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Chapter 1

Molecular Simulation of Fluids

This work is the result of research conducted on the molecular smulaion of fluids.
Traditiondly, science, in order to understand the phenomena occurring in nature, used
two different approaches experiment and theory. These two approaches are not
necessarily separate. In fact, the ‘at’ of collecting experimenta data usudly requires
profound theoreticd knowledge, while on the other hand, modds require a necessary
minimum amount of experimental data to derive some of ther parameters. It is better to
view them as complementary gpproaches that together dtrengthen the scientific
invedtigation. Molecular smulation, snce the advent of the computer, has become an
important means of carrying out scientific research.

Degpite the commonly used term ‘computer experiments, molecular Smulation
beongs to the theoretical gpproach, unless we intend to investigae a ‘virtud’ redlity.
We can envisage two man reasons why molecular amulation is associated with the
experimenta goproach. The fird reason is a suggestive one and is due to its ability to
reproduce the motion of the particles as it occurs in nature. In this regard, even if
amulation techniques could reproduce molecular motion in detal, they would be, in any
cae, a representation of rea systems. Moreover techniques that try to Smulae closdy
red sysdems, show less predictive power than others, which use more atificid

implementetions. The other reason is more a procedurd one Usudly molecular
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smuation is usad to tes the vdidity of a theory or a theoretical conjecture, or even to
discriminate between two theories. While this is indeed true, ultimatdy it is experiment
that will decide the matter.

More interesting, and maybe more speculdive, is to condder if molecular smulation
is a deductive or an inductive method. The use of semiempiricd modds, such as for
example intermolecular potentids  fitted on  experimenta daa could be indeed
indicative of an inductive procedure. However, these modds are usuadly supposed to be
goplied under a range of conditions wider than those used to derive the modds
themsdlves. Furthermore, ab initio techniques [GA93] are meant to predict generd
behaviour, utilizing very dementary initid assumptions.

The gpped and ussfulness of molecular smulation is that it often alows accurate
cdculation of naurd phenomena without the plehora of gpproximations and
assumptions that limit conventiona theoreticd gpproaches to prediction and estimation.
The key theordticd assumption of molecular smulation is to envisage any physcd
system as a collection of paticles In generd, dl the macroscopic properties such as
temperature, pressure and densty can be reated to the motion or the Sate of these
paticles. Consequently, knowing the motion or the Sate of the particles endbles one to
deduce the macroscopic properties of the system. From a classical dynamics viewpoint,
to derive the mation of a collection of particles it is required to know the forces acting
on them. One may then use Newton's equaions of motion to solve for the particle
postions and momenta From a daidticd mechanics viewpoint, the knowledge of the
date of an ensemble of paticles is rdated to the energy of the particles, which dlows
the derivations of probabilities rlative to thet Sate.

Molecular smulaion techniques, therefore, require the adoption of an intermolecular

potentia to represent the interactions between the particles of any physcd system
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(lid, ligud or gas). The inteemolecular potentid and a limited number of
goproximations, represent the modd of a physicd sysem that is used to test agangt
experimentd data or preexiging theoreticd modds. The computer generates ether the
motion or different dates of the particles, and the average vadues of the physicd
quantities of interet can be cdculaed. The two main molecular smulation techniques,
molecular dynamics (MD) and Monte Carlo (MC) techniques [AllI87, Hey9g],
implement these idess The firg follows a dynamicd approach, utilizing Newton
equations of motion, the second a datigicd mechanics gpproach, using the concept of
configuration space. Nowadays these techniques have reached such a levd of
sophidication thet they are able to reproduce experimenta results with good accuracy
[Ant97, Bukod].

It is commonly assumed that intermolecular interactions are confined to pairs of
molecules [Pan87, Pan88, Fa&d7, Sad9%6d], and contributions involving three, four or
more aoms ae ignored. When this assumption is invoked, the molecular properties are
assumed to be ‘par-additive’ Generdly, interactions between pars of molecules make
the overwheming contribution to the overdl intermolecular interaction. However, it is
dso documented [EIr94] that three-body interactions can meke a ggnificant
contribution to intermolecular interactions in liquids, (see Chepter 2). Despite this,
molecular smulations rardly account rigoroudy for the effect of threebody interactions
[Sad96b, Sad98a, Sad98b, Sad98c, Ant97]. Instead, the typicd molecular Smulation
assumes pair additivity, and uses a smple ‘effective intermolecular potentid in which
many-body effects ae sad to be incuded in the vdues of the intermolecular

parameters.
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In the following sections we summarize the ams of our work (section 1.1) and give a
brief account of the background and progress in molecular Smulaion regarding the

topics we investigated (section 1.2 and 1.3).

1.1 Aims

The am of this work is to use molecular smulatiion b invedigate the role of three-
body interatomic potentids in noble gas sysems for two diginct phenomena phase
equilibria and shear flow. In particular we dudied the vapour-liquid coexiging phese for
pure sysems (argon, krypton and xenon) and for an argon-krypton mixture. We aso
sudied the dependence of the shear viscosty, pressure and energy with the drain rate in
planar Couette flow. We give here a brief review of the previous work in these fidds to
better delineate our task. The rest of the hess is aranged as follows: in Chapter 2 we
give detals of the interatomic potentids and of the techniques used. In Chapter 3 and
Chapter 4 we report the results obtained for phase eguilibria and planar Couette flow

smulations respectively. Chapter 5 contains our conclusions and recommendations.

1.2 Background

Previous work [Sad96b, Ant97, Sad98a] regarding the role of three-body interactions
on the phase behaviour of pure atomic sysems has been redtricted to the Axilrod-Teller
term [Axi43] and the cdculaions have been confined manly to argon. In addition,
cdculations on the influence of threebody interactions on phase behaviour of some
theoreticd binary mixtures are dso avalable [Sad98b, Sad98c]. Sedus and Prausnitz
[Sad96b] reported that the Axilrod-Tdler term contributes typicaly 5% of the overdl
enagy of the liquid phase of agon. Cdculdaions for the vapour-liquid coexigence of

argon by Anta et d. [Ant97] and Sadus [Sad98a] usng a combination of the Lennard-
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Jones and Axilrod-Teller potentids indicate thet the incuson of three-body interactions
Oeteriorates the agreement between theory and experiment for the coexiging liquid
phase densties This falure can be dtributed to the effective nature of the Lennard-
Jones potentid (see Chapter 2). The use of ‘effective intermolecular potentids is a
source of condderéble inaccuracy and uncertainty in molecular  smulations.  For
example, in Chapter 3 we show that three-body interactions contribute sgnificantly to
the phase behaviour of fluids, wheress this effect had been hidden previoudy by the use
of effective intermolecular potentiads. The agreement between experiment and theory
for the phase enveope is improved condderably by explicitly accounting for three-body
interactions. However, accounting for threebody interactions requires condderably
more computing resources than sSmple par interactions. In the worst case, the
computing time of a sysem of N molecules scales in proporion to N? for pair
interactions, compared with N*® for three-body interactions Although computation-time
saving dgorithms have been developed [Sad99, see dso Appendix 2] to avoid the worst
cae scenario, accounting for three-body interactions typicaly requires @ least one order
of magnitude more compuing time than smple pair cdculations. This means that such
cdculaions ae fa from routine even with today’s high performance computers.
However, because of the importance of threebody interactions, it is highly desirable to
indude them in molecular smulations.

Anta e d. [Ant97] reported good results for vapour-liquid coexigence of argon
uing the Aziz-Saman [Azi86, Azi93] potentid in conjunction with the AxilrodTeller
term. Unlike the LennardJones potentid, the Aziz-Saman potentid is a genuine pair
potentidd and it is thought to be the best representation of the two-body interactions for
argon. However, its mathematica expresson is rather complicated. For argon we used

the Barker-Fisher-Waits (BFW) potentia [Bar71a], for computationa convenience and
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because equivaent expressons are available for krypton and xenon. We adso show in
Chapter 3 tha the Aziz-Saman potentid and BFW potentid produce smilar results for
the argon vapour -liquid coexiding curve.

Non-equilibrium molecdar dynamics (NEMD) smulations of Couette flow (see
Chapter 2) are commonly reported using ether the Lennard-Jones or Weeks-Chandler-
Anderson (WCA) intermolecular potentids to describe interatomic interactions [Evad0,
Sar98]. However, both the LennardJones and WCA potentids are effective multi-body
potentidds and as such they do not represent twobody interactions accurately [Bar76].
Ealier amulaions [Eva80, Eva8l] with these potentids appear to confirm the non-

andytic dependence of viscodty () with shear rate in the limit of low Srain rate (g).
However, more recent work questions the ¢¥? dependence of the shear viscosity. For

example, Ryckaert et a. [Ryc88] and Ferrario et d. [Fer9ld] fand a ¢ 2 dependence of
the shear viscosty. The sgnificance of these results is unclear because of the high srain
rales and large daidicd uncertainties in the data [Tra8]. Furthermore, usng profile
biased thermogtats, namey thermodas that make some assumption about the form of
the streaming velocity profile [Eva90], under conditions of large drain rates, can induce
unwanted dringphases in the fluid, which conds of highly ordered <olid-like
configurations [Erp84]. This dgnificantly reduces both the shear viscodty and the
hydrogstatic pressure from ther true vaues [Eva86, Evad2Z]. Bhupathirgu et d. [Bhu9g)
demondrated that in the limit of zero drain rate the shear viscodty behaves in a
Newtonian manner, i.e, the shear viscosty becomes indgpendent of ¢. Travis e 4.
[Tra98] showed that the shear viscosty may be fit by a number of functions that do not

have any theoreticd bass. They dso showed that the viscodty profile may be
successfully fit by two separate linear functions of gY2 in two different dtrain rate

regimes. Alternaively a Cross equation [Cro65], or the Quentrec locd-order theory for
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isotropic  fluids [QueB2, Tro84] were dso found to give reasonable agreement with
smulétion data
Of paticular relevance for our current work is the mode-coupling theory [Kaw73]

which predicts that in the limit of zero shear rate the shear viscosty is a non-andytic

function of the stran rate, h »gY2. This theory dso predicts that the hydrostatic
pressure varies as g>'2. Mode coupling theory does not provide guidance on how small

the gtrain rate must be in order to observe the predicted g¥? and ¢* 2 dependence for
the shear viscosty and hydrodetic pressure, respectivdy. As NEMD smulations are
typicaly peformed a rdatively high rates of dran to obtan high sgnd to noise raios,
such dmulaions cannot confirm the predictions of mode coupling theory. In the
absence of dmulation data a fidd drengths severd orders of magnitude smaler than
those typicdly achievable the quedion of the vdidity of mode coupling theory remains
open. However, mogt previous NEMD dmulations usng effective  multi-body
intermolecular potentids have shown that the hydrodatic pressure and internd energy
do behave as predicted by the theory, even a these relatively high drain rates.

We are aware of only one previous NEMD sudy of simple atomic fluids interacting
via accurate twe and three-body intermolecular potentids. Lee and Cummings [Lee94]
reported NEMD smulaions of planar Couette flow for a sysem of 108 aoms
interacting via a potentid composed of the Baker-Fishe-Watts twobody potentid
[Bar71a) plus the three-body triple-dipole potentid of Axilrod and Tdler (AT) [Axi43].
The three-body interaction was obsarved to reduce the value of the shear viscosty by
only 3%. In the range of drain rates studied, Lee and Cummings found thet the drain
rate behaviour of the energy, pressure and shear viscodty dl conformed to the

predictions of mode coupling theory.
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1.3 Progress in molecular simulation

Phase equilibria
It is found by experiment that only a certain number of the physcd properties of a
substance can have alitrary vaues. The remaning properties are determined by the

nature of the sysem. For example, considering a gas a temperature T with a given mass
m and held in a container of volume V, the vaue of its pressure P can be dbtained via an
equationin m Vand T;

fPmV,T) =0 ()
such an expresson is known in generd  as the equation of date [Sear5]. In this work we
are interested in thermodynamic systems, the dtate of which can be determined by
properties like dendty, temperature, pressure, chemicad potentid, etc. The phese of the
sysem, namdy gas, liquid or solid, is an important characteridic and in paticular phase
trandtions represent an important fidd of dudy. Both technologicd and scientific
goplications  require a detaled knowledge of phase behaviour of fluids and their
mixtures. For example, chemica indudtries need to know trangtion phenomena and the
reldive parameters (criticd temperatures, pressures, efc) to sSeparate paticular
substances from their origind mixtures. This wide interest is demongrated by the large
amount of experimenta data [Wic73] collected and the number of semiempiricd and
theoreticd models proposed regarding phese  equilibria Despite  the  subdtantid
knowledge so fa ganed much more remans to be leaned. For example,
multicomponent mixture experiments ae very rae and peformed in limited
temperature and pressure ranges because of ther high redization costs [Gub89).

Sonificant information comes from equaion-d-gate modds [San94], but they can not
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be used to accurady predict properties outsde the range of experiments adopted to
obtain the parameters of the models.

In this regard, molecular Imulation represents a complementary method  [Gub96,
Qui01]. Utilizing intermolecular potentids obtained from either quantum mechanics or
semiempiricdl cdculations, and adopting fewer approximetions, molecular  Smuletion
can be gpplied over a wider range of conditions. In fact, even if ther paramees ae
determined from particular experimental data, they can be used under more generd
conditions [Ba76]. Here we give a brief description of some of the molecular
smulation techniques dedicated to phase equilibria For further detaills we refer to the
following reviews in the literature [Gub89, All93, Pan94a, Pan95, Fred6, Pan00].

The mog direct procedure to dmulate phese equilibria may smply condst of
adequatdy changing the temperaure or the pressure of the system and observing the
occurrence of a phase trandormation. This is possble via ether Monte Calo or
molecular dynamics methods. Reviews of these techniques were given by Rowlinson
and Widom [Row82] and by Gubbins [Gub89]. Unfortunately, important difficulties
characterize these direct methods. Fird-order trandtions [Huab3] may show hydteress
due to a large free energy barrier separating the two phases a or near to the coexistence
[Fred6]. This free energy barrier conssts of the free energy of the interface. The larger
the area of the interface, the higher the barrier. In a norma smulation, even with large
gze sysgems, a dgnificant number of paticles ae in the proximity of the interface,
which can dter the outcomes of the smulation. Long equilibretion times are required
ad it is vay difficult to mantain the coexiging phases when the two vdues of the
dendties are dmila. On the other hand, the direct methods do not require random
particle exchanges as other techniques do [Pan00Q], in order to achieve the equdity of

the chemicd potertids (maerid equilibrium) in the coexisding phases. For sysems with
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high dendties the direct method would be preferable, snce particle insations are
characterized by low probabilities However, the maerid equilibrium by diffuson
through the interface requires long Smulaion times under high dendty conditions
[Yan96]. Despite these deficiencies, the direct methods provide useful information
regarding the interface properties and surface tension.

Smulaing the phase coexigence without interfaces is the badc and innovative idea
of the Monte Calo (MC) Gibbs ensamble method introduced by Panagiotopoulos
[Pan87, PanB8]. As discussed in more detall in Chapter 2, the coexiging phases take
place in sgpade dmulation boxes Importantly, materid equilibrium between the
different phases is achieved by exchanging paticles between the boxes This dso
represents the weekness of the method. The higher the dendty of at leest one phase, the
lower is the probability to successfully exchange the particles. Molecular dynamics
(MD) implementation of the Gibbs ensemble method was proposed by Pdmer and Lo
usng an extended sysem Hamiltonian [Pd94]. Baanya and Cummings [Bar95]
reported a smpler verson of the MD Gibbs ensemble, usng Hoover-type equaions of
motion [Md93, Md94] and patice exchanges like in the tradiiond MC verson
[Pan88]. The MD versons are able to well reproduce the results from MC Gibbs
ensemble smulations. Other versons of the technique are reviewed in the literature
[Pan95, Fred6, Pan00]. In particular, for multissgment or polymeric sysems, versons
of the Gibbs ensamble, usng biased sampling methods for paticle insertion, have been
proposed [Se93, Smi%5, Fred6]. Also pardld versons were presented [Loy95, Ess95,
Str0Q]. In generd, the Gibbs ensemble technique is easy to implement and can be used
to get information on the properties of coexisting phases from a sngle smulation.

Materia equilibrium is achieved when the chemicd potentids of dl the coexising

phases are equd. Methods for cdculating the (excess) chemicd potentid via molecular
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smulaion are avalable [Wid63, Kof97, see dso Chapter 2]. The chemicd potentid can
be cdculaed dso from grand canonicd Monte Calo smulations [Fre96]. Performing
severd canonicd gmulatiions with, for example, Widom test particle insertions [Wid63]
or grand canonicd Monte Calo smulaions, it is possble to determine curves of the
chemicd potentid as a function of the pressure for the different phases of interest. The
coexiging condition is found a the point of intersection of the curves [Pan944. Mdller
and Fischer [M0OI90] and Lotfi et d. [Lot92] used this scheme and caculated with high
accuracy the coexistence properties of pure LennardJones fluids. For muticomponent
sysdems and for pure sysems near the critical point this scheme requires a sgnificant
number of smulations [Pan94a], hence other techniques are preferable.

A method that does not require the equilibration or the cdculation of the chemicd
potentid of the coexiding phases is the Gibbs-Duhem integration introduced by Kofke
[Kof93a, Kof93h]. This method for pure sysems conssts of the numericd integration
of the (firgt-order nonlinear) Clausius-Clapeyron differentid equation [Fred6]:

dT TDV

where DH and CV ae the differences of the enthdpy and volume in the two phases
respectivdly. The method requires the knowledge of a coexiding point & a given
temperature and pressure, which can be obtained usng other techniques. A complete
phese diagram is then determined by integrating Eq. (1.2), usudly by a predictor-
corrector method [Gearl]. Standard molecular smulations are used to cdculae the
rignthand sde of Eq. (12) rdative to infinitesma and consecutive changes in the
temperaure. This method was gpplied for vapour-liquid [Kof93a Kof93bl and solid-
liquid coexigence [Agro5] of the Lennard-Jones fluid and for vepour-liquid coexistence
of the twocentre Lennarddones fluid [Lis96d. For multicomponent fluids Gibbs-

Duhem integration has to use particle exchanges, but exchanges can be avoided for one
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component, usudly the one mog difficult to be exchanged. Lisal and Vacek used
Gibbs-Duhem integration for mixtures of two-centre Lennard-Jones fluids [Lis96by.
Even though numericd erors in the integration and inaccuracy of the initid coexisting
point may lead to deviaions from the actud phese diagram, the method is very rdigbdle,
and for the solid and highly structured phases is the mogt efficient among the other
techniques.

In a sandard Monte Carlo technique, averages of the thermodynamics quantities are
cdculated for the parameters chosen in the smulaion. For example, to obtain vaues of
thermodynamic quantities relative to a number of different temperatures, an equivdent
number of smulations have to be performed. Ferenberg and Swendsen envisaged a
method [Fer88] that, conddering only a sngle smuldion a given vadues of some
parameters, dlows cdculating the thermodynamic quantities for different vaues of
those parameters. This concept was fird gpplied with the 1sng modd [Fer88, Fer89,
Dru96], usng multipole hisogram techniques to collect daa a different points of the
parameter space in order to caculate a didribution for the densty of the dates The
same scheme, known as higogram reweighting methods, can be used for continuous-
goace fluids. Details of how this procedure can be gpplied far phase equilibria of pure
and multicomponent systems are given in the references [Wil95, Pot98, Pot99, Pan98,
Pan00]. The histogram reweighting methods show better accuracy in comparison with
the Gibbs ensemble [Pot98] for a given amount of computer time, and they are more
reigble in deriving citicad points in conjunction with finite-size formdism [Pot98]. The
disadvantages of these methods are that their implementation requires more effort and

their efficiency decreases rapidly with increasing sysem size.
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Conddeing that we wanted to dudy the vepour-liquid equilibria of fluids with
relativdly complex intermolecular potentids requiring a reasonable accurecy, the choice

of the Gibbs ensemble method suited our needs best.

Transport phenomena

Satidicd mechanics devoted to equilibrium sysems provides, usng a molecular
description, phase averages of macroscopic quantities such as for example pressure and
goecific heat. These phase averages ae obtained through probabiligtic assumptions,
asociding a probability to each date of the sysem and usng andytic tools for the
congtruction of asymptotic formulae [Khi49)].

Viscous flow and thermd conduction phenomena are examples of non-equilibrium
systems. They are usudly caled trangort processes. The transport properties of atomic
or molecular fluids under shear ae of dgnificant scientific and technologica interest.
The dependence of the shear viscodty (see Chepter 2) as a function of gpplied drain
rae is of mgor importance in the dedgn of suitable lubricants and the viscodadtic
properties of polymer mdts under extensond and shear flows is important to the
industriad  processng of plagics The dructurd design of molecules under appropriate
flow fidds can be aded by goplication of smulaion methods such as non-equilibrium
molecular dynamics [Eva90, Da92]. In addition, NEMD can dso be used to asess
rheologicd modds such as the Rouse or Doi-Edwards modds of viscodadicity for
polymer solutions and mdts [Doi86], or the mode-coupling theory of Kawasaki and
Gunton [Kaw73].

Shear viscodty is one of the Navier-Stokes trangport coefficients [Eva90], which
relate thermodynamic fluxes to their conjugate thermodynamic forces. Huid mechanics

is adle to determine the macroscopic behaviour of non-equilibrium systems, but its laws
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need to be supplemented with the specification of adequate boundary conditions and
with thermophysical congants like the above mentioned transport coefficients These
quantities are usudly obtaned through experiments. One of the ams of dHaidica
mechanics, devoted to non-equilibrium sysems is to derive these quantities from a
microscopic description of the system. For dilute gases, kinetic theory [Hey98] is adle
to provide vdues of the trangport coefficients in excdlent agreement with the
experimental data [Bar71b]. Unfortunately, this theory can not teke account of higher
dendty fluids. It has been proved that Navier-Stokes transport coefficients are non-
andytic functions of the dengty [Dor70, Dor72], which means that a power-series
expangonisnot possble

Kubo [Kub57] demondrated that a linear transport coefficient can be determined
through the equilibrium fluctuations of the rdative flux. For example the (GreenKubo)

relationfor shear viscogty, h, in the limit of zero sheer rate is

_V x
__Td (O)P, (t) (13)

0

where - P, is the shear stress, k, is the Boltzmann congtant and ( ) represents an

xy
equilibrium ensamble average. Eg. (1.3) and the equivdent Green-Kubo reations
[Eva90] for the remaning trangport coefficients can be cdculated via equilibrium
molecular dynamics gmulaions. Time corrdation functions, like Eg. (1.3), ae the
average response of sysem propeties to spontaneous fluctuations, which  ae
consequently very smdl. The dgnd-to-noise ratio is poor a long times, which may give
an important contribution to the integrd in Eq. (1.5) or in the GreenKubo reaions for
other trangport coefficients. Furthermore, the finite Sze of the systlem limits the time the
corrdation functions can be caculated for [All87, Hey98]. To counter these limitations

NEMD techniques were invented, in which the response of the system to an induced
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perturbation is caculated. The perturbation the sysem experiences is larger and
consequently  the sgnakto-noise ratio is improved. Furthermore, these techniques can
condder the deady date response to the perturbation, thus the long-time beraviour of
corrdation functions is avoided.

A common practice to generate a norrequilibrium gate in a molecular smulation, for
example to induce a momentum or energy flow, is to introduce in the smulation cdl
boundary regions which act on the patices as momentum or energy reservoirs. The
idea behind these techniques is to smulae closdy what occurs in red systems. For this
reason they ae cdled ‘redidtic’ techniques. For example Ashurst and Hoover [Adh73,
Ash75] smulaed planar Couette flow usng flud-like diding wadls [Lie92] and
cdculated the Lennardtdones fluid shear viscosty. Tenenbaum e d. [Ten82] usd
sochadtic boundary conditions to sSmulate the contact with themd wals Thee
methods can not use full periodic boundary conditions, therefore they are characterized
by surface effects and inhomogeneities in the thermodynamic properties of the fluid.
Less and Edwards deveoped periodic boundary conditions [Lee72], which enable one
to gmulae homogeneous planar Couette flow in which the low-Reynolds-number
velocity profileislinear [Evad(].

A different gpproach to smulae a non-equilibrium sysem condds in dtering the
sandard equations of motion, introducing ‘atificid’ mechanicd fidds, which exet the
perturbation on the sygtems [Hoo80, EvaBAc, Evadl]. Techniques adopting this concept
ae cdled ‘synthetic’. Importantly, they do not suffer from surface effects and spatid
inhomogeneities. Since the mechanicd fidds exet work on the sysems, which is
converted into hest, ackquate thermostats have to be used [Hoo85, Evad0] to avoid
heating up the sysem. Goding & d. [Gos73] used a Satidly periodic fidd to smulate

a sydem under a snusoidd transverse force and cdculaied the viscodty utilizing an
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extrgpolation to infinite wavelengths of the induced velocity profile They did not use a
thermodtat, but they adopted an adequatdy smdl amplitude of the force, which avoided
the temperature risng too rapidly. A further sep in this direction is represented by the
techniques adopting non Hamiltonian dynamics [Eva90]. For example, for a Nos:-
Hoover [Hoo85] thermostat, the particles of the system are weakly coupled to a therma
reservoir, which can add or remove kingtic energy. This is achieved introducing an extra
teem in the accderation equations. The resulting eguations of motion can not be derived
from a Hamiltonian. The Evans-Gillan equations of motion for heat flow [Evad0] are a
modification of the andard equations of motion obtained with the introduction of a
gyntheic fiedd acting on each particle. This synthetic field reproduces the effect on the
system of a red temperature gradient. No Hamiltonian is known which is able to
generate the Evans-Gillan equaions of motion. Both Gaussan [Eva90] and SLLOD
[Evad0] equaions of motion, which are described in detall in Chepter 2, can not be
derived from any Hamiltonian.

GreenKubo rdations can be goplied not only a equilibrium, but dso to adiabatic
linear (wesk fidds) response theory [Evad0]. When thermodiats are used, to keep for
example the kinetic energy condant, equivdent relaions can be obtaned to cdculae
the transport coefficients [Eva90]. Evans and Morris [EvaB4al showed that time
corrdaion functions usng ether Newtonian or Gaussan isothermda  eguations of
motion for Navier-Stokes trangport coefficients like shear viscosty, sdf diffuson
coefficient and thermd conductivity, are equivaent in the large-system limit.

A further advantage of NEMD techniques is that they can be used to study the non-
linear response of systems, where the GreenKubo relations can not be used. For srong
fidds, the trangport coefficients can be obtained directly by rdating the thermodynamic

fluxes to the relevant thermodynamic forces. In the NEMD SLLOD technique for planar
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Couette flow, the viscosty is derived via the ratio of the shear dress to the drain rate
(see Chapter 2). It is noteworthy to point out that this direct method can not be gpplied
efficently for wesk fields because of the deterioration in the Sgnd to noiserdio.

The mogt efficient way to cdculate the transport coefficients in the smdl fidd
regime is to use ‘synthetic  NEMD techniques in conjunction with the trangent-time
corrdation function (TTCF) reatons [Evaf0]. As GreenKubo reations extract
trangport  coefficents from fluctuetions of microscopic fluxes a  equilibrium, smilarly,
TTCF reations extract them from fluctuations of microscopic fluxes arbitrarily far from
equilibrium. TTCF can be goplied to genuindy nonlinear transport processes.
Moreover, TTCF rdations in the linear response regime reduce to the Green-Kubo
relaions [Evad0]. It has been shown dso that the TTCF and NEMD direct method lead
to the same reaults for strong fidds. The subtraction response method [Cic75, Cic76,
Cic79] can ds0 be gpplied in the smdl fidd regime, but it has been demondrated that

TTCFisin generd preferable in the long time limit [Evad(0].



