrees of freedom lost through constraint.
f(r, t) Body force per unit density exerted on a fluid.
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Fi Force on particle i.
Fiαjβ Force on site α of molecule i due to site β of molecule j.
FC

iα Force on site α of molecule i due to the constraint.
FFENE

iα Force on site α of molecule i due to the FENE potential.
FLJ

iα Force on site α of molecule i due to the Lennard-Jones
potential.

Ge The plateau modulus
G(q, t) Tracer density.
H(t) Heaviside step function.
I Unit tensor.
Im Moment of inertia tensor for a molecule.
II Second scalar invariant. II = 8ε̇2 for PEF and

II = 2γ̇2 for PCF.
j(r, t) Mass flux vector.
js Streaming flux.
jQ(r, t) Heat flux vector.
JD Tracer flux density.
k Force constant for the FENE potential.
k Hooke’s force constant for the Rouse model.
kB Boltzmann constant.
kT Coefficient of thermal conductivity.
L Length of the primitive chain.
L Side length of a cubic simulation cell.
L Angular momentum of a molecule.
Li Lattice vectors.
m Extensional flow parameter.
m1,m2,m3 and m4 Elements of an integer matrix.
mi Mass of particle i.
miα Mass of site α on molecule i.
M Molecular weight.
M A mapping. For example, the Kraynik-Reinelt map.
Mi Mass of molecule i.
n Polymer concentration, number of polymers per unit

volume.
n̂x, n̂y, n̂z Unit vectors parallel to the x, y and z axes respectivly.
N Number of beads per molecule in a model.
N An integer matrix.
NA Avogadro’s number.
NM Number of molecules in a simulation.
Ns Number of sites in a molecule.
p Isotropic pressure.
pi Peculiar momentum of particle i.
pi Centre of mass momentum of molecule i for molecular

simulations.
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piα Momentum of site α on molecule i.
piα Cartesian component α of centre of mass momentum

of particle i.
P Pressure tensor.
PA Atomic pressure tensor.
PM Molecular pressure tensor.
q(t) An arbitrary path.
qi(t) Lagrangian coordinate of particle i,integral of the

peculiar momentum pi.
qiα(t) Cartesian component α of the Lagrangian coordinate

of particle i.

Q(IA) Order tensor for the Doi and Edwards model
in the independent alignment approximation.

r Position vector.
ri Position of atom i for atomic simulations.
ri Centre of mass of molecule i for molecular simulations.
riα Position of site α on molecule i.
riαjβ Vector from site α of molecule i to site β of molecule j.

r̂i Unit vector in the direction of the ith bond of a molecule.
rij Distance between atoms i and j.
R0 Maximum extension of the FENE potential.
Re−e End-to-end vector of a linear molecule.
Rg Radius of gyration.
R2

g Tensor of gyration.

R(s, t) Position of primitive chain at contour coordinate s
at time t.

S Order tensor.
S Order parameter.
s, s′ Contour coordinate along the primitive chain.
s, t, t′ Time.
T (r, t) Temperature field.
TA Kinetic temperature.
Tα Temperature due to component α of molecular momenta.
u(r, t) Streaming velocity of a fluid.
∇u(r, t) Velocity gradient tensor.
û Unit vector used as an independent variable.
riαjβ Potential of site β on molecule j due to site α on molecule i.
U Total internal energy of a system.
UFENE

ij The FENE potential between atoms i and j.

ULJ
ij Lennard-Jones potential between atoms i and j.

UWCA
ij Weeks-Chandler-Anderson potential between atoms

i and j.
V Volume of a simulation cell.
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