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Abstract

Molecular modelling of meso- and nanoscale dynamics iseored with length and time
scales that are in the transition zone from molecular toisonm models. Molecular
simulation methods, in particular molecular dynamics (M@jly allow the simulation of
relatively small nanoscale systems. Continuum methods, ascomputational fluid dy-
namics (CFD), are applicable at macroscopic scales but ¢edsevalid for nanoscales.
This thesis is focused on hybrid MD-CFD methods with georoatriiecomposition that
seek to bridge the gap between molecular and continuum tiroglel

The hybrid solution interface (HSI) establishes the coypbetween the molecular and
the continuum domain. In this work, féerent realisation approaches for the HSI, flux and
state coupling, are discussed and compared. A detailestigagion on MD flux boundary
conditions, the most crucial part of a flux based HSI, is earout. Diferent schemes
for the imposition of mass, momentum and energy fluxes thraamvective and viscous
transport are presented: direct and indirect flux impasitay convective fluxes; the impo-
sition of momentum fluxes through reflective walls, extefoetes and the reverse velocity
scheme; and imposition of energy fluxes through externaefmand an energy transfer
scheme. Dferent combinations of these schemes are compared for sthfiola situa-
tions.

The momentum and energy transfer by an external force ar@atelaxation zone at
the MD boundary. The characteristics of this zone is ingas#id in detail and a theoretical
model for the density profile has been derived. The revergeitg scheme has been cre-
ated as part of this work to avoid the problems encountereghwising the external force
for the momentum transfer. It is shown that indirect convediux imposition in conjunc-
tion with the reverse velocity scheme gives the best refudthe standard flow situations.
The scheme is also tested for liquid flow past Carbon nanotubes
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number density
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CHAPTER 1

Introduction

Molecular modelling of meso- and nanoscale dynamics is drnbeopillars of the ex-
panding fields of mirco- and nanotechnology. Concerned wititgsses in the range of
0.1um - 100um, microtechnology has its origins in electrical enginegmvhen the devel-
opment of microscopic transistors and integrated eledtaiccuits paved the way into the
era of digital computers. In the 1980s, microtechnologyaexjed to integrate mechanical
elements, such as sensors or actuators, with electrona@sicro-electromechanical sys-
tems (MEMS) [124]. This promises to have an impact on neargyyeconsumer product
category through opening the possibility of complete syst®n-a-chip for applications
such as biochemical sensors, acceleration detectorsrimags, inkjet printheads or fast
switching micro-mirrors for electronic projectors andiopt switching in telecommunica-
tions. However, the limit of minimisation is not reached dtmscale; nanotechnology
addresses processes and scientific problems at even smalhgions of A to 100 nm
(1 nm=10"°m) [56]. With its roots going back to Richard Feynman’s idea3here’s
Plenty of Room at the Bottofd9], nanotechnology emerged as a topic (and technical
term) in the 1970’s [177] and in the late 1980’s [56]. Likewi® microtechnology, the
ability to systematically understand, organize and mdatpumatter on the nanometer
length scale can be considered as a broad definition of namodtogy. Applications of
the subject include: nano-membranes (including bioldgimambranes), nano-crystalline
materials; nano-layers with selective optical barrieispérsions with optoelectronic prop-
erties; chemical and bio-detectors; advanced drug dglisgstems; protein engineering;
new generation of lasers; nano-electromechanical systaraship (NEMS); carbon nano-
tube products; nano-particle reinforced materials; ttadmarriers; information recording
layers; molecular sieves and filters; high hardness cutitioly and new bottom up fabrica-
tion techniques.

Computational modelling and numerical simulations are irtgy for scientific progress
and engineering work because they can often provide a maadetk picture of crucial
physical processes than laboratory experiments do. Atasgale and, in particular, at
nanoscale, such computational experiments are indispknkacause performing experi-
ments at these dimensions and obtaining quantitative d&eremely diicult and expen-
sive. This is mainly due to lack of suitable analysis toolgha limitations of available
tools in measuring variables of interest and in picturingssmall systems. Also, the fast
time scales at which processes at micro- and nanoscale cooplicate the experimental
procedures. Thus, it is fiicult for the experimentalist to actually see what happers in
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system of these dimensions, in particular the dynamic bebav

For the reasons given above, numerical simulations areéattiecelucidate the physics
and dynamics of micro- and nanoscale systems; substitigingi experimental abilities;
act as a supplementary investigation tool; serve as a waliidaource and to give design
suggestions or to serve as a virtual test environment folNEMS and MEMS. Finally, nu-
merical simulations are of importance to engineering ssgeas well as biology, medicine
and pharmacy.

1.1 Two perspectives

Nanoscale is an area where twdfdient approaches to understand matter meet. From the
macroscopic (or mesoscopic) point of view, solids, fluidd gases are considered to form
a continuum, which can be described by laws such as the N&tad&ies equations. Space
is thought to be filled continuously with matter that at anynpaor infinitesimal small vol-
ume around the point, is in a local equilibrium. The promsrtof matter are shiciently
described by macroscopic and thermodynamic state vasiableh as density, velocity and
energy, with changes in space and time being smooth. Appirogsmaller length scales,
one eventually enters the realm of nanoscale, where théncom dissolves into discrete
particles, i.e. atoms and molecules. The atoms are imagigedass points that interact
with each other through interatomic forces, in particulaceostatic force. The physical
properties of matter are determined through the interplélyeoatomic positions, velocities
and their interactions with each other.

For both perspectives, mathematical models and compo#dtinethods have been de-
veloped to simulate the behaviour of fluids. Widely used iconim based methods are
computational fluid dynamics (CFD) [10] or finite element noety (FEM) [18]. Molecu-
lar simulation methods comprise statistical methods, sisatirect simulation Monte Carlo
(DSMC) [20] or lattice Boltzmann equation (LBE) [29], and thdeteninistic molecular
dynamics (MD) method [2, 43]. Quantum mechanical (QM) mdtheven include the sim-
ulation of the atomic electron cloud [82, 116]. Each of theseulation methods has its
limitations and can only be used within specific length antketscales.

Theoretically, all scientific problems, including macropic ones, could be solved only
using deterministic molecular simulation methods. Oneldisimply compute the motion
of all atoms of the system of interest for the respectiveqaeaf time to obtain the atomic
trajectories. Containing the complete information aboetsystem for the computed period
of time, the set of trajectories could be used to answer asgiple question about the
respective system. For instance, any desired macroscoghemnodynamic variable such
as temperature can be calculated, as these quantitieseaprgatistical averages of the
detailed molecular data.

Unfortunately, things are not quite that simple and theitgtanformation has a price.
Molecular simulation methods are computationally extrigntEemanding. On modern
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computers, the most accurate quantum mechanical methdidsnlyi allow the simula-
tion of few hundred atom at maximum. The classical molecdyayamics method is much
more economical and has become a standard tool for simulatioanoscale. Still, the
required computational resources limit its applicatiosytstems containing several million
atoms. This poses an upper limit in terms of length scales Drsivhulation, which is well
below microscale, in the range of few nanometeksrger systems, such as the 320 billion
atom simulation by Kadau [103], can only be carried out usnagsive parallel computers
that are exclusively available to few high performance cotepcentres. Another limita-
tion of MD is that computable time scales are in the range nbeaconds, far too short for
many dynamical problems whose characteristic times areamange of microseconds or
even several seconds.

In contrast, continuum based methods are several orderaghitode faster and can
be used over a broad range of length and time scales, evennfioispheric or oceanic
currents. However, as one advances to smaller dimensioasjrtderlying assumptions
of the continuum model cease to be valid. For fluid flow modebyg the Navier-Stokes
equations these assumptions are:

The continuum condition: It requires all material properties to be defined at everyipoi
in space and to vary continuously and smoothly (Derivatofesll dependent vari-
ables exist within reasonable limits) [58, 141]. Materiabgerties comprise kine-
matic properties (e.g. velocity and acceleration), thetymamic properties (e.g. pres-
sure and density) and transport quantities (e.g. viscasitlyditfusivity). The contin-
uum condition will only be satisfied if there are enough males within a sampling
point (In reality the sampling point is a small volume fract). If the considered
dimensions, such as the grid spacing, are too small or treeiftoo dilute, the num-
ber of molecules in the sampling volume is iffstient and statistical fluctuations
become significant. According to Bird [20], a sampling voluneeds to contain
more than 10,000 molecules to reduce statistical fluctonati®low 1 %. Depending
on the density, one can give an approximate minimum gridisgadove which the
statistical fluctuations are acceptable.

Local thermodynamic equilibrium: The derivation of the Navier-Stokes equations as-
sumes a nearly linear relation of stress to rate-of stradrofiheat-flux to temperature-
gradient. This only holds if the flow is locally at each poiwt moo far from a ther-
modynamic equilibrium. To satisfy a thermodynamic equilibn, the number of
encounters (collisions) between molecules within a sawmglieme during a time pe-
riod that is small compared to the smallest time scales adwmofthe flow must be
suficiently high [141].

In general, the continuum condition is mostly satisfied amithe requirement for ther-
modynamic equilibrium that breaks down first [58]. For gas/fipthe criteria to determine
whether a flow can be treated as a continuum is the local KmuasmbeiKn = A/h, where
A is the molecular mean free path ahd characteristic length scale of the flow, such as

'For example, a cube of water at room temperature contair@griillion molecules has a side length of
only 144 nm
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the channel width [20]. FoKn < 102 the Navier-Stokes equations are valid with no-slip
boundary conditions, fokn > 1073 slip must be taken into account and non-linefieets
invalidate the Navier-Stokes equations #n > 10°!. There is a transition regime for
10! < Kn < 10! before free molecular flow (10< Kn). Similar efects of the breakdown
of the continuum model occur in for the liquid phase. Howetle situation is less clear,
because of contrary experimental data and the lack of ai&itetory as in the case of gases
[58]. One situation that leads to a breakdown is when thershéaexceeds approximately
twice the molecular interaction frequency [141]. Apartnfra general breakdown of the
continuum model, there are numerous situations in whicledméinuum model is valid for
the bulk material and only breaks down within certain regithrat can not be described ad-
equately by a continuum model. Typical examples comprigseptex flows near interfaces
like wetting, drop formation, melting, crystal growth fraafluid phase, moving interfaces
between immiscible fluids or biological membranes [41]; gghahanges, such as solidifi-
cation or fouling; crack propagation in solids; flows intgmag with nanoscale structures
such as carbon nanotubes [193]; chain molecules or bia@bgiolecules near interfaces,
like polymers that are tethered to a hard wall [17]; singtits such as the moving contact
line problem [155].

From the described limitations it is clear that continuuntimods are only applicable for
macroscopic problems and molecular simulation methodewlseof practical use at mi-
croscopic length scales. This isfBaient for problems which are either entirely of macro-
scopic natures or whose dimensions are small enough to heated by MD. However,
the nature of many scientific problems is intrinsically magdale. This is when microscopic
phenomena on atomic length scales manifest in macroscogiess Such problems can
not be solved, either by MD, because the required computatafort is simply too large,
or by CFD due to the lack of a valid continuum model to descriteeimportant micro-
scopic phenomena. Therefore, such problems are not aslegssther by continuum or by
molecular simulations. This is illustrated in Figure 1.hese the length and time scales
covered by the continuum and molecular methods are indicate

Multiscale methods can be used to bridge the gap in betwesnistic and contin-
uum scales. In principle, there are two major directions uitiscale modelling: methods
for extending the atomistic length scales are referred &pasial multiscale methods and
methods for extending the time length scaleteasporalmultiscale methods. This work is
only concerned with spatial multiscale methods.

Spatial multiscale methods exploit the fact that in manyatiobns the atomic descrip-
tion is only required within small parts of the simulationngain while for the majority
the continuum model is still valid (examples have been plediabove). This provides an
opportunity to perform concurrent continuum and molecsiarulations for the respective
parts of the simulation domain using a coupling scheme amexdion between the con-
tinuum and molecular method. Calculating the majority ofdloenain by fast continuum
solvers, which are several orders of magnitude faster thaleqular simulation methods,
can speed up the computation tremendously. For this reasch,methods, callellybrid
molecular-continuunmethods, can enable the simulation of problems that areccesai-
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Figure 1.1: Limits of applicability of diferent computational approaches with respect to length and
time scales.

ble either by continuum or by pure molecular simulation rod# Typical examples are the
simulation of dynamic friction, which involves melting onet interface between two slid-
ing block of materials [81]; fluid slippage past surfaces3|l 6racture propagation [33];
problems involving phase transitions [188]; fouling atfages; wetting; moving contact
line between two immiscible liquids [110]; mass transpbrbtigh membranes; systems
with locally high stresses or strong gradients; flows in mi@r nano-channels with spe-
cific surface features; flows along surfaces with no ideatsignor slip condition or where
the liquid molecules interact with wall molecules; simidatof micro- and nanoscale flow
control devices (MEMS); transport processes in biologicghnism; and others. The range
of applications indicates that hybrid molecular-contimumethods will have an impactin a
number of fields, such as aeronautical engineering (mier@avehicles, pumps and com-
pressors for micro-propulsion), material sciences, mamgineering (Fuel cells, microjets
for ink jet printing, simulation of magnetic disk storageitsnMEMS, sensors and actu-
ators, lab-on-a-chips, nanotechnology, NEMS, DNA marapah and transport, biology
(simulation of proteins and cell membranes), medicineyiplaay (drug delivery systems
providing controlled release, biofluidic filters and separs, electroosmotic pumps, inte-
grated microfluidic vents).
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1.2 Hybrid molecular-continuum methods

Hybrid molecular-continuum methods have been investayftedifferent combinations of
computational simulation methods. Major research dioestiare the coupling of

e molecular dynamics with finite element methods (MD-FEM),
e direct simulation Monte Carlo with computational fluid dynasy\DSMC-CFD) and
e molecular dynamics with computational fluid dynamics (MDBJF

This work is focused on MD-CFD hybrid methods. Nevertheladsjef overview over the
other two combinations is given below.

MD-FEM

Hybrid MD-FEM methods have been developed for the simutadiosolids. Here the cou-
pling between the continuum grid and the molecular domamstablished by assigning
atoms permanently to grid points. Following the early wofkKohlhoff and Schmauder
[109], a number of dferent methods have been suggested for the constructioe tff-
sition region between the FEM mesh and atoms of the MD regibnese include the
quasicontinuum method, the CLS method, the FEA method, therfan-local quasicon-
tinuum method and the CADD method Curtin and Miller [34]. A tgdireview on these
methods has been published by Curtin and Miller [34].

Rudd and Broughton [160] reformulated the continuum regiomtypducing a method
called coarse-grain molecular dynamics (CGMD) in order toicdifficulties in smooth
transitions from atomistic to continuum in the presenceeaipierature féects. The bridg-
ing scale method to concurrently couple MD and FEM was pregdsy Wagner and Liu
[189]. The advantage of this method is that the FEM does netl ne be graded down
in spacing, which allows the usage offdrent time steps in the FEM domain than in the
MD domain. The two-dimensional version was extended tcetdimensions by Park et al.
[146]. A recent summary on the method can be found in Refergdrdg.

Methods developed for MD-FEM coupling are only applicablsslids, where the po-
sitions of atoms relative to each other do not change sigmifig. In the case of fluids, the
situation is more complicated because of the random atoratomof the fluid particles,
which causes continuous mixing through moleculdiiugion. This seems one reason why
there is only a relatively small number of studies dealinthwvie development of hybrid
molecular-continuum methods for fluid flow.

DSMC-CFD

Initially, the development of hybrid methods for fluid flowdhiaeen focused on dilute gases,
because these are easier to handle than dense fluids, wad@uitindary imposition is more
complicated. The fastest molecular method for the simariadi dilute gas flows is DSMC,
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developed by Bird [20]. As a statistical molecular methods f several orders of mag-
nitude more #icient than MD, however remains leslieient than CFD methods. For
DSMC-CFD hybrid methods the coupling is established througdtlapping bifer cells.
This is very similar to the function of MD-CFD hybrid methodaehich is explained detail
in the later chapters of this work. Wadworth and Erwin firsind@strated the function
of DSMC-CFD hybrid schemes for a one-dimensional shock wa8é][and for a two-
dimensional slit flow [187]. The schemes were developedhé&rby Eggers and Beylich
[44] and others. In a pioneering work, Garcia et al. [59] sgigd the AMAR (Adaptive
Mesh and Algorithm Refinement) method that uses a NaviereSteklver in conjunction
with mesh refinement as a natural framework for the intradaatf the DSMC simulation
at a certain refinement level. A review on DSMC-CFD methods eafobnd in Reference
[195].

MD-CFD

MD-CFD hybrid methods for dense fluids are probably the moatiehging methods be-
cause of the diiculties involved in applying the boundary conditions orte MD domain.
At the same time, it is the scheme with potentially the brgadange of applications.
While, DSMC-CFD methods can only be applied for the simulatibdilate gas flows and
MD-FEM methods are restricted to solid state, a MD-CFD methag be used for liquids,
solids (providing the respective equations of state forsiiel material are available) and
for dense gases.

Similar to the other two hybrid methods, the coupling betwise MD and CFD domain
along the interface is established through overlappinig eghich are used by a coupling
scheme to join the two fierently modelled domains to one single physical space. This
part is the heart of a MD-CFD method and referred tdsrid solution interfac€HSI).
The HSI prescribes the geometrical arrangement on thdaote(for example, how far the
domains overlap), and the protocol (or algorithm) of theptimg scheme. Essentially, all
coupling schemes measure some guantities on the molecwamethe continuum side of
the interface. Following a transformation into moleculacontinuum formulation, these
guantities are then applied as boundary conditions on #pertive sites of the molecular
and continuum domain. In a fully coupled scheme, the prosesscessarily working in
both directions, i.e. from continuum to molecular and vieesa.

On which type of quantity the coupling should be based on kas la subject of some
debate. Some researchers advocatepling by statg111, 195], where the exchanged
guantities are state variables, such as pressure, velditi temperatures. The alterna-
tive approackcoupling by fluxespreferred by others [39, 55], is based on the exchange
of fluxes, i.e. mass, momentum and energy fluxes. While the staipling approach is
restricted to incompressible steady state problems, tketiupling approach can be used
for compressible unsteady flows as well. However, it is theg flux coupling methods
are limited in the computable time span by the fact that theyaaly spatial multiscale
methods for which the computable time span is still dictddgdhe molecular simulation

2MD simulations are mostficient for dense systems. The lower the density the I&&sent the MD
method becomes, compared to the number of simulated atoms.
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method, i.e. MD [195].

The first state coupling approaches were only applicablecémarios without mass
or energy transfer across the interface. O’Connel and Thom[#s42] simulated a one-
dimensional incompressible Couette flow using a hybrid MD-Cébeme for liquids
based on an overlapping region between the CFD and MD domainsotipling of ve-
locities using constrained Lagrangian dynamics.

Hadjiconstantinou and Patera [69] proposed two-dimemsistate coupling scheme.
To enable mass flow across the MD-CFD interface, the rectan®liD region is embed-
ded into a bigger simulation box with periodic boundary atads that serves as particle
reservoir. A ‘Maxwell Demon’ is used to enforce the contimuuelocities on the atoms
at the MD-CFD interface. The Schwarz alternating schemeheiricompressible formu-
lation was used as a time marching scheme to converge thgosslof the MD and CFD
domains to a steady state. This hybrid method was first appiie?oiseuille and Cou-
ette flows of supercritical Argon [69]. Later, the method weatended to two species and
applied to the moving contact line problem [71].

The state coupling hybrid MD-CFD method was further devetlobg Werder et al.
[193]. They disposed the reservoir region and used speuwtdds and consistent body
forces to confine the atoms within the molecular region. i€larinsertion and removal
algorithms was used to ensure constant density in the boyneizion and to realise in and
out flow of mass. The scheme was demonstrated on the flow of @akewlones fluid past
a carbon nanotube.

Hybrid methods based on flux-coupling are the latest type/bfit MD-CFD methods
to be developed. The pioneering work was done by Flekkoy. §54] and Wagner et al.
[188]. They developed a flux coupling method for incomprgsstlows. The scheme
couples the mass and momentum fluxes on the interface bethe@iD and MD domain.
A reservoir region on the boundary of the MD region is usedriplement the fluxes onto
the molecular domain. Mass fluxes are implemented by thetioseor removal of atoms
into or away from the reservoir region. The momentum fluxesteansferred through an
external force that is acting on the atoms in the reservgiore The method was tested for
incompressible Couette and Poiseuille flows [53, 188].

Delgado-Buscalioni and Coveney [40] improved the flux couplpproach and ex-
tended it to compressible flows through incorporating thepting of energy fluxes. This
required the development of a search algorithm, referrealsttySHER [39], that seeks
insertion sites for atoms and molecules at a desired enewgy. I The MD flux boundary
conditions were verified for longitudinal and transversal/es in an one-dimensional sys-
tem [40]. The fully coupled scheme was then tested on osmilfavall flows [38], though
only for an incompressible isothermal fluid. The method was applied to the simulation
of a single tethered polymer in a solvent, subjected to lasaily flow [17].

Later, the USHER algorithm was extended to incorporate risertion of molecules
such as water [37]. Improved flux boundary conditions forlti2 domain were achieved
by ensuring that the flux imposition fulfills the second lawtleérmodynamics and thus
minimises the entropy production. Accounting for fluctoas of the state variables on the
continuum side at nanoscale by introducing fluctuation semmto the continuum solver,
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Fabritiis et al. [47] presented the respective MD-CFD fluxgog method which was
tested on sound waves travelling in bulk water reflected lyyid inonolayer.

Reviews and discussions on the hybrid MD-CFD methods have fogdished by Wi-
jesinghe and Hadjiconstantinou [195] and Koumoutsako$][lAdditional information on
the discussed methods can be found in [70, 194].

1.3 Alternative methods

Beside hybrid molecular-continuum methods, there are alseronethods that may be
used for the simulation of certain types of meso- and nanedloavs. Most of them are
based on the Boltzmann transport equation and can broadliagsifeed into pseudo par-
ticle methods and higher order moment methods. Generaélydlidity of the Boltzmann
transport equation for a specific material, a gas or liquehehds on the employed colli-
sion integral. Thus any model derived from this equationstently only be applied within
the validity envelope of the collision integral. In case loé tlassical Boltzmann transport
equation, the collision integral is based on the kineticthasry and thus assumes binary
collisions, molecular chaos, and point mass molecules.célghis strictly only valid for
gases and not for liquids.

Algorithms to solve the Boltzmann transport equation itse#f very complicated to
implement for general applications and are thus restritdiegeometrically simple cases,
such as channels [58]. Higher order moment methods can lneeddrom the Boltz-
mann equation. Unlike their lower order counterparts, théeEequation (zeroth order)
and Navier-Stokes equation (first order), these equationsgam higher order terms to ac-
count for departures from equilibrium. They are also knowregtended hydrodynamic
equations (EHE) [1]. The most often used EHE is the Burnetaggu, which was orig-
inally employed for rarified gas flows in the upper atmosphbut has also been applied
for microscale gas flows [122]. However, solving EHE is oliadling and involves signif-
icant numerical and computationaHittulties that restrict the application of EHE models.
Furthermore, the EHE fail to capture some important miapg&cphenomena, such as the
Kundsen layer [123].

Pseudo particle methods include the dissipative partiptachics (DPD) method [66],
the direct simulation Monte Carlo (DSMC) method [20] and th&da Boltzmann method
(LBM) [29]. DPD is basically a coarse grained MD simulatiorhélfundamental particles
are beads that comprise a number of atoms. All forces betwasitles smaller than the
bead are assumed have averaged out and only the resultoes foetween the beads are
modelled. Three forces types are modelled: (i) a harmomesexwative force, (ii) a dissi-
pative force representing the viscous drag (energy draid)(#) a random force (energy
input). Originally, DSMC has been developed for high-speedied gas flows. It is not as
effective for the simulation gas flows at micro- and nanoscaeabse it stliers from slow
convergence and large statistical noise under these comsl{68]. Most importantly, the
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DSMC is limited to the simulation of rarified gas dynamics aat not be used for dense
gases and liquids. The LBM has a relatively simple algorithat thoves pseudo particles
along a lattice. Two particles experience a collision whavimg on the same lattice point.
The method has be applied for rarified and continuum gas fltwean also be used in the
incompressible limit and for liquid flow. However, it is a a¢ively new method and all
implementations known to the author employ a collision nidia is not valid for liquids;
thus the validity of the LBM for liquid flow is still question#d

The methods described above are based on the simulatiori@fge/values that com-
prise the individual properties of a more or less large nunalbatoms. That makes these
methods unsuitable for all situations in which the behavian only be modelled appro-
priately by taking into account the interactions betweefmidual atoms, such as it occurs
on interfaces, where several species are present or in Hmepdes for continuum break-
down given in the previous section. Therefore, these matdodhot substitute the need for
hybrid molecular-continuum methods.

1.4 Scope and objectives

The most complicated part of any hybrid MD-CFD method is tredisation of the MD
side of the hybrid solution interface, in particular the wsftion of fluxes or states as MD
boundary conditions [40]. This is due to the fundamenttiedénce in degrees of freedom
between the continuum and molecular formulation. The mgssiicroscopic information,
i.e. atomic positions, velocities afwd forces, need to be reconstructed or reinvented based
on few macroscopic variables. Therefore, the design anteiimgntation of the MD bound-
ary conditions is the most crucial step in the developmeangfhybrid MD-CFD method.
Moreover, a functioning scheme to impose MD flux boundaryditons is not only the
most important part of the HSI for MD-CFD coupling, but cancalte used for the reali-
sation of boundary conditions in pure MD simulations. Farsthreasons, the main focus
of this PhD is directed towards the analysis, design andidexreent of MD flux boundary
conditions for hybrid MD-CFD methods.

Despite the great potential of hybrid MD-CFD methods, thilslfad research is still in
its infancy. Only few methods, by a limited number of resbagooups, have been pub-
lished and many open questions remain. So far, fully coumBdCFD simulations have
only been performed for incompressible flows, even if MD flwubdary conditions that
include the energy flux imposition, which is required for qessible flows, have been
proposed [40]. The knowledge about the most crucial pagtMD boundary conditions
for MD-CFD coupling, is still very limited. Little is known ajut different numerical de-
signs and their stability, accuracyfieiency and physical correctness. To shed some light
on this issue, one purpose of this work is to give a structokeaview over diferent flux
imposition schemes for the individual flux (fluxes by coni@tt by stress) and the combi-
nations of those.

To implement the momentum fluxes (these arise for exampha &tatic pressure) in
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MD boundaries, previous flux-coupling schemes use an exftéorce to transfer the mo-
mentum to the boundary atoms. The external force creatdaxat®n zone at MD bound-
ary of the MD-CFD interface in which the density falls from lislk value to zero. How-
ever, this approach has a number of undesired dteets, which, for example, cause sta-
bility problems. To overcome these issues, a detailed aisabn the implementation of
the momentum flux by an external force is carried out in thiskyalternative schemes are
suggested.

Based on the above, the aims and objectives of this PhD candeghn a more detailed
level:

e To give an overview of, and analyse fldrent design possibilities of the HSI for
hybrid MD-CFD methods as spatial multiscale simulations.

e To carry out a detailed investigation on MD boundary condisi and the required
flux coupling schemes, including:

o Analysis of existing schemes for flux imposition on the MD hdary;

o Development of alternative schemes to overcome the deieienf the existing
schemes;

o Analysis and comparison of the existing and the alterndtive imposition
schemes by performing MD simulations to subject these todstal flow sit-
uation in order to:

x verify them for standard flow situations and explore theabsity, accu-
racy, physical correctness anfiieiency;

« find their application range in terms of velocity and mategstaase, i.e. gas,
liquid or solid;

x explore the resulting characteristics of the moleculatesyson the bound-
ary, for example profiles of state variables across the baynd

« identify the most suitable flux imposition schemes for usag#in the
HSI.

Hybrid MD-CFD coupling schemes pose a number of special remeénts on the em-
ployed MD codé® Traditionally, MD codes simulate a constant number of atoRts the
purpose of an MD-CFD coupling scheme, where an inflow or outibwass may occur,
the number of atoms is typically not constant. This excluaest available open source
MD codes for coupling with a CFD solver. Thus, one importarjeobwas to find a suit-
able MD code that can accommodate MD flux boundary conditamaisto implement those
into the MD code.

1.5 Publications

Whist writing the thesis, a book chapter and several jourapkeps have been written and
submitted:

3By code, the source code of a software is understood. In the aban MD code the software can be
used to perform MD simulations.
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D. Drikakis and M. KalweitComputational Modelling of Flow and Mass Transport
Processes in Nanotechnolggdandbook of Theoretical and Computational Nan-
otechnology (eds. M. Rieth, W. Schommers), American SdierRublishers, 2006.

e M. Kalweit and D. DrikakisMolecular Dynamics of Colliding Nanoclustes Com-
put. Theo. Nano Sci., pp. 367 — 377, 2004.

e M. Kalweit and Dimitris Drikakis,Collision dynamics of nanoscale Lennard-Jones
clusters Phys. Rev. B 74, 235415, 2006.

e M. Kalweit, D. Drikakis,Molecular-continuum computational models for meso and
nanoscale flows and materialBroceedings of the Institution of Mechanical Engi-
neers, Part C, Journal of Mechanical Engineering Sciend, @ihder review).

e M. Kalweit, D. Drikakis,Multiscale Methods for MiciNano Flows and Materials
J. Comput. Theo. Nano Sci., 2007 (accepted).

Additionally, a conference paper and a poster have beetewsdind presented:

e M. Kalweit and D. Drikakis Computational Nanoclusters1 Proceedings of the 4th
European Congress on Computational Methods in Applied Segeand Engineer-
ing, ECCOMAS, Jyvaeskyla, 2004.

e M. Kalweit and D. Drikakis.Computational Nanotechnologgoster at Symposia at
Shrivenham 21 — 22 February 2005, Shrivenham, 2005.

1.6 Outline of this work

To complete the introduction, the reader is provided witloaerview of the thesis includ-
ing a brief description of the content of the individual gaaind chapters. The thesis is
organised in eight chapters: (1) Introduction; (2) Modeld aomputational methods; (3)
Calculation of macroscopic quantities; (4) The moleculanaiyics code and its valida-
tion; (5) Hybrid MD-CFD methods; (6) Test cases; (7) MD flux bdary conditions; (8)
Conclusions. Beside introduction and conclusion, the themisbe split into two parts.
The first comprises of chapters 2 — 4 and introduces the mr@leeanputational simulations
techniques, underlying models, description of the emmloyedes and their validation.
The second part, constituting of chapters 5 — 7, descriemtiestigation of molecular-
continuum multiscale simulation methods for geometrigdaimposition. The focus is on
the construction of the molecular dynamics boundary cambtthat are the key part of
any MD-CFD coupling schemes. The following paragraphs gikeet description of the
content of the individual chapters.

The second chapter, ‘Models and computational methodsgrides the models and
computational methods at nanoscale that are being useciitis work. The chapter
is divided into two parts; the first is concerned with molecuhodels and the molecular
dynamics simulation method, the second with the continuum.

The purpose of the third chapter is to introduce the formalad schemes used for
the calculation of macroscopic quantities from the molacdescription. It also describes
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relevant statistical considerations, including estimaibthe expected fluctuations of the
calculated quantities.

Chapter 4 introduces LAMMPS [148], the MD code which has besadun this work.
The description covers the modules of the code that have inggiemented during the
work. The remaining sections provide a description of thdgomed validation cases,
which have been carried out to ensure the correct functpoil AMMPS.

The fifth chapter introduces multiscale MD-CFD methods basegeometrical decom-
position. Several dierent approaches and designs for constructing the ineeldfatween
the molecular and continuum domain (HSI) are discussed.

In chapter 6, the test cases used for the investigation ofriblecular dynamics flux
boundary conditions are described. Finally, chapter 7ainata detailed description and
analysis of the molecular dynamics flux boundary conditiosisg a number of dierent
schemes that have been investigated based on the test easdbel in chapter 6.
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CHAPTER 2

Models and Computational Methods

This chapter introduces models and computational methedsudmerical sim-
ulations at nanoscale. The first part focuses on the clabsimdecular model.
The underlying assumptions, equations of motion, intevaanodels and force
fields are described. This is followed by an explanation oftbécular dynamics
method, including dferent time integration schemes, force and energy calanati
algorithms, initialisation procedures and important teefues which have been
employed in this work.

The second part of the chapter is concerned with a descripifdhe model of
flow and mass transport processes in the context of contimaechanics. The
origins and approximations of the continuum equations aesented. For more
detailed information on this topic, the reader is recommesghtb consult one of
the standard books on CFD, such as References [10, 43, 184].

2.1 Classical molecular model

The classical molecular model has its origin in the trad#iovisual representation of
molecular structures. Chemists and physicists used batisembed by sticks to model
molecules in order to visualize the molecular three-dinwered structure. The model
considers atoms to be the smallest elements, which can faygetbstructures, such as
molecules or crystals. Starting from this general desonpthe classical molecular model
relies on the following approximations:

Atoms as point massesAtoms are modelled as point masses at the position of the nu-
cleus, where 99 percent of the atom’s mass is concentrated. In quantumanezs)
this is known as the ‘Born Oppenheimer approximation’ [16]ickhseparates the
movement of the nucleus and the electrons. The classicatihcodsiders the rapid
movement of the electron cloud to be averaged out.

Interaction via potential: The interaction of atoms is modelled by a potental All
forces, whether intra- or inter-molecular, classical on4etassical have to be mod-

15
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elled by potential functiorisvhich depend on the atomic positions only. Having their
origin in the interaction of sub-atomic particles, the exaatentials are only approx-
imated by analytic functions in most of the cases. The shdpbese functions
imitates the characteristics of the corresponding realeiforces. The accuracy of
the simulation results is mainly determined by the accucddiiese approximations.

Modelling of bonds. According to the picture of the classical bond-stick modeholecule
is considered to be a collection of atoms kept together kgl ng semi-rigid bonds.
The reality is, however, fierent as a molecular bond is the result of the electron
density distribution between the atoms and the forces camgthe interaction of the
electrons and the protons (in the nucleus) which keep mtasc¢agether.

Bond forming intra-molecular forces are, at least, an orfleragnitude greater than
inter-molecular forces. Compared to the molecular motidorations of molecular
bonds are extremely rapid and their amplitude is very sridilis justifies the use of
rigid or semi-rigid bond models in many cases within themegg of normal temper-
atures [153].

Bonds can be subject tofterent types of deformations or movements corresponding
to the internal degrees of freedom:

e Stretching and compressiobdnd lengty;
¢ bending of two bonds relative to each othieoifd angl¢;

e torsion of a bond by rotating the neighbouring two bonds towaach other
(torsion or dihedral angle

Molecular bonds can be modelled affdrent degrees of approximations. In principle
one can:

e Freeze the movement, which means a certain property is kegk, fior exam-
ple, the bond length;

¢ define a potential function that determines the bond forces;

e impose no restriction at all. This is not possible for thedbtength, because it
would mean that there is actually no bond;

It is reasonable to model very small compact molecules @b stguctures with com-
plete unmovable bonds. However, for large molecules, ésihechain molecules
such as proteins where the shape of the molecule is changitige, fixed bonds
would be highly unrealistic. In this case it is essentialde parameterised potential
functions.

LAn exception that consists of a further simplification is tase of fixed bonds. Fixed bonds are modelled
by constraints that are inserted into the molecular eqosiid motion.



2.1 Classical molecular model 17

Classical movement The foundation of quantum mechanics, the uncertaintycipie,
was formulated by Heisenberg [89]. It relates the uncetgaoha particle’s momen-
tum §py to the uncertainty of it's positioix:

h
6X ° 6px 2 E s
wherenn = h/2r with h as Plank’s constant. The direct consequence of Equa-
tion (2.1.1) is that the momentum and position of a partice oever be exactly
known.

(2.1.1)

The classical molecular model disregards the uncertamgiple. The canonically

conjugate variables position and momentum of a particlgereisely known at any

point in time. With this approximation, the motion of moléesiand atoms can be
described by the classical equations of motion.

The aforementioned constraints may limit the applicatibthe molecular model, but
they provide the advantageous possibility of describirggdbmplete system through the
equations of classical mechanics. These equations canhms smumerically with much
less dfort than using the quantum mechanical equations of the rays®y integrating
the equations in time, one can calculate, for example, tkesldd trajectory of a particle,
the conformation of a chain molecule or macroscopic proggrsuch as temperature. In
fact, molecular models comply with the view of the physicalrla in the late nineteenth-
century. However, even though the model is not accurate amigun mechanical terms,
within its validated limits it is an outstanding useful mbdad an &ective description of
the nanoscale world.

2.1.1 Simulation types of molecules

Taking into account the considerations described abovecanalivide molecular models
into different groups:

Single atoms They are considered structureless and spherical synuaktri typical
example is Argon, which may be the most often simulated ef¢inehe early years
of MD [2]. Because the movement of monatomic molecules islguranslational,
Newton’s second law and a simple potential function afgant to compute their
motion.

Rigid molecules For small compact molecules like water, it is often readtaméo con-
sider them as rigid structures that do not change their sh@pat means that all
bonds are frozen and the consistent atoms do not changepttaiion relative to
each other. The motion can be translational as well as oot@tiand any applied
force will act on the molecules as a whole. The Newton-Eulgia¢ions are the gov-
erning equations of motion which are not discussed here.giémtest advantage of
rigid molecules is that the time step does not need to be eddptthe rapid bond
vibrations, thus allowing the use of a relatively large tistep [153].
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Flexible molecules In contrast to rigid molecules, the atoms of flexible molesware
restricted as little as possible with respect to the movenwsvards each other. The
only necessary restriction is to keep the distance betweeddsl atoms constant.
This can be realized either by a soft-potential or by impgsionstraints that keep
bonded atoms at a specified distance. For the former one negdBlewton’s sec-
ond law, but for the latter the Lagrangian equations withst@ints are necessary
to describe the molecules’ motion. Flexible molecules aagniy used to simulate
polymers especially one of chain-like shapes [153]. Samej the aligning hydro-
gen atoms on a carbon atom are thought to be absorbed andatestas part of the
carbon atonf.

Molecules with potential based bonds The most realistic models involve the use of
molecules where all bond movements are governed by patéumtictions represent-
ing the underlying quantum-mechanicdlets that create the binding and restrict-
ing intra-molecular forces. Such models are often usedhersimulation of large
molecules, like proteins, to investigate their conformiativhere the bond-movement
are extremely important. There are cases in which itfEgant to consider some of
the bond parameters, for example length, as constant wiesigebNewton’s second
law the constrained Lagrangian equation of motion shoulddmied.

2.1.2 Equations of motion for atomic systems

One of the primary application of the classical moleculardeias to simulate how the
system progresses in time. The aim is to generate atoméctosjes which can be analyzed
and compared with experimental data. In order to advancgystem in time, one needs to
integrate the system'’s equations of motion. The followiegt®n gives an overview of the
basic equations for fferent types of classical molecular systems. In the simphkess, for
a system containing only single atoms, Newton’s second $akequired. The simulation
of rigid molecules requires the use of the Euler equationishvimay be best expressed by
Hamilton’s quaternion. For flexible molecules which arejsabto internal constraints, the
Lagrange description is employed [153]. Introduction itite mathematical background
can be found in classical mechanics textbooks (for exan@adgstein et al. [62] provides
a comprehensive discussion of the subject).

From the classical point of view the state of a conservatpgtest of particles (atoms)
interacting via a potential/, can be described by a setfindependent generalized coor-
dinate$, g;, and velocitiesq;, [62]. The governing equation of motion may be expressed

in various ways. A fundamental form is the Lagrangian equmatif motion
d(oL\ 0L .
—|—=|-—=0, i=1.,N. 2.1.2
dt (5(].) ffor ! ( )

2This avoids the use of a mixed, rigid and flexible structure.

3A conservative system is a system in which all forces (extmpes caused by constraints) are derived
from a potential energy functiofy and the potential energy function is an explicit functiorpositions only
[62].

4Generalized coordinates can havffetient physical meanings, such as length or angle.
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The Lagrangiar/ is a function ofg; andqj, i.e. £ = £(q, g), defined by the kineticK)
and potential ¢’) energies as
L=K-V. (2.1.3)

Hamilton’s principle is a fundamental principle for the neot of monogenic mechani-
cal systemsand holds independent of the specific choice of coordindtesates that the
actual path of the system in time is distinguished from al dther possible paths by the
fact that the line integral (action integral)

s:fLm (2.1.4)

Is an extremum. Itis possible to prove that Lagrange’s egué2.1.2) follows from Hamil-
ton’s principle [62].

Newton’s second law which governs the motion of a monatostesn can be derived
from the Lagrangian equation of motion. Considerm¢p be the Cartesian coordinate of
an atom and using the kinetic energy

. 1 .
K(F) = ) 5mit . (2.1.5)
i
the Lagrangiary is written as
1,
LszmnaZW%% (2.1.6)
For a single atom Equation (2.1.2) reduces to Newton’s equation of motion
mi; = fi, (217)
wherem is the mass and
fi=vV,L=-V,V (2.1.8)

the force on atom. For a system oN atoms one obtains Equations (2.1.7), which have
to be solved numerically.

The fundamental equations of motion can also be written énftihm of Hamilton’s
equations. The generalized velocitgsare replaced by generalized momentfinms, de-

fined by
oL .
i=—, 1=1.,N. 2.1.9
P =75 (21.9)
The variablegj ' andp; are calleccanonical variablesEliminatingg with the aid ofp;, the
Hamiltonian? is defined by

N
H(hpot) = Y GP- LG G0, i=1..N. (2.1.10)
i=1

5A monogenic system is a system in which all forces (excemte®icaused by constraints) are derived
from a generalized scalar potential. The potential may haetion of time, position or velocity.
6The termsconjugate momentur canonical momenturare also often used fqs.
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The HamiltonH depends on the generalized co-ordinates, on the conjugatentums,
pi, and on the timet. If H is time-independent{ = 0) then it represents the total energy
(sum of kinetic and potential energy) of the system [62].

The Hamilton equations of motion are the time derivativegaieralized co-ordinates

and momentums, that is,

'.—%{ and '.—_ﬁ{
ql_ ] p|— aql .

For Cartesian coordinates and potential functions indegetraf velocities and time Equa-
tion (2.1.11) yields

(2.1.11)

o= , (2.1.12)

B = -V.V=1. (2.1.13)

Computing the trajectories of l[d-atomic system requires to solve either a systemMf 3
second-order dierential Equations (2.1.7) or a set oN@irst-order diferential Equa-
tions (2.1.12) and (2.1.13).

2.1.3 Equation of motion with constraints

There are cases in which it is desirable to keep certain boopepties constant in order to
reduce the computationaffert. Such restrictions are called constraints and appeaxtes
forces which do not derive from the potentidl, in the equations of motion. The most
basic type is a fixed bond length, which is often applied beedhe vibrational changes in
the bond length are much faster than the changes of the batildexiral angle. A constraint
fixing the distance between two atoms can be expressed byiiktion [62]:

Iri — rj” = di?, (2.1.14)

wherei and j are the two atoms whose positions against each other are fi)sédg com-
binations of distance constraints one can fix the bond angtghedral angle where other
restrictions like planarity of several atoms are handlealdifferent way. Given a total of,
distance constraints applied on a molecule, these can beatired as a set of equations
[153]:

o= i — K =0, k=1,...nc, (2.1.15)

where thekth constraint enforces ator&) and j(k) at a distancél. Using this constraint,
the Lagrangian equation of motion for atans given by

mf; = fi +G. (2116)

This equation is identical to Newton’s second law exdgpivhich is the extra force term
caused by the constraints to keep the desired bond lengtistar. It is defined by

G =- > AViok, (2.1.17)
keC(i)

and stands for the set of constraints involving atorithe parametersy are the undeter-
mined Lagrangian multipliers.
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2.1.4 Potential energy surface (PES)

The term potential energy surface (PES) is derived from thealization of a system’s
potential energy function. This function describes theeptal energyV of a classical
molecular system in terms of the atomic positions, a highhypsified assumption. In Fig-
ure 2.1, the potential energy function is displayed for a-tlmaensional system as height
over each point in the systems geometrical configuratjoithe resulting surface is similar
to a landscape in the real world where the potential energgsponds to the the height
over a datum plane.

A
Potential
Energy

Figure 2.1: Potential energy surface for a two-dimensional system.

Because within the classical approximation the moleculationas determined by
forces, the system can be imagined as sliding over thednless PES subject to a force
that is equal to the negative gradient of the potential gntengction:

F=-VV(qg). (2.1.18)

Significant features of the landscape are local potentiaima (potential wells) and passes
between them denoted asls[42]. For example, a dfiand stable molecular structure re-
sides in a well with steep walls. There may be accessibleclgto other wells by which

the system can transit to another stable state providecetimtgh energy is available to
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allow the system to reach the col.

To compute the potential energy, one needs a so called ‘fagick which is built up
from two components [182]:

e A set of equations which forms the potential functidhand can be used to compute
the potential energies and forces.

e The parameters used in the equation for every combinatibatomic types in the
force field.

It is mainly the accuracy of the force field that determines dqiuality of the simulation
results. This depends on how the form of the potential famotioincides with the realistic
behaviour, as well as on the quality of the parameters ustheiaquations. The parameters
can be obtained either by experimental data or by ab initicutations. The terms of the
potential energy function can be classified into three gsoup

¢ Non-bonded interactions: These are inter-molecular interactions potentials caused
by the van der Waals forces and electro-magnetic Coulomiesorc

e Bonded interactions: These are intra-molecular interaction potentials of bstidtching,
angle-bending, improper dihedral and proper dihedral.

e Special contributions: This group stands for all contributions to the total potainti
that do not arise from physical interaction of atoms or pafratoms. They may be
used to enforce boundary conditions or to incorporate fticat model otherféects
of the simulation.

The potential functior)’ can be written as
V= (VNon—bonded+ (VBonded+ (VSpeciaI, (2_1.19)

whereyNon-bondedgn g Bondedgre the potential functions corresponding to the non-bdnde
and bonded interactions, respectively®Pea comprises all special contribution to the po-
tential.

2.1.5 Non-bonded interactions

The non-bonded (intermolecular) interactions origin&hown as van der Waals forces
encompass:

e Coulomb interaction between charged particles like ions,

e dipole-dipole interactions by permanent dipdlaad

¢ London dispersion forcégaused by temporarily fluctuating dipoles.

’Permanent dipoles are caused througfedent strong electronegativity of atoms inside a molecule.
8Today, the term ‘van der Waals forces’ is often used only fondion dispersion forces. It was originally
an expression for all inter-molecular forces.
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Dipole-dipole interactions can be modelled by artificiahdes inside molecules and
are treated like Coulomb interaction potentials. Thus, thelmonded potential is the sum

of
(VNon—Bonded: Z Z (Vi(j:ol + Z Z (Vivde+ Z Z Z I\ﬁw ’ (2.1.20)
i >l i i i i k>j

where the indicies, j andk are running over all interactions sites, i.e., atoms and art
ficial charged points [182].(Vﬁ°' is the Coulomb potential an@’i"jdw the dispersion pair
potential. This last terrﬂ/ivjﬁw represents the three-body interactions which despitefsign
cant contributionsare rarely included. The reason is the extreme high conipatdtcosts
that involved to calculate them. However, th&eet of the three-body interactions can be

incorporated into the pair potential by defining a so cadigelctivepair potential [2].

Coulomb interaction:

Caused by the attraction and repulsion forces between athpegtcles andj the Coulomb
interaction is displayed in Figure 2.2 and given by [112]
Qiq;

47T60rij ’

V) = (2.1.21)
wheree, is the permittivity of free spad@andr;; is the distance between particiesnd j.
The force derived from this potential is [182]:

aq; rij

ij

Dispersion interaction:

Owing to the sensitivity of this interaction tofterent surrounding conditions various mod-
els have been developed. The models itsdfiediin terms of accuracy, application areas
and computational cost.

Lennard-Jones potential:

The probably best known is the simple Lennard-Jones 12-#nfaf! [126, 130] originally
proposed for liquid Argon. The potential energy of a pairtinasi and | is

g o 12 o 6
v ‘f“:“f[(r—u) ‘(m)

9For Argon, the contribution of three-body interactions hasn found to be about 10 percent of the lattice
energy. For more polarisable species the contributionpgeeted to be even higher.

ONote, that for dense systemshas to be adapted.

The expression ‘12-6’ specifies the exponents of the repubsid the attractive terms in the potential
equation. Beside the common 12-6 version, other combinatie possible.

: (2.1.23)
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Figure 2.2: Coulomb potential: The solid and dashed lines show potential values forlesstith
equal and opposite signed charges, respectively.

whererj; = |r; — rj| is the distance between the two atoms. The paramedefines the
strength of the interaction andis the length scale. As can be seen in Figure 2.3, the po-
tential is characterized by a strong repulsion arising ftbmoverlapping of the electron
clouds and the attractive tail representing the disperisit@mactions.

By choosing the appropriate parameters, the LJ-potentitbeaised to model a variety
of elements, including Argon, Helium, Carbon, Nitrogen, @&y with varying accuracy.
For systems with a single species modelled by the LJ-pateertrly MD simulations non-
dimensionalised Equation (2.1.23) to reduce the compmunatiefort through eliminating
the parameters ande. In that case, all values in the simulation are in reducednis.
The respective relations are shown later in Section 6.5 {able 6.1). The argument
of reduced computationalfert is almost obsolete for nowadays computers and complex
simulations codes. However, results are still given in bitsuso that they can easily be
converted to any material for which LJ-parameters exist.

Buckingham potential:

The Buckingham potential’s repulsive term is more realigtan the Lennard-Jones poten-
tial [3]. This is, however, associated with more expens@puting costs. The interaction
is calculated by:
C..
VErij) = Aj exp CByrij) r—g ; (2.1.24)
ij
whereAjj, Bj; andC;j; are parameters similar to the Lennard-Jones potentialhwiage to
be carefully specified for each combination of atarasd j.
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Figure 2.3: Lennard-Jones potential.

Other dispersion potentials:

For some purposes it may befscient to use especially simple and highly idealized poten-
tial forms like the soft-sphere potential [2]

V(rij) = e(o/rij)’ = ar;}’ (2.1.25)
wherev determines the hardness of the sphereseafad well asa) is the strength of the
interaction.

2.1.6 Special potentials
Harmonic potential

Any boundary condition which is non-periodic imposes soastriction to keep the atoms
within the simulation domain. In cases where the boundangists of solid material, the
system can be confined by preventing the boundary atoms,tomsanear the boundary,
to move away from their initial position. The easiest way ¢hiave this is freezing them,
which will prevent them from moving at all. A better solutiato assign a spring force to
each boundary atom that pulls it to its original positioneHuvantage is that these atoms
still vibrate and therefore the wall can be used as a heabsis&urce. The spring potential
for an atomi is defined as

. 1
VEPIr) = k(T = o) (2.1.26)

wherer; is the current position of the atomits initial position isro;. The spring constant
k defines the magnitude of the force acting on the atoms. Basédjoation (2.1.26), the
force is given as

fi = k(ri = ro;) . (2.1.27)
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2.1.7 Bonded interactions

Bonded interactions represent the forces created by chebhdods between atoms keep-
ing the molecule together and are the primary cause of theaular shape. The bonded
(intramolecular) potential is the sum of manyfdrent interaction types, where each in-
teraction can involve a fferent number of atoms such as pair potentials, three- of four
body potentials. The most important bonded interactiordand stretchingtwo-body;
Vo), bond anglethree-bodys Vi), dihedral torsion(four-body; Vi) andimproper
dihedral (four-body;”vi'?,:{’d'). The set of interactions can be written as:

Bonded __ stretch bend tors impdi
qyBonded N qpsretchy N ppendy N viess Y vt (2.1.28)
bonds angles proper improper
dihedrals dihedrals

Note that there are also more interactions types availablehacan be found in the refer-
ences cited in Section 2.1.7.

Bond stretching:

Covalent bonds resist compression and stretching by ‘thtmgnaintain an equilibrium
length. The principle is shown Figure 2.4a and can be madi@llerarious ways by two-
body potentials with dferent degrees of realism [27].

Vv
harmonic
bond
stretching
- /- -
% —————— Morse
i J N
\
\ cubic
I : r
Mo
(a) Principle of bond stretching. (b) Harmonic, cubic and Morse potential for bond

stretching, wherey is the equilibrium bond length.

Figure 2.4: Bond stretching.

Harmonic bond stretching potential:

The harmonic potential (Figure 2.4b) is a simple and idealfanction form based on the
behaviour of a spring

1
(Vstretch(rij) — Ekisjtretch(rij _ rijo)z , (2.1.29)
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wherer;j; is the distance between the bonded atorasd j, rijo the equilibrium distance

andlgjf”e“’hthe force constant [182]. The potential approximation iy good close to the

equilibrium length, whereas for simulations outside tegime, more complicated function
forms are needed.

Cubic bond stretching potential:

A more realistic potential can be obtained by adding an remmlonic cubic term to the
harmonic potential [42, 182]:

1 1 i
(Vstretcr(rij) — ékisjtretcrtrij _ rijo)z _ Ekisjtretclkicjub|C(rij _ rij0)3 , (2.1'30)

wherekﬁUIOiC is the cubic correction value that may be invariant in sommedfdields. As can
be seen in Figure 2.4b, the model breaks downnioves too far fronrg, i.e., the bond
overstretches, and the potential becomes infinitely low.

Morse bond stretching potential:

For bonds under large tensile loads where the length doeematin near the equilibrium,
the harmonic and cubic forms are clearly inadequate [42himcase, it is common to use
the Morse potential [135]:

2

(VMorse(rij) = D;; [l _ e(—ﬁij(rij—rijo))] (2.1.31)

whereD;; is the depth of potential well; is the steepness of the well andis the equi-
librium distance. The value d¥;; can also be considered as the amount of energy required
to break the bond at zei, but it cannot be measured directly [42]. The paramgteran

be written as
/ kij
o= L — 2.1.32
ﬁlj 2DIJ s ( 3 )

with k; ] being the adjustable force constant. For small deviatibaskponential term in
Equation (2.1.31) can be approximated by a Taylor expanstmitting the higher order
terms, the harmonic and the cubic functional forms can bisel&{182].

Bond angle bending:

A bond angleg; is defined between the bondsand jk which share one atom (Fig-
ure 2.5a). If more bonds share one atom then additional bogs arise from the con-
stellation:

¢ two bonds define one angle;
¢ three bonds define three angles;
e four bonds define six angles.
For each anglé; exists a preferred valugy, where the potential energy is lowest and all

displacements are encountered by restoring forces [4reTare several possibilities for
the approximation of the potential energy:
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(a) Principle of bond bending between the (b) Harmonic and sextic potential for bond bending.
bondsij and jk.

Figure 2.5: Bond bending.

Harmonic bond bending potential:

The bond angle movement between the atomandk can be represented by the harmonic
potential of the anglé;j:

1
Vi) = Ekit}ﬁnd(gijk — Oij0)” - (2.1.33)
The form of the potential, as seen in Figure 2.5b, is simddhé harmonic stretch potential.

Sextic bond bending potential:

A more complicated form that contains an additional sixttleo term weighted by the
parametek*is given by [3]:

1 _
Vi) = Ekit}ﬁnd(@i ik = 0ijko)? [1 + ki Gk — 6 jk0)4] - (2.1.34)

Proper dihedral potential:

A rotation about a bond is not free of restricting forces. icastation angle is associated
with a value for potential energy. The resulting perioditgoial energy function may have
several local minima and energy barriers between them.

According to the definition of the IUPAE a dihedral torsion angle;jq is defined
between the plandgk and jkl, whereg;jq = 0 corresponds to the constellation where the
atomsi andl are on the same side [145, 158] (Figure 2.6a).

2International Union of Pure and Applied Chemistry.
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Figure 2.6: Bond torsion.

Periodic torsion potential:

There are several approaches to model the proper dihedeait@d energy. One way is to
use a Fourier series periodic function type (Figure 2.6bkwis, for example, applied by
the OPLS3-force field [101] (first four Fourier terms). The generalrfois given by

1

Vi) = Z EV.tﬁ(ﬁﬁ [1 + COSQiji — O'n)] : (2.1.35)
n

whereVgi® is thenth order energy constant for thigl dihedral combinationg;jq is the

dihedral angle and-, is the phase angle. The sum may run umte 12 wherebyo, is

defined in a way that yields a minima at 280r terms with positive/{y°:

(2.1.36)

| 0° foroddn
97 =1 180 for evenn

Figure 2.6b shows an example foe 1. For this simple type of function some force fields
include an extra Lennard-Jones 1-4 potential [182].
Ryckaert-Bellemans potential:

The Ryckaert-Bellemans functional form, often used for adisaiis based on:

(Vtor5(¢ijkl) = Z Ch CO§(¢) s (2.1.37)

wherey = ¢ — 18C°. The potential function fon = 5 is shown in Figure 2.6b, where the
two-fold energy barrier is outstandidty The Ryckaert-Bellemans functional form may be
transformed into the periodic type by multiplying each fGeeentC, with (-1)".

30ptimized Potentials for Liquid Simulations.
14The value ofy is defined according theolymer conventiorwhereyans = 0 [182].
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Improper dihedral potential:

A special form of dihedral interaction thar(proper dihedra) is used at two occasions, to
prevent molecules from flipping over to their mirror imagegosite chirality) and to keep
planar groups (for example aromatic rings) [182]. It can lmelailed either by a periodic
torsion potential function with only thea = 2 term [30] or by using a simple harmonic
potential

(vimpdi(égijkl) — kXi(fijkI —_ 60)2 . (2138)

The functional form is similar to the bond stretch potentiglFigure 2.4b. Because it does
not provide periodicity, it should be defined as far away from 2& possible [182].

Current force fields

Force fields have been developed by following one of the twmmpproaches [30]. The
first is to develop force fields that accurately predict molacstructures and properties.
The best known example for this approach may be the ‘Moleddkchanics’ force field
family developed by Allinger and co-workers. The force felM1 [5] and MM2 [3]
have been replaced by the more sophisticated versions M3, [617, 118] and MM4
[4, 8, 9, 138-140]. These force fields were created by usipgraxental data such as
vibrational frequencies and formation heats.

In addition, the five interactions that are common to mostddields MM3 has ad-
ditional interactions for stretch-bend, stretch-torsard bend-bend that are also called
crossed termg6]. The MM4 force field includes additional crossed terms $tretch-
stretch, torsion-bend, bend-torsion-bend, torsionktargorsion-improper and torsion-torsion-
improper interactions [139].

The second approach is directed towards the modelling amalation of large macro-
molecules like proteins. Here, the conformation of the Ipotymer chain consisting of
several hundreds or thousand atoms is priority and thisssdeges simpler forms of the
interaction potential functions. For example Van der Wéalses are handled by the sim-
ple Lennard-Jones or bond-stretch potentials by harmagmpcoximations. Even though
they are simpler, these force fields give good results fodeased phase properties [30].
Typical representatives are the AMBER force fields [32, 148D0-1.92] which comprise a
history of several versions; the CHARMM (Chemistry at HARvardl&mlar Mechanics)
force field [26, 125, 134]; and the OPLS (Optimized Potestfal Liquid Simulations)
force fields [36, 101, 102, 106].

There have also been attempts to close the gap between theaimdirections. The
MMFF (Merck Molecular Force Field) [73—-77, 79] is a good exaebecause the com-
plexity of the functions and the number ofid@rent interactions lies between AMBER and
MM3/MM4. The parameters are completely determined by ab ingicwations rather
than experimental data. It produces good results for snng#lroc molecules [78] but not
for simulations in a condensed phase. Comparisons and &ealsiaf diferent force fields
can be found in [46, 67, 68, 80, 91, 107].
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2.2 Molecular dynamics

This section provides a description of the most importapeeats of the molecular dynam-
ics method® As a deterministic simulation method, molecular dynamiaEuates the
evolution of a molecular system in time by computing theeitggry of the systems con-
stituents based on the classical molecular model. The na®tefmines the forces acting
on the constituents through the potentla(Section 2.1.4), which is determined by a set of
approximate equations that mimic the forces of quantum waugichl origini®

The motion of the constituents, i.e. atoms and moleculesdascribed by the Hamil-
tonian equations of motion (Equation (2.1.2)) on the basigdifderent types of classical
molecules:

e mono-atomic molecules: Newton’s equation of motion (Eounst(2.1.7) and (2.1.8));

e multi-atomic molecules without constraints: Bonds are nledeby potentials and
Newton’s equation (Equations (2.1.7) and (2.1.8));

e multi-atomic molecules partly constraint: Lagrangian &tpns of motion (Equa-
tions (2.1.16) and (2.1.17)).

In any case, the equations of motion lead to a systemftdrdntial equations that cannot
be solved analytically; a numerical integration method inbesused to advance the system
from timet to timet + 6t.

2.2.1 Integration methods

The time integration method (or short integrator) is theiea@f MD that moves the parti-
cles and creates their trajectories. Numerical methodsnierintegration are usually based
on finite diference approaches. Knowing the molecular position, viéscand other dy-
namic information at time, the algorithm calculates position, velocities etc. formaet

t + 6t where the step sizét is mostly kept constant. There are many integration methods
but not all are suitable for MD. Which algorithm fits best maydeeided by basic criteria
often used in numerical simulations [2, 157ffieiency, accuracy and stability.

Efficiency: (of the simulation) is measured by the required resouragsgcomputing time
and memory, to perform the simulation. While memory may omatimiting factor
for very large MD studies, computing time is of paramount artgance.

Compared to the time-consuming force calculation (or caloah of the potential)
the speed of the algorithm itself becomes insignificant [Agnce, the key for an
efficient algorithm lies in a low ratio of force calculations Emulation time. The
only way to achieve this is to minimize the number of forcecaldtions per time
step and enable at the same time the application of a largestiepst. This excludes
algorithms like Runge-Kutta variants.

Often, algorithms are assessed in termsftitiency by the size of the applicable
time step [157]. It should be noted that size of the time stegdso depends on the

15A more comprehensive overview has been published by theaintiReference [43].
16Note that the potential can also be calculated by quantunhamécal means.
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steepness of the potential gradient. As steep gradienit redast changes of the
acting forces they limit the size of the applicable time step

Stability: The algorithm should be stable in a sense that it consenaggnSmall de-
viations or perturbations should not result in instal@bt{174]. For each method
stability is a function of several parameters such as step and steepness of the
potential gradients.

Accuracy: The algorithm should create trajectories that resemblphilgsical correct ones
as closely as possible. Together with stability, accuraay lze assessed on simple
models where an analytical solution is available. A goodmgXa is the harmonic
oscillator [60, 61, 93].

Truncation and round-off errors: Other important numerical issues concern truncation
and round-€ errors.

Truncation errors are deviations from the exact solutiarsed by the approximation
of the numerical method. Finite fiierence methods are mostly based on a Taylor
series expansion that is cut after some terms resulting in truncation errors. These
errors are intrinsic to the method and independent of théementation.

Round-df-errors on the other hand are mostly caused through the fioitgber of
digit figures handled by computers. These errors are asedawth the particular
implementation of the numerical method and the specific mactvhich is being
used for the simulation. Truncation errors are dominantdage 6t, but decrease
quickly asét is reduced. For smalit round-df-errors are more significant, espe-
cially when the terms taking place for arithmetic operagiare of diterent orders of
magnitude.

2.2.2 The Verlet algorithm

A widely used time integration method is tierletalgorithm [183] which is a direct solu-
tion of the second-order Equation (2.1.7). The method catebeed from two third-order
Taylor expansions abouft), one forward and one backward in time:

rit+6t) = r(t) +otv(t) + %&za(t) + %6t3b(t) +O(6t%) (2.2.1)

r(t — ot) r(t) — stv(t) + %&za(t) - éaﬁ b(t) + O(5t%) , (2.2.2)

wherev = dr/dt, a = d?r/dt? andb = d®r/dt®. Adding Equation (2.2.1) to Equation (2.2.2)
gives

r(t + ot) = 2r(t) — r(t — 6t) + st%a(t) + O(6t?) , (2.2.3)
which is the basic version of the Verlet method. Itis basetherknowledge ofr;(t), a(t), ri(t—
6t)} and does not use velocities to compute the trajectory. Athcalculation of the ki-

netic energy, temperature, total energy etc., velocitienacessary and may be obtained
by using acentral djference methad

v(t) = r(t + ot) — r(t - ot) '

20t

(2.2.4)
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As can be seen the inherent truncation error of Equation3igof the ordest?, whereas
the velocities in Equation (2.2.4) are of the ordé&t. The calculation sequence for each
step is then:

1. Calculate the acceleratioaft) with Equation (2.1.11).

2. Calculate the positiongt + 6t).

3. Optionally: Calculate the velocitiegt + 6t) to obtain the kinetic energy,

One disadvantage of the Verlet algorithm is the circuitoasdting of the velocities.
Another is that in Equation (2.2.3) a small te@{st?) is added to a dierence of two
large termO(st°) entailing an unnecessary rountf-error [35, 183]. To eliminate these

problems several modifications have been developed. Twheohtthe so-called ‘Leap-
Frog’ scheme and the velocity form of the Verlet algorithnil| e discussed below.

2.2.3 The Leap-Frog scheme

ThelLeap-Frogscheme [50, 92] is a half-step scheme and is based on thegt trigl), vi(t—
%), a(t)}. Itis named after the calculation sequence where positidrvalocity ‘leap over’
each other alternatively:

v(t + %&) v(t - %&) + sta(t) (2.2.5)

r(t + ot) r(t) + otv(t + %&) ) (2.2.6)

The current velocities can be calculated from the midstéyeg

) = v(t — 26t) er v(t + 36t) .

By eliminating the velocities the basic Verlet algorithm daobtained. The calculation
sequence is the following:

(2.2.7)

1. Calculate the accelerati@t) by use of Equation (2.1.11).

2. Calculate the velocitiegt + 36t).

3. Calculate the positiongt + 6t).

4. Optionally: calculate the velocitiest) to obtain the kinetic energy.

2.2.4 The velocity Verlet scheme

Both, the Verlet and the Leap-Frog scheme have the disadyatiat the positions and
velocities are not available at the same time. In contrh& Mvariant of the Verlet method
uses positions, velocities and accelerations defined atime time{r;(t), v(t), ai(t)} and
minimises the round{&-error [176]. It has the form

r(t + ot)

r(t) + stv(t) + %&Za(t) , (2.2.8)

V(t+6t) = w(t)+ %&[a(t) + a(t + ot)] . (2.2.9)
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An efficient implementation of the scheme can be obtained throughb-stage algorithm:

1. Advance the velocity by a half step:
1 1
v(t + Eét) =V(t) + ééta(t) . (2.2.10)

2. Advance the position tot + 6t) using Equation (2.2.8).
3. Calculate the accelerationf + 6t).
4. Complete the velocity calculation by another half step:

1 1
v(t + ot) = v(t + 5&) + édta(t + 6t) , (2.2.11)

and calculate the kinetic energy basedv{n+ 6t).

As for the Leap-Frog scheme, the basic Verlet algorithm neyelsovered by eliminating
the velocities [2]. There is, however, an alternative wagefiving it [174].

Another closely related scheme is the so-called callesition Verlet schemehich is
not described here. Both the velocity- and position-baselktechemes have the property
to propagate velocities and positions at half time stepsaBsethe schemes split the cal-
culation process into an applied force (acceleration) tmcha free-flight (no acceleration)
term, the velocity- and position-based Verlet schemes lae alledhalf-kick/drift/half-
kick andhalf-drift/kick/half-drift, respectively [174].

2.2.5 Integration methods for constraint molecules

For all cases where the computationfiioe demands to fix some degrees of freedom,
the Lagrangian equation of motion with constraints degctiim Section 2.1.3 need to be
solved. Most often the bond length will be fixed since therational motion is the fastest.
In principle, Equation 2.1.16 may be solved exactly, butlseraors, which are inherent
to numerical integrators, would accumulate to significal@tge errors in the constraints.
For that reason, a number of algorithms that compute apmaei solutions, such as the
SHAKE and RATTLE, have been proposed [162]. Here, only the BBAlgorithm, which

is incorporated into the code used, is described.

Developed by Ryckaert et al. [161], SHAKE may be the most widglplied algorithm
and must be used in connection with Verlet integrators. &fitist step, the unconstrained
atomic positions are calculated by

2
rES(t + 6t) = 2ri(t) — ri(t — 6t) + % fi, (2.2.12)

wherem is the mass of the atornand f; is the force applied to it. The true positions,
however, are

I'i(t + 5t) = 2ri(t) - I'i(t - 5t) + %tz(f, - g,) (2213)
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and can be written using Equation (2.1.17) as
r-(t+6t)—r“°(t+5t)—6—tZZM:/1 d(r(t)) (2.2.14)
i — i m L a 8ri , L.

where the sum runs over &l constraints withl, being the undetermined multipliers. The
atomic positions at time+ 6t must satisfy the set d¥l constraint equations:

01 (r(t + 6t)) =0
: (2.2.15)
o (F(t+61) = 0

which are solved by the SHAKE algorithm. After obtaining tingconstrained positions
ri(t + 6t) the algorithm adjusts them iteratively until the consttaiare satisfied within a
given tolerance [31, 161].

2.2.6 Potential energy calculation and optimisation method

The calculation of the atomic and molecular interactionsfiesn denoted as the heart of
molecular dynamics simulations. MD simulations require tomputation of the con-

figurational energy and their derivative (Equations (2).4nd (2.1.18)). Because it is
the most time consuming part of the simulation, optimizai®imperative. As specified

in Section 2.1.4, Equation (2.1.19) contains intra- andrimiolecular (bonded and non-
bonded) terms. Computationally, the most time consumingipdhe calculation of the

inter-molecular terms since the number of interactionse®aluated at every time step
scales withny = N™ for a system olN atoms, wheren is the number of interactions per
atom. This is a tremendous number if one takes into accoamtnibwadays simulations
contain several millon atoms, thus involving huge compotetl costs. For this reason,
most simulations neglect three atomic interaction and tieeteve pair-potentials, which

limits the number of interaction to be evaluatedhto= N2, and considering only distin-

guishable interactions oy = N(N — 1)/2.

In this section, the calculation of the inter-molecularenaictions will be described,
including the applied optimisation techniques. The desiom is limited to short-range
forces, since only these have been used in this work. Thenmany other methods for the
computation of long range forces, which can be found in thieeve[43].

The calculation of intra-molecular forces does not pose thauwlogical challenge in
terms of exploding computational costs for larger systemstead, it only requires an ap-
propriate data structure to store the information abouttloéecular bonds in a way that
enable a convenient evaluation of the arising energies@céds.
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Basic calculation

The basic potential and force calculation is explained ler¢ase of the simple Lennard-
Jones pair potential (Equation 2.1.23) which is used fortreiosulations in this work:

oo -«|E ()]

Since the model defines the potential between all pairs ofigitthe total potential energy
has to be calculated through summation over all individa&isp

=

-1 N
V= Z(V(rij), (2.2.16)

i=1 j>i

wherer;; is the distance between atomasnd j. Equation (2.2.16) may easily be computed
in a double loop while each individual pair is only evaluatedte. The potential of a single
atomi is the sum of all potential interactions in which atoims involved, i.e.,

N
Vi= > V(). (2.2.17)
j#

Substituting this into (2.1.8) one obtains the force actngtomi

fi=-V V= —ZN:Vm(V(FiJ) = ‘ZNl - (d(rij)) Fij - (2.2.18)

i Rl dri

For the Lennard-Jones potential (Equation 2.1.23) thissftams into

4 Gl

The forcef; can be calculated easily for all molecules within a doubdglom parallel with
the potential energ@;. Every atomic pairi( j) needs to be evaluated only once, since
lij = —riji.

N

24e
fizzm

j#i

Because such a simple ‘brute force’ approach is highlyficient and computational
expensive, it is limited to systems of small size and shonugtion times. Several op-
timisation techniques have been proposed to reduce thewatignal é¢fort. The ones
employed in this work are presented below. More details dsageother approaches can
be found in [2, 153, 162].

Cut-off distance and shifted potential

To reduce the number of interactions to be evaluated it ifulse distinguish between
short- and long-range forces. While long-range forces anreerdifficult to handle, short-
range forces fier efective possibilities for optimisation. Short-range fardike the Van-

der-Waals force decrease rapidly with increasing distamzkare only significant in the
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atoms nearest vicinity. Thus, contributions that arisenfedoms further away than a certain
cut-of distancef., may be omitted. This reduces the number of potentials arm$ato
be calculated tremendously, but it also introduces a diswaity at cut-df distancer.,
which dfects the energy conservation as well the atomic trajectoriene discontinuity
may be smeared out by changing the potential function, whidduld, however, be done
carefully because it is the potential that determines thesighl model. Thus, altering the
potential function will d&ect the physical properties of the model as well. Another way
that is commonly used (also in this work) to remove the difooity is to use the so
calledshiftedpotential. Here, the potential function is shifted so tkatalue at the cutfd
distance; becomes exactly zero [153]. The shifted potential is theargby

d(r)

V() =V()—-V(r) — ol (r—re), (2.2.20)
where the last term on the right side removes the kink #itat emerges if the gradient 6f
atr. is non-zero. In order to compensate tlikeets of neglecting the atoms further away,
one could also introduce additional approximkateg range correctiongnto the potential
function [162, 174]. When applying periodic boundary coiodis (Section 2.2.7), the use
of a cut-df distance . smaller than half of the smallest size of the simulation soxaces-
sary in order to meet the minimum image convention [2].

Beside computational constraints, there is also a physistfication for adopting a
cut-off radius. Quantum mechanics dictates that energy can natfsférred continuously
but only in quantised amounts. Thus, the potential energgtion of an interatomic inter-
action should not approach zero asymptotically (compateion 2.1.23), but rather jump
discontinuously to zero at the smallest transferrable arnhoenergy.

Neighbour list method

Though the use of a cutfodistance reduces the number of potentials to be computed, th
radii of all pairs still have to be calculated at each timgst¥erlet [183] suggested to
reduce the computationaffert further by using a list of neighbours. The list is consted

by calculating the distance of each individual atomic or @calar pair. Starting with an
empty list, all pairs whose distance is less than a predeBpbdre of radiug, are added
to the list. As shown in Figure 2.7, must be bigger than, because the space in between
serves as a lfter for the molecules that are just outside the diitsphere (or circle) and
may come closer than, within the next few steps. Therefore, only the distancedef t
pairs in the neighbour list must be calculated to find out Whethey are closer than.
This reduces the computationdlart substantially [2]. Usually, the list is updated every 10
— 20 steps since the atoms from outside thdyzone may have moved inside the cét-o
sphere. The optimal number of time steps depends on thergatjo

Fincham and Ralston [51] proposed to update the list autcaibti This is accom-
plished by accumulating the sum of the magnitudes of the angelst movements of every
time step. If this value exceeds the radial thickness of tiiiebzonef| — r.) an atom from
outside the bfier zone may have entered the ctitsphere and the neighbour-list must be
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Figure 2.7: The cut-df sphere(c) and its bdfer zone £ — r¢) around molecule 7; except 1, 8 and 9
all molecules are on the neighbour list of molecule 7, where at this point in tilgetaninteractions
with the molecules 4, 5 and 6 are taken into account.

recalculated. The method reduces the number of force edilons forN atoms to

NZ
nf = — + NN, (2221)

205
whereN, is the average number of atoms within the neighbour list@&nsl the number of
calculation steps between the list updates.

Cell subdivision (cell-method)

With increasing number of moleculedl (>= 1000) the creation of the neighbour-list
(scaling withN?) becomes computationally expensive because the distdralé mossi-
ble interaction-pairs must be calculated. To make the migtavaluation process more
efficient, alinked cells listmethod was proposed by Quentrec and Brot [152].

In this method the computational box of size= (L, Ly, L,) is divided into cells as
shown in Figure 2.8. The number of cells in each dimendibn= (My, My, M,) deter-
mines the cell-size in the corresponding dimensiobh@s= (Lx/My, Ly/My, L,/M,). If M
is chosen in a way that the cell-sike is in all dimensions slightly bigger than the cut-o
distance, then interactions within cuffaistance can only be found between atoms that
are inside the same cell or inside neighbouring cells. Tldams that for the calculation of
the total force acting on an atom, only the distances to htroatoms of the same cell and
immediate neighbour cells must be calculated and compaitedive cut-dt distancer.
Furthermore, only half of the neighbour cells need to beuatald since the interactions to
the other half is handled automatically by these cells. iBaghieved by using a neighbour-
cell link list’ that is created before the simulations starts for each Aeo-dimensional
example can be seen in Figure 2.8 where the four dark shadlechce linked by the cell

YA list is a basic programming element that is described iroalmvery programming textbook.



2.2 Molecular dynamics 39

13. The four light shaded cells, applying the same schemelh43; have a link to cell
13 in their own list. The handling of the boundary cells defgean the applied boundary
condition. The cells from the opposite boundary are the himgring cells, if periodic
boundary conditions are employed.

21

16

Figure 2.8: lllustration of a two-dimensional cell subdivision; the cell number is printeth@n
upper right corner of each cell. Cell number 33| is highlighted. It retains links (solid arrows)
to the dark shaded neighbouring cells while each of the light shaded oeighd cells store a link
(dashed arrows) to celk(y).

Another list that each cell stores contains the indices loditaims® that are currently
inside the cell. This list can easily be assembled everylstegning through all atoms and
calculate the list index by

r; ry (%
yL_CZ + MXL_Cy + c,

Once the atoms have been sorted into the linked cells, thpleterforcépotential com-
putation starts with a loop over all cells. For each cell algorithm successively processes
all atoms in the atomic list. To calculate the total force/ang@otential of an atom, the dis-
tance between this atom and all following atoms of the lis@iculated, and if closer than
r. the forcgpotential is computed. Next, the same is done for all atontisaratomic list of
the linked neighbour cells.

i = MM

(2.2.22)

Using the cell-method (and periodic boundary conditiohe)itumber of potentidbrce
calculations scales with
Ns =~ (Ny + 1NN, (2.2.23)

187 reference list stores the index of (or pointer to) the pkamemory, array) where the actual information
(in this case data about atoms or molecules) are found. hia¢ighbour list method the algorithm can also
be based on molecules, but the atomic version is more aecurat
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wheren, denotes the number of neighbouring cells thaisis= 8 for two dimensions and
ns = 26 for three dimensions. It has been shown that in some cstamoes the use of
neighbour-list may have some advantages over the cell metihough it is not suitable for
vector processors [154]. The cell method is, however, yastperior for large number of
atoms anfbr low densities [57]. The best approach, however, is tolusédik-cell method
for creating an atomic neighbour list (Section 2.2.6) whteln then be used for few time
steps.

2.2.7 Boundary conditions

Boundary conditions are an important and necessary part ofiaerical simulations. In-
herently, a simulation can only be performed in a limited patational domain requiring
conditions to be defined at the boundaries. The simplestdayyrcondition for a MD sim-
ulation is an infinite vacuum in all directions. This isflscient for simulations where the
material is kept together by inter-molecular forces, siemahe case of nanoclusters. The
situation changes when the material within the simulatiomdin is surrounded by more
material outside, whosedtects have to be modelled through the boundary conditions, as
normally the case. A brief description of the most commordgduiboundary conditions is
given below.

Periodic boundary conditions

Traditionally, the most often applied boundary conditiamsnolecular dynamics simula-
tions are periodic boundary condition because they all@stmulation of a homogenous
infinite system with a limited number of atoms, which were timdy systems that could
be simulated with early computers. Periodic boundary dands copy identical images of
the computational box aligned to a space-filling array tghmut the space, as sketched in
Figure 2.9. The approach mimics an infinite computationahaio with a finite number of
molecules. To implement this condition the following ha®&applied:

1. An atom leaving the box in one direction enters it at theeséime from the oppo-
site side. Therefore, one needs to check regularly whethat@n has crossed the
boundary and to correct its position in that case.

2. An atom whose position is within interaction distancehaf boundary interacts with
the images of the atoms from the opposite side of the sinouldidx [153]. This
wraparound ffect must be taken into account when calculating the interiatpo-
tentials or forces.

While the periodic boundary condition circumvent elegattily problem of surface atoms,
they create another. For calculating the potentials orefgrd would strictly be required
to evaluate the interaction between all pairs of the contjutal box and their images,
which is an infinite number of interactions. For short-rafgees this problem is over-
come through theninimum image conventiowhich is based on the usage of a ctit-o
distance. It dictates that only the closest periodic imafganointeraction between two
atoms must be regarded. Figure 2.10 shows an example in taendions.
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Periodic boundary conditions may also be applied for otrengetrical shapes of
the simulation domain. While the box is extensively used bseeaof its simplicity all
space-filling bodies can be used in conjunction with peddsibundary conditions [2].
Two-dimensional systems may also be mapped on the surfazespmliere [83] and three-
dimensional systems on a hypersphere [113]. Complicatiansex] by the non-Euclidean
character of the geometry, become less important with lbigggtems as the curvature of
the geometry decreases.

Figure 2.9: Periodic boundary condition in Figure 2.10: Minimum image convention
two dimensions; the simulation box in thefor molecule 10 that only interacts with the
middle is dark and the images are light greymolecules and images that lie inside the
molecules that leave that box enter it at theshaded box

same time from the opposite side.

Wall boundary conditions

Many interesting scientific questions are related to seriateractions. This may be a
liquid flowing through a channel or a cluster impacting onidiege. In such cases boundary
conditions that mimic or simulate the properties of the waillst be applied. Instead of
reproducing real walls, various approximations can be:used

e Stochastic wall4180] reflect all molecules that try to cross the wall backhe t
interior. The resulting velocity vectarof the reflected particle is determined by the
wall properties. Its direction may be perfectly reflecteshdomly generated, adapted
to a specific direction (moving wall) or be a blend of severalghted parameters.
The change in absolute amount of the velogitys governed by the temperature of
the wall. It may be set to a certain value, heated or cooled.

¢ Fixed wall atoms that are arranged in layers may also be used to repeeseail.
Through this arrangement a desired roughness can be agdlidje



42 Models and Computational Methods

e Since atoms are in reality not immovablethered atom§l5] can be used to mimic
the thermal vibrations of the wall atoms. By acceleratingewaderating their move-
ments, one can transfer heat to or from the interior.

Flux boundary conditions

The prescription of mass, momentum and energy fluxes on thedasies of MD simula-
tion are potentially very useful and can form the basis ofrtatauty conditions as they are
usually applied in continuum simulations, such as Neumaririchlet boundary condi-
tions [11]. Flux boundary conditions have been used for fh@ieation of heat fluxes in
simulations of heat transfer. Other fluxes, in particulassnfluxes have only been used
in few cases in MD simulations, due to theftiulties involved in their application. The
type of the hybrid MD-CFD method that is investigated in tiedis requires as core ele-
ment MD flux boundary conditions for mass, momentum and gnérge algorithms and
numerical techniques to impose them are discussed in detdhbpter 7.

2.2.8 Initialisation

Before any MD simulation can be started, the content of theilsition, i.e. the atoms or
molecules have to be generated. Generating means thatdbssaey structures are allo-
cated in the memory and each atom is assigned with a positidrva@locity. In case of
molecules, the bonds between the atoms that form the ingiVinolecules have to be des-
ignated. The initialisation may require certain additiost@ps regarding the integration
algorithm, specific potentials, optimisation procedureshe initialisation of the hybrid
solution interface. After all necessary initialisatiorvbdeen done, the actual simulation,
i.e. the time integration of the atomic trajectories, camotence.

Even if all parts of the initialisation procedure are impoit for a functioning simula-
tion, the atoms are the essence of a MD simulation and thaslgm here will concentrate
only on the initialisation of positions and velocities. Tirst of the following section is fo-
cused on the generation of the atomic positions and the demmmaddresses the handling
of the velocities.

Initialise atomic positions

The initial positions have to be generated as closely ashgeds the natural structure of
the respective elements. Molecules and mono-atomic sudesavill either occur in a well
ordered solid state or a less ordered liquid or gaseous sMtereas for the initialisation
of solid state materials tHattice filling schemaes the first choice, liquid or gaseous states
can be treated more easily by ttendom filling schemeBoth schemes are discussed in
this section for mono-atomic cases only; they can howevexbended to the initialisation
of molecules.

Lattice filling scheme Before an explanation of the lattice filling method, a few weord
about solid state must be said to provide the fundamentalitiefis which are used in the
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algorithm. In solid state, most materials form a crystal&ure, which is characterised by
the regular repetition of identical structural units, sashatoms, molecules or groups of
these. This enables the description of the solid structuugh a spacidhttice (a math-
ematical grid of point coordinates) and the structuralsunihich are placed at every point
of the lattice. The structural unit of a crystal is callegseand has the same orientation at
each point of the lattice.

The standard way of describing the lattice is the definitib@a anit cell, which is a
parellelepiped that contains a small part of the latticen{soi By pure translational dis-
placement the unit cell can be used to reconstruct the cdenlaltice. Thus, the lattice is
formed as a three-dimensional array of identical unit cétis=igure 2.11a such an array is
sketched with one unit cell highlighted in blue. The red nearknit cell vectorsy, a, and
a, define the shape of the unit cell. In general, the angle betile= unit cell vectors is
arbitrary, and the shape of the unit cell ranges from triclio cubic. It is advantageous to
choose the unit cell based on symmetry groups. In total taeréourteen so calld@ravais
lattices with the respective unit cells that cover all pblessymmetries [96].

In this work, only materials that form a face centred cubiC(F lattice with a simple
atomic base are used. Figure 2.11b shows the respectivealinif a FCC lattice. Atoms
are placed at each corner and in the middle of the each of ties.faThus, each corner
atom belongs to four and each atom on a face to two adjacdst Eel generating a crystal
structure, one needs to assign each atom to one cell. Hereptitransparent atoms are
atoms of the displayed cell and the transparent atoms bétattg neighbour cells.

The length of the unit cell vectors are called lattice par@nmse They depend on the
density of the material and the type of the unit cell. In a FC@ cells all vectors have
the same length and one lattice paramates suficient to define the size of the unit cell:
lay| = |ay| = |a = &. The lattice parameter itself is determined through thelmemiensity
of the system and is calculated by

3 4

== 2.2.24
a - ( )

for a FCC lattice.

For pure bulk materials, the size of the molecular donmtagan be chosen to comprise
exactly the crystal latticet. = aL;, whereL, is the size of the system in unit cells. This
enables also to create relatively small periodic systents thie exact density and without
any discontinuities.

To fill an arbitrary regiorR with a crystal structure one has to select the origiand
to rotate the unit cell vectorsa, a,, a,) and the base atom coordinates to fit them to the
desired orientation. The atoms can now easily be generatedmes of the base atoms
at the lattice points which are obtained through additiomwbble-numbered multiples of
the unit cell vectors. Algorithm 1 describes the proceduoresf three-dimensional lattice
from O to L, unit cells. The position of the unit cell is calleg. The number of lattice
points per unit cell i\, and the relative position of a lattice point to the unit celgm r,
is designated withr,. For the FCC latticeN, = 4 with r; = (0,0,0), r, = (1/2,1/2,0),
rs = (1/2,0,1/2) andr, = (0,1/2,1/2). The number of atoms in the base\g with the



44 Models and Computational Methods

(a) Grid of unit cells. (b) Unit cell of a cubic FCC lattice.

Figure 2.11: Unit cell and grid of a FCC crystal lattice.

relative coordinates of the base atoms beipg For the mono atomic cad¢, = 1 and
r, = (0,0,0).

Problems arise when using the lattice filling method on thendaries of non-trivial
geometries or when two or morefidirent lattice constants are used in the same molecular
domain as it may occur for simulations of more than one malteEspecially in conjunc-
tion with periodic boundary conditions, the domain size oaly be adapted to one lattice
parameter, so that one material fits exactly into the donmléithe other material needs to
be fitted into the periodic domain then its lattice paramatsrds to be slightly increased
or decreased, in order to avoid overlapping atoms or defie¢tee material. This problem
is especially prominent for regions of small size in any chien.

For liquids or gases, one is often interested in filling aoagf the molecular domain
with a certain density. The lattice parameter which comesis to that density rarely fit
to the size of the region. As a result, the density in the megieviates from the desired
density. Itis, therefore, better to use the random fillinigesoe for liquids and gases.

Random filling scheme Therandom filling schemés particularly useful for filling an
arbitrarily complex region with atoms in liquid or gaseotess, because it delivers exactly
the required density. As the name suggest, the scheme geséna coordinates of the
atoms randomly. Each randomly generated coordinate mutgsed as to whether it is
inside the regioiiR and whether the closest distance to any other at@mais bigger than a
minimum distance, to avoid overlapping of atoms. The random number generatst m
be based on a uniform distribution to achieve an evenly filéggion.
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Algorithm 1 : Lattice filling algorithm [153].

i «0;
for | < 0OtolL,do
ry < lxax + lyay + |8, (Calculate the unit cells positign
for p < Oto N, do
I < ry+ ar, (Calculate the lattice point positign
for b < 0to N, do
ri « Iy + I + rp (Calculate the atoms positipn
if r; is within the r_egion Rhen
generate atomat r;
i—i+1

Especially for large systems, the computation of the mimmdistancerse iS cOm-
putationally expensive. For this reason a random fillingeseé that uses a density grid
superimposed on the regidhhas been devised during this work. This cartesian grid di-
vides the region into evenly spaced cells. For each@ethe number of atoms inside is
stored together with a linked list to each of the respectivena. To insert a new atom, the
density grid is used to find the cell with the lowest densitg amew coordinate is gener-
ated inside this cell through a uniform random generatomdJthe linked atom list of the
respective cell and its neighbour cells, only possible watds for the closest atom need
be accessed for the calculatiornrgfse This enables a rapid calculationmgf,scbecause the
number of atoms that need to be checked is dramatically eetld he principle operation
mode of the random filling scheme is given in Algorithm 2. Thenter of atomdN that
need to be generated is calculated from the number demsityy/m (mis the molecular
mass) and the volumé;, of the regionR.

Algorithm 2 : Random filling algorithm.

Generate the initial density grid

N « nVR

i «O;

while i < N do

Find grid cellC with lowest density

repeat
Generate new random positioywithin the cellC
Calculate closest distancg,seto other atoms in celC neighbor cells

until reiose > rmin;

Generate atomat r;

f—i+1

Add contribution of atom to density of cellC

°The algorithm is similar to the linked cell list algorithmadsfor the force calculation (g.v. Section 2.2.6).



46 Models and Computational Methods

When using the random filling scheme for higher densities asdlguids, it has turned
out to be computationally morefeeient to use a relatively small minimum distangg,
and to resolve the issue of overlapping atoms through amgmeinimisation stage before
proceeding with the equilibration.

Initialise atomic velocities

There are two common ways of generating the initial velesitiThe simplest is that of a
fixed magnitude and the other the sampling of a velocity ithstion. Whatever algorithm
is chosen, the generated velocities have to meet the catisgriaw of momentum? that
states that the overall momentum is zero:

N

Veys = Z mv, =0, (2.2.25)
i=1
N

weys= » MV x (1 = Tg =0, (2.2.26)
i=1

where the reference point is the system’s centre-of-mgswhich is calculated by

N
mri, (2.2.27)

Msys=
Msys i3

with Mgys being the total mass of the system. For statistical reasbegyranslational mo-
mentumvsys and the angular momentuwyys will never be exactly zero. Henceysysand
—wsysneed to be added to all of the system’s atoms after their itgleectors have been
generated.

Distribution sampling:  The natural velocity distribution of an atomic or molecusgs-
tem in equilibrium state is thaxwell-Boltzmanrvelocity distribution [19], which gives
the probability for the one-dimensional velocity compoisest an atom depending on the
temperaturd and the atom mass. For each dimensiom = X, Y, z, the probability density
f(v,) of the velocityv,, is given by

f(vi,) = (%BT) exp(—mvi(%) . (2.2.28)

The distribution is basically a parameterisédussiandistribution. Hence, it is possi-
ble to generate Maxwell-Boltzmann distributed velocitigcbeating random numbekR,
according to a Gaussian distribution with unit variangg, (~ N(0,1). These random
numbers can be transformed to obtain the velocities

kgT
= AR, 2.2.29
V - R ( )

2OHere it is assumed that the overall velocity of the systeneis.z
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Fixed value: As a simple alternative, one can assign the same magnitutie o€locity
to all atoms and run the simulation until an equilibrium hasmreached with the velocity
distribution corresponding to the natural Maxwell-Boltamalistribution. In that case, the
magnitude of all translational vectors is set to

Vi| = Vi = 3T (2.2.30)
m

The direction of the velocity vectay is uniformlydistributed. A simple method to generate
isotropic distributed vectors is the acceptance-rejactexhnique [185]. The technique
creates a unit vecta, by

1 1-2m;
eu:ﬁ 1-2m, |, n= {n+n3+n3 n<1, (2.2.31)
1-2n;

where the numberns;, n, andns are sampled from a uniform distribution in the rangglljo
The generated vectey; is accepted if is smaller than one [157]. An improved version has
been suggested by Allen and Tildesley [2]:

2(1-2n) V1-n?
e=|21-2n)Vi-m |, n=n+nm, n<1. (2.2.32)
1-2n?

Simulations of a fluid at dierent densities have been performed in order to demonstrate
that the fixed initialization approach leads to the MaxviBdltzmann velocity distribution.
The mono-atomic fluid was modelled by the Lennard-Jonesngiate Units have been
made dimensionless by basing them on the choice of the atoadem and the Lennard-
Jones parameter ande. The resulting replacements are thens ro for length,e — ee

for energy, and — ty/mo?/e.

The liquid was simulated by adapting an example from [1534 itwo-dimensional
150x 150 cell (22500 atoms). A Leap-Frog integrator with a timegpstf Q001 was used.
At the start of the simulation every atom had the same vslggjt Figure 2.12 shows
the plot of the velocity distribution at flerent time points. It can clearly be seen that
it approaches the theoretical Maxwell-Boltzmann distitnutwhich is displayed in the
background of the figure.

Another possibility for surveying the velocity distribati is to use the Boltzmann
H-function [130] which is defined as

H(t) = f f(v, 1) log f (v, t)dv . (2.2.33)

It can be shown thatdH/dt) < 0 is only valid if f(v,t) is the Maxwell distribution.
Figure 2.13 shows the time development of the analysis tositihulated system atftierent
densities. The convergence is faster for higher densifieslow density the convergence
does not change before the atoms come in interaction range.
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Figure 2.12: Velocity distribution for diterent times @, 0.4, 0.8 and 32. The shaded curve is
the theoretical Maxwell-Boltzmann distribution. With the initial value being a spike=a V2 the
graphs approach the theoretical distribution as the simulation evolves.€enhs#ydof this run was
0.4.

2.2.9 Equilibrium and equilibration

The most important state of a molecular system in MD simaitettiis the state of thermo-
dynamic equilibrium. This is obviously true for equilibonruMD (EMD) simulations, but
also for non-equilibrium MD (NEMD) simulations. NEMD simation, like most of the
simulations performed for this work, are started from a wlefined state, which is in most
case an equilibrium state.

A molecular system is considered to be in thermal equiliritithe macroscopic state
does not tend to change in time [19]. In an isolated systemwiith constant number of
atoms, volume and energy (NVE), the equilibrium conditisrihat the entropy must be
constant, i.eéS = 0. The equivalent condition for systems with constant nurobatoms,
pressure and temperature (NPT) is that Gibbs free energynstant, i.e6G = 0. Even
if the system is in equilibrium, there will be a constant exotle between kinetic and po-
tential energy which causes these energies to fluctuatedu@uaverage value. Th&ect
is more noticeable for small systems; for large systems tagnitude of the fluctuations
relative to the total energy approaches zero.

It is practically impossible to initialise even a simple mollar simulation in a state
of equilibrium. Rather, the system will be more or less famfrequilibrium after each
atom has been assigned with a position and velocity vectwareffore, the initialisation is
normally followed by an equilibration phase. The equiliibya phase is a normal MD run
during which the temperature, i.e. the kinetic energy ofdjgtem, is controlled. In the
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OF

Figure 2.13: Boltzmann H-function in time for dierent densities.@, 0.4, 0.6 and 08; the denser
the faster the convergence.

course of the equilibration, the system will gradually ayjgmh an equilibrium state. The
temperature control scheme is explained in the followirgisa.

There are several indications as to whether a system hasecacuilibrium. A sim-
ple way is to monitor the instantaneous values of poterkiaktic and total energy [2,
chap. 2]. Here, a successful equilibration is indicatedheyasymptotic course of energies
to steady mean values around which they oscillate in thelibum state. When using
any kind of flexible boundary conditions, like in some of tivaglations performed for this
work, the systems shows large oscillations that arise freailations in volume. In such
cases, it is necessary to record the energies and the voluime gystem in order to check
for successful equilibration according to the conditi@ = 0. Another way of checking
for equilibration is to verify whether the velocity disttitton function has converged to
its predicted form, the Maxwell distribution [153, chap, 8t to monitor structural order
parameters [2, chap. 5].

For large systems it may be necessary to control the temyperat smaller parts of the
system individually.

Temperature control

A range of schemes have been developed to accomplish tkis Té®ese include simple
velocity scaling, heat-bath coupling, Anderson thermtasta the Nos-Hoover thermostat
[162]. In this work, only simple velocity scaling is used.i¥lscheme scales the velocities
of the atoms by a factor to adjust the current temperature

1
T= Nk Z mv2 (2.2.34)
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to the desired temperaturé@s. The temperature of the system can be broughigdy
multiplying the velocity vectorgv} of the atoms withyTp/T. Because of the relatively
small size and the inherent fluctuations, velocity scalingutd not be performed if the
temperature is within a small window of the desired tempeeati.e.|T — Tp| < €. Also,
velocity scaling influences the trajectories significgniiich is why an additional factor
fsis normally used to moderate the strength of the scaling.staéed velocities are given

by
Vo= V4 ) fe— . (2.2.35)

2.2.10 Energy transfer scheme

Several schemes that are discussed in this work requireahsfér of energy to or from a
set of atoms. Since the energy of each atom has a potenti&irzetet part, the energy can,
at least in principle, be transferred to or from either oithédowever, changes in the po-
tential part would require the repositioning of atoms, whgdifficult and entails a number
of side dfects. On the other hand, manipulating the kinetic part atiredly uncomplicated;
kinetic energy can be inserted or removed by scaling theiateetocity vectors. This is
common practise in MD, but has the disadvantage of an indalwementum transfer due
to the change of the velocity vectors. For several schemex$inghis work it is crucial to
eliminate any transfer of momentum when transferring gnd¥gr this reason, an adapted
energy transfer scheme is suggested that allows the trasfdémetic energy only, without
any transfer of momentum.

Let S be the set of atoms to which the enel§y,s is supposed to be transferred to.
The massMis and the velocitys of the setS are given by

1
Mg = and vg=— Vi . 2.2.36
S iezsm 'S MSieZSmI ( )

These can be used to determine the total, internal and extdnetic energieskys, E kg
andEeyg, by

1 1
Exs = Z sziZ ,  Eexg = Exs — EMS(VS)Z and Eixg = Exs — Eeks . (2.2.37)

ieS

In order for the total momentum of the s8tto stay constant, the energy can only be
transferred into or from internal kinetic energy. This ihi@ved by scaling the velocity
vectors of the atoms i§:

v = Ry ¢, (2.2.38)

with the scaling factorf. The additional correction vectar ensures the conservation of
overall momentum. It can be shown that the scaling factorthedorrection vector need
to be

fo 1o Brns o ong c=vs(f - 1) (2.2.39)
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for transferring the energlyans. It should be noted that Equation 2.2.39 is undefined if
Ewans < Eix. This corresponds to the case where more energy shall bevegitioan is ac-
tually available as internal kinetic energy in the systerne €nergy transfer is impossible
in that case.

In some of the investigated schemes, like the one descrilf&elation 7.9, it is necessary
to transfer the energy to a specific dimension. In that cageenergy to be transferred is
a vector itself,Eyans, describing which amount of energy is to be transferred vwitach
dimension. Here, the scaled atomic velocities are

vire=v% + ¢, , (2.2.40)

where the respective dimensionas= {X,y, z}. The scaling vectof and the correction
vectorc are defined respectively as

E
f,= 1- =2 and c, = vs,(f, — 1) (2.2.41)
Ei,ks(,

with E; g, being the internal kinetic energy &fin dimensione that is calculated by
E, :}vaz (2.2.42)
KSq > ia - L.

The implemented scheme for the version with separated dilmies is given in Al-
gorithm 3. Both, the general and the dimensional energy fearsn easily be proven
analytically. The implemented algorithms have been testesample systems and proved
their functionality on various test cases.

2.3 Computational fluid dynamics: The continuum model

The continuum model is not concerned with the motion of iftlial atoms. Instead, the
properties of a large number of atoms are summarised to sEmpE@ quantities, where
the most important are densipy; flow velocity u, energye, temperaturel and pres-
sure p. Each guantityA is a function of positionx in space and time. In Cartesian
form this isA(x,t) = A(XY,zt) for scalar quantities, i.eo = p(x,t), e = &x,t) and
T = T(x,t). The equivalent notation for vector quantities, such dgoiy isu = u(x,t) =
iu(x,y,zt) + jv(xy, z t) + kw(x,y, z t), where the velocity componentiss andw are com-
bined to the vectou = (u,v,w). The Cartesian base vectors ar¢ andk. All extensive
guantities are given per unit volume, i.e. mass as densiynemtum agu and energye

is energy per unit volumee is the total energy density which is the sum of internal and
external energy densitye(= e + &), where the external energy densdyaccounts for
the motion of the fluid:e. = 3p(u? + V2 + W?). The internal energy density consists of
a potential and kinetic parg = e, + g, and the total kinetic energy & = € + €.
The physics of the continuum model is based on the conservatimass, momentum and
energy, which is formulated in a set of equations known ad\iiéer-Stokes equations.
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Algorithm 3 : Energy transfer algorithm that takes into account theviddal dimen-
sions.

Mg « 0;
Vg « O;
EkS « 0
foreachatomiinS do
Ms < Ms +m;
L Vs < Vs + MV,
Exs < Exs + (1/2)mVv7;

Vs < Vs/Ms;

Eiks < Exs = (1/2)Msvs?;
If _E|7kS < Etrans then
Output error message that not enough internal energy ilablej
| return;

for a = x,y,zdo

fo = \/1 - Etransa/Ei,kSQ;
L Gy = VSa/(fa - 1)1
oreachatomiinS do

Vix < Vixfx + Cx;

Viy < Viyfy +Cy;

Viz < Vi f, + ¢

—h

These will be presented below. A more extensive presentaao be found in Anderson
[11], Drikakis and Rider [43] or Versteeg and Malalaseke@]1

The equation that describes the conservation of mass otitéenuity equationwhich
is given in its diferential form as:

0

P v (u)=0. (2.3.1)

ot

For a small fluid element, the first term on the left is the rdtehange in time of density.
The second term is thednvective termwhich describes the net out flow of mass across the
boundaries of the fluid element.

Starting point for the formulation of the momentum equai®iewton’s second law.
The time rate of the change of the momentumof a fluid element with the volum¥

enclosed by surfac8 is equal to the total force acting on the voluMeplus the net mo-
mentum across the surfaBe Thus, the conservation law for the momentum can be written

as
(%fffvpudv = —fLu(pu-n)dS
+fffVFVdV+ffSFSdS. (2.3.2)
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where the first term on the right hand side is the convectiomaientum across the sur-
faceS. The normal vecton is the outward pointing unit vector at each point®f The
volume forced~y originate from inertial, gravitational or electromagedtrces. The sur-
face forces account for the fluid stresses at each point dfutfaceS. They are given as

Fs = n-II, wherell = oy (i, ] = X,Y, 2) is the stress tensor. Fluid stresses are caused by
the static pressurp and the viscous stresses. Thus, the pressure tBhean be written as

M=-pl+T, (2.3.3)

wherel is the identity matrix. The viscous stress tensos defined as

Txx Txy Txz

T= (2.3.4)

Tzx Tzy Tzz

It should be noted that;; = 7;; fori # j. Normally, the stress tensdr, is symmetrical,
but in cases like in the presence of electrostatic fieldssynemetry may be broken [43].

Applying Gauss'’s theorem to transform a surface integtal@wvolume integral, Equa-
tion 2.3.2 can be recast into thef@érential form

d(pu)
ot

The notation of the operators is explained in the appendiXtAe tensor produal ® u is
given by

+V-(ou®u)=-Vp+V-II+Fy. (2.3.5)

u? uv uw
uu=| wvu vV oww . (2.3.6)

wu wv W

The third equation ensures the conservation of energy ascdribes how energy is
transported. It is, therefore, calletiergy equatiomnd given as

%+V-(Upe):—v-pu+u-V-T+V-q, (2.3.7)

where the flux of heat ig = AVT with A being the thermal conductivity.

The continuity, momentum and energy equations (Equat@isl), (2.3.5) and (2.3.7))
that describe the motion of a fluid in three dimensions caortta variables pressupeand
temperaturd . These have not yet been linked to the other unknowns. Asguthat the
fluid is locally in a thermodynamic equilibrium [184], thewghijprium equations of state
from thermodynamics can be used to establish the missikg.liblsingp ande as state
variables, the pressupeand temperaturé are given by

p=pl.e) and T=T(o,€). (2.3.8)
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For a perfect gas, in which the potential energy densityrs @ = 0), these equations are

p=pRT and T = c% , (2.3.9)

wheree = e - 1p(u? + v* + w?). For a single atomic material, such as the LJ-fluid, the

temperature is simply
_2em

T=—. (2.3.10)
kep

Besidep = p(o,e) andT = (p,€), hybrid MD-CFD methods also require the knowl-
edge of the relations between the potential, kinetic aretmatl energy densities:

& =ep(p.6) and ex=exlp.e). (2.3.11)

More complex fluids, such as multi-component fluids /andluids consisting of large
molecules, require even more equations of state to desttréstate of the fluid macro-

scopically.

The viscous stress tensdr, contains two dierent type of viscous stresses the shear
stresses for# j and the normal stresses fot . In Newtonian fluids, the viscous stresses
are related linearly to the strain rate, i.e. velocity geatls. For such fluids, Stokes obtained
for the normal and shear stresses

Txx = Z/l@ + A(V - u) (2.3.12a)
0X

Ty = 2#3—\; +Ay(V - u) (2.3.12b)

Tzz = 2#(2_VZV + ﬂV(V . U) (2.3.120)
ou ov

Txy = Tyx = M (@ + 5( (2.3.12d)
ou ow

Txz = Tzx = H (E + ax (2.3.12¢)
ov  ow

Tyz = Tzy=H (3_2 + a_y (2.3.12f)

whereu is the dynamic (first) viscosity and, is the bulk (second) viscosity. The bulk
viscosity is dificult to obtain, but for gases a good working approximation,is- —%y.
For incompressible cases, e.qg. liquilisy = 0, so that the normal viscous stresses are zero.

Finally, the equation system that governs the fluid flow i®githe conservative form
in Table 2.1. In each of the Equations (2.3.13a) — (2.3.18e)term on the left side is the
change of the respective quantity in time. On the right hadd, ghe first terms are the
convective terms, and the second terms are tligsion terms.
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dp

L = v (2.3.13a)
P~ Vo uew-v- (2.3.13b)
‘;_? = -V.-(eu)-V-(IT-u)-V-q (2.3.13c)

The stress tensdl for a Newtonian fluid, the heat flux vectgrand the equations of state
for pandT given by

O = pl—A/(V-ul —u[(Vu) + (Vu)'], (2.3.13d)
q = AvVT, (2.3.13e)
p = plp,e) and T=T(p,€). (2.3.13f)

Table 2.1: The complete Navier-Stokes equations iffetiential form.
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CHAPTER 3

Calculation of Macroscopic Quantities

This chapter is concerned with the calculation of macroscoairiables. Dif-
ferent schemes for the assignment of atoms to grid pointexsained. The
necessary relations to calculate the macroscopic varisilem detailed atomic
information is given. Furthermore, fluctuations that arfsem these calculations
are discussed and the relevant estimations for the fluadnatstrengths are dis-
cussed.

3.1 Particle to Mesh

The connection from the molecular model to the continuum ehagl accomplished by
transferring the molecular variables into the macroscogitrodynamic variables. This
Is known as statistical physics. Statistical physics esldhe properties of many individ-
ual atoms, i.e. their mass, position, velocities, forcese&tra to the macroscopic variables
such as density, pressure or velocity. The quantities caaloalated globally for the entire
simulation or locally for a small volume around a point. Uslacal calculations, a grid of
points can be laid into the simulation domain and the catmria be performed locally for
each grid point. A two-dimensional example is illustratedrigure 3.1. By this, one may
generate profiles, cross-sections, flow fields and similgplys, which can be related to the
results of continuum simulations.

Assigning the atomic properties to the grid nodes allowgdodiate the microscopic
state into a grid based macroscopic presentation that & lmg¢he CFD solver. This is
a key element for the hybrid MD-CFD scheme and therefore sdieateon should be
given to this. Schemes for assigning particles to grid gaieive been investigated in con-
nection with particle-mesh techniques [94]. Originallye tparticle-mesh technique was
invented by Harlow [84] for the simulation of compressiblew. It is widely used in
particle type simulation with long range interactions,tsas electrostatic or gravitational
forces. The main applications are simulations of plasmesyitgtional N-body systems
and incompressible fluid flows (vortex method [115]). Thesdhuds use the field, such
as the electrostatic or gravitational field, which is présdiy the values at the grid nodes,
to compute #iciently far field interactions that otherwise had to be aiedi through an
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Figure 3.1: lllustration of a mesh laid over a molecular simulation domain. The grid nodes are
displayed as small filled circles at the centre of each cell of the grid. Thgebghaded circles
represent the atoms.

expensive particle to particle evaluation.

Using a three-dimensional cartesian grid, a node is idedtlfly the indexes |, k; its
coordinate isx jx. Generally, a quantityA; ;. of a grid nodei,jk is calculated as an
instantaneous averagerer a finite number of atonis by

N
Ay = (Agi.jkw = ZﬂsW(d, ) (3.1.1)
s=1

wheredAs is the propertyA of atoms, d the distance of atorato nodei, j,k (d = rs— X jx)
and| the grid cell width. The weighting functiow/(d, ) is evaluated for each dimension
separately:

W(d, I) = W(dy, I, )W(d,, I,)W(d,, 1) . (3.1.2)

It depends on the distanak of the particle to the node and on the cell sizan the
respective dimensioa. Three types of weighting functions are commonly useshrest-
grid-point (NGP),cloud-in-cell(CIC) andtriangular-shaped-cloudTSC).

For NGP, which is the simplest scheme, the properties of @m are accounted com-
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pletely to the nearest node. The NGP weighting function fsndd as

54

[¢

1 d,<

N

Wnp(de» lo) = (3.1.3)

0 otherwise

As an example, the assignment of three atoms is illustrateth® left hand side of Fig-
ure 3.2. The scheme requires minimum computing time, budumeit is of zeroth order,
it shows a discontinues behaviour when atoms move from olh¢éocanother cell. This
introduces noise into the calculations.

In the CIC scheme, atomic properties are considered as aremdestributed cloud
centered about the atomic position. This is illustratedoioe atom on the right hand side
of Figure 3.2. The scheme is linear and the weighting funasajiven as

1- (Ij—“ d, <1,
Weic(da, 1) = . : (3.1.4)

0 otherwise

Though the computational costs are slightly higher thatife™NGP scheme, the numerical
properties are better because it reduces spacial and tehfjp@tuations [94]. Particle to
mesh algorithms are also used for the calculation of longedarces from the first deriva-
tive of the potential field. When using the CIC scheme the firsivdtve is discontinues
and introduces jumps in the forces. For this reason, the Th€nse was derived. By as-
suming a triangular shape distribution of the atomic proegyit is continuous also for the
first derivative. However, more computation#éicet is required and because no forces need
to be calculated from the potential field, this scheme is nosiered here.
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Figure 3.2: Weighting function for assigning atoms to a grid node. The left hand sidesepts
the NGP scheme and the right hand side the CIC scheme.
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3.2 Calculation of specific quantities

Basic quantities

In the previous section, the assignment of atoms to grid ®@edes discussed. This part
deals with the concrete formulas for the calculation of tleerascopic quantities from the
properties of the individual atoms. Table 3.1 contains #ilewdation formulas for the basic
guantities for a cell nodg j, k from the collectivity of the all atoms, which are indicated
by the subscrips. The weighting functiodW(d, I) has been replaced W for reasons of
brevity.

Quantity Symbol Formula Equation

mass M(i,j,k) = ZWSms (321)

S
. Mi.jk)
density Piik = (3.2.2)
Vii.ik

velocit Uiiwy = ——— > Wsmgvs (3.2.3

y (W] M(i,j,k)v(i,j,k) Zsl S ( )

potential energy density e -t Z WE (3.2.4)

P(i.j.K) Vil & stps 2.
1 1

kinetic energy densit g = Wsms=Ve? 3.25

gy y eK(l,j,k) V(i,j,k) Z S! 32 S ( )
o . 1
external kinetic energy densityee iy = 5 P60 . i0° (3.2.6)
internal kinetic energy density e, j,y = ik — ek ik (3.2.7)
total energy density €iik = ©pgik T BN (3.2.8)
degrees of freedom fiin = [Z 3Ws] -3 (3.2.9)
S
temperature Tiiw = il U0 (3.2.10)
fi.inks

Table 3.1: Calculation of the molecular quantities.

3.2.1 Pressure and stress tensor

For hybrid MD-CFD methods the calculation of the scalar press&nd the stress tensor
of molecular system are fundamental and critical. One re&sthat the pressure obtained
from the equation of state (Equation 2.3.1Bf= P(p, €)) is used in the continuum for-
mulation and must fit the pressure actually exerted by theecutdr system for the same
state, which is defined by densjtyand internal energg. Generally,P(o, €) is calculated
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in advance for the respective molecular system and it isefbee, important that the pres-
sures calculated in that stage are correct. Depending ocotiqding scheme, it may also
be necessary to calculate the local pressure or stress tinsng the simulation. Unlike in
the macroscopic limit, where the stress tensor is well ddfitte definition from the molec-
ular point of view is less clear. Here, the stress tensoearitom atomic velocities and
interatomic forces, which result from n-body interactigpair interactions, bond bending,
bond torsion, ..). Schemes for the calculation of the local and averagesstezsor have
been a subject of research since the early MD simulationjsgi®® still are [88, 203]. The
different schemes that have been suggested include the mettiihgfand Kirkwood
[99], the method of planes [178], and the virial theorem [[127

The most often applied method is the one based on the vieakr#m, from which the
instantaneous stress tensor is given by [88]

H:%vai®\4+2fi-ri, (3211)
i i

with the first sum being the kinetic pressure and the secomctlse pressure due to forces.
The advantage of Equation (3.2.11) is that it uses the totaéfon each atom and is there-
fore easy to implement and computationalffi@ent. Unfortunately, it is only appropriate
for the calculation of the average pressure of a simulatexviath periodic boundary con-
ditions and not for local stress evaluations [203]. Schesuétable for the calculation of
the local stress tensor are based on the evaluation of thedudl forces between atoms.
For example, Irving and Kirkwood [99] evaluate the forcesoas an imaginary plane to
obtain the pressure due to forces. Each elemgptof the pressure tensor is given for a
small volumesV = (6a)® with the side lengtlda by

1 1
w8 = e — VigVig + — fii . 3.2.12
’ ZAaéaZm.ﬁ. Aa,%, is (3.2.12)

IT

where the first sum is the kinetic pressure. The second s@pyéssure due to forces, runs
over all pair interactions;; that act across an imaginary plafg(ri; N A,). The planeA,

Is located at the centre 6V, its surface normal vector is parallel dcand its surface area
is A,. Equation (3.2.12) is only valid for pair interactions. Heiet al. [88] extended the
method to n-body interactions. The disadvantage of theskads is the computationally
expensive force evaluation, which is why they are not carsid in this work.

Independent on the specific calculation of the pressureotetise scalar pressure is
obtained from the stress tensor by averaging the main dédgon

3 :
Another method, employed here, for calculating the scalesqure makes use of the

setup which has two reflecting walls that enclose the moéeaggion in one dimension
(the other two dimensions are periodical). The pressurdenvalls can be calculated by

P=

(3.2.13)
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integrating the momentum change of the particles that dlected. The scalar pressure is
then given by

1
P — 2myv , 3.2.14
A‘“mZ mv (3.2.14)

where the sum is over the reflected atamghe velocityy; is the one before the reflection
which reverses; to —v;. It should be noted that this approach is not applicable égative
pressures.

Because the virial based method is only suitable for peribdimdary conditions and
a system using a HSI is essentially non-periodic, the vimakthod can not be applied
in that case. To confirm this, pressure calculations of aesysvith 5600 LJ-atoms in
gaseous, liquid and solid state have been performed. pestdic boundary conditions
were applied in all three dimension. Afterwards, periodicibdary conditions were only
applied in y- and z-dimension, whereas the x-dimension wastcained by two reflective
walls. The scalar pressures calculated by Equation (3.2dtlboth types of boundary
conditions ditered by approximately 9%. On the other hand, the scalarymesalculated
by Equation (3.2.14) did correspond to the pressure oldaigeEquation (3.2.11) for the
fully-periodic system. These values also agreed with theatgn of state published by
Meier [131]. Therefore, Equation (3.2.14) was used for thesgure calculation in this
work, especially to obtain the pressure values for the eguaf state P(p, €).

3.3 Statistical considerations

Because of the small scales considered here, calculati@ms/dfydrodynamic quantity,
such as density, velocity or pressure, within one grid sadlitained from a relatively small
number of atoms. Therefore, these calculated quantitiébe&subject to fluctuations, both
in space and time. These originate from the thermal moticgh@atoms and may also be
called thermal fluctuations or noise.

It is important to be able to quantify these fluctuations fevesal reasons. When
analysing results of any simulation, one needs to give thesstal error as a grade of
the precision, just like in any experiment. In fact, molecuimulations are computa-
tional experiments. In some cases, for example when meagsiine flow velocity for small
Mach-numbers, the fluctuations may exceed the actual duédnytiseveral orders of mag-
nitude. For MD-CFD coupling, the fluctuations will be transésl from the MD-domain to
the continuum-domain where it may cause stability probléanshe CFD-solver. In both
cases, the method of calculation has to be adapted in oréeefothe fluctuation below a
desired level.

For reducing the strength of the fluctuations, one can iserébe number of atoms
from which the respective quantity is calculated. This isieeed by increasing the volume
of the cell for which the calculation is performed. Howewhis approach is limited due
a possible required minimum grid resolution, or in relatiorihe MD-CFD hybrid simu-
lation, through the thickness of the HSI-layer or the regmients of the coupling scheme.
Often, simulations are run in three dimensions even if tlbl@m is éfectively of one or
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two-dimensional nature. In such cases, the cells can beelstet in the third dimension to
increase the volume. The only limitations are the compaaiti resources available. Us-
ing a particle to mesh scheme like CIC, as described in thequs\section, also helps to
reduce the fluctuations.

The next three sections focus on the reduction and estimafidluctuations. The
discussion is started with time averaging and the involuee torrelation issues. Subse-
guently, estimates for the fluctuation strength are given.

3.3.1 Time averaging

Another way of reducing statistical fluctuations is to apatiditional averaging for which
two types are available. Firstly, one can average over a rugflimolecular systems. This

is calledensemble averagend is obtained when a simulation or an experiment is carried
out repeatedly with slightly dierent initial conditions. The ensemble average is more use-
ful for probabilistic simulations, like DSMC, but for MD it wdd necessitate running the
same simulation with alternated initial positions grdvelocities. This is not practical
and therefore the second type of averaging, whidime averagingis usually employed.
Here, the instantaneous values#fare averaged over a period of timg,. For steady
state problems, the only limit of the length of the perio& eomputational resources. For
unsteady problems, the characteristic time scales of thiegds inA pose an upper limit to
otay. When ensemble and time averages are identical, then theutexienotion is called
ergodic In this work, only time averaging is used.

Averaging over a period of timét,,, @ macroscopic quantityl at timety, is given by

Nm

tm+0tay
e L S
Nn

AlTm) 3.3.1
Stav Jy, ] (rm) (334

Tm=

where the second equation is the discretised form, for wifiet calculatedN,,, times dur-
ing 6ty The averaging time is related to the number of calculationst,, = N6ty .
The measuring time stefi,, is a multiple of the simulation time stept,, = Tmesdt. The
relation factorrnesis any positive integer. In practise, its minimum value istatied by the
correlation time.

3.3.2 Correlation time

For time averaging, one also has to take into account thaesuient time steps in molec-
ular simulations are correlated. Especially in MD simula$ at low densities, the changes
from one time step to the next are small and therefore masposweariables are correlated
over many subsequent time steps. Hence, it iffitient to perform the calculation at ev-
ery simulation time stepst,, = 6t). Additionally, there is a danger of underestimating the
variance of the fluctuations [2]. For these reasangsshould be chosen large enough so



64 Calculation of Macroscopic Quantities

that subsequent calculations are uncorrelated.

A simply way of obtaining the correlation time is to read it the autocorrelation
function over time lags. The autocorrelation function ofasiable A for a series of time
lags is calculated by

Nm—7
1 m Cc

> Al Al + 70) (3.3.2)
~Tc Tm=1

¢(ﬂ’ TC) = Nm

wherer, is the time lag and the sum runs over the products of the Jeri@interest at
the timesr,,, andr,, + .. Ni, is the number of total calculations available. The mostulsef
form is probably the correlation citcient depending on the time lag. It is defined as the
covariancecoA, ) over the variance-?(A):

_ COMA, 7o)
p(A, 1) = o2 (3.3.3)
Nm—7c
COMA,7¢) = N 1_ Z (A(rm) — (A (A(Tm + Tc) — (A)) . (3.3.4)
m— Tc ™Tm=1

3.3.3 Fluctuation strength and confidence interval

A useful measure of the strength of fluctuations in time istfamdard deviation ofA),.

It describes the average deviation of the calculated anel éiveraged valugA), from the
true value ofA. Only the necessary relations to calculate the fluctuatiength are in-
cluded in this chapter. For a detailed description pleat te Allen and Tildesley [2],
Chap. 6, Rapaport [153], chap. 4.2 and Hadjiconstantinou Et3l

The underlying assumption is that fluctuations in timeAgf) are Gaussian distributed.
If the individual calculated quantitie®l(r) are independent from each other, i.e. they are
not correlated and have been obtained at time steps whickeparated more than the
correlation time £, > 7¢), the standard deviation &fA). is defined by

o((Ay) = Vo2((Ay) (3.3.5)
with o?((A),) being the variance gfA), that is simple given by

o*(A)
Np

TP (A, = (3.3.6)
wherec?(A) is the variance of the individual valueg. When obtained from a iicient
large number of time steps, instead of the strictly unknoariancec?(A) the sample
variances_,(A) can be used [25, chap. 16.3]. The variance and the unbiagedtesi
sample variance are then given by

Nim

1
Nm_l

Tm=

T (A) = K,-1(A) =

(A(Tm) = (AN)? . (3.3.7)
1



3.3 Statistical considerations 65

The average deviation from the mean, the standard devjatiof(A) = +/o?(A) for

the instantaneous values an@{A)) = o 2((A)) = o({(Ax)/ VNy, for the time average
respectively.

Confidence interval

To obtain a statistically significant average @f the minimum number of valueNymin
from which the average needs to be taken, can be calculatedcttosen confidence level
P, and a relative confidence intend};. For the confidence interval

CONFp, {{(AN(L - 6lci) < A < (A1 + 6lai)} (3.3.8)

the minimum sample size is obtained from the relation

(3.3.9)

erf‘l(Pd))z
5' ci <k7l>t ’

Nmmin = 20_2(ﬂ) (

where erf'(Py) is the inverse error function [114]. The correspondingimimm number
of MD time steps is theiN, min = NmminTc, Wherer. is the correlation time.

Fluctuations

In the MD-CFD hybrid schemes, the state variables depsitglocityu and energy density
e are calculated in the molecular dynamics domain and impasdabundary conditions
on the continuum domain. The knowledge about fluctuations inande are therefore

necessary for the construction of the HSI. For a time averagaantity(A),, the average

fluctuation strength can be defined as the fractional errbigiwis the standard deviation
of (A) over its true value:

_ oA _ NTP(AN) .

F = =
YT Al A

(3.3.10)

Now, the most interesting question is: over how many valMesiust one average
to reduce the fractional fluctuation below an acceptablel)efor instance below 5%
(F(a, < 0.05). To this end, Equation (3.3.10) can be rearranged tothezeninimum value
for Nmmin:
a?(A)
F2As”
whereAy is the true value or the limit of the averag@y = lim_,(A).

(3.3.11)

Nrn,min =

Of course, the fluctuations can be computed in preliminastiens before the actual
simulations, but this féort may be saved by using the theoretical derived expressbn
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Hadjiconstantinou et al. [72] for fractional errors in gas@d dense fluids. The predictions
are given for: density; velocity in one dimensiony,; internal energy density, tempera-
ture, T; and pressure?. Since the fluctuation strength is based on the standardtitavs

o (A) of the variables (g.v. Equation (3.3.10)) one has to stélt those definitions:

(o) = mvN (3.3.12)

VAC

o(Uy) = ,/‘:ﬁ—ll (3.3.13)
ke T2cyp)N

olen) = \ e (3.3.14)

kgT?
a(T) = 3.3.15
(T) N ( )
o(P) kBTATC VYN _ (3.3.16)

It is assumed that the variables of interest are calculaited N atoms. The acoustic num-
ber Ac is the ratio of the speed of sound of the flugd to the speed of sound of an ideal
gas,a: Ac = a/a. kg is Boltzmann’s constantn the molecular massy ) the isochoric
heat capacity per particle andhe ratio of the heat capacitieg:= Cp(p)/Cy(p).

From the instantaneous standard deviations of EquatioBsl@d — (3.3.16) one easily
obtains the time averaged standard deviation (q.v. EQuéB@.7)). These can be related
to the absolute variable valugs; for the densityuo, for velocity in dimensiony; e for
the internal energy densityy for temperature; anB, for pressure, to give a prediction for
the fluctuation strength (g.v. Equation (3.3.10)):

a({p)) 11

F = = — 3.3.17
o) o NN Ac ( )
0-(<ua>t) 1 1
E = = 3.1
W Uo| VNN AcMayfy (3.3.18)
. _ oen)) 1 TNyksCyp (3.3.19)
{6 €o VNN €ntoV
o (<T>t) 1 Ks
E = = 3.3.20
i To VNN '\ Cvp) ( )

F :
P = VNN PV

whereMaiis the local mach-numbeNla = ug, /c. For the cases considered here, i.e. mono
atomic substancesyp) = (3/2)kg.
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Rearranging Equations (3.3.17) — (3.3.21), the minimum rermobcalculationNm min,
over which one needs to average to reduce the fractionaliitionsF below a desired
level can be determined:

1 1

Nowin = Foyac (3.3.22)
1 1

u - _—

Nimin = P NACMES, (3.3.23)
1 kBTZCV(p)N

NS o = 2 T 3.3.24

m,min |:2 (ao)zvz ( )
1 k

NT = 5 (3.3.25)

mmin E N CV(P)

1 kg®T2AN?y
m,min ET . (3.3.26)

3.4 Automatic calculation simulation mode (ACSM)

For calculating a quantity, it is necessary to know aboutateuracy of the calculation.
This is true for experiments as well as for simulations. Fepririum MD simulations,
the accuracy can be increased arbitrarily, within the caatpmnal resources, to a desired
level by running the simulation longer and averaging overexaalculated values. A prac-
tical problem one faces is that the variancgA) and correlation time are usually not
known in advance. Hence, the required minimum number ofe&ll, min for achieving
the required accuracy is unknown and thus the minimum nuwoitdene stepsN; ,i» which
need to be performed as well. Thus, one needs to run the siorufar a period of time
N.mp Which seems appropriate and to calculate the mean, cooreléate, variance and
confidence level from the values obtained during this runthdf confidence level is too
low, the simulation has to be extended to the estimated mimmumber of integration
time steps (Equation 3.3.9) with a new analysis being cduwigt. This procedure is re-
peated until the confidence level has reached the requived I8everal iterations may be
necessary, since the estimates variance, correlatioraithieonfidence level change as the
number of calculated values increases.

Executing the described procedure manually, by usings$itzal software toolsfor the
analysis is elaborate and time consuming. Therefor@uaommatic calculation simulation
mode(ACSM) has been developed by the author and implementedhietdtD-code. It
provides a fast and convenient way to calculate variablegjnlibrium MD simulations
without the requirement of human interaction. The basingiple is to extended the MD
simulation automatically until the mean value of the cadtedl variable satisfies the chosen
statistical confidence criteria. As input parameters, tioegdure requires

1. the calculation frequencifnes

ISuch as the mathematical software package MATLAB [119]
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the calculation periotl,
the threshold of the time correlation ¢heientpnyay
the confidence interval;

a kc wn

the confidence level,,.

The flow chart of the ACSM operation mode is plotted in Figurg. 3During the
first part, the molecular system is initialised and run uatihermal equilibrium has been
reached. Subsequently, the simulation is run in equiliorstate forN,,, time steps.
Thereby, the variable of interest is calculated evepystime step and appended to an
array that contains all calculated values. The simulationis followed by the statistical
analysis of the recorded array of values to calculate thenr@,, varianceo?(A), corre-
lation timet¢, minimum number of valuell,min and eventually minimum number of time
steps to runN.min. The results of the statistical analysis are printed intdeatdi inform
the user about the progress of the calculation and to pr@andestimate of how many time
steps are still to be performed. The ACSM is finished if thel totanber of integrated time
steps is bigger than the calculated minimuda & N.nin). Otherwise, the simulation is run
for anothem, , time steps.

The correlation time is determined by calculating the datren codficient p(A, 7¢)
using Equation 3.3.3 for. increasing stepwise from. = 1 by 1 until o(A, 7¢) < Tmax
For . = 0O, the correlation cd&cient is unity p(A,0) = 1) and will approach zero for
increasingre.

The ACSM can be used to conveniently calculate any quantity ft MD simulation in
thermal or dynamic equilibrium to the desired confidencellel should be noted that the
procedure conditions the calculated variable to be, inggula, constant in time, apart from
the fluctuations. Situations in which this condition is natisfied will lead to meaningless
results.

3.4.1 State variables for LJ-material

In later chapters, the state variables: potential energgitles,, kinetic energy densitg,
and static pressur@s are required for dierent combinations of density and temperature
of the LJ potential modelled material. These variables hmen calculated, by using the
ACSM to obtain the desired accuracy. All simulation paramsateere chosen to match the
ones that were used for the following simulations in ordebeable to use the calculated
guantities there. The simulations were run in reduced litsyg.v. Section 2.1.5). The
LJ potential was shifted to give zero at the ctit-gistance I, = 2.5, V- (r.) = 0). The
employed integration time step was= 5 x 1073, It should be noted that for ensuring a
perfect total energy conservation, the time step would babe chosen one order of mag-
nitude smaller, i.est = 5x10°4. However, for all subsequent simulatiafts= 5x 102 was
employed to limit the computationaffert. Therefore, this time step was used here as well.
To compensate the minor total energy drifts, a weak temperatcaling was employed
every 1,000 time steps with a scaling facfge= 0.1. A comparison run witlat = 5x 107
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Start calculation
equation of state

Initialise basic simulation parametdrs
and MD domain

| Initialise atomic positions and velociti+s

!

| Run equilibration for target temperatqre

Run equilibrium simulation
for N mp time steps,
calculate variableAl everyrmestime stepg

| Calculate mean value oft |

| Calculate variance value o |

| Determine correlation time oft |

| Calculate minimum number of time stefNgmp |

l

N > Nemp

yes
End calculation
equation of state

Figure 3.3: Flow chart of the automatic calcuation procedure that runs the simulation uatil th
calculated value satisfies the confidence criteria.

showed basically no fferences in the results.

For each state the system was initialised with a fcc lattig@ W, = (20,5,5) unit
cells, resulting in 2,000 atoms. The lattice filling schernattwas used for this task is
explained in Section 2.2.8. To calculate the bulk energesiodic boundary conditions
have been applied in all dimensions. For the calculatiornefdressure through the wall
method (q.v. Section 3.2.1), the system was confined by tilectae planes in the x-
dimension. The setup is identical to the one used for thécdiedt case in Section 6.1
which is illustrated in Figure 6.1. For each state, the systeas equilibrated to the re-
spective temperature before the ACSM procedure was staftegl calculation frequency
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was set tormes = 10 time steps and the simulation intervals wakg,, = 10,000. The
potential energies were computed by using Equation (3a&hd)the static pressure from
the reflective wall through Equation (3.2.14).

In Table 3.2 the calculated values for the varialeg®, T), ex(o, T) and p(p, T) are
given. The values for the kinetic energy density are exaouidh the prescribed tempera-
ture, g = %nka. The correlation time,, is the time step, where the threshold of the
time correlation coicient has beepna (A, 7c) = 0.1. The chosen confidence level for all
cases was 99%. The left and right sided confidence intergavén relative to the mean
value and ranges frol;; = 1% todl = 0.01%. The concrete size of the confidence
interval was chosen based on the computational costs tevactiie required accuracy and
the absolute value of the respective variable. Consideritmnarete value from table 3.2,
for example,p(o = 0.1, T = 2) = 0.19, it implies that the mean value of a new series of
calculations would be within the interval .88 0.191] with 99 % certainty.

State : ACSM statistical analysis
o T Variable Mean Std. dev 1o Olgi Nrmmin N:.min
€p -0.0555 183x10° 24 01% 4,001 960,240
0.1 2 e 0.3 — exact value —
Ps 0.19 0.037 1 1% 67,694 676,940
€p -3.7512 0.0139 2 01% 9,086 181,720
08 1 € 1.2 — exact value —
Ps 1.63 0.865 1 1% 21,562 215,620
€p -6.659 0.0239 1 01% 8,525 85,250
1.2 1 h 1.8 — exact value —
Ps 17.25 51.4 1 1% 188 18,800

Table 3.2: Calculated state variables for the used LJ-material including the statisticabagand
minimum time steps. All quantities are given in LJ-units (qg.v. Table 6.1).

The last two columns contain the minimum number of calcoketiNy,mi, and inte-
gration time stepfN, min. For each considered state, the simulation has been ruhédor t
respective maximunN, ,i». From the data it is obvious that for all states energies en b
calculated with much higher precision than the pressurk woimparable computational
effort. When comparing the number of required integration titeps one needs to bear in
mind that the computationaltert per time step is less for lower densities than for higher
ones, because of the lower number of interactions that reeled tomputed.

The ACSM has shown to be an excellent tool for calculating anylérium variable
with a desired precision. After defining the desired cotrefatime and confidence criteria
the procedure runs independently and the investigator eantel their time to other tasks.



CHAPTER 4

The Molecular Dynamics Code and Its
Verification

This chapter describes LAMMPS, the molecular dynamics,dbdé has been
used for this work. The most important fundamental propeieLAMMPS are
presented including the modules that have been added witisiwbrk. LAMMPS
has been verified, based on momentum and energy consertagaadial distri-
bution function of Argon and the collision dynamics of byaluster collisions.

The implementation of hybrid MD-CFD coupling methods witlrogeetrical coupling
poses a number of special requirements on the MD code. Thisedo the fact that the
boundary of the MD domain at the interface to the CFD domaiowalin- and outflow
of material. For this reason, the number of atoms within tH2 ddmain is not constant
throughout the simulation.

Traditionally, MD codes have been developed to simulateagfnrumber of atoms. The
internal data and source code structure of these is basecconstant number of atoms.
For this reason, it would require an inappropriately highgpamming &ort to change such
MD codes in a way that they could handle a varying number ahatdConsequently, such
MD codes are not suitable for hybrid MD-CFD simulations.

It was necessary to find a MD code that allowed the inserti@hramoval of atoms
during the actual simulation. At the beginning of the PhD, B kbde with the desired
properties was not available. Thus, the author startedelielopment of a MD code that
would be suitable for geometrical coupling of MD and CFD. Heere the development
and especially the verification of a MD code that is flexiblargilelised and can accom-
modate potentials for a broad range of materials is an eixeetesk, in particularly within
the time frame of a PhD. Therefore, after the publication AMMPS [148], it was de-
cided to use this MD code. The reason why LAMMPS is suitablehfdorid MD-CFD
coupling originates in the way in which the parallelisatisrachieved. In LAMMPS, the
MD domain is basically subdivided into a cartesian grid afiwidual sub domains, where
each sub domain is simulated by one processor as a selfioettsiD simulations. The
connection between neighbouring sub domains is establishencluding the atoms inter-
action distance as ‘ghost’ atoms. When crossing the bowsslbdatween the sub domains,
atoms are passed from one processor to another one. Thesdibstructure of LAMMPS
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enables the insertion and removal of atoms innately. It le@s mdapted for the purposes
of this work, extended by several modules and used for albpeed simulations.

4.1 LAMMPS

LAMMPS was developed at and is distributed by Sandia Natibaboraties. The source
code, examples and documentation can be found at [148]ntegrating the atomic motion
in time, a velocity Verlet algorithm is employed. LAMMPS @ste previously explained
optimisation techniques for the computation of the intamat interaction: cut-fi distance,
shifted potential, neighbour lists and linked cell list@lighm for generating the neighbour
lists. Simulations are controlled through a script filet tt@ntains all necessary commands
for setting up and running the simulation. The code itselvigten in C++, using an
object-orientated structure. This allows a relativelyamgplicated extension of additional
modules into the existing code.

Implementation of additional parts

Several additional parts have been implemented into LAMNIPBe able to perform the
simulations necessary for this work:

ACSM: The automatic calculation simulation mode (ACSM) runs an MiBusation in
static or dynamic equilibrium until a desired precision #ocalculated quantity has
been achieved. It is described in Section 3.4.

Grid analysis: This is an analysis module that can be used to relate the matestates to
the continuum description. For using it, one defines a Vigud of cells throughout
the molecular domain. For each grid cell, or the grid nodénendentre of the cell,
the chosen macroscopic variables are calculated and &aeemadime. These may
comprise mass, density, number density, momentum, vglderperature, potential
energy, internal kinetic energy, external kinetic enetgigl energy and temperature.
The results are printed into a file for further postproceassirne details of the calcu-
lations are described in Section 3.1. To assign atoms tongwieés, the NGP or CIC
scheme can be chosen.

Fragment identification: The purpose of this module is to identify fragments of con-
nected atoms. It has been used in the study of collidingedustat is being described
in Section 4.3. The algorithm is described in [104].

Reflective wall: This module is based on the algorithm described in Sectidnl7poses
a boundary for atoms, which are reflected perfectly on it.

Flux boundary conditions: This module is the implementation of the MD flux boundary
conditions that are part of the HSI between MD domain and CFRDaio. It is the
central part of this work and was implemented with flexigils a primary design
target to allow the investigation of theffiirent flux imposition methods. These can
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be switched on orfb through a number of parameters. The investigated parasneter
are described in chapter 7.

4.2 Basic verfication

Even though LAMMPS is being used by a relatively large comityuof researchers, the
version that was used in this work was verified with sevesdldases. For basic verification
a three-dimensional atomic system modelled with the Léuitdl and periodic boundary
conditions was used. The used time step wtas 0.005 in LJ-units (Compare table 6.1)
and the cut-ff distance. = 5.0.

Conservation of total momentum and energy

The most basic verification case is to check the conservafitotal momentum and total
energy in an equilibrium simulation. For equilibrium siratibns with constant number
of atoms, volume and energy, a so called NVE ensemble, thertaimentum and energy
must be conserved in time. The tests were performed for gasdéiquid and solid (fcc
lattice structure) states. In all performed cases, thé nodenentum and total energy of the
system stayed constant in time.

Radial distribution function

The second basic verification case is concerned with thalrddiribution function (RDF),
a structural correlation function that is characteristithe internal atomic organisation of
a material at a specific state, i.e. at a certain density angdeature. Because the RDF
can be measured experimentally, for example by neutrotestceg experiments [201], and
calculated from MD results it is a suitable for verificatiamavalidation of a MD code.

Imagine a particle at the position in a volume elementrd as part of aN particle
system in a statistical ensemble. The probability thathatstame time, another particle is
at positionr; in a volume elementd (regardless where the remainihg- 2 particles are
located) is proportional to theair distributionfunctiong(ry, r,) dr,dr,. If the systemisin
a homogeneous equilibrium thefr,, r,)dr,dr, depends only on the distance= r, —r,
between both particles [157]. Furthermore, if isotropysswanedg is only a function of
the magnitude of the distance-= |r|. This function is known as radial distribution function
g(r) and is a measurement for the probability of finding a patatl the distance from
another particle.

For a simple mono-atomic system, in which only pair-intécats are modelled by a
potential’V(r), the radial distribution function is given by [167]

fara:--druerpl-grd 5 S V(1= )
Jdry o dryexp[- & i EN BN V(In- )]

(4.2.1)
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Figure 4.1: Comparison of the radial distribution function of Argoh € 85K, n = 0.021251/43)
between experimental measurements by Yarnell et al. [201] and MD simulagfarits using
LAMMPS.

The computation of (4.2.1) posedittulties. However, using particle positions that have
been computed by a molecular simulation, one can detergfinelirectly by an algorithm
which is formally written as [157]:

_Vn(r,or)

= ——— 4.2.2
9(r) N 4nr2sr ° ( )
wheren(r, 6r) is the number of all particles within a spherical shell thatiges from the

radiusr tor + ¢r around a randomly selected patrticle.

The verification was done for Argon at a temperature of 85K mamahber density of
0.0213%43. To model Argon, the Lennard-Jones potential (Equatior23)lwith the pa-
rameterse = 1.654x 102'J ando = 0.341nm was used. The simulated system was a
three-dimensional box with periodic boundary conditionstaining 27,000 atoms. The
RDF was calculated from all atoms using Equation 4.2.2 up tstamce off = 136 A,
every 500 time steps and averaged over 20 independentabnd. In Figure 4.1, the cal-
culated RDF function is plotted together with the RDF functalstained experimentally
by Yarnell et al. [201] in neutron scattering measuremenit® plots show excellent agree-
ment and it can assumed that LAMMPS is verified for simulatiosing the Lennard-Jones
potential.
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4.3 Study on binary cluster collisions

As a further verification study, an investigation on the byneollision of spherical clus-
ters was performed. The collision results have been cordpeitt models that have been
developed based on the results of binary droplet collisexperiments. Beside the pur-
pose of validating the MD code, the investigation also hasmaber scientific contributions
which are discussed in the following sections. The deta#sdlts of the study have been
published in [105].

The interaction of particles, i.e. drops, droplets or @ust play an important role in
various natural phenomena and technical applicationseldtahding of collision dynam-
ics of binary droplets under flierent conditions is pertinent to a broad range of processes
including nucleation and growth of aerosols in the atmosplie4, 151]; technical sprays
used in material manufacturing processes, internal cotiaousngines, surface treatment
and coating [108, 149, 151]; sintering during which bulk en&tl is generated through
inter-particle collisions, where the properties of the enall depend strongly on the shape
of the coalescence or agglomerated particles [52, 202ythrdrandling and utilisation of
atomic and molecular clusters [100], particularly as agapin cluster beams, where the
growth of clusters is driven by monomer addition and clusta&alescence [169]. Further-
more, research studies have been conducted to undersefiadndlamental mechanisms
associated with coalescence of liquid drops [45] as wellrap deformation and breakup
in viscous flows [172].

Binary collisions of particles can occur atflidirent scales ranging from macroscopic
particles, such as raindrops, down to nano-sized partickesclusters and nanodroplets. In
the context of macroscopic scales, binary collision of ttsphave been the subject of ex-
tensive investigations over the last few decades. Expatahstudies of Ashgriz and POO
[14], Brazier-Smith et al. [23], Brenn et al. [24], Qian and L§b1], Willis and Orme
[196, 197], have identified four main collision modes: csatnce, reflexive separation,
stretching separation and shattering. Models predictiegautcome of a collision for a
given set of initial conditions have been developed and ecdd using experimental re-
sults, e.g. Arkhipov et al. [13], Ashgriz and POO [14], Brazsamith et al. [23], Gopinath
and Koch [63], Ko and Ryou [108], Post and Abraham [149]. Havgethe details of the
collision processes arefticult to obtain through experiments, especially at smaligien
and time scales.

As an alternative, numerical simulations can be employesthéal light into the details
of collisions. Previous studies on three-dimensional satmns of binary droplet collisions
have been published by Rieber and Frohn [156], based on tbepressible Navier-Stokes
equations in conjunction with the volume-of-fluid methoddeschelke and Frohn [164]
based on the Lattice Boltzmann equation method. Mashaydk[&P8&] used the Galerkin
finite element method to simulate the coalescence of liquigldts in two dimensions.
The method is limited to coalescence and cannot handleaépar Meléan and Sigalotti
[132] employed smoothed particle hydrodynamics (SPH)rtwate the binary collisions
of equal-sized drops in two dimensions, while simulatioasdal on the incompressible
Navier-Stokes equations covering main modes of binaryldtapllisions have also been
recently published by Pan and Suga [144].
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At nanoscale, the atomic structure of the particles becomsrtant since they consist
of a few hundred or thousand of atoms. At present, thesesaadenot directly accessible
by experiments, hence, numerical simulations become ewee important. Quantum me-
chanical methods such as the density functional theory j¥eUId give the most accurate
results, but they are computationally very expensive andcdy be applied to small clus-
ters. MD methods based on phenomenological potential ifumeto model interatomic
interactions, have turned out to be an excellent tool fodooting numerical experiments
at small scales. Continuum methods would reduce the conmuaihifort even further,
but they are not valid for the simulations of binary collisson the nanoscale range.

Greenspan [64] and Greenspan and Heath [65] presented nddheee-dimensional
molecular dynamics simulations of droplets consisting ,&R8 molecules interacting via
a Lennard-Jones potential. The simulations showed théswence, stretching separation
and shattering modes occur for droplet collision at narlescédlyatt [199] presented re-
sults from MD simulations of binary collision of @) droplets using the simple point
charge model (SPC) and a new derived hybrid model (HYB) for taeemmolecules. The
first systematic investigations of binary collisions weegfprmed by Ming et al. [133] for
Ar 1900 Clusters, for diterent collision velocities and angles, confirming the modesmd
in previous studies, i.e. coalescence, stretching separand shattering. Svanberg et al.
[175] employed the same setup for the simulation agi@},s and (HO),900 and performed
simulations for two dierent initial temperatures of 160 K and 300K in conjunctiathw
the SPC water model. They found that the boundary betwedesmence and stretching
separation is in good agreement with macroscopic modelsieMer, reflexive separation
which is observed at macroscale was not found in any of theesipvestigations. In a pre-
vious study, the authors have investigated the collisioradyics of the head-on impact of a
small cluster (Asog) Onto a large cluster (Agqo79 for a broad range of impact speeds [104].
Both clusters had an initial temperature of 5K. In additiorcé@alescence, the collisions
resulted in partial scattering, eversion and total digiragon (shattering).

For sintering, collisions between clusters at thermal giesr i.e. at very low speeds,
which are likely to lead to the coalescence of the involvedigas, play a key role at
nanoscale level. MD simulations of these processes arerpegtl by starting with two
equilibrated clusters, initially placed in single pointintact with each other. As the simu-
lation advances, the attracting interatomic forces caduseaalescence of the two clusters,
which takes place through two distinguishable stagesiallyita neck, following a power-
law growth, forms between the clusters. The neck disappates and one particle is
formed. Several authors have compared MD results with phenological models for
coalescence time, neck growth, surface area reductiompeterture change and change of
gyration radii. Simulation for coalescence ofisStlusters were carried out by Blaisten-
Barojas and Zachariah [21]. A combination of MD and DFT wasdusg Schmidt et al.
[166] to study the fusion and reaction cross sections of lametial-metal cluster collisions.
Zachariah and Carrier [202] performed MD simulations to stigate the morphology of
particles in binary collision of spherical silicon pares| created by coalescence of zero
impact factor (see§ 4.3.2 for definition), and validate phenomenological mea#lparti-
cle growth. They found that the shape of the generated fegtifrom 30 up to 480 atoms)
depends on the size and temperature of the original patickmilar simulations were
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performed by Hawa and Zachariah [85], for hydrogen-neigtdlsilicon particles, in or-
der to investigate possibilities of controlling the sizesdicon particles generated through
vapour phase. Hawa and Zachariah also developed a mathahmatdel for the coales-
cence of coated patrticles [86] and extended the investiggtio coalescence of unequal
sized particles [87]. Rogan et al. [159] used the embedded atethod (EAM) potential
to model binary collisions between small gold clusters aogeoved fusion, fragmentation
and scattering collision modes. Arcidiacono et al. [12] pedormed MD simulations of
coalescence of solid gold nanopatrticles for sintering @sses. The clusters were mod-
elled by using the glue potential. They reported that cagliese of gold clusters with radii
greater than 20A agreed well with macroscopic phenomeigabgnodels, whereas for
smaller particles the models do not hold.

One aim of the present study is to investigate a variety ohpheena occurring during
the binary collision between spherical particles at naalesthenceforth called clusters)
for a broad range of collision angles and impact speeds. Elasker consists of approxi-
mately 10,000 atoms, which is about one magnitude biggerttielargest cluster that has
been used in previous binary collision studies. This is tangit to shed light on the colli-
sion dynamics at nanoscales and examine similarities leetwanoscales and macroscopic
scales. Qualitative comparisons with previous MD studinesanalytical prediction models
derived for macroscopic droplet collisions, are also pness In addition to the collision
identification approaches that have been used in previoustdflles, an alternative iden-
tification scheme is proposed, which enables classificatidine collision phenomena into
main modes and sub-modes with respect téedént collision angles and impact speeds.
Finally, it is investigated whether the collision mode redel to as reflexive separation,
which has been observed in macroscopic droplet collisioos)rs at nanoscale.

4.3.1 Molecular model and definitions

MD has been employed in several previous investigationsuster-cluster [65, 104, 133,
159, 175, 199] and cluster-surface collisions [22, 136, 159, 200].

The clusters of the present study consist of atoms that adeled by the widely used
12-6 Lennard-Jones (LJ) potential. A distance af& has been used as cuf-distance in
the present simulations. All units are given in LJ-unitee(3able 6.1). Similar to previous
investigations [104], a dimensionless time step @023 has been used. fBErent crite-
ria have been used for analysing the computed trajecto@edlision fragments that are
formed during the collision process are classified accgrtiirtheir size. The absolute size,
S¢, of afragmentr is defined as the number of atoms in the fragment. The relsitzegs®,
is the number of atoms in fragmemtrelative to the initial number of atoms in one cluster
N (s* = S*/N). Using the relative size, fragments have been classifiedaur categories,
very large, large, medium and small (Table 4.1). The lariyagment is labelled as'Rvith
arelative sizes'; the second and third, .. . afdtth largest fragments are labelled & F,
... PY with relative sizes?, &, ...sV".
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| Type Abbrev. S S |
very large K 10%< s 1000< S
large [ 1% <s<10% 100< S < 1000
medium F 0.1%<s<1% 10<S <100
small K $<0.1% S<10

Table 4.1: Classification of fragments according to their sigandS are the relative and absolute
size of the fragments, respectively.

Depending on the collision dynamics, there may be one or tamfragments. Per
definition, scattered atoms are all atoms that do not belotiget main fragments:

2N - st ' one main fragment
Neca = { 9 (4.3.1)

2N - (S'+S?) : two main fragments -

For the identification of fragments the nearest neighbostadce criterion of Stoddard
[171] has been applied with a critical atom separation,0& 1.76. A description of the
fragments detection algorithm can be found in [104].

The analysis of collision dynamics involves the calculataf several fragment and
cluster properties; henceforth, the word fragment willlgpp clusters as well. For a frag-
ment F the centrer® is considered as the centre of mass. The translational agulaan
velocities are/” andw® respectively.w® is calculated from angular momentufhand the
inertia tensott®. In the analysis, both internal and external energies haea bonsidered.
The internal potential enerdy,,, of a fragment F is calculated by the sum of the inter-

actions between the atoms within the cluster. Furtherntbesinternal E¢; ., and external,

Elex Kinetic energies are used in the analysis of the resH]}s, comprises of the linear,
Eiexe @nd the angulagy, . parts. The calculation of these variables is standard arech

ics and can be found in textbooks, e.g. Goldstein et al. [62].

The fragments temperatures are obtained from the intemeli& energy by

=
Te = =0 4.3.2
2kgfo’ ( )

wherekg is Boltzmann constant anfi* are the degrees of freedom of the fragmdit;=
3S® — 6 for an atomic fragment.

4.3.2 Setup of the nanoclusters

The initial setup for the two binary clusters®@nd C, is shown in Figure 4.2. Each
cluster consists oN = 10,973 atoms, has a diameter @f~ 27, a temperature of.83
and an internal potential energy Bf .. ~ 8 x 10%. They have been spherically cut from a
face-centred cubical crystal and equilibrated over, 000 time steps.
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Cluster CA

y Overlapping
spherical segment

Cluster CB
X

Figure 4.2: Initial setup of the binary nanoclusters. Both clusters are assignedced spa/2 in
opposite direction. The right cluster is displacedbin the negative y direction.

The collision dynamics is investigated with respect totredaspeedu and impact pa-
rameterX. The absolute velocities are given by

u u
v‘\:l[o Y o], (4.3.3)
2l o 2l o

for the clusters € and &, respectively. The linear momentums gt = Nmy* and
P? = NmyVB; the initial relative momentum ip = 2Nmyu; and the total linear momentum

isp=p*+pt=0.

The impact parameteiX, determines how farf&-centre the collision occurs and is
defined as the distance from the centre of one cluster to lagveevelocity vectou orig-
inating from the centre of the other cluster [14]. Non-disienalisingX yields x that can
be easily related to the collision angtgFigure 4.3),

X .
X = 3" X = sin() . (4.3.4)
For x = 0 (@ = 0°) both clusters are subject to head-on collision, whereaxfe 1
(a = 90°) the collision is marginally avoided.

The displacemenK must be perpendicular to the relative velocity veatiothat is
aligned to the horizontal direction. Therefore, the righster is moved by in the nega-
tive y direction and the two initial positions of'Gand & are set as

=17 17
1
A = E[ 0 ] , re=2] -x|. (4.3.5)
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CA

=xd

Figure 4.3: Relation of impact factox and collision anglev.

For x # 0 an angular momenturhin the z direction is introduced, which is conserved
throughout the simulation:

I, = %Nmaux. (4.3.6)

4.3.3 Investigation of the collision dynamics

The collision dynamics of two Lidg73 Clusters was investigated forftérent values of the
impact parametex in the range of 0 to 1 and atftiérent speedsy, in the range of 1.58 to
6.33 (non-dimensional). Initially, simulations were ¢adrout for all combination ok =
{0,0.13,0.24,0.36,0.42,0.5,0.6,0.71,0.87,0.97,0.99} andu = {1.58,3.17,4.75,6.33}, in
order to identify the main collision modes. Furthermorejdations were performed for
selectedx andu, to obtain a clearer understanding of the transition betvibe collision
modes and to render more precisely the location of the tiandines. Simulations were
conducted for up to 100,000 time steps (a non-dimensiomed tinterval of 232). Fok =
0.13 andu = 5.33 computations were performed for 250,000 time steps (edmaensional
time of 580) in order to investigate the evaporation proggshkat follow a collision with
relatively high energy. The trajectories have been visedliby using the VMD software
[95].

During the simulation the state of fragmentation was maadoi.e. the number of very
large,NY', large,N}, medium,N{", and small fragments\l?; the number of atoms in each
classN., N2, N, NS; and the number of scattered atorfs., Other parameters were
recorded in relation to the two largest fragmentsaifid P including the total sizesS* and
S?; the relative sizess' ands?; the fragments positions! andr?; the velocitiesy* andv?;
their angular velocitied," and|?; the linear external kinetic energies ., andEf, . . the
angular external kinetic energies,, ., andEZ, .. the internal kinetic energie&y,  and
Efino the internal potential energieg; . andEZ ; the external potential energies, .,
andEj.,,; and the temperature$; andT?.

An overview of the collision dynamics for fierent impact factors, velocities, and times
is shown in Figure 4.4. The scale varies between the imagasler to enable visualisation
of the spatial distribution of the resulting fragments. K x andor low u the collision
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| x\u 158 1.9 253 317 393 475 538 6.33

0.00| 116 116 116 174 174
0.13| 116 116 116 174 174 174
0.24| 116 116 116 174 290 174

0.36| 116 116 116 116 290 174 232 174

042| 116 116 116 116 174 116 232 116
0.50| 116 116 116 116 116 116
0.60| 116 116 116 116 116 116
0.71| 116 116 116 116 116 116
0.87| 116 116 116 116
0.97| 116 35 35 116
1.00| 116 35 35 35

Table 4.2: Non-dimensional times at which the fragment parameters were calculatedigskes
4.3-4.5).

results in one main fragment whose shape depends or dinelu values. This collision
mode is referred to amalescencéhenceforth labelled as (I)). For higheandor u values
the collision yields two main fragments and in some casesay @also include satellite
droplets. As described later in more detail, the tempagrdoitmed cluster separates after
being stretched, thus the mode is referred tstestching separatiorflabelled as (I1)). A
third collision modeshattering(labelled as (I11)), which corresponds to the destructiébn o
both clusters, occurs for high velocitias,in connection with low impact factors, In the
following section, classification of the collision modepresented in detail.

Modes Classification

Different techniques and criteria can be used for identifyiegtilision modes. One possi-
bility is to classify the dynamics visually as done in expegnts [14]. The same procedure
can be used in the context of MD simulations and, additignalhe can obtain a more
thorough analysis of the dynamics using the computed t@jes. To identify the colli-
sion modes the following parameters were employed: theivelsize of the largests',
and second largest fragmest; and the diference of the relative sizes of the two largest
fragmentssi=2 = |s! — §|. These parameters are calculated &edént times (Table 4.2)
depending on the duration of the collision. The values o$¢hparameters for filerent
impact factors and velocities are given in Tables 4.3 — 4.5.

Identification scheme :A0One possibility is to adapt the scheme used by Ming et al.
[133], which compares' and & with threshold values, = 70% andca, = 20%, re-
spectively. These values provide the best agreement wethiifualisations. The collision
modes can then be classified as:

()  Coalescence fos > ca = 70%.
() Stretching separation f&® > cay, = 20%).
(1) Shattering fors! < ca, = 70% ands® > car = 20%.
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Figure 4.4: x — u matrix showing an overview of collision outcomes foffdrent impact factors
and velocities. The scale varies between the individual images becaudisttiimition of material
in space is dferent in each case (see Figures 4.5a, 4.5b and 4.6 for classificationdetrand
sub-modes). All numbers are non-dimensional.
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| x\u| 158 1.9 253 3.17 393 475 538 6.83

0 | 100.0 99.5 90.7 78.2 58
0.13| 100.0 99.5 984 895 77.0 39/6
0.24| 100.0 99.6 98.8 48.8 38,5 208

0.36| 100.0 100.0 99.9 99.7 489 43.1 358 26.1
0.42| 100.0 100.0 99.9 51.3 47.3 450 446 32.7

0.5 | 100.0 100.0 99.9 504 47.2 40(2
0.6 | 100.0 100.0 50.1 50.5 47.8 44(2
0.71| 100.0 100.0 50.7 49.7 47.8 47\4
0.87| 100.0 50.1 49.7 49.8 49.3
0.97| 50.1 50.0 49.9 49.9
1 50.0 50.0 50.0 50.0

Table 4.3: Relative size of the largest fragmerst, for different collision speeds) and impact
factors,x.

| x\u 158 1.9 253 317 393 475 538 6.33

0.00 .0 .0 11 15 3.8
0.13 .0 .0 .0 13 48 17.4
0.24 .0 .0 .0 414 291 204
0.36 .0 .0 .0 .0 474 431 331 226
0.42 .0 .0 .0 48.1 458 435 42.0 327
0.50 .0 .0 .0 484 37.0 38.8
0.60 .0 .0 49.8 48.9 46.9 42.5
0.71 .0 .0 49.0 4838 47.8 47.0
0.87 .0 499 49.5 49.8 49.2
0.97 ] 49.9 49.9 49.9 49.8
1.00| 50.0 50.0 50.0 49.9

Table 4.4: Relative size of the second largest fragmeﬁt,for different collision speeds) and
impact factorsx.

[ x\u| 158 1.9 253 3.17 393 475 538 6.3

0 | 100.0 99.5 89.6 76.7 549
0.13| 100.0 995 984 883 722 22{1
0.24| 100.0 996 988 75 94 A
0.36| 100.0 100.0 999 99.7 15 .0 27 37
0.42|100.0 1000 999 31 14 15 26 1
0.5 | 100.0 100.0 99.9 2.0 10.3 14
0.6 | 100.0 100.0 4 16 9 16
0.71| 100.0 100.0 1.7 9 .0 )
0.87| 100.0 2 2 .0 i
0.97 2 A .0 A

1 .0 .0 .0 .0

Table 4.5: Values ofd'~2, for different collision speeds,and impact factorsx.
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(a) Collision modes depending on the impact facfb) Collision modes depending on the impact fac-

tor, x, and velocity,u based on the identification tor, x, and velocity,u based on the identification

schemes. Coalescence is denoted &)y ftretch- schemes B. Coalescence is denotedebystretch-

ing separation byd) and shattering bya(). ing separation byd). The shaded area displays the
strength of scattering.

Figure 4.5: Collision modes for two diferent identification schemes.

Even though these criteria allow, in theory, a collision ébdmg simultaneously in coa-
lescence and stretching separation modes, none of theatedudases resulted in this sce-
nario. Applying the above criteria in conjunction with thencputeds! (Table 4.3) ands?
(Table 4.4), yields the collision modes of Figure 4.5a. Thaagition between coalescence
and stretching separation is clearly identified. The shatienode is somewhat arbitrarily
defined due to the ffusive nature of the transition towards shattering comptaréte other
two collision modes.

Identification scheme :Brhis scheme uses'~?, i.e. the size dference of the largest
and second largest fragment, to distinguish between amies and stretching separation
modes based on a threshold valogz= 15%. It also examines the percentage of scattered
atomsNg.o/N instead of defining the shattering mode. The criteria foesoh B are listed
as follows:

()  Coalescence fog'2 > cg = 15%).
() Stretching fors2 < cg = 15%.

Figure 4.5b demonstrates application of the above critarithe present MD results.
The shading denotes the intensity of scatteriNg{/N), where the dark areas correspond
to strong scattering. The collision dynamics discussedhértext sections is based on
the identification scheme B. The boundaries between thesmsllimodes are shown in Fig-
ure 4.6 including various submodes, which are explaine@iaitin the following sections.
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Figure 4.6: Overview of the collision modes including submodesdn-space: (Ia) sticking; (Ib)
sliding and locking; (Ic) droplet; (lla) normal stretching separatioit)(stretching separation with
satellite droplets; (lic) shearingdo

4.3.4 Coalescence (l)

Generally, the coalescence mode prevails at low velocitiegndor small impact param-
eters,x. Common to all collisions belonging to this mode is the fonmatf one main
cluster or a droplet that is created by the two original @tst Scattering of atoms occurs
only at high velocities. The structure, shape, temperaanemotion of the final aggre-
gate, as well as the dynamics of the collision procedgmwithin the coalescence mode.
The present simulations revealed threfedlent submodes: (a}icking modg(b) slide and
locking modeand (c)droplet mode The locations of these submodes are illustrated in the
x-u diagram of Figure 4.6. Transition between submodes ocaaduglly, thus collisions
occurring in the vicinity of borderlines encompass featlwktwo diferent submodes.

Sticking mode (1a)

Figure 4.6 shows that far < 1.58 the sticking submode covers the entire range of impact
factor x, except forx > 0.87, where the collision results in both clusters stickingetiber,
while their internal structures remaining intact. The shafthe resulting cluster resembles
that of a dumb-bell (Figure 4.4) thus it is also referred tadasb-bell mode [65].

The collision dynamics of a typical (la) case, exg= 0.36 andu = 1.58, is shown in
Figure 4.7. During impact, only the material near the cantsterface is deformed. Once
the dumb-bell cluster is created, the two clusters are 8dtko each other. The transla-
tional motion is transformed into rotation. The trajeatsrdf the two original clusters,"C
and &, are plotted in Figure 4.8; starting on the left side fér &hd on the right side for
CB, respectively. For the sticking mode case=(0.36, u = 1.58), the initially straight path
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time =0 time = 4.6 time =9.3

time = 23.2 time = 46.4 time = 69.6

Figure 4.7: Collision typical to coalescence mode £ 0.36, u = 1.58) with the resulting cluster
taking a dumb-bell shape.

is followed by a circular one (dashed line in Figure 4.8). Point at which the motion
changes is marked as contact point and this is exactly théqowhere the two clusters
come into contact. The transition from linear to circulartioo occurs in a very short pe-
riod of time. The distance between the mass centres of thanttial clusters B, remains
constant after the clusters have come into contact with etdwdr (Figure 4.9).

Figures 4.10 and 4.11 show the variation of the angular itglag and angular momen-
tum 1} in time of the dumb-bell cluster'F Before the initial clusters come in contact there
is no rotation. Following impact, the angular momentws, steeply rises and reaches
a plateau value, while, as expected, the angular momeniuwf, the resulting cluster is
conserved (Figure 4.11) .

For impact factorx < 0.2, the collision can still be characterised as ‘sticking eipd
even for velocitiear > 2, with the original clusters being flattened at impact. Thengd-
bell shape appearing at lowelis replaced by an elliptical or a spherical shape. A typical
example is the collision fox = 0 andu = 3.17 (Figure 4.4). The change of-Bis shown
in Figure 4.9. The distance between the clusters’ centremaler compared to the case
of (x = 0.13 u = 1.58). By further increasing the impact velocity & 4), the collision
mode will gradually take on the characteristics definingdhgplet mode. The collision
in sticking mode is governed by transformation of the ihigternal linear kinetic energy
Exex iNto: internal kinetic energ¥,n; internal potential energf, i corresponding to
the structural changes of the deformation and angularikireergyE, ext.
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Figure 4.8: Trajectories of the mass cen-Figure 4.9: Distancer®B between the cen-
tresr” andr® for coalescence mode, stickingre of masses” andr® of the original clus-
(la) and slide-and-locking (Ib) submodesters G and C for sticking (la); slide-and-
C” and @ trajectories start on the left andlocking (Ib); and droplet (Ic) submodes.
right sides, respectively, and are traced for

t = 0- 116 (non-dimensional)

Slide-and-locking mode (Ib)

The slide-and-locking mode forms a narrow (transition)iaegn x — u space between
coalescence and stretching separation (Figure 4.6). Thsi@o dynamics for a typical
case kK = 0.36,u = 3.17) is shown in Figure 4.12. The clusters are flattened at ¢inpa
(t = 4.6 — 11.6) and the initial contact point evolves to a flat, circulaenface. The heat
generated at the contact interface liquifies the materigthisiregion and a (liquid) layer
with reduced friction is formed. This layer acts as a cushietween the clusters facil-
itating their sliding along each other. The direction ofithaotion is slightly deflected
outwards and aligns parallel to the contact interface. myusliding the heat is dissipated
away from the interface to the rest of the cluster thus cgatiown the interface and in-
creasing friction. The linear motion is transformed intéatmn of the entire complex.
Eventually, the interface ‘locks’ and the sliding motiomgaletely stops, leaving behind a
rotating cluster. The shape of the resulting cluster depemainly on the extent of flatten-
ing and sliding of the original cluster.

The motion of the clusters can be traced by plotting the wsdf the mass centres pro-
jected onto a two-dimensional plane (solid line, Ib caseigufe 4.8), where the contact
and locking points as well as sliding area are shown. Afteritfitial contact the clus-
ters’ trajectories remain parallel to each other, while syatry is preserved throughout.
As the friction increases, the trajectories enter a circodation and the contact interface
is locked thus not permitting further sliding of the clustelhe distance of the mass cen-
tres,r*B, (Figure 4.9) shows that the closest approach occurs inatedyiafter the clusters
have come in contact. The distand&increases during the sliding phase and approaches
asymptotically a plateau value as sliding continues. Thgukm momentum|?, of the
formed cluster is conserved (Figure 4.11) and the angullacitg, w2, decreases (solid
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Figure 4.10: Angular velocityw? of the re- Figure 4.11: Angular momentun’ of the
sulting cluster at late time for sticking (la); cluster at late time for sticking (la); slide-
slide-and-locking (Ib); and droplet (Ic) sub- and-locking (Ib); and droplet (Ic) submodes.
modes.

lines in figures 4.9 and 4.10). The initial, linear kineticeyy, Ey ex;, IS transformed into:

(i) internal potential energyE,int, causing deformation and increasing pressure; and (ii)
internal kinetic energyEynt, in the vicinity of the contact interface. During the sligin
and-locking phase, the remaining par&Qfex: is transformed intd, ;,; and angular kinetic
energy,Exaex, Of the entire cluster.

Increasing the velocity results in faster and longer sliding motion, which everyual
leads to the separation of both clusters; this is the triansib the stretching separation
mode. Higher values of entail a smaller contact interface. Consequently, the fioans
mation of impact energyEy ex, into heat,Eyjn;, and deformationkE,;n, takes place more
slowly and therefore leads to stretching separation.

Further comments are given on how the classification of isticknode (la) and slide-
and-locking modes (Ib) has been obtained. The trajectofi# two clusters are projected
onto a two-dimensionak(-y) plane and, if the path follows a straight line after the tdus
come in contact, the collision mode is considered to be @t)erwise it is classified as
(la). An example is given in Figure 4.13 for constant 3.17 and increasing. Because
the trajectories of €Cand & are symmetrical, only those of‘Gire displayed. The path for
x = 0.0 is a straight line (central collision), but because thenea sliding, the collision is
characterised as (la). The path for 0.13 shows no distinct linear section and is therefore
considered to belong to mode (Ia). Note that the short s$ttdiige is due to compression
and flattening of the cluster, thus it does not account fdirglj. In increasing the values of
x to 0.24 and 0.36, a distinct linear segment can be found itrépectories following the
contact point. Hence, both cases are regarded as mode fib)ldssification of the colli-
sion modes was also checked by examining simulation movésgexd using the computed
trajectories.
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Figure 4.12: Development of coalescence featuring slide-and-locking mede((36,u = 3.17).
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Figure 4.13: Trajectories of the clusters”Cfor u = 3.17 and diferent impact factors. For
x = {0,0.13} the collision belongs to sticking mode (la), while far= {0.24,0.36} belongs to
slide-and-locking mode (Ib).
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Droplet mode (Ic)

For impact factorsx < 0.2 and velocitiesu greater than approximately5} the collision
dynamics is classified as droplet mode (Figure 4.6). The ingtact energy results in one
main fragment in liquid phase. In contrast to the previolsesawhere the original clusters
can still be identified within the newly formed aggregatethia droplet mode the material
of the two initial clusters is mixed. The droplet mode alseoines significant scattering
and evaporation as can be seen in Tables 4.3 — 4.5.

The collision dynamics for a typical examplbe € 0.13 andu = 5.33) is shown in fig-
ures 4.14a and 4.14b, where each column showferelnt view: from the side (along the
z-axis), along the velocity vectarand from a perspective view. The clusters are flattened
along a planar contact interface< 4.6). Radial, disc-like scattering originating from the
contact interface is observedtat 4.6 andt = 9.3. The scattering is due to the transfor-
mation of the largest part of impact energy into heat at thetamd interface. The internal
pressure force acts outwards and is opposed by an inwarsiypes®rce due to the inter-
atomic and deceleration forces. Because the pressure garpgndicular tar is much
smaller than the one acting in the directionwgfthe contact interface expands radially.
The expansion overcomes the binding forces and resultsymrastric scattering, which
reaches a peak valuetat 14. While the contact interface widens out into a circulanpla
asymmetric momentum distribution forces the planar iamfto bend and take an S-like
shape (see, for example, side view at23.2 in Figure 4.14a). The onset of this behaviour
is already visible in the slide-and-locking case (FigurE2J. At later times an elongated
droplet is formedt(= 1389 in Figure 4.14b), which finally approaches a spherical shap
(last row of Figure 4.14b).

During the collision process, evaporation and condensatiothe liquid and gas atoms,
respectively, occur. The process gradually leads to retlsz and temperature of the
formed droplet, while the evaporation rate is also gragualiiuced. Theféect of evapora-
tion is encountered by condensation of the vapour phasewding the droplet. When the
rate of evaporation equals the rate of condensation anilequih is achieved. To exam-
ine evaporation and confirm the spherical shape of the finghfient, the simulations have
been extended fax = 0.13,u = 5.38 untilt = 925. The change of absolute sigé and
temperaturd ® of the largest fragment,*Fare shown in Figure 4.15. The initial stages are
dominated by scattering and fram: 34 onwards the decay B! is caused by evaporation.
The sudden change a= 122 is due to the separation of a satellite droplet;tct 69.5
andt = 1389 in Figure 4.14b. The reduction of the absolute S$2eshows an asymptotic
behaviour towards the end of the simulation.

Effects of the impact factor

Further investigations have been dedicated to the depeadd#rangular momentum, an-
gular velocity and distance of the clusters’ centres on tiggaict factorx. According to
(4.3.6) the angular momentum of the final fragment is deteechby the initial setup. The
11 values obtained from the simulations are shown in Figure drid agree exactly with the
values calculated by (4.3.6), i.e., follow a linear vaoatiwith sIope%Nmau. Because the
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Figure 4.14: Collision dynamics in coalescence-droplet mode with strong scattering aporey
tion, for x = 0.13 andu = 5.33.
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angular momentum is conserved the angular velagjtgepends only on the shape of the
final fragment. Figure 4.18 shows that larger impact factessilt in largerw?. Deviation
from this behaviour is observed far= 3.17 andx = 0.36 because of the slide-and-locking
effect (g.v. Figure 4.12), which results in high value$.gfdue to the elongated shape of the
formed cluster. The angular velocity’, depends on the inertia of the main fragmert, F
thus depending orf“B. The normalised distanc&-B(normalisation factor is /) between
the clusters’ centres is plotted in Figure 4.16. For low gities,u = 1.58, 1.9, r'*Blfollows

a linear dependency on At higher values (e.g., fan = 3.17) the dfect of sliding reflects
on the steep increase 0f-B!, especially for highek.

4.3.5 Stretching separation (ll)

In stretching separation, the common fragment, i.e. th&tetwr droplet that is temporarily
formed by the two original clusters, separates again intorh&in fragments and, possibly,
into additional satellite fragments. Stretching separatccurs for high impact factors
andor at high velocities (see Figure 4.5b), and can be furttemsilied into three submodes:
(a) normal stretching separatigr(b) stretching separation with satellite dropleasid (c)
shearing-g. A collision is considered to belong to submode (b) if ther¢his at least
one large fragment beside the two main fragments, while ubensdes (a) and (c) can be
distinguished only by observation.

Normal stretching separation (l1a)

Collision dynamics in normal stretching separation shamalaiities with the slide-and-
locking coalescence mode (Figure 4.6). The majfiedence is that for the normal stretch-
ing separation the sliding motion is so distinct that stigtg of the temporarily formed
cluster causes separation again. Below, the collision digsafor a typical case corre-
sponding tax = 0.42 andu = 3.17 (Figure 4.19) is explained. The first part of the collision
is identical to that in slide-and-locking mode. Followitgetimpact, both clusters are flat-
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Figure 4.19: Collision dynamics in normal stretching separation mode (lla)fot 0.42 and
u=3.17.

tened along the interface plane and start to slide along @tehn. In contrast to mode (Ib)
the sliding motion lasts longer because of higher velociydor smaller contact interface
due to higherx. As the sliding continues the distance between the origthadters in-
creases. This leads to a narrower contact interface andeddinding forces. Eventually,
the contact interface shrinks until it breaks. At this pdivé temporary common fragment
has turned around 135 degrees before splitting into twaelsiagain. The centrifugal
forces prevail over the binding forces, whereas in modet(ib)situation is reversed. Fig-
ure 4.19 shows that from= 232 onwards the interface starts to contract until it becomes
very thin att = 1152 and eventually breaks apart.

The trajectories of the original clusteré @nd &, as well as the distancéBare plotted
in figures 4.20 and 4.21, respectively. The trajectoriesatd sliding after the first contact
of the clusters. The clusters enter a circular path and #tantier”-Bincreases linearly (or
almost linearly) for all cases in collision mode (II). Noteat there is no discontinuity at
the separation point.

The conversion of the initial translational enery ¢« IS identical to mode (Ib). The
only difference is that during stretching and separation the angnégy of the temporary
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modes. ters @ and & as function of time for
collision dynamics in stretching separation
modes (l1a), (Ilb and (lic); see text for more
details.

aggregate is transformed back into translational enétgy, of the two final main frag-
ments.

Stretching separation with satellite droplets (l1b)

For high velocitiesy > 3.93) and for a broad range of moderate impact factafs3(@ x <
0.7), the collisions belong to stretching separation mod&iding production of satellite
droplets (Figure 4.6). A satellite droplet is a large fraginghich is not, however, one of
the main fragments. Figure 4.22 shows the development afdahision for x = 0.42 and
u = 4.75. Note that the impact parameter is the same as for model{libat higher impact
velocity. Similar to mode (Ila) the collision begins withttiening of the colliding clusters
along a contact interface. Because of the higher initial chpaergy in the present case,
the process features scattering and faster stretchinggmotherefore, less rotation of the
temporary common fragment occurs for (Ilb) compared tg (lla

The material at the contact interface is stretched into g kobbular mass. Around
t = 69, one can observe the formation of three necks along thek&d connection. These
are the points in which the connection breaks into two segeltoplets, while the two main
fragments still continue to move straight in opposite dicets (see Figure 4.22 for= 92.6
andt = 1156).

The trajectories of the main fragments are shown in Figuzé édashed lines). After a
short sliding the main fragments continue to travel alongaight line and, therefore, the
distanca”-Bincreases linearly in time (Figure 4.21).
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Figure 4.22: Collision dynamics foix = 0.42 andu = 4.75; the case belongs to stretching separa-
tion mode with satellite droplets (IIb).
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Figure 4.23: Collision dynamics for the shearingf@ase & = 0.87,u = 6.33).

Shearing-df (lic)

For x > 0.8, the overlapping cross section of the original clusteeg (Section 4.3.2) be-
comes very small thus the collision is minimised and therirgkstructure of the original
clusters is not significantly altered. This case is refeteds shearing{ mode and a
typical scenario is demonstrated in Figure 4.23¥er 0.87 andu = 6.33. The trajectories
are shown in Figure 4.20 and the distance of the mass centfagure 4.21. The binding
forces of the material in the collision region are too smalivithstand the inertia of the
entire cluster, thus, fragments of the material are sheafted he collision also results in
slight rotation of both clusters. In the shearind@j-mode, a small percentage Bfeyx: IS
converted into potential enerdy, ., and kinetic energyky, of the scattered atoms.

Effects of the impact factor on stretching separation mode

To assess thdiects of the impact factog, on the clusters deflection and molecular mixing,
two parameters have been employed: (i) the deflecipaf a cluster, which is defined by
the angle between the initial velocity vectar,and the velocity vector of the cluster after
the collision; and (ii) the mixing parametenf, representing the mass fraction of a main
fragment that consists of atoms from the other cluster.

The diference ofs* ands? was insignificant for all cases: less than 5% for higim
connection with lowx, otherwise less than 1%. Figure 4.24 shows the averagé ahd
B against diferent impact factor values. As expectgdends to be zero when— 1. For
u = 3.17,8 increases exponentially when decreasintpwer x entails higher overlapping
regions leading to stronger interaction with the highekieaneasured in the borderline to
coalescence (for = 0.5), where the common cluster rotates 135 degrees beforgsitates.

Themf values for the two main fragmentsidir less than 6% for low combined with
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Figure 4.24: Average deflectiog of clusters Figure 4.25: Average mass fractiomf
C” and & against the impact factok, for against the impact factox for collision dy-
collision dynamics in mode (II). namics in mode (11).

highu and less than 1% in all other cases. Figure 4.25 shows thagegmass fractiom f
againstx. The three curves for the velocities almost coincide, sstyog that the impact
velocity has no influence. Instead, the mixing depends pifynan the impact factor and
increases faster for smaller valuesxpfeaching a peak value aff = 0.36 for x = 0.13.

4.3.6 Discussion and relation to macroscopic droplet collisions

In the past, collision of droplets at macroscopic scaleg lh@en the subject of many exper-
imental [13, 14, 23, 24, 151] and numerical [156, 164] inigedtons. The setup of these
experiments is very similar to the present simulations.ré&laee, however, two noticeable
differences. Firstly, the length-scale of the present sinauatis smaller by five orders of
magnitude than the macroscopic droplet experiments. $c¢an the macroscopic case
the droplets are in liquid phase and retain the same temyertdiroughout the simulation.
At nanoscale the temperature of the clusters varies significduring the development of
the collision: the clusters are initially in a solid phaseé aepending on the collision sce-
nario they are transformed to liquid droplets. Like in poas studies [65, 133, 175, 199],
similarities in the collision dynamics of droplets at maaral nanoscale are examined be-
low, despite the mentionedftiérences.

Binary droplet collisions at macroscales are charactehsetthe impact factorx, and
the Weber numbeiVe = (od/y) u?, wherep is the density ang is the surface tension.
Four modes have been observed: coalescence, stretchiagasep, reflexive separation
and shattering. These modes correspond to the ones dekiritiee previous section for
collisions at nanoscale. The reflexive separation mode sgmwkd at macroscales for al-
most central collisionsq < 0.25) at high velocitiesWe> 19) [14]. Here, the two droplets
merge to a temporary common droplet, which is elasticallydied into a disc-like or a
torus-like shape during impact. The subsequent reflexiveomocaused by surface ten-
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sion, re-shapes the formed droplet into an elongated atliticht eventually breaks up into
two droplets. Depending on the values of the Weber numberirapdct factor satellite
droplets may be formed.

For the length scales less than 3@ considered here, reflexive separation was not
observed. This agrees with previous studies for clusteedlenthan the ones considered
here, e.g. Lihoo [133], (H20),9 [199] and (H20)ggo [175]. It should be noted that the
clusters in the present study are initially in solid statd,aherefore, one cannot exclude
the possibility that reflexive separation may occur for iifguat nanoscale. Because the
clusters are immediately liquified one could argue that tikally solid state is not the
reason for the absence of reflexive separation. Nevertdlas is a subject of a separate
investigation.

Because all macroscopic investigations have been carrtacsog liquid droplets, sub-
modes associated with the coalescence mode have not beaughgreported [14]. Com-
parison with the results of Brenn et al. [24] shows that thenftion of satellite droplets in
the stretching separation mode can be much more pronouho®ateo than at nanoscales.

Previous investigations of macroscopic binary dropletigiohs have pursued to find
analytical criteria that describe the boundaries betwemabtescence and stretching sepa-
ration [13, 14, 23]. Ming et al. [133] found satisfactory acacy between MD simula-
tion results for binary collisions of Aggo Clusters and the analytical model predictions of
Brazier-Smith et al. [23] . Brazier-Smith’s model is based loa balance of centrifugal
forces and forces originating from the surface tension. dfoplets of the same diameter,
d, the transition criterion is given by

Xerit = (c pl) =, (4.3.7)

where diferent values of the constaatave been proposed: = 2.50 by Brazier-Smith
et al. [23] andc = 3.47 by Arkhipov et al. [13]. In the presented work, the dengitf the
initial cluster is 1042my,/02. In general, it is diicult to estimate the surface tensiprof
Lennard-Jones clusters [173] since this depends on thenaltstructure and temperature
of the clusters [168], which, however, changes during thiesam process.

When using the same surface tension value as Ming et al. [L83]y = 1.7¢/07?,
one obtains similar predictions from the analytical model aimulations. However, the
best agreement between the Brazier-Smji#frishipov’'s model and the present results is
obtained forc/pd/y = 1.2 (Figure 4.26). For the andp considered here, the value of
c+/pd/y = 1.2 implies a surface tensionin the range of 3t — 6.5¢/02. These values are
still within the range of the surface tension for Lennardelclusters [97].

The discrepancies between the analytical models and giongamay be due to the
following reasons:

For macroscopic particles, the temperature varies ingogmtly compared to the nanopar-
ticle case: the smaller the particle size the higher the &atpre rises during the collision.
Let us consider two pairs of particlesandb with diametersd, andd,, respectively, and
a diameter ratid: dy, = d,f. For identical Weber numbet% = U2/ f thereby for smaller
particles the impact velocity is higher. Using the defimtiof the Weber number, one
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obtains
Wey
pdaf

For central impactX = 0), the external kinetic energiyex: = %mLF, is converted entirely
into internal energy. The temperature then changes as

uz = (4.3.8)

Ekexv m_L% _ Uﬁ _ Wey

ATp = = = =
T 2em ~ 4cm 4c 4cod, f

(4.3.9)

with ¢ being the specific heat capacity, Whaﬁehas been replaced by 4.3.8. According to
4.3.9,AT, ~ 1/1, i.e. the smaller the particles, the higher the temperatse(for binary
collisions of comparable outcome).

As an example, compare the temperature rise for water deopfediameter 50Qm,
such as in Ashgriz’s [14] experiments, with that of watertighgs of diameter 10 nm as
used in the presented study. For a typical Weber nuiber 35; density of watep =
1003 kg'm?; surface tensiogp = 73x1073N/m and specific heat capacity = 4.187 JgK),
the droplets of 50Qm colliding with a velocity of 226 m/s result in a temperature rise of
3 x 104K. This temperature rise should not influence material priigesuch as surface
tension and viscosity. However, for the nanoscale pasgisfighd = 10 nm a collision with
the same characteristics at 505awill result in a temperature rise of 15K. Monoatomic
substances like the ones used in the present study haveheatcapacity and, therefore,
the temperature rise will be even higher. For the cases deresd in the present study,
We= 35 andX = 0, the temperature rise was about 30 K (considering that dhedtential
represents Argon cluster).

For the nanoparticles considered here, phase transfamaticurs, with the tempera-
ture and phase of the material influencing the strength dbithéing forces and, hence, the
details of the collision dynamics including the transitregime.

Finally, scattering of atoms, especially at high impacbeéles, reduces the size of the
clusters significantly in some cases. Thifeet is not observed in macroscopic droplets
and it is not, therefore, accounted for by (4.3.7). A betteoffthe simulation data can be
obtained by using.; = awP instead of (4.3.7), wita = 2 andb = —1.5 for best fitting.
This result is plotted as a solid line in Figure 4.26.

4.3.7 Summary

MD ofters the possibility of investigating the details of nandigé (molecular clusters
or droplets) collisions, which are morefiiltult to study by experiments due to the small
length and time scales involved. The collision dynamicsarfotlusters has been inves-
tigated for a broad range of impact factors and speeds. &inalmacroscopic droplets
collision, coalescence and stretching were also found enptlesent case. The collision
results obtained by MD simulations showed good agreemehtaailision models derived
from results of experimental investigation of binary deggdollision. Reflexive separation,
another mode observed in macroscopic droplet collisiomas, mot found for the collision
of the initially solid nanoclusters.
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Figure 4.26: Comparison of the macroscopic analytical model (dashed line) of Br&nth et al.
[23] (Eq. 4.3.7) with the present MD simulation results as well as an alteenatddelxyi; = aLp,
a=2andb = -1.5, (solid line) proposed here.

Detailed analysis of the collision processes has reveal&erent submodes that lead
to coalescence, which are classified according to theirmcsinto: sticking (la), slide-
and-locking (Ib) and droplet (Ic) modes. Submodes alsa @ithin stretching separation:
normal stretching separation (lla), stretching sepamnatith satellite droplets (11b) and
shearing-€ (llc). Macroscopic analytical models that describe thededine between
coalescence and stretching separation were found to desguialitatively the transition
between the two modes at nanoscale. The development of anadytieal model that de-
scribes collision mode boundaries at nanoscale requirdsefunderstanding of the transi-
tion between modes (Ib) and (11). This requires simulatifmmdarger clusters and droplets
to be conducted in order to find the lower length-scale limitthe occurrence of reflexive
separation. Future studies should also include a vapowsginere surrounding the cluster
in order to capture the equilibrium between evaporationamlensation.



CHAPTER 5

Hybrid MD-CFD methods

This chapter discusses methods for multiscale modellimguSFD and MD
methods in conjunction with geometrical decomposition. fieciple function
of geometrically coupled MD-CFD methods are explained, irtipalar the de-
sign of the hybrid solution interface (HSI). f@rent basic designs of the HSI,
i.e. coupling by state or by flux, are described, includingitlhdvantages and de-
ficiencies. The preferred design is selected and reasortbéarhoice are given.

In CFD the physical behaviour of the simulated material is efled by the Navier-
Stokes equations, which are based on the continuity asgamgior this reason, CFD can
only be used for problems where the material within the ersimulation domain forms a
continuum and for which an adequate macroscopic model cdefbeed on all boundaries.
For the majority of macroscale problems, well-defined ba@upadonditions are available.
However, when advancing to nanoscales, one inevitablyhe=aa point, where the conti-
nuity assumption breaks down because the atomic or moleptdperties of the materi-
als start to play a significant role. In such situations malecsimulation methods, such
as MD, need to be used to obtain physically correct resulteofetically, any problem,
including macroscale problems, could be simulated usineoatar methods, providing
the computational féort is not prohibitive. Current computational resourcesyaallow
the simulation of systems smaller than a micrometer, foy g@ort time intervals of few
nanoseconds. Many interesting problems have larger desistc length and time scales
and are beyond the practical limits of MD methods. Still, iagthsituations, the continuum
model is valid for the vast majority of the simulation domamd only small parts really re-
quire molecular modelling. In particular this is true fosea, where no macroscopic model
for a boundary can be formulated. There is no convincingae&s waste computational
resources by performing a complete MD simulation of a sydteahcan be treated using
CFD techniques for 99 % of the simulation domain. The obvidesiis to decompose the
simulation domain and to use the fast CFD continuum methad&édarge parts in which
the continuum model is valid while the computationally exgige MD methods are only
used within small parts for which the continuum model doeshadd. An example of a
conceivable setup is sketched in Figure 5.1, where the MDailoms a small part of the
lower boundary. The red lines mark the interfaces betweemtblecular and continuum
domains.

101
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Figure 5.1: Schematics of a conceivable application of domain decomposition into contiandm
molecular domain.

Within the individual domains the solution is computed ipeisdently through the ac-
cording method. At the interfaces between the domains, kangeds to be established
between the solutions of the two quitefdrent simulation methods. It is the purpose of
the hybrid solution interfacgHSI) to create and maintain this link throughout the simu-
lation and to join the domains into one single physical sp&rem the viewpoint of the
individual simulation method, i.e. CFD or MD, it essentiadlgts as boundary condition.
This perspective also points to another application of tha-@FD coupling, which is to
provide ‘infinite’ boundary conditions to a MD simulationo This end, the MD simulation
can be embedded completely or partly into the continuum dotossimulate the far field
for the MD domain, which would be computationally far to empie to be treated by MD.
Such a setup would enable substantially more realistic Milnbdary conditions than those
currently available.

On question that arises is how to decide a priory, which pertise simulation domain
should be simulated by MD and which by CFD. Generally, theee\so types of situations:
(i) where it is unknown in advance which parts of the domairstvine modelled molecu-
larly or (ii) where geometrical features enable to detesrtime locations of MD regions.
However, even if one knows where to place the MD regions etiestill the question of
how large these regions need to be. Therefore, a sensibdgbf@approach in situation
(ii) is to perform a hybrid MD-CFD simulation with an initiaugss and to correct the size
of the MD domain if necessary. Alternatively and in case tfaion (i), one can run the
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entire domain as a CFD simulation and decide based on theationuresult, like the lo-
cation of strong gradients, mixing regions or materialifaees, which regions need to be
changed to MD. For DSMC-CFD hybrid methods, Garcia et al. [®%ptbped an adaptive
mesh and algorithm refinement method that refines the mesie @fED solver depending
on the flow situation and initiates a DSMC simulation in c#iigt are smaller than a certain
critical size. For the MD-CFD hybrid methods a similar apmlo#s conceivable, but the
development of the necessary coupling methods has notga®enl stiiciently far yet.

5.1 Principle HSI construction

The first step in constructing the HSI is to identify its ragdi properties. Independent of
the specific design, a number of requirements can be given:

e The conservation of mass, momentum and energy fluxes atr@ssteérface as the
most basic physical principle must be satisfied. Any massnemum or energy
flowing out at one side of the interface must enter on the dppsile of it.

e The gradients of the primitive variables must be continuatr®ss the interface in
space and time.

e The profiles of the primitive variables, such as densitype®y or temperature, across
the interface must be physically correct. The position @ itterface should not
be recognisable from the solution of the simulation. Thisansethat close to the
interface, the hybrid MD-CFD solution should be identicaatsolution obtained by
using one simulation method, CFD or MD, exclusively.

e The design of the HSI should be as simple as possible.

¢ In terms of computational resources, the HSI must be inesipen Otherwise, the
advantage in calculation speed over a pure MD simulationavoa diminished.

In Figure 5.2 the principle construction of the HSI is sketth At the interface the
molecular and the continuum domain overlap; how far depemdthe scheme used and
will be explained in the subsequent sections of this chafitke figure also indicates the
two different ways of modelling the material in both domains, théioomm domain on the
left and the molecular domain on the right. To solve the ¢cantim domain, a finite volume
method would be used, for which the domain is subdivided gaits. The state of the
material, i.e. the primitive variables of density, momentand energy density, is stored for
each cell. The simulation is advanced by calculating theefilacross the surfaces between
the cells. The obtained fluxes are then integrated over tesfaf each cell and added to
the primitive variables that define the cell state. The cadligcent to the interface, which
are coloured blue in Figure 5.2, are called boundary cellthe displayed case, their right
side coincides with the interface to the molecular domaihe €ells on the right of the
boundary cell are so called ghost cells. These are auxitiellg with a single purpose of
imposing the boundary conditions onto the boundary cells.

In the molecular domain, the properties of each individtairg i.e. its mass, position
and velocity, are stored explicitly. These atoms move jreecording to governing equa-
tions of MD and there is no explicit boundary confining thenthivi the molecular domain.
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Instead, the HSI needs to ensure that the atoms are kephuiligimolecular domain and

do not move uncontrolled into the continuum domain. Becatiemolecular dynamics
method is grid lessyirtual cellsat the interface must be defined that can be mapped onto
the respective continuum grid cells. The name ‘virtual’ gghises that there are no real
grid cells in the molecular domain; rather, the virtual agecifies a volume and there-
fore the atoms inside the respective volume. For obviousorgsathe virtual cells of the
molecular side must be defined in such a way that they coingittethe ghost cells of

the continuum domain. The coupling will be established leetwthe respective continuum
and virtual molecular cells whose normal projection on titerface coincide. The num-
ber of overlapping cell rows depends on the coupling schantie a minimum of two cells.

Interface

Continuum domain

Molecular domain ——

]
]
]
3

/

Boundary cells

Ghost cells

Figure 5.2: Principle overview of the HSI between CFD grid on the left side and atoradbistD
domain on the right.

In any conceivable MD-CFD coupling scheme the coupling mastdiablished in two
directions: from molecular to continuum (M C) and from continuum to molecular (&
M). These two parts are largely independent of each othechws easily understood when
considering the case where one of the domains is kept cdnstatinat only the part of the
coupling in direction of the non-constant domain has fiect. Of course, in a fully cou-
pled situation both directions will influence each otheouth indirectly, through changes
in the states of the materials close to the interface.

For both directions, the coupling is performed in three stdp Calculation of the nec-
essary quantities on the source side; 2. Translation oétheantities into the formulation
of the destination side; 3. Imposing the translated quastdnto the destination side. On
which quantity the coupling should be based on, has beerutlject of previous investiga-
tions on the coupling of continuum and molecular simulatieethods. It has been found
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that it can be based on cell states or on fluxes [38]. These itkereht approaches are
discussed within the next two sections.

5.2 Coupling by state

Coupling by states means that the coupling is realised troafftulating, transferring and
imposing cell states, i.e. density, momentum and energly FiQure 5.3 is an illustration
of the one-dimensional setup for coupling of states withattinuum domain on the left
and the molecular domain on the right respectively. Philgjd@oth domains form a single
one-dimensional space. The exploded drawing fashion i$ tasgive a better view on the
functionality of this coupling approach. As can be seen guFeé 5.3, both domains are
overlapping on the interface by one cell on each side. Géyetiais could be extended
to a higher number of cell pairs, for example when employiighér order CFD schemes.
More than one cell one the molecular side would enable toreafgradients and instead
of pure states. However, for the purposes of explaining tireciple, the minimum cell
number is stficient. The red arrows between the two domains symboliseitketin of
the coupling. For the M- C coupling, the cell state of the inner virtual molecular cel
is calculated, translated into continuum formulation amgp@sed onto the ghost cell of
the continuum domain. Inversely, the-€ M coupling is established by translating the
cell state of the boundary cell of the continuum domain inweuular formulation and
imposing it onto the outer virtual cell of the molecular doma

Interface

Continuum domain boundary cell"'ghost cell
_____ -

4

(impose the continuum cell state

I
v I
y [ (impose the molecular state
onto the molecular cell) I C=>M M=C

1 'onto continuum cell state)
1

] " inner .
virtual cell »* yirtual cell Molecular domain

Interface

Figure 5.3: A one-dimensional illustration of coupling by state in both directions. The comtm
and molecular domains are exploded to aid visualisation. The arrows symihaigansfer of cell
states.

To translate cell states between the continuum and molefariaulation, it is neces-
sary to relate continuum and molecular cell quantities twhezther. Table 5.1 compares
the primitive variablesand the corresponding molecular formulas for the cell stafée
sums in the molecular formulas are taken over all the atowithin the cellC, which has

Yn continuum formulation, variables that describe the stte are denoted as primitive variables.
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the volumeVc. The assignment of the atoms to the cell is done either by @@ b CIC
scheme. These are described in Section 3.1.

It is the fundamental assumption of the continuum formalathat each quantity rep-
resents the local average of a large number of atoms ovefieisnt period of time. That
means that the represented material is in a local equitigrite. microscopic fluctuations
in space and time are negligible. On the molecular side, istiwases the number of atoms
over which the sum is taken will be far below the required namiif atoms for achiev-
ing practically zero fluctuations. Hence, the moleculaesidll be subject to fluctuations
which have no equivalent expression on the continuum sidecompensate for this dis-
crepancy one can introduce fluctuation terms into the contmequations [48]. Without
extra fluctuation terms, the standard way of reducing theudatons to an acceptable level
is to average the molecular expressions in time, which isesged by the angular brackets
((...)) inthe equations 5.2.1 — 5.2.3. For a detailed discussidimmaveraging, including
choosing the appropriate parameters, such as samplingrdteinimum sample number,
the reader should refer to the previous Section 3.3.

For reasons of lucidity the macroscopic model is based amgesspecies; multi species
cases would require additional primitive variables. Suabes are not addressed in this
work.

Both models, the continuum and molecular, describe the sathstate. Obviously,
the degrees of freedom in the microscopic formulation ofrtifeéecular version are much
greater than that of the macroscopic continuum one. For aratomic system, the molec-
ular side ha®of,, = 6N degrees of freedom, comparedDof. = 5 of the continuum
side. In thermodynamic language this is the relation of tinalmer of microscopic states
that correspond to the macroscopic state, known as entibplye material is locally in
equilibrium, then the entropy must be maximal.

The M — C coupling by state is relatively uncomplicated,cagpu ande can be ob-
tained directly from the molecular formulation. These esl@are simply assigned directly
to the corresponding ghost cell. In terms of informatiomsfar, the detailed microscopic
description is condensed into five macroscopic primitivealdes.

The C— M coupling is more diicult [193]. It requires the reconstruction of the mi-
croscopic state witlbof,, = 6N from the macroscopic state withof. = 5. The dif-
ference in degrees of freedom means that the microscopecta not be generated from
the macroscopic information without additional assummior stochastically generated
values. While the number of atoms in the cell can easily beiddsbyN: = pVc, the po-
sitions and velocities must be chosen in a way that equalidh and 5.2.3 are satisfied.
Still, a tremendously large number of possible combinatifudfill these requirements. In
order to satisfy the second law of thermodynamics, only asicopic states with maximum
entropy are allowed. Therefore, positions and velocitiethe atoms in the outer virtual
cell must be generated randomly in a way that satisfies emsa.2.1 — 5.2.3 and the
second law of thermodynamics. This is an extremefiiailt task, algorithmically and in
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| Quantity  Continuum Molecular Equation |
. 1
Density 0 = — <Z m> (5.2.2)
Ve icc [y

1
Momentum pu = — vai> (5.2.2)

|
Energy e = Vi <Z Ep + Eki>
|

D Ep+ %mvi2> (5.2.3)

ieC t

Table 5.1: Primitive variables in continuum and molecular formulation.

terms of computationalféort.

5.3 Coupling by fluxes

Contrary to coupling by state, coupling by fluxes does not arge the state of material
itself but fluxes of the properties that define the statethe conservative variables. Thus,
coupling by fluxes is close to the functionality of a finite wole CFD-sover [54], where
the algorithm calculates the fluxes between adjacent celischanges the conservative
variables by the sum of the these fluxes (compare Sectionh@)flux of the conservative
variables mass, momentum and energy is distinguished bwdlyeof transport into flux
by convection, stress and conduction [38]. A convective ffuthe transport of a quantity
bound to a fluid element which moves from one place to anotireugh the flow field.
Flux by stress and flux by conduction are the transport of semative quantity through
interatomic forces, predominantly in solids, aoddiffusion, predominantly in gases. For
a single species compressible material, there are fbrdnt fluxes in total:

e convective mass fluk,

e convective momentum fluk .,

e convective energy fluk,,

e momentum flux due to stre$s,,

¢ energy flux due to stress (dissipatidf)y and
e conductive energy flukeg.
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For incompressible isothermal cases, the fluxes are redoceadss flux and momentum
fluxes by convection and by stress, which simplifies the doggby fluxes significantly.
For this reasons, most previous coupling investigatione lhaen limited to isothermal in-
compressible flows [17, 47, 193].

Figure 5.4 gives an illustration of coupling by fluxes. Semito the previous figure
for coupling by states, the one-dimensional physical spad®&ided into a continuum and
molecular domain, which overlap at the interface by oneaekach side.

For the C— M direction, the fluxes are calculated by the CFD-solver onvikstern
face of the boundary cell. Then, these fluxes are translatednnolecular formulation
and imposed onto the outer virtual cell of the molecular dom&eversely, the M- C
coupling is established by calculating the fluxes acrose#stern face of the inner virtual
cell of the molecular domain and imposing them onto the gbektn the continuum do-
main. It should be noted that the described combination ki€ enot the only possible
one. Moreover, it is imaginable to establish flux couplingpther combinations as well.
However, this work concentrates on the basic principled;thase are the same for every
combination.

Interface
Continuum domain )

/

.
boundary cell ¢  ghost cell

' '
f 7
1 ‘?‘- v
[ 4
f».\z:&.wfq
|nner

virtual cell 4* vitual cell  Molecular domain
Interface

Figure 5.4: A one-dimensional illustration of coupling by fluxes in both directions. Theioaum
and molecular domains are exploded to aid visualisation. The arrows symibgbissing the fluxes
that have been calculated across the face between two cells of one donttath@respective cell
in the other domain.

Before beginning to discuss the fluxes coupling, it is neagdsaestablish a number of
fundamental conventions. The flux of any quantifly,can be given either for a volum¥,
or across a surfac®. For a volume, the flux is a vector quantity that states howhaicA
per volume and time flows in which direction:

FY =An, (5.3.1)
where the unity vecton points in the direction of the fluxA is the quantity per volume

and time. The flux ofA across the surfacé,;, is a scalar that states how much#fflows
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measured flux measured flux applied flux
» across the cell face for the volume V onto the volume V

M'::>C cell face M'::>C cell face volume V CE:>M cell face volume V

(a) Calculating molecular flux (b) Calculating molecular flux (c) Imposing flux across a sur-
across the face from a volume face onto a molecular volume

Figure 5.5: Flux coupling schemes on the molecular side.

acrossS per volume and time. The volume and surface fluxes are coethéatough
F;l = F; - Ng , (532)

wherens is the unity normal vector of the surfa& Any flux in this document that is
given without specific specification refers to a surface flexF 4 = F;.

The fluxes of a quantityA across the surfaces that confine a cell are related to the
change ofA inside this cell. To this end, the directions of the cell faoeust be defined
and for this work, the surface vectors of the cell faces pmwards for each cell. For a
three-dimensional cartesian grid, each cell is enclosesbfaces with the normal vectors
nw = (1,0,0)" on the western facay, = (-1,0,0)" on the eastern faces = (0,1,0)" on
the southern facey, = (0,—1,0)" on the northern facey, = (0,0,1)" on the bottom face
andn, = (0,0, -1)" on the top face. Thus, the rate of changefoihside a cell is the sum of
all fluxes at each cell facé; times the respective cell surface veatgrtimes the surface
areaAs:

oA
== ZS: FY - (Ashs) = ZS: FSAs . (5.3.3)

The sum is over the western, eastern, southern, northetopband top cell faces, i.& =
{w,e s n,b,t}.

5.3.1 M- Cflux coupling

For the M— C direction of the flux coupling, there are two conceivablgsvaf calculating
the fluxes on the molecular side. One approach, illustratdeigure 5.5a, calculates the
fluxes across the surface directly. The alternative, whsdhdicated in Figure 5.5b, is to
obtain the fluxes from the atoms within a finite volume thatieses the surface of interest.
The translation of the fluxes from the molecular to the cantm formulation difers in the
two schemes.

Calculating molecular fluxes across the surfac&: The molecular-continuum relations
for the molecular mass, momentum and energy flux across tfece are given by the
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equations 5.3.4 — 5.3.9 in Table 5.2, whexgis the normal vector of the surface across
which the flux is calculated. For the reasons explained irptegious paragraphs on cou-
pling by states, all molecular expressions are time averagag Equation 3.3.1. Itis im-
portant to note that the equated molecular and continuumesgns are no actual fluxes
themselves, but rather the resulting increase or decrdabe dowing quantity in time,
i.e. 9A/at. This is due to the way in which the convective fluxes are dated on the
molecular side.

The convective fluxes in the equations 5.3.4 — 5.3.9 are ddady summing over all
atomsi that have crossed the surfa@aluring the period of calculation. Their contribution
is either positive or negative, depending on the directiowhich they have moved across
the surfaces (signfy; - n)). Because the calculation is based on atoms that have dr§sse
the convective fluxes are directly bound to the actual sei¥ac

The sumy;; ; in the stress and dissipative flux terms stands for the daibie};; 3,
where the former sum is over all atomsn the side of the surface at which the surface
vectorng is pointing. The latter sum is over all atom®n the other side db. Here, only
the pairwise interactions are included. For interactiogisveen more atoms, the sum will
be over the resulting forces on each atioacross the surface.

Flux Continuum  Molecular Eqg.
Mass
convective U-ns = 1 < Z m; sign; - n )> (5.3.4)
p > AS i that | > -

Momentum

convective pu®u) - ns = Ai Z myv; signg; - n3)> (5.3.5)

> fi,-> (5.3.6)

stress O-ng =

Energy

convective eu-ng =

Z E; sign@: - ns)> (5.3.7)

i that

2. fi -Zvi> (5.3.8)
<Z UREDNEDY Vi> (5.3.9)

i,j i,j i

dissipative [I-u)-ns =

Plm 2= »e

conductive g-ns =

Table 5.2: Molecular fluxes calculated across a surf&deanslated to continuum fluxes.

Calculating molecular fluxes from a volumeVs: Calculating the fluxes from a volume
Vs that encloses the surfa&e first requires the definition of the volunyg [188]. In Fig-
ure 5.5b this volume is the red shaded area. The si¥e ofust be chosen as a compromise
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between minimising the fluctuations and accuracy in termmogtition. In Table 5.3 the re-
lations to translate the fluxes from molecular to continummmulation are given. Unlike
the flux calculation across the surface, these expressierectual fluxes and stand for the
flow velocity of the respective quantity. As for the previyugiven relations, the molecular
fluxes are time averaged to cancel the intrinsic fluctuati®he double sumg;; ;. in the
formulations for stress and dissipative fluxes are overaitispof atoms inside the volume
Vs. The termr;; ® fj; is effectively a viral [127] and may be substituted by other edeiva
formulations for the local stresses in molecular systeroh ss the one from Zimmerman
et al. [203]. The dissipative and conductive energy fluxeseHhseen merged into Equa-
tion 5.3.14, because it was not possible to find separatessions for each of the fluxes in
molecular formulation for a finite volume. The reason fostisithat both the energy trans-
fer by dissipation and by heat conduction have their mokraudigin in dffusion processes
and energy exchange through interatomic forces. Theseatdrerseparated in a situation
that involves both energy transfer mechanisms.

Flux Continuum  Molecular Eq.
Mass
. 1
convective pou = —<Z mvi> (5.3.10
VS i €eVs
Momentum
. 1
convective puURU = —<Z myv; ®vi> (5.3.11
VS ieVs
1
stress II = —< Z rj ® fij> (56.3.12
Vs i,j€Vs
Energy
. 1
convective eu = —<Z Eivi> (5.3.13
VS i €Vs
dissipative 1
. II- = — i ® i) v .3.14
+ conductive S RVA <i ;S(r” ® fi) V'> (3

Table 5.3: Molecular fluxes calculated from a volurivg translated to continuum fluxes.

5.3.2 C— Mflux coupling

For flux coupling in C— M direction, the fluxes are calculated by the CFD-solver,dran
lated to molecular formulation and imposed onto a virtudll icethe molecular domain.
In Figure 5.5c¢, the G» M flux transfer is illustrated for the one-dimensional caE€ig-
ure 5.4. The cell face corresponds to the left cell face ofoiler virtual molecular cell.
It also forms the boundary of the molecular domain. Gengrath atoms are on the left
side of the cell face, though this depends on the scheme vidiicked to impose the flux
onto the molecular region. The flux imposing scheme mustrertbiat the exact values of
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the mass, momentum and energy fluxes that have been cattblatbe CFD-solver are
introduced into the cell.

Table 5.4 is a summary of the translation from continuum mtdecular formulation
for the C— M coupling. Positive convective mass fluxgs,- n, correspond to an influx of
atoms across the cell face into the outer virtual cell. 1sgBf, a negative convective mass
flux means that atoms flow out of the cell across the cell faceagse the cell face also
forms the outer boundary of the molecular domain, inflowitaes must be generated and
inserted. Respectively, outflowing atoms must be deletedv thes can be accomplished
is the subject of the following chapter.

The atomic in- and outflows in Equation 5.3.15 are accouniethb sum over the
generated or removed atoms. The tespwhich is defined in Equation 5.3.21, stands for
the increasing or decreasing contribution of the atpdepending on whether the atom is
inserted or removeds also occurs in the convective momentum and energy flux eapgati
5.3.16 and 5.3.18.

Momentum transfer due to stresses are related in Equatah/5.0n a molecular level,
the momentum flux by stresd]I( u) - ns, corresponds to an external ford€}", across the
cell face on the atoms close to the surface. The distributfdhe total force F¢, into the
individual forces,f®, onto each ator depends on the employed scheme. Applying the
external force f®, onto the atoms on the boundary an atom entails an energsferanf
> fi-vi, which is required to match the dissipative energy fliik; §) - n (Equation 5.3.19).
As will be demonstrated in the following sections, matchimgse fluxes is one of the major
difficulties in designing a HSI.

Finally, the conductive heat fluxg - ns, is translated in a molecular energy flUQ).
The molecular energy flux may be realised easily throughcitgigcaling or by employing
a thermostat.

5.4 Which type of coupling?

The two previous sections gave a description of thiedgnt principle construction possi-
bilities for the HSI between CFD and MD in both directions. Tbgical question, which
one of them is best to be used, can currently not be answetbdcamnplete satisfaction,
because the research field of hybrid MD-CFD methods is stitsimfancy. This work fo-
cuses on a combination of coupling by state for thesMC direction and coupling by fluxes
for the C— M direction. An illustration of the setup is given in Figurés5The reason for
this choice becomes clear when considering the advantagktha involved diiculties of
different coupling types.

M — C direction: For the M— C direction, coupling by state is the most easy and un-
complicated version. Using equations 5.2.1 — 5.2.3, thestae. the primitive variables,
are easily calculated for the virtual molecular cells and simply be assigned to the cor-
responding continuum cells. The procedure requires mimmoamputational £ort, since
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dissipative I[I-u)-ns =

Flux Continuum Molecular Equation
Mass
. 1
t . = — - 5.3.15
convective puU - Ng A <Z ms> ( )
Momentum
convective pu®u)-ns = 1 Z ViS (5.3.16)
S - AS i mv;S -
— 1 ext
stress Im-ns = A—S<Z f; > (5.3.17)
Energy
convective eu-ng = <Z Ei3> (5.3.18)
i

Z fext. vi> (5.3.19)

conductive g-ns = (Q) (5.3.20)

Auxiliary terms

1 for an inflown atom

(5.3.21)
-1 for an outflown atom

convective s = {

Table 5.4: Continuum fluxes across a surface translated to molecular fluxes alietaiopa molec-
ular volume.

it only involves the summation of basic atomic propertiest thre directly stored by the
MD-solver, i.e.{my}, {ri} and{v;} are calculated each time step, {E;}. The alternatives,
which are to calculate the fluxes over a cell face or for a v@lwenclosing the cell face,
pose some dliculties.

For calculating fluxes across the surface, problems arig®munction with the nu-
merical integrator. When an atom crosses the surface thateisacting with other atoms
ambiguities arise over the contribution of this atom to ttiess and energy terms in equa-
tions 5.3.6 and 5.3.8. Another problem is that most timegirstgon methods, like the
velocity Verlet scheme, do not evaluate the positions,areés and forces for the exactly
same points in time, which also increases the uncertaintiyeofalculation. Unlike for the
M — C coupling by state, the computationéiaet is significantly higher due to the require-
ment to evaluate the forces across the surface. Even if foeses are computed by the
standard routines of the MD-solver, it is, at least, neagsaalter this highly optimised
part of the MD-code.

A very high computationalféort is also involved in calculating the fluxes from a volume
by using equations 5.3.10 — 5.3.14. Especially, the caicmaf the stress tensor is a
computationally intensive task, because it requires eilveraging over a large number
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Figure 5.6: The investigated coupling scheme of the HSI between CFD grid on the lefasitle
atom based MD domain on the right. Coupling by state is used fer k& direction and flux based
coupling for the M— C direction [188].

of samples, the use of large cells sizes or the applicati@smufothing schemes like the
thermodynamic field estimator [193]. Another importaniadigantage is that not the exact
flux, but only an average over the volume and the period ofutation, is obtained by
using this method. Also, no separation between dissipétixes and conductive fluxes is
possible.

C — Mdirection: The situation is dterent for coupling in the G M direction. Gener-
ally, this direction is the most flicult part of any coupling scheme, due to the mentioned
difference in degrees of freedom. If one decided to used M state coupling, it would
require the reconstruction of density, velocity and enetggsity in each virtual molecu-
lar cell according to equations 5.2.1 — 5.2.3. For this sttleemicroscopic state with its
6N degrees of freedom must be invented on the basis of five preniairiables. This is a
very formidable task and can not be achieved easily, evesirfgsle mono-atomic systems.
Also, the computationalffort is expected to be high.

On the other hand, the practicability of-6 M flux coupling is less problematic. The
main reason is that the motion of the atoms in the outer \linmuaecular cells is still
computed normally through the MD solver while the fluxes anpased additionally. Cal-
culating of fluxes across the cell faces is the core of a firlleme CFD solver, so that
no additional &ort for their calculation is required. Imposing these flugeso the virtual
molecular cells poses fiiiculties as well, but contrary to the state version, the Mvesol
essentially calculates the motion of atoms within the aktaolecular cells in normal fash-
ion. A scheme is required to impose the fluxes across the boterdary onto the atoms
inside the virtual molecular cells, and to add and deletmato
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5.5 Development stages and development range

At this point, the practical and theoretical foundations developing of a HSI between
CFD and MD have been discussed. Thadent aspects can be separated into a number
subtasks:

1. Development of a molecular dynamics code

2. Development or adaptation of a CFD code

3. Design and implementation of HSI for the CFD side

(a) C— Mdirection
(b) M — C direction (boundary conditions)

4. Design and implementation of the HSI for the MD side

(a) M — C direction
(b) C— M direction (boundary conditions)

(921

. Validation of the HSI for steady continuum boundary ctiodis
6. Validation of fully coupled MD-CFD simulation for steadgpédunsteady situations

The first stage has been covered in Section 2.2. The mostiamp@aequirement of the
HSI on the MD-solver is the capability to insert and remowena during the run of the
simulation. LAMMPS fulfills this requirement and this is theajor reason for choosing it
as MD code.

The second stage is concerned with the development or adapitia suitable CFD
solver. The basic principles of continuum model and CFD sdhaxe been discussed in
Section 2.3. In principle, any CFD solver that is based on tiigefvolume method should
be easily adaptable for being run in a coupled mode with a MiReso The number of
ghost cells beyond the boundary depends on the order of tinencal method and must
be matched by the inner virtual cells in the MD region (seaiféds.2). The implementa-
tion of the HSI design, as described in the previous sectemyires the calculation of the
fluxes across the boundary into the ghost cells and the ganéthis information to the
MD solver (Point 3a). In the reverse direction, the pringtixariables that are provided by
the MD solver are assigned to the respective ghost cell®i{Bb). The required changes
on the CFD solver are minimal.

In the fourth stage, the HSI is designed and implementedt@oMD solver. The
principles have been discussed in the previous sectionBi®ichapter. For the chosen
setup, i.e. , the direction M» C (Point 4a), the primitive variables have to be calculated
for each virtual molecular cell. The details the of calculias are explained in chapter 3.

From all development stages, number 4b is the most criticalthe C— M flux cou-
pling the task is to design and to implement a scheme for imgasass, momentum and
energy fluxes locally onto a MD simulation. More generaliyeaould regard this part of
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the HSI scheme as MD flux boundary conditions. Because of pertance for the hybrid
MD-CFD method and its challenges, the remainder of this wededicated to this Point
4b.

Stage 5 is essentially a test and validation programme oMibeflux boundary con-
ditions for all standard flow situations. The test cases hgri televance are explained in
Section 6. All test cases have been selected so that theaantisolution can be obtained
analytically. Hence, the G M fluxes can be calculated in advance and the MD flux
boundary condition tested independently of the variatiitkin the continuum domain.
This is especially important in respect of finding a stable flaposing design that does
not rely on the CFD solver to compensate possible fluctuatoesunterbalance instabil-
ities of the flux imposition scheme.

The final stage 6 is beyond the scope of this work. Tifigcdilties, which were involved
in the pursuit of designing and validating MD flux boundaryditions have made it neces-
sary to tackle this stage in the continued research progegmmich is based on the work
presented here. This includes all synchronisation isdwdsatrise from the dierent time
steps of the MD and CFD simulations. However, as stated betfoeeMD flux boundary
conditions are the keystone of a successful hybrid MD-CFukition and it was therefore
more prudent to achieve a stable artiéetive design before proceeding to fully coupled
cases.



CHAPTER 6

Test Cases

The MD boundary conditions for the hybrid solution inteddtave been tested,
analysed and validated for standard flow situations. A tesecwas devised for
each flow situation. These are described in the coming chapte

The flow on the boundary between continuum and molecular adgrma. at the HSI,
can be subject to fferent flow situations. The multiplicity of conceivable sitions can be
reduced to a number of basic flow situations that may occuheisSl:

e static case (fluid at rest),
o steady flows

o flow parallel to the interface,
o flow perpendicular to the interface,

e unsteady flows.

Any other more complex situation may be understood as a gmatibn these and it is rea-
sonable to assume that a HS| scheme that is validated foe theesic situations will also
work for other cases which are a mixture of the basic situatio

The static situation, i.e. where the fluid is at rest, is thesisonple one. The only flux
across the interface is the momentum flux due to the statgspre.

For steady flows, two fundamental situations can be distégal: flows with the veloc-
ity vector parallel and flows with the velocity vector perdeular to the interface. Flows
parallel to the HSI do not involve mass flux across the interfaThus, the only fluxes
beside the momentum flux that is already present in the siatiation are momentum and
energy fluxes arising from viscous forces. The distinctaegdre of flows perpendicular to
the HSI is the transport of mass across the interface, whitdpresented by the convective
mass flux that entails convective momentum and energy fluxesl.

Unsteady flows comprise cases such as oscillatory flowsitlahgal waves, transver-
sal waves, shock waves, turbulence and similar phenomemathér fluxes than the ones
that are already present for steady flows are involved. Higbmplexity is caused by the
time dependency of the fluxes. Unsteady flows are outsidecthpesof this work and must

117



118 Test Cases

be addressed in further investigations.

For steady flow situations, i.e. the static case, flow pdralie perpendicular to the
boundary, suitable test cases have been devised to irsestige diferent schemes for the
realisation of the HSI. Because the continuum side is cohstaall employed test cases
(steady), the fluxes across the HSI are constant too and carebalculated based on the
analytic solution, i.e. no CFD is used at this stage. From trgicuum point of view,
the basic flow situations are of one-dimensional nature.s Thbeneficial, because the
investigation of the fundamental properties of couplingesnes should be done for sit-
uations with a minimum of complexity. Still, on the moleaukide all simulations are
three-dimensional. The connection to the one-dimensicoafinuum is enabled through
the fact that only the boundaries in one dimension of the outdée domain are coupled
to the continuum while the boundaries in the other two dinmrssare realised through
periodic boundary conditions.

For all basic flow situations, test simulations have beefopmied to validate the & M
coupling of the HSI for dierent coupling methods. In the subsequent sections, the tes
cases and respective validation criteria are describec cbhcrete geometrical dimen-
sions of the test systems depend on the specific matter ef @atause each test case has
been performed for fierent matter of states, no geometrical dimensions are givdre
descriptions of this chapter. Instead, these are sumndainsgable B.1 (Appendix B) for
the performed simulations.

6.1 Static test case

The natural starting point for the investigation is theistsituation. The setup for this test
case is shown in Figure 6.1. The constant pressure boundadjtions are applied on the
left side of the molecular domain (x dimension). The rigllesof the molecular domain is
realised by a perfectly reflecting wall (see Section 7.7}idéec boundary conditions have
been applied in the y and z dimension.

The only flux across the HSI is the momentum flux that origis&tem the static pres-

sure:
Fpos=—-pl-n (6.1.1)

where the pressune can be calculated or measured in advance for the chosertydandi
temperature. For the concrete setup the momentum flux oeewéstern face onto the

molecular domain is
0

Fps = P]- (6.1.2)
0

It can be expected that the HSI is working correctly if thendT inside the molecular
domain keep constant, the interface stays at its initiaitjposand the profiles op, u and
T are constant across the molecular domain.
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Figure 6.1: Schematic of the static test case.

6.2 Couette flow

A fundamental test case for the flow parallel to the interfadhe Couette flow [10]. Orig-
inally, the Couette is the laminar flow of a viscous fluid betwego parallel plates, where
one plate is moving relative to the other. A distinguishiagttire of the flow field between
the plates or walls is that the only velocity component isapar to the plates changing
linearly from between the walls. All other velocity compoteare zero, which makes the
Couette flow an ideal validation case of the HSI for the siaratf flow parallel to the
interface.

To ensure that the flow is parallel to the HSI, it needs to lgnalil parallel to the plates.
The basic setup is shown in Figure 6.2. The flow is from lefigbt; in x direction. Periodic
boundary conditions are applied x and z dimension. The H®h$dhe upper boundary in
y dimension of the molecular domain; it is positionegatOn the lower side, the liquid is
confined by a wall of three atomic layers of Lennard-Jonesatarranged in a fcc lattice.
The interface between wall and liquid isygf, so thatD is the distance between the lower
wall and the HSID = ye. — yu). In order to keep the wall in place, each atom is fixed
by a spring force to its initial position. The energy and ®rmodel is described by the
Equations (2.1.26) and (2.1.27) in Section 2.1.6. The wa&épt at a constant temperature,
Tw, by velocity scaling of the wall atoms (see Section 2.2.9).

For the steady test case considered here, it is assumetétflow speed in x direction,
Uy, atye is Ue. With the velocitiesu, andu, being zero, the flow is parallel to the HSI
and exclusively in x direction with the velocityy increasing linearly fronu, = 0 on
lower side to maximum on the upper side. This is only exacthg for Kn < 10°3. For
Kn > 1073, the number of interatomic collisions is not high enoughildaate the flow
locally near the wall. In that case the velocity profile closé¢he wall is not linear and slip
occurs. Due to viscous dissipation, the kinetic energy efftbw will partly transformed
into heat through which the temperature rises within the field [10]. Because the lower
wall is kept at constant temperature, the heat is conduoctedrtls the wall which acts as
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Figure 6.2: Schematic of the Couette test case for flow parallel to the HSI. The armotreaight
side symbolise the flow speed in x direction.

a heat sink. For moderate temperature gradients in commesith relative smalD, the
transport properties, i.e. viscosityand thermal conductivityl, will be nearly identical
throughout the flow field. In that case, an analytical soluttan be given for the velocity

and temperature profiles [10]:

ufy) = uey_DyW, (6.2.1)
2 _\\2
TGy = Tw%[l—(—yeD y)] 6.2.2)

where the velocity profile of is obviously linear. The termgdere profile is quadratic and
determined by the ratio of viscosity to thermal conducyiwtith the viscosity standing for
how much heat is generated and the thermal conductivity lastvthe heat is transported
towards the wall. The temperature at the upper boundarytheeHSI, is designated by
Te. To separate heat flux issues from the momentum flux validatias assumed that no
heat is conducted across the HSI, i.e. that the interfaadiadatic. This is also a necessary
condition for Equation (6.2.2). The temperature on therfate, T, is then obtained by

u2
Te = Tw + % . (6.2.3)
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For flows parallel to the interface, the momentum flux acrbsesHSI arises from two
contributions. One part originates from the static pressnd is identical to the static
situation in the previous test case. The other part reptese® momentum flux due to the
viscous forces which are caused by the velocity gradientdirgction. This momentum
transfer also entails an energy transfer. The fluxes are dpye

o = —I-n, (6.2.4)
Fes = —Il-u-n, (6.2.5)

where the stress tensHris
I = pl - A(V - u)l — u[(Vu) + (Vu)"]| . (6.2.6)

For the described test case, one can calculate the conteatlysnomentum and energy
fluxes over the upper face into the molecular domain:

HE e
Fos=| -p | and Fes=| 0 |. (6.2.7)
0 0

Due to the periodic boundary conditions in y and z directibis not of importance
whether the HSI is divided several cells or a single cell sdudt can be assumed that the
momentum and energy transfer through the HSI is validated if

¢ the simulation converges to a steady solution,

the density is equal along the y direction,

the velocityuy, aty. equalsue,
the velocity profile ofuy in y direction is linear and follows Equation (6.2.1),

the temperature at equalsT, and

the temperature profile in y direction follows the theoratiprediction of Equa-
tion (6.2.2).

6.3 Steady free flow test cases

The most demanding situation for the HSI is flow across therfate. Depending on the
direction of the flow, this is either flow into or out of the moigar domain. A steady free
flow test case that contains both inflow and outflow is scherablyishown in Figure 6.3.

The simulation domain comprises two continuum domains kvieicclose the molecular
domain between them. Both continuum domains dfecévely one-dimensional and in
a steady state, the fluxes at the MD boundary are constantsambecprecalculated. The
MD domain is however three-dimensional with periodic baanycconditions in the y and z
dimension. The simulated material may be gaseous, liqusbk with a uniform density

p and temperaturd@. The flow is in positive x direction, i.e. from the left to thight,
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Figure 6.3: Schematic of the free flow test case, where a molecular domain is encloge by
continuum domains.

with the speedly, so that the western HSI is subject to an inflow and the eabt8irto an
outflow situation.
The HSI is expected to be validated for in and out flow, if

e the solution is steady, i.e. what flows in on the western smleslout on the eastern
side,

e density, velocity and temperature of the fluid across thesmwdar domain are con-
stant and match the expected values.

On the first glance this may look trivial, but, as will be seatet, there are substantial is-
sues that need to be resolved.

In a free flow, the fluxes are the same at every position of the fileld, hence also at
the western and eastern interface. Like for the two previesiscases the static pressure
means a momentum transfer. However, through the velagitywhich is now perpendic-
ular to the HSI, this momentum transfer entails an energy dsixvell, even if the flow
velocity is constant. The general formulationfefs andF¢s has already been given in the
Equations (6.2.4) and (6.2.5).

Because of the in- and outflow of mass this test case involvagctive mass, momen-
tum and energy fluxes:

Foe = —pu-n (6.3.1)
Fec — _peu ‘N (633)

For the steady case, the constant fluxes can be given:

Jelis
Fmc=ngoUyx , Fpc=ns| O and Fec = nseuy . (6.3.4)
0

The factorng stands for the direction and originates from the normalesgrfvector of the

face. For the western siag = 1, whereas for the eastern siole= —1. The energy density
eis the total energy, i.e. potential, internal kinetic anteexal kinetic energy, per volume:
e=e,+ 6+ 3pU’.
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6.4 Simulation procedure

The simulation procedures are very similar for all test samed C— M flux coupling
schemes. Thus, it is convenient to describe the genera¢g@uoe for cases here. In some
cases, deviations from the general procedure is necessagdalitional steps are given as
appropriate. On the top level, the procedure is separatedhree stages: (1) Calculation
of the state variables, (2) Preparation and (3) Investigati

All simulations have been performed with an adapted andext version of LAMMPS
(see Section 4.1). Atomic visualisations have been pratlbgausing the freely available
softwareVMD [95]. For the analysis of results, the mathematical solATLAB[119]
and the visualization and postprocessing softviaaplot[98] have been used.

6.4.1 Stage 1: Calculation of the equation of state

The purpose of the first stage is to calculate the state ‘asaif the LJ-fluid for the re-
spective states which are used in stages (2) and (3). Th&edagtate variables are the
potential and kinetic energy densities of the fluid at reste) and the static pressure,
Ps, for the used density), and temperaturel,, combinations. The LJ-potential has been
used extensively in the past and a wealth of numerical sitoula@ata is available on its
phase diagram [28, 120]. However, the usage fiédent cut-& distance, time step or time
integration algorithm may result in deviations of the stagables. To avoid possible im-
plications, the required state variables have been caétuitay using the ACSM procedure.
The ACSM procedure is explained in Section 3.4, together thigtrelevant results for this
part.

6.4.2 Stage 2: Preparation

The aim of the preparation stage is to establish the systetmetpoint where the actual
investigation can start. The procedure is similar for at tases and the general flow chart
is plotted in Figure 6.4. The individual points have beenkadrwith numbers and are
explained in the subsequent list:

1. Definition of the molecular domain including dimensiosgnulation box: subre-
gions, i.e. walls and fluid areas; interatomic potentialhvparameters; force cal-
culation routines; optimisations; the time integratiohesme and all other necessary
simulation parameters.

2. Definition of the boundary conditions as given in the digsians of the individual
test cases:

(a) Assign periodic boundary conditions to the respectiugedsions.

(b) If the case involves atomic wall boundary conditiong, Wall atoms are placed
by using the appropriate lattice structure and densitylllceses, the walls are
made of LJ-atoms whose solid crystal structure is fcc.

(c) Place the HSI on the appropriate boundaries.
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3. The initialisation of the atoms:

(a) If the material is actually solid, the lattice filling srhe is applied. In all cases
the FCC crystal structure is used in connection with thecaiiarameter corre-
sponding to the density.

(b) For liquid or gaseous material state, the random fillicigesne is used to gen-
erate the appropriate number of atoms in the molecular domai

(c) In case that some of the created atoms are overlappédhé generated con-
figuration has an excessive high energy gradient, an endrggnisation run is
performed to relax the systems configuration.

4. The velocities are sampled from a uniform distributiomtatch the selected temper-
ature (g.v. Section 2.2.8) (The velocity distribution apgorhes the natural Maxwell-
Boltzmann distribution normally rapidly within the first fellvousand time steps).

5. Equilibration: a MD run with temperature scaling is penfied to lead the system
into a stable thermal equilibrium.

6. The total momentum is set to zero to enable an exact measuotef inserted and
extracted momentum into and from the system through the Mbaundary con-
ditions and to prevent a constant drift of the entire systerough any initial overall
movement.

7. The prepared system is saved to a restart file which canldedesl for the actual
investigation.

As result, the preparation stage delivers a restart file @ntiolecular system in thermal
equilibrium which can be reloaded and serves as starting pmi the actual investigation
stage.

6.4.3 Stage 3: Investigation

In the investigation stage, the prepared system is subj¢ctdifferent conditions in order
to test the MD flux boundary conditions. For each test caseeaott set of parameters
the procedure, as shown in Figure 6.5, is conducted. A éetakplanation of these steps
follows:

1. Therestart file, which has been generated in the preparstiige, is loaded to restore
the complete molecular system in thermal equilibrium state

2. If the test case involves an overall initial velocity ghkielocity is imposed by adding
the velocity vector to each atom. For free flow test casessdnee velocity vector
is added to each atom. In case of the Couette flow, the additielacity per atom
depends on the distance of the atom to the waill= U(riy — Yw)/D, wherer;, -y,
is the distance of atoirto the wall (Forkn < 10-3, which is satisfied for all selected
fluid states).

3. The simulation is run with the active MD flux boundary cdrafis and calculations
of macroscopic quantities afoat analysed variables are carried out. By standard, the
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Figure 6.4: Flow chart of the preparation procedure to obtain the starting point festigation of
the MD flux boundary conditions schemes.

calculations include the overall density, momentum, vigfptemperature, potential,
kinetic and total energies of the entire system. These gigsdre also calculated for
a grid superimposed on the molecular domain to obtain the Biates and gradients
across the domain.

4. The recorded measurements are analysed to determinkexfiee MD flux bound-
ary conditions have worked as expected.
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Figure 6.5: Flow chart of the investigation procedure test the MD flux boundary itiond
schemes.

6.5 Fluid model, units and simulation parameters

A simple LJ-material has been used for all the fundamensatteses. Even if the LJ-model

is only accurate for noble gases, its simplicity makes itd@ai model for basic test cases.
Also, tabulated transport quantities, such as specificshspéed of sound and viscosity, are
available for the LJ-model for many areas of the phase sd&8¥H.[ Thus, these quantities

did not have to be calculated or measured for the usage iwthis

All simulations have been performed in reduced LJ-unitse fibn-dimensionalisation
of relevant variables are listed in the second column ofet@ébl. The third column con-
tains the respective quantities for Argon whose LJ-paramsedrec = 0.341nm and
€ =1.654x1021].

Depending on density and temperature the LJ-material esogess liquid, solid or super-
crititical state.

6.5.1 Shifted potential

It has been found that it is important to use shifted interatgotential functions (g.v. Sec-
tion 2.2.6) to avoid an energy jump at the diittistance. If non-shifted potential were used,
it was extremely dticult in any test case to check through the change in totabgradithe
system, in order to know whether the correct amount of eneag/introduced or removed
from the system and to trace energy ‘leaks’. There is, how@egeconvincing reason why
the investigated methods and schemes should not work ftnftets potentials in the way
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] Physical quantity Factor Unit for Argon\
mass m, 39.948 amu
length o 0.341nm
energy € 1.654x 10721
time oVmy/e 2.16 ps
velocity Ve/my 158 nys

angular velocity  +/e/(myo?) 0.463 THz
linear momentum /Mae 6.31x 10° amum

angular momentum o yMge  2.15x 10°° —amg”?
temperature €/Ks 1198 K

Table 6.1: Non-dimensionalisation based on the atomic mass and the Lennard-Jon&sppte
rameters. The symbol amu denotes the atomic mass unit.

they do for the shifted ones.

6.5.2 Transport properties

For the calculation of gradients and to estimate the fluxinadtrength, the knowledge of
a number of transport céiecients is necessary: specific heat capacity at constanet@amp
ture, c,; specific heat capacity at constant pressogespeed of soundg; internal energy
density,en; and adiabatic cdicient,y. Because these properties vary with density and
temperature, Table 6.2 gives the state variables and wanspdficients for all used states
of the LJ-fluid. Please note that the employed diitdtstance ig. = 2.5. The values of
specific heat capacity, speed of sound, and viscosity haee taken from Meier [131].
The relative error in these values was reported to be 5 % &vitosityu, less than & %
for the isochoric heat capacity and less than.@ % for the isothermal pressure ¢beient
yv. It should be noted that slight discrepancies arise fronfdbethat in the referenced
work a cut-df distance ;) of twice the size was used. The smaller value.ptised in this
work, gives satisfactory results and the minimal improvetme accuracy, which would be
gained by using a largeg, does not justify the entailed computationffbet.

Values for the thermal conductivity,, have been published by Nasrabad et al. [137].
However, values for temperature Bf= 2 were only available for densitigs> 0.2 so that
the value foro = 0.1 had to be obtained through extrapolation via fitting an exotial
function. The relative error of the values #fthat are given in Nasrabad et al. [137] are
about 04 for gaseous states and8 for liquid states. This is a surprisingly high values,
but other measurements for the required states were nddalabeai

For the adiabatic cdicient,y, no tabulated values could be found. Howeyetan be
obtained from the relationship:
a2

cly-1) ! 65
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where the values afpr) have been obtained from Heyes [90].

| Property Symbol dense gas liquijd

Density Je 0.1 0.8
Temperature T 2 1
Isochoric heat capacity cyp) 1.6 2.38
Speed of sound a 1.87 5.5
Ratio of specific heats vy 1.71 1.8
Acoustic number Ac 1 4.1
Internal energy density en 0.245 -255
Viscosity u 0.24 2.0
Thermal conductivity A ~ 11 6.41

Table 6.2: State variables and transport properties of a Lennard-Jones-fiutikftest cases.



CHAPTER 7

MD Flux Boundary Conditions

This chapter describes the investigation of the MD flux bampdonditions. In
the first part, basic conventions of fluxes in molecular teamd techniques fun-
damental for the flux imposition are introduced. These idelthe methods for
imposing convective fluxes, the required algorithms forinisertion and removal
of atoms and the definition of the conditions of a breakdowheflux boundary
conditions. The second part of the chapter contains theudson on dferent
combinations of the investigated schemes for imposing #ssmomentum and
energy fluxes onto the MD domain. Each combination is evetuér its ap-
plicability and validated for the three basic flow situateoat djferent states of
matter.

On the molecular side, the & M flux coupling is realised through imposing flux
boundary conditions onto the molecular system. The fluxegigner provided by the con-
tinuum solver in the coupled cases or, alternatively, magdleulated based on analytical
or empirical models. In both cases, flux boundary conditioritate a much larger system
beyond the boundary of the molecular system. In the nexisectifferent designs of the
flux boundary conditions are discussed and validated, basele test cases which have
been described in Section 6. All formulations of this sectoe related to a single virtual
boundary cell of the molecular dynamics region and applyréxgame manner to multiple
cells, even if not stated explicitly in each case.

In Figure 7.1, a one-dimensional example of the situatiom D flux boundary is
illustrated. The normal vector of the boundary surfagg, points into the MD domain.
The blue shaded area is the outer virtual cell, which is dallservoir The atoms inside
the reservoir are outside of the actual MD domain, i.e. beytbe boundary. Henceforth,
they are referred to as boundary atoms and it is these atams which the fluxes are
imposed. The velocity of the boundary atoms is given by

Np Np
1 .
Vp = — E mv, with m,= E m, (7.0.1)
my i=1 i=1

wheremy, is the mass of the boundary atoms. Some of the flux impositietmods that are
discussed in the following part require the access to thexdbay atoms in order of their

129
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distance to the boundary surface. To this end, each outeial/rell has doundary atom
list (BAL) into which the boundary atoms are sorted in descendimigr of their distance
to the boundary surface. For a general surface orientatiendistancel,; of a boundary
atomi is calculated byd,; = —ns - (ri — rp), Wherery is an arbitrary point on the surface
of the boundary. The boundary atom list is generated eaah $tep before the fluxes are
applied. The sorting is done while inserting the atoms ihlist by comparison of the
distances.

boundary I molecular
atoms - domain

Y

outer (1.) inner (2.) inner
virtual cell virtual cell virtual cell

MD
boundary

Figure 7.1: lllustration of the MD flux boundary conditions for an one-dimensionah&xa.

7.1 Fluxes

As described in Section 5.3.2, the fluxes across the boumdanprise of mass, momentum
and energy fluxes, where the transport may occur throughection, stress or conduction.
The convective fluxe&. are the convective mass flig,., the convective momentum flux
Fpc and the convective energy flibg.. From Table 5.4, the fluxes across the boundary are
defined in molecular formulation

Frnc = %<Z ms> (7.1.2)
Foc = %<Z mvis-> (7.1.2)

Fec= %<Z Eis> (7.1.3)

with

{1 for an inflown atom (7.1.4)

-1 for an outflown atom
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where each of the sums in each equation is over the atomisch have been inserted into,
or removed from, the boundary cell. The convective energyRl consists of a potential
part, Fecp, and a kinetic partf-ec. The ratio between these is determined by the relation of
kinetic and potential energy at the respective state ofanattthe boundary:

Fecp _ ep(p’ T) _ ep(p’ T)
Feck G,k(p, T) + € Q,k(p, T) + %pu2 ’

(7.1.5)

The Fluxes caused by stress are the momentum Hyx, and the energy fluxFes,
which are related to thN, boundary atoms as

Np

Fps= (> 1%, (7.1.6)
i=1
Nb

Fes= () 17 Vi) . (7.1.7)
i=1

The energy fluxFes is of kinetic nature and corresponds to the energy gain sy ttue
to the acceleration of the boundary atoms dud g It is bound to the direction of the
momentum fluxF s, and the velocityy,, of the boundary atoms. ThuBesis the sum of
three energy fluxes, one from each dimension:

I:stVbx]
: (7.1.8)

F ps,Voz

where the components &%, stand for the energy transfer in the respective dimengion
The distribution of the external forcés™, is discussed below.
Finally, energy can also be transported by conduction, evtiex conductive energy flux
IS
l:eq = <Q>t (7-1-9)
with (Q) being the heat transfer per unit time and area to or from thedary atoms atoms.

In principle, fluxes can be imposed in two distinctive wayt)er continuouslyor inte-
grated Continuous flux imposition is achieved through the applicaof external forces,
which are then automatically incorporated into the nunarilgtegration algorithm. Oth-
erwise, fluxes can be integrated in time and imposed at déstirae steps for which the
numerical integrator calculates the solution. The latpgalias, in particularly, to convec-
tive fluxes, where the translation of continuous density@alinto discrete atoms requires
the integration of the mass flux, since no ‘half’ atoms cannseited or removed. How
the integrated flux imposition is incorporated into the nup@ time stepping algorithm
depends on the specific scheme. In general, the integratess #we imposed every time
steps, wheres is a positive integer. For a period of time frdgto ts + 6t¢, with 6t; = otry,
an integrated flux across a constant surface with theAisa

Tst+Tf

) ts+ots
Fap = A f Fap() ot = Adt; > Fop(r) (7.1.10)
ts T=Tg
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whereét is the time step of the numerical integrator and the subisarip= {m, p, €} and
B = {c, s} denote the flux quantity and the way of transport respegtiv€éhe integrated
fluxes from Equation (7.1.1) — (7.1.9) are then

Tst+T§

Fe = Adti ) Fod?) = ) msa, (7.1.11)
o |

Fit = Adte ) Fet) = ) mus, (7.1.12)
o |

FIit = Adti ) Fedr) = > Es, (7.1.13)
o R,

Fit = Asti ) Fpdr) = Adty y > £, (7.1.14)
- .

FIL = Aoty Y Fedn) = Adty ». > 1, (7.1.15)

Fit = Adti Y Fe®) = > Q). (7.1.16)

The integrated fluxes constitute the prescribed mass, miimeamd energy that need to be
imposed onto the reservoir region. They do not, necessardych the actual implemented
quantities, which will be referred to &, with @ andg defined as before. The aim of the

flux imposition is to match the integrated and actually impdated fluxesl‘{g‘g = Fflmﬁp .

7.2 Overview of flux imposition

There are a number of possible ways in which each of the iddalifluxes, i.e. fluxes due
to convection, fluxes by stress and fluxes by conduction, eaimiposed onto the reser-
voir region. Some of these have been designed and used iloypsevorks on coupling
[40, 70, 111]. Diterent schemes for fierent fluxes can be combined in various ways,
however, it is not necessary and would be very elaboratev/éstigate all possible combi-
nations. Thus, only some schemes and combination have besatesi and applied to the
test cases of Section 6; these are listed in Table 7.1.

The two fundamentally dlierent options for imposing the convective fluxes are the
direct (DC) and theindirect (ICS,ICC) mass flux imposition. More variety exists for mo-
mentum fluxes caused by stress, which can be imposed thr@ugbmbination of ae-
flective plandMTRP) andforce (MTF) scheme; force adirect velocity changéMTDVC)
scheme; or by theeverse velocitf{MTRV) scheme. The imposition of energy by stress
depends primarily on the chosen scheme for the momentumylsiéss. When imposing
the momentum flux by a reflective plane, force or direct v&yochange scheme for mo-
mentum fluxes, the energy flux is imposedirectly. However, for some of the schemes
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fluxes
Combination .
convective. momentum by stress energy by stress
static part: reflective plane
DC-MTRP . .
direct viscous part: force indirect
irec . .
DC-MTF force or direct velocity change
DC-MTRV reverse velocity
ICS-MTRV indirect reverse velocity (separated) direct
indirec .
ICC-MTRV reverse velocity (coupled)

Table 7.1: Overview of flux impositions schemes.

it may deviate from the calculated value and requires ctoedf an exact energy flux is
desired. Since the reverse velocity scheme is energy tetlteaenergy needs to be im-
poseddirectly. The conductive fluxes are not considered here, but theyaesity @nposed
using the direct energy transfer algorithms that are enguldg impose the energy by stress.

The discussion is continued with an explanation of how theifiyposition schemes are
integrated into the time integration method of the MD-cotieis is followed by a descrip-
tion of how atoms are inserted and removed. By then the fundtaiseare introduced and
the selected combinations of flux impositions schemes calisbessed, each in a separate
section. The functionality of the individual schemes islaxged in the section of their first
usage.

7.3 Flux imposition within the time integration algorithm

To implement the MD flux boundary conditions within the MD egdhe flux imposition
schemes need to be integrated into the time integrationadeththe MD code. The time
integration method may use several intermediate stepsviinad positions and velocities
in time. It is important that the fluxes are imposed only apst@hich enable exact inser-
tion and removal of the flux quantities (mass, momentum amrdgs®. Which step of the
algorithm is suitable, depends on the chosen flux imposgereme and time integration
algorithm itself. For most time integration methods, posi$, velocities and forces are not
valid for exactly the same points in time at each intermedsaéps. For example, in the
Leap-Frog time stepping method, velocities and positiogasaver evaluated for the same
point in time, but always dier by half a time step. Initial tests have shown that only & th
positions and velocities are available for the same poititie can an exact imposition of
mass, momentum and energy be successful. Attempts to utkeaghy of these quantities
at intermediate steps where positions and velocities wetragvanced to exactly the same
time resulted in significant tfierences between the quantities intended to insert and eemov
to the ones actually inserted and removed.

The formulated condition makes it clear that there would besasy éicient way to
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apply flux boundary condition in conjunction with the Leamf method. The situation
is better for velocity Verlet method, which is used in LAMMPI& the velocity Verlet
method, positions and velocities are available at the stadtthe end of each time step.
Therefore, convective fluxes, fluxes due to stresses anductiod can be applied before
the first step of the velocity Verlet algorithm. This incledine flux imposition schemes
MTRP, MTDVC and MTRYV for the imposition of momentum transferedto stress.

If the momentum flux is imposed through external forces, litast to add this external
force on the boundary atoms after all interatomic forceghmaen calculated. The momen-
tum change is then applied automatically within the tim@gteg method.

In Figure 7.2, the flow chart of a single time step of the adaptdocity Verlet algo-
rithm is shown. The algorithm includes thdidrent flux imposition schemes, which have
been investigated. Depending on the case, the respechigengs which are being used are
activated while others are bypassed. The individual step®®plained in the following
subsections.

At the beginning of each time step, the fluxes are integrategace and timdrftegrate
fluxeg. To this end, each boundary cell stores a variable for eaelgiated flux. The inte-
grated flux variables are named according to Equationsi(l)). . (7.1.16) WitH:ifg, where
a is the flux quantity ang the way of transport. They basically contain the absolutelarh
of the according quantity that needs to be inseriéjgg & 0) into or removed I{g‘[} < 0)
from the respective reservoir region. One could consideilrtegrated flux variables as a
buffer of flux quantities which needs be imposed. Thédus filled or evacuated through
integrating the fluxes and evacuated through adding or remgdkie flux quantities into or
from the reservoir region. In Algorithm 4, the flux integmatiis provided. The surfacks
is the surface of the face boundary cell over which the flg$C, 7) flow during the time
stepr.

Algorithm 4 : Flux integration.

foreach boundary cell Cdo
L foreachflux F,; do

| Flic < Fljc + AsotFos(C. 1)

Some flux imposition schemes require the treatment of atomshnhave crossed a
limiting surface Handle crossed atorsThe limiting surface may coincide with the outer
surface of the boundary cell or may be another parallel sariia a certain distance. Dif-
ferent treatments of the atoms that have crossed the lgn#timface are required for the
different flux imposition schemes and have been investigatetthéar operability. In the
case of the MTRP scheme, the crossed atoms are basicallyedfl€éor the MTF or MT-
DVC schemes, severalfitgrent treatments were tested. These include the removal and
reinsertation of the respective atoms further inside thenbary cell or the restriction of
the movement of the atoms across the limiting surface. Th&ldeare explained in the
subsequent sections. In any case, these algorithms inth@vaanipulation of the velocity
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Begin of time step
Integrate fluxes

| Handle crossed aton+s

| Impose convective quers

r MTDVC — MT-scheme — MTRV —l
Impose fluxes by stress Impose fluxes by stregqs
through MTDVC-schem¢ other through MTRV-schemé

| Impose conductive fluxels

| Velocity Verlet 1. steq

|

Velocity Verlet 2. stef]
(Force calculation)

l

MT-scheme — MTF —

Impose fluxes by stregs
other through MTF-schemg
(add external forces)

| Velocity Verlet 3. steq

|

End of
time step

Figure 7.2: Flow chart of one time step of the Verlet algorithm with incorporated flux impasitio
scheme.

vectors or positions. For reasons given before, this nexlds tione before the first step of
the Verlet algorithm. The most suitable place is before ahgmoother flux is imposed.

The stepmpose convective fluxésndles the insertion and removal of atoms and the
entailed momentum and energy transfer. Followed by theaxiive fluxes imposition, the
fluxes due to stresses are imposed depending on whether tBy®1®r the MTRV is used.
Subsequently, the conductive fluxes are transferred. Therfjrst and second step of the
normal velocity Verlet algorithm are performed. The foredcalation in the second step
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uses a number of optimisation schemes to accelerate thewtatigmal costly pair evalua-
tion. If a neighbour list method is used, it must be rebuildhretime after atoms have been
inserted or removed during the imposition of the convediivees. When using the MTF
scheme, the external forces are added to the already dalddtaces on the atoms in the
reservoir region. The time step is completed by the thirdcigf Verlet step.

The implemented method of the described algorithm, indutie calculation, collec-
tion, preparation and output of a large number of statisdoa debug information. This
enabled the error free implementation of the flux imposischeme and the analysis of
their performance. Because it has no direct contributioméomethodology, the part has
been omitted from description above.

7.4 Imposition of convective fluxes

The two methods of convective flux imposition considerecklege the DC (direct convec-
tive flux imposition) and IC (indirect convective flux impasn).

Direct flux imposition

The idea of DC is to insert and remove the exact amount of massientum and energy
prescribed by the convective flux&s,., Fpc and Fe.. Because no fractional, but only
entire, atoms can be inserted or removed, the impositiomyective fluxes is based on
the integrated fluxeB., Fit andFi. A new atom is inserted i/, > m, wheremis the
molecular mass of the inserted atom. Respectively, an atoemisved ifF"t < m. The
remaining fractional fluxes, which could not be applied, staed within the integrated
fluxes and applied whenevgF™| becomes greater than one. The principle operation for
DC is given in Algorithm 5. The two subsequent sections dondatailed descriptions on

finding a new positiont e, and generating a velocity vectofe

Algorithm 5: DC (Direct convective flux imposition)
if F"t > mthen
find new position pey;
generate new velocity vectfey;
insert atom at positionr e, With velocity Vheu;
Fic < Frme—m;
F]{,‘é — F'gé R
| F& « F& - Ep = (1/2)mvs;
Fint < mthen
determine atomto be removed;
Fie < Fic+m;
Fpe < Fpe+ mv;
Fir — Fot+ Ep + (1/2)mVZ;
| remove atom;

f—
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Indirect flux imposition

The principle of indirect convective flux imposition is to pmse the convective fluxes not
directly, but to obtain them as a result of material movingimout of the reservoir volume.
This is achieved by keeping the number of atddgan the reservoir within chosen limits
(Nbmin < Np < Nymax through removing or inserting atoms whenever the numbatarhs
in the reservoir is too high or too low. The properties of neangs correspond to the
convective fluxes and the properties of the removed atoms$ cousespond to that of an
average atom in the reservoir region or virtual boundarly cel

IC is not a pure unidirectional flux coupling scheme, becahseonvective fluxes are
not implemented strictly; rather they are a result of theutation. The actual realised
convective fluxes are determined by the properties of thmstbat have entered or left the
boundary. Those concrete values are summed up automgaiicdlie integrated convec-
tive fluxes,Fint, Fis andF T, which can be transferred back to the continuum solver durin
each synchronisation. There, they can easily be incorpaiat the continuum solver when
updating the conserved variables of the cells from the floxes the cell faces.

From a number of dierent IC schemes that have been investigated for theircayli
ity, two gave stable results as MD-boundary conditions:

(1) Separated momentum fluxes (ICS):Here, the convective momentum flux and the mo-
mentum flux by stress are still imposed separately. This syt the implemented
momentum flux depends on the number of atoms that enter thensys

(2) Combined momentum fluxes (ICC): In this IC scheme, the momentum fluxes by con-
vection and stress are combined by applying the couplingtegrated fluxes by con-
vection and by stress, which is explained in the followingt®s. The advantage of
the scheme is that the total prescribed momentum fiyx+£ F ) is always imposed,
independently on the number of in- or outflowing atoms.

In Algorithm 6 the indirect convective flux imposition algiym is shown. The momentum
flux coupling in the last part is discussed in the next section

7.4.1 Coupling of integrated fluxes by convection and by stress (FCCS)

As already mentioned, some flux imposition designs reqbeecbupling of the integrated
convective fluxes with the integrated fluxes by stress, whildioe referred to as FCCS. In
this work, FCCS is the transfer of the integrated convectiveeBuo the integrated fluxes
by stress. The transfer can apply to momentuny@nenergy fluxes. In terms of when
the transfer takes place, three types are applicable: at tuee step, after inserting a new
atom or after removing an atom. Additionally, it is necegdardistinguish between in- and
outflow conditions F,. > 0 or F,c < 0). The diferent possibilities for flux type, transfer
time and flow condition result in many conceivable combiadi Here, only the four most
useful have been considered:

IMP: The integrated momentum fluxes are transferred at every sieqe for inflowing
conditions £ > 0). The transfer is accomplished by the following rule that i
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Algorithm 6 : IC (Indirect convective flux imposition)
Whl|e Np < Nb,mm_d_o
find new position pey;
generate new velocity vectofey;
insert atom at positionr e, With velocity Ve
Fint — Fint -m;
Em e
S (1/2)mv?;
| ' ec ec Pi i
while N, > Nb, maxdo
determin_e atonnto be removed;
Fme < Fme+ m;
Fpe < Fpe+ mv;
Fift e FIM 4+ Ep + (1/2)mVZ;
| remove atom;
Coupling of momentum fluxes for inflow(IMiRgn
if Fme> Othen
F'S; — F'S; + F'Sé;
F'Sé «0;

f—

—

Coupling of momentum fluxes for outflow(OMRgn
if Fc<Othen
L F'E; — Figé+ Figé;
Foe < 0;

executed every time step:
Fips — Fps+ Fpe (7.4.1)
Fre <0 (7.4.2)

The IMP transfer is implemented as subsequent step aftemghesition of the con-
vective fluxes (q.v. Algorithm 6).

OMP: The transfer is identical to the preceding IMP transferhwhie only diference that

it applies for outflows En. < 0). The OMP transfer is also implemented directly
after the IMP transfer (q.v. Algorithm 6).

OMAR: The integrated momentum fluxes are transferred every tingg ah atom has
been removed. The purpose of the transfer is to circumverdithiculties of match-
ing the convective momentum fluxes on the outflow. This isswexplained in Sec-
tion 7.4.3. The update rule is identical to the IMP and OMPRrul

pc >
Fie < 0 (7.4.4)

Fis — Fps+ Fit (7.4.3)

The implementation of the rule follows immediately the remdmf an atom.
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OEAR: The integrated energy fluxes are transferred each time amiatcemoved. The
purpose is similar to the previous point and enables it tamtte convective energy
fluxes on the outflow. The update rule is

o (Fes3
Feos — Fos+|Fee/3| . (7.4.5)
Fec/3
F 0 (7.4.6)

Because the energy fluxes by stress are given for each dimeinsividually, the
convective energy needs to be split into three parts.

It is stated at the appropriate sites in the text which of t6€BE schemes are employed for
the individual test cases.

7.4.2 Insertion of atoms

For inflow conditions on the boundary, new atoms enter theeowér system which need

to be assigned with a position and a velocity. The positioaéw atom determines its po-
tential energy, the velocity its momentum and kinetic epeiithese values are prescribed
by the convective fluxes.

Assuming that the flow across the boundary, with the surfaotovng, is in a local
equilibrium the average properties of the inserted atomsbeacalculated. The average
velocity of an inserted atoiinis then

Fpe _pu(u-ns)
Fmc p(u - ng)

(V) = Vigyt = u, (7.4.7)

whereviqy is the external velocity of the atoithat equals the velocity of the inflowing
material. Knowingu, the density can be recovered through

_ Fmc :p(u'nS)
P=ung) - U-ng)

and the average total energy is calculated by

(7.4.8)

Fee Mm_#&u-ngm_ m (7.4.9)
(u-ns)p (u-ns) p
with m being the mass of an inserted atom. The average total enéayyinserted atom
comprises of the average external kinetic endiffy.y (this is bound to velocity with
which the material flows across the boundary) and the avendgeal energyE;,;) of an
atom. Itis given by

<Etot> =

(Eint) = (Etor) — %”‘(W : (7.4.10)

The internal energy is the sum of a potential and kinetic: g&k:) = (E,) + (Exint), Where
the average potential energy of an inserted at{fy,, is related to the potential energy
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density,e,, by (Ep) = (m/p)e,. The potential energy densitg, is a state function, which
must be measured in advance for any occurring combinatiatens$ity and internal en-
ergy: e, = €;°{p, &). Alternatively, an analytical equation of state may bedusestead:
e, = €"%(p, &). For all cases in this work, the respective valuessfphave been measured
by using the AMSM scheme described in Section 3.4.1.

Knowing (E,), the internal kinetic energy is obtained through
(Exint) = (Eint) — (Ep) , (7.4.11)

and must be used to generate the internal velocities of tveatwmns.

At this point, all variables necessary to describe the @esraserted atom that satis-
fies the convective flux conditions are available. It remamdescribe the generation of
concrete positions and velocities of the inserted atomedas the average values. The
explanation starts with the determination of the positiand is followed by the equivalent
description for the velocities. Instead of the fluxeg, in some cases the corresponding
integrated fluxe§g‘[§ are used. This is noted where necessary.

Determination of the position

From the description above it is clear that each new atom dae fplaced at a position
in the molecular system at which its potential energy c@oess to(E,). Also, since the
flux imposition always considers a boundary cell, the atositbhglaced somewhere inside
the corresponding cell or wherever the insertion regiorheef tell is defined. A typical
example is shown in Figure 7.3a. The schematic is based oseavath a reflective plane
as flux imposition scheme. One boundary cell has been higklijthrough blue shading.
Depending on the size of the boundary cell, the region offitsemay comprise the entire
volume of the boundary cell or be more restricted to its osiide.

Which scheme is employed for insertion depends, first of diietiwer it is a single
atom that needs to be inserted or a molecule. Here, onlyesatgns acting through a pair
potential are considered, but a scheme for inserting pot@ecunlar has been published
by De Fabiritiis et al. [37]. Depending on the density of thediae into which the atom
is to be inserted, flierent schemes may be used. For low densities, such as inugaseo
states, the potential energy of an atom is close to zero angdtential energy gradients
are very flat. A typical example is the gaseous state of théuid-(n = 0.1, T = 2),
which is used in many test cases throughout this work. Uriéb=ret conditions it isf&cient
to userandom position samplingvith a minimum distance check in conjunction with a
density grid. The minimum distance to any other atom enstivasthe energy of the
inserted atom is not too high. The scheme is the same as fonitia¢isation procedure and
explained in Section 2.2.8. It has been used in all test cdgegaseous state and convective
fluxes across the boundary. For higher densities, such aguid$ or solids, the structure
of the energy landscape becomes very complex, even for desipair potentials. For
typical moderate temperatures, the atoms reside in deepfmitenergy wells surrounded
by steep gradients of the energy surface. Therefore, thenpak energy of an average
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MD domain MD domain
boundary boundary

(a) Insert atoms via density grid scheme or (b) Insert atoms via modified USHER scheme
USHER

Figure 7.3: Schematic display of the insertion of atoms into the boundary cell. In eachtbase
new atom is coloured green. The respective boundary cell is shaged b

atom(Ep) is extremely low compared to the average energy level [38]in$ert atoms in
a dense medium, one has to find these extremely low energy Biterting atoms at other
sites with high energies values and steep gradients woattlttean excess of introduced
energy and cause the system to ‘explode’. The problem oms fadow to find the energy
holes. Simply using the density grid and random samplingkieemely indficient and
would lead to a situation where most of the simulation timsgent in sampling random
positions. Hence, this scheme can not be used for insettngsanto dense fluids. Instead,
the USHER algorithm can be used to locate the low energy hioldge potential energy
landscape. For dense fluids, this algorithm is much mfiig@ent than the random sampling
scheme. Also, the algorithm is easy to implement.

USHER scheme

Developed by Delgado-Buscalioni and Coveney [39], the USHIgBrahm is essentially
a steepest-descent scheme with the step width adaptedicz#héopology of the potential
energy surface. The algorithm starts with generating aiaimiositionr@ randomly within
the inflow zone. It then performs a number of successivetiteara Each iteration moves
the current position;, to a new position;™?1), according to the update rule

£
r(n+1) — r(n) + mé‘s(n) R (7412)

wheref® is the force on the atom, which is equal to the negative piaeeriergy gradient:
f(r) = =VV(r). The positions of the existing atoms are constant durihthaltime. The
displacementys™, depends on the potential energy and the force:

5S(n) _ {6Sovlp if V"> (Vovlp P

= n . 7.4.13
min(As, Y f‘n%) if V"< Voup - ( )
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Vo is the target potential energy of the atorMig(= (Ep)).

Depending on the randomly generated starting positionien&tions need to be down-
hill (V© > 1) or uphill (VO < V). Both cases can be unified through mirroring the
uphill case into a downhill one. This is easily achieved bglieg the potential energy as
V(r) — sgnV(r), where sgre (VO — Vy)/|VO — V). This step redefines the forces
as well, so that the uphill case (sgn-1) is converted into a downhill one. For the entire
discussion on the USHER algorithm, the potential energyfaraes are considered to be
scaled by sgn even if ‘sgn’ is not explicitly included in theuations. Thus, only the down-
hill case is discussed below, which obviously covers thelugdise as well.

The following explanation on how the USHER algorithm workdidws the original
article of Delgado-Buscalioni and Coveney [39]. The optimalues for the parameter
for the LJ-fluid have also been taken from there. Due to theoary chosen starting
position, ro, it is very likely that the position overlaps with an exigiiatom. The overlap
is detected in the first line of Equation (7.4.13) if the pa@renergy, V', is higher than
the thresholdV,yp, Which is chosen to be fiiciently high: Vo, ~ 10%. The initial
overlapping can be resolved in one iteration step by chgdbie appropriate displacement
SSovip = I, — (4VM)Y12. The value ofr,, should be slightly larger than the characteristic
distance between two atoms. For LJ fluids, a value,of 0.9 has been used.

After resolving the initial overlap ™ < Vo), the atom is moved downhill towards
the target energy},. The second line of Equation (7.4.13) ensures that the grigf)
decrease linearly as the atom is moved along the steepsstratadirection. When the gra-
dient of the energy slope becomes fl&f"\ ~ 0), the maximum displacement is limited
to As. The maximum displacement is important for the rate of cayeece. For optimal
convergence rates, the value should be matched to the withle tow-energy tubes in the
landscape of the potential energy field. The value used b&vg+ 0.1n"¥2,

The search terminates successfully if a position with tleerdd energy has been found.
Obviously, it is not necessary that the energy™%, at the positiony™1 matches with
extreme precision to the target enerfy. Therefore the following criteria is used to deter-
mine whetherV (™1 is acceptably close t0/;:

(n+1) _
16D < Erax,  with ¢ = % . (7.4.14)

whereénay is the maximum deviation o™ from V, relative toVo. In this work a
Emax = 0.05 was used. The fierence’Vy — V™D is added to the internal kinetic energy
Exint In order to really insert the prescribed amount of energy.

It has been shown that it is computationally mofceéent to abort the search and to
restart from a new randomly generated position [39], onee#arch leads uphill instead of
downhill, i.e. wherr (™D > (W The reason is that it is very likely that the current energy
well is not deep enough to find a position with the target epgel. The implementation
of the USHER scheme as used in the MD-code is given in Algorith
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Algorithm 7 : USHER algorithm to insert an atom into a dense medium.

Generate random positian
Calculate potential energy and forcef for positionr;
Scale’V and f with sign« (V — V)/IV — Vo,
repeat
if V> Voypthen

| 8S 1, — (4V)V1%
else

0s — (V = Vo)/Ifl;

L if 6s> Asthends « As;
r—r+(f/If])-0s
Calculate potential energy¥ewand forcef e, for positionr;
Scale’V and f with sign« (V — Vo)/|V — Vol;
if Vioew> V then Return and restart search;
V e View T & Trew
& — (V=Vo)/IVol;
until [€] < émax;

Computational optimisations

The majority of computational time of the USHER algorithmsjgent in the calculation
of the potential energy of the new atom on the investigatesitipo and the force that
would act on it. Hence, it is worth generating a temporarghkeour list for this purpose
that contains the indexes of all atoms that are within a s0iu negn around the initial
positionrg. The radiusfeign IS the cutdf distancer., extended by agg (Mmeigh = r'c +
radqd)- Before each force and energy calculation it must be cheakether the position has
moved further tham,qg. If yes, the neighbour list is rebuild, using the currentifios, r™,
as centre.

Modified USHER scheme

The USHER scheme works especially well in situations whegelensity across the bound-
ary cell gradually decreases. Here, the scheme hasfiicutties finding a suitable place
to insert the atom. If the density falls to zero by a sharp dtbhe zone in which USHER
can find a suitable position with little computationéicet is very small. In solid state, ma-
terials have a specific structure, also near the boundasgrting atoms into the structure
would alter it and cause defects that would otherwise nohbeet In these cases it is more
desirable to add the new atom onto the outer ‘surface’. T™®ehd, the USHER scheme
was modified by the author to an algorithm that basically rsdkie new atom from outside
to a suitable place on the surface. This is indicated in Eigu8b where the search path
for the position of the green marked new atoms is drawn in. fichee has been prepared
based on a solid LJ-system with a densitycf 1.2. For reasons of simplicity, only cases
where the direction of the surface normal coincides with dingension are considered in
the modified USHER algorithm. The dimension in which the acef normal fs) is di-
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rected is labelled witlr and the two other dimensions withandy (ns, = 1, nss = O,
ns, = 0). In principle the boundary face can point in positive ogaté/e« direction. Both
cases can be handled unified by usmg as directional factor.

The main diference of the modified USHER scheme to the original one, tshikgosi-
tion is moved primarily in dimensioa towards the surface. Only if the move in dimension
a direction would lead uphill, the position is moved withirettwo other dimensiongand
y. This can easily be achieved by scaling the force vedt®r, with

£ (19 (¢, c0c)) (7.4.15)

where the factors,, c; andc, are:

1 f 0

c, =4 lalsa<V (7.4.16)
1 f,ns,>0
0 funs, <0

Cs = oa =, (7.4.17)
0 fansa >0

C, =Cs. (7.4.18)

To start the position search, the componetftsandr{” of the initial positionr© are
generated randomly within the area of the boundary cell.jetiong a circle in thes,y
plane with the cutfi radiusr. and the centrerf”, r{”) along the surface vectars gener-
ates a cylinder. The contours of this cylinder are colounexkg in Figure 7.3b. If one
moved the position of the new atom along the central axisettfinder, it would interact
with each of the atoms within at some position along the lifem all atoms within the
cylinder, the algorithm determines the atgnvhich is furthest outside ins direction. The
initial positionrﬁ,o) is assigned witlt; | + IminNs,,, Wherer minns,, is an additional shift img,,
direction to exclude any initial overlapping. A valuergf, = 1.22, which is the position of
the potential well of the LJ potential, has be used througkims work. The pseudo code
of the modified USHER scheme is given in Algorithm 8.

When using for solids, the target energy cannot be exactlpdtential energy of the
bulk system, but must be the average energy of a surface dtoisicondition has further
implication on the imposition of convective fluxes which Maé addressed later.

Random velocity vector generation

After, the position for a new atom has been found, it needstadsigned with a velocity
vector that satisfies the conditions that have been intrediat the beginning of this sec-
tion. Because of the unidirectionality of the internal eetrghis can only be achieved by
matching the averages of a number of atoms that are inseut@tydch period of time. For

IHere it is meant that the internal kinetic energy, which &stirermal motion of the atoms, is not bound
to the movement in any direction, but rather has zero oveeddicity by definition.
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Algorithm 8: Modified USHER algorithm to insert an atom into a dense mmdiu
with a very sharp density profile.

Generate initial position componemgsandr, randomly;
Build list Lymp of atoms within the circlerg, r,) at projected alongs;
Find atomj in Liyp furthest in directioms;
Setr,, « I’ja + I'mins
Calculate potential energy and forcef for positionr;
Scale’V and f with sign« (V — Vo)/|V — Vol;
repeat
if (ns, - f,) <0then
c, < 1;
Cs, Cy < O;
else
c, < 0;
L%%*L
T
fe(f(co G G)) s
if V> Voupthen
| 8S 1, — (4V)V1%
else
0Ss — (V = Vo)/Ifl;
if 6s> Asthends « As;
r—r+(f/If])-0s
Calculate potential energynew and forcef,e,, for positionr;
Scale’V and f with sign« (V — Vg)/IV — Vo,
if View> YV then Return and restart search;
V — View F — Trew
& — (V=Vo)/IVl;
until €] < €max;

a period of time with constant convective fluxes, the veiesiof Ni,s inserted atoms must
fulfill the conditions:

Nins
(V) =u = Vi, (7.4.19)
I\Iins i
1 I\lins 1
(Bant) = 2 5MMan)? (7.4.20)

wherev is the internal velocity of the inserted atonthat is related to the absolute
velocity v by Vi = Vi ext + Vijint; the external velocity vector ¢ being equal for all inserted
atoms:Vj eyt = (V) = U. In connection with Equation (7.4.19), this requires thensf the

internal velocities to be zero: "
ins

= Vi = 0. (7.4.21)
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Since the external velocitiegey; of the inserted atoms are determined, the remaining
task is to generate the internal velocity vectarg in a way that Equation (7.4.20) and
Equation (7.4.21) are satisfied. Being of macroscopic ngforeg degrees of freedom),
these conditions require the reconstruction of the miap&cinformation (N,s degrees
of freedom), which are the direction and speed of the indi@delocities. Principally, this
is identical to the initialisation of velocities at the beging of a MD simulation (g.v. Sec-
tion 2.2.8).

Maxwell-Boltzmann distribution:  As in the velocity generation schemes for the initial-
isation of the molecular dynamics simulation, the interrebcity vectors can be sampled
from a Maxwell-Boltzmann distribution and as far as knowntte author, this has been
done in all previous works [38, 40, 188, 193]. The Maxwell42olann distribution has
already been defined in Equation (2.2.28), where the averagegy is expressed in terms
of temperature. Here, the average energy levétig,:) and the probability of the velocity
Vv, in dimensionx = {X,y, z} is given by

2
3m (_ 4<3Ek,i(ryn>)
Ar(Ex int)

f(Va) = : (7.4.22)

where the individual dimensions;, are independent from each other. Sampling from
Equation (7.4.22), one obtains a set of isotropic velocégters with the average length
of (IVl) = +/2(Exinty/m. As demonstrated in Section 2.2.8, a generator that drawdora
numbers from a gaussian distribution and a subsequenhgegli— v, \/2(Eynt)/3m will
deliver the desired velocity vectors.

Summed momentum: An unexpectedféect occurs for free stream test cases when sam-
pling the internal velocities of the inflowing atoms from aeell-Boltzmann distribution.
When direct convective flux boundary conditions (DC) are ufeel momenta which are
removed on the outlet, correspond exactly to the analymale (Equation (6.3.2)). There-
fore, any deviations of the inserted momenta on the inlehftbe prescribed momentum
fluxes remain within the molecular system.

Sampling the internal velocities from the Gaussian diatrdn, the average sampled
velocity (vin,) In each dimensiomr = {X,y, z} approaches 0 for increasing numbers of
inserted atoms. However, this is not true for sum of the indtkvelocitiesy;:™ as required
by Equation (7.4.21). Rathev;:™ fluctuates stronger, the more atoms are inserted. This
is easily realised when considering that the standard tiemiaf the sum of the inserted
atoms grows with increasing number of sampleéz\™ ) ~ VNins. Therefore, the longer
the simulation runs, the more likely larger deviationif" from O become. The logical
effect, which has been observed in test simulation, are demmin the velocitiesl,, uy
andu, of the overall system.

Figure 7.4 shows the development of the velocity of a systétim 10,000 atoms at a

temperature off = 2 during the influx of 5,000 and 50,000 atoms. The figures hate n
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been recorded from an actual simulation, but to avoid ang diects, the velocity gener-
ation algorithms have been run independently and the getketernal velocity vectors,
corresponding to a temperaturef= 2, have been summed up. The blue line marks the
velocity, uy, of the system for which the velocities of the inserted atbange been sampled
from the Maxwell-Boltzmann distribution (Equation (7.4)22The velocities in the other
two dimensions are not shown because the curvesfieetigely similar and would not
contribute any additional insight. It is obvious that théoegty, u,, starts to deviate up to
0.015 for less than 5,000 inserted atoms. Continued influgesay to rise nearly to 0.05
after 50,000 atoms have been inserted. How problematicv#hi® is depends on the free
stream velocityu, of the specific test cageFor example in several test cases, a velocity of
uy = 0.1 was used. The deviation, in Figure 7.4b, is nearly half ©f¥hlue, which is very
significant.

For free stream test cases, deviation of the free streantitelo from the analytic
value have direct and indirect implications on stabilityttoé MD flux boundary condition
schemes. The decisive point is the outlet, which for directvection (DC) schemes only
function in a stable manner as long as the actual fluxes ofitgensmentum and energy
on the interface correspond to the prescribed ones. Smaditd® are biffered, but persist-
ing deviations eventually lead to a breakdown of the MD fluxtabary conditions, either
because of a lack or excess of mass, momentum or energy. Thefflmass, momentum
and energy on the outlet boundary is influenced directly angles inu, or indirectly by
any velocitiesu, or u, different from 0. The latterfiect is because any velocity in y or
z dimension also binds a part of the total energy. Because moemimmpu, or pu, is
removed by the MD flux boundary conditions on the outlet, thergy that is bound to this
momentum cannot be extracted. Instead, more internal gigergmoved until the internal
energy near the outlet boundary is zero and the boundarytalbreak down.

Obviously for a fully coupled system, any change of the vigjaa the molecular sys-
tem would also change the calculated fluxes on the outlehatdhie &ect would probably
not be noticed. However, the idea of the free stream testisasigat MD flux boundary
conditions introduce and remove the prescribed flux. Alse velocities of the inflowing
atoms are not strictly independent and uncorrelated froth e¢her, because any greater
random fluctuation leading to a change in flow speed would beeca ‘physical reaction’
of the system counteracting the disturbance.

Zero net momentum: To avoid the unwantedfkects that arise by sampling velocities
from a Maxwell-Boltzmann distribution, aero net momenturfZNM) algorithm for the
generation of the internal velocities with was devised lgyahthor. Instead of drawing the
components of the velocity vectovg, vy, andyv, individually from a basically infinite pool
of possible numbers, the underlying idea of the ZNM alganitis to select the complete
vectorv randomly from a limited set of possible vectors. To this eadetSp, of Ny,
possible unit velocity vectors is generated initially. Wieenew velocity vector is needed,
one elementy of Sy, is selected through a randomly generated inklexherek is an in-

2As defined in the description test case (Section 6.3), theeffosv direction is in x direction.
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Figure 7.4: Example for the change in velocity of a system with 10,000 atonis at2 through
the influx of atoms, with velocities sampled through Maxwell-Boltzmann distributidune(lines)
or ZNM algorithm (purple, red and green lines).

teger that obeys a discrete uniform distributidne([1, N ], k ~ U(1, Npy). The selected
random vector is removed fro8y, (Spy < Spy\Vk,» Npy < Ny, — 1). OnceS,, is empty
(Spv = 0), the complete set of possible velocity vectors is gendratain. If the sum of
the all vectors in the full setp, is O, then the maximum deviation of the summed velocities
is effectively restricted, because every time the entireSgghas been used, the introduced
net momentum must be zero.

To achieve an isotropic distribution of the velocity vestan Sy, a virtual sphere is
used with centre at the point of origin and unity radius. Tketors are generated from
the centre of the sphere to evenly distributed points attface. In order to ensure exact
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symmetry in all dimensions the surface points are definelariitst octant\, > 0, v, > 0,
v, > 0) and then mirrored into the seven other octants. The veatathe first octant are
calculated through

Vy cosg)
[vy] = [sin(a) cos(B)] (7.4.23)
Vv, sin(@) sinB)

where the angles andg are obtained by stepping through all combinations of thexed
aandb

b
a_ﬂ_a and IBZ{RSin(a) a>0

= . 7.4.24
2R 0 a=0 ( )

The indexa is an integer that rotates the vector within the xy-planeramg from O to the
selected resolutioR: a = {0,1,...,R}. The indexb rotates the vector in thgzplane at
Vy = cosg). The resolution ob depends on the circumference,si(a), of the circle that
forms the intersection line of the sphere andyk@lane atv, = cosg). Hence, the value
b runs througtb = {0, 1, ....,Rsin(@)}.

In Figure 7.5, the first octant of the
virtual sphere for the velocity vector gen-
eration is illustrated. The points marked, VVaeo _uo
show some of the points on the surface, .40
to which the velocity vectors are drawn. (30
The first number in the denotation is the
index a and the second is inddx (a, b). K20
The blue shaded surface represents the yz
plane fora = 3 and the drawn vector the
velocity of the combinatiorm = 3 and $00
b = 4. The length of the vectors that are
generated by Equation (7.4.23) are of unity v =, Vy
length. To match the required energy level
(Equation (7.4.7)), they are scaled with
v/2Exint/m. Obviously, all velocity vectors v,
are of the same length and do not corre-
spond to the natural MaxweII-BoItzmanrhgure 7.5: lllustration of a the first octant of the

Qistribu'gion. However, ajc’ previously tes’t‘e\qrtual sphere for the ZNM velocity vector gener-
in Section 2.2.8, velocity vectors genelyign.

ated with a fixed length quickly approach a

Maxwell-Boltzmann distribution. Also, the

new atoms are not inserted all at once, but over a period &, tivhich reduces thdfect of
the fixed length. The implementation of the ZNM algorithm igeq in Algorithm 9. The
required input data is the internal kinetic eneky,: and the atomic mags. It returns a
random velocity vector for the requested energy level.

91,0
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Algorithm 9: Zero net momentum (ZNM) algorithm for generating the véloeec-
tor for a new atom.

input : Energy levelEy,: and mass of the new atom
output: New velocity vectong,

if Npy = Othen

for a«< Oto Rdo

a < na/(2R);

Ry « sin@)R;

for b«<— 0to R, do

if R, > 0thenp « b/(sin(@)R);
elseB « 0;

Vy « COS@);

Vy < sin(a) - cosf);

V, « sin(a) - sin(B);

Add v to Spy (Npy < Npy + 1);

foreach Combination ofo = ({-1, 1}, {-1, 1},{-1, 1}) do
foreachvectorvin Sy, do

if 0-v<>vthen
| Add vectoro- vto Spy (Npy < Npy +1);

S« U(09 NpV - 1)1
Vout < element number s &f,;
Remove element numbeifrom Sp,;

Vout < \/ZEk,int/m - Vouts

The ZNM algorithm has been tested under the same condit®tiseapreviously dis-
cussed Maxwell-Boltzmann distributed velocity vector gatien. Firstly, 5,000 new ve-
locity vectors, corresponding t = 2, were generated by the ZNM algorithm and added
to the velocityu of a 10,000 atom system. In a second step, the insertion wasued
to 50,000 atoms. The resolution Bf, was set toR = 30 for the test run. The indi-
vidual velocity components,, u, andu, for the first 5,000 atoms have been plotted into
Figure 7.4a. It is obvious that the deviations from 0 are msiialler than for the sum
of the Maxwell-Boltzmann distributed velocity vectors. Téentinued insertion of up to
50,000 atoms, shown in Figure 7.4b, demonstrates this even cready since the sum of
velocity vectors generated with the ZNM algorithm staysselto zero, independent of the
number of atoms inserted. The curves are similar in all tdieeensions, with a mean of
Ux = Uy = U, = 0 and a standard deviation efu,) = 9.1 x 1074, o(uy) = 8.9 x 10* and
o(u,) = 9.3x 104 These values were calculated from the run that is shownguar€i7.4;
they vary slightly between individual runs, because of trelom number generation.
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7.4.3 Removal of atoms

Any outflow across the boundary requires the physical reta@undary atoms from the
reservoir region in Figure 7.1. While for inflow boundary cdiughs it is possible to insert
atoms that match exactly the constraints prescribed bydheective fluxes, the same is
not true for the removal of atoms for outflow boundary comadis. Based on the integrated
fluxes, any removed atom should ideally have the momemm= F'/F" and the total
energyEqq. = F'/F |t is basically impossible to find a boundary atom whose mome
tum and energy match exactby, andE;4,. Thus, outflow boundary conditions require a
special treatment to ensure the agreement of the actualsshgmantities to the prescribed
integrated convective fluxe§ic” = Fis andFee” = Fi.

The first step of an appropriate outflow scheme is to selecatbm to be removed
from the set 0N, boundary atoms in the reservoir region. A number @ifedent selection
schemes have been investigated for their applicability:

Random The atom is determined randomly from entire selNgboundary atoms.

Position based Probably the most intuitive scheme is to chose the atom wkitirthest
away from the boundary, i.e. highest valuedgf. Conveniently, the boundary atom
list, which is sorted byl,;, can be used for this purpose; the first atom in the list being
the one furthest away from the boundary.

Momentum based Both previous schemes do not gua\rarlf%éD = F‘F’,‘Ct. To ensure the
correct convective momentum flux implementation, one céecs¢éhe atom whose
momentum matches the required momentum transfer closést.isTthe boundary
atomi with the smallest momentumftierenceAp; that is calculated by

Api = |Vi — Pidal - (7.4.25)

Energy based Similar to the momentum based scheme, the selection of dme ean be
based on the convective energy flux. In that case the criteria

1
Ae = |Ep, + Emviz — Etigal » (7.4.26)

where the atomwith the smallesf\g is chosen to be removed.

Best fit The position, momentum and energy based schemes focus prooalaspect,
neglecting the other two. Therefore, it is only logical taide a scheme that com-
pensates this deficiency by taking into account the posititamentum and energy
fluxes. To this end, one can define the critegaby

1 Ap®  Ae?
2 + 2 2"
dbi Pida €da

Cof; = (7.4.27)

The atomi with the lowestc,y; is the one that is selected to be removed.
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Which of the above selection schemes is used for the test,cgasgated at the respective
sections.

Even when using the best fit scheme for the atom selection,tehno& actual imple-
mented F:gp) and integratedF(Ci[‘ﬁ‘) fluxes is not guaranteed. The main reason is that with
the density in the reservoir region gradually approachiexp zthe average atomic values
of velocity, (v) and energKE;) also dtter from the values of the bulk materials in the
boundary cell. The density profile across the interfaceilbet in Section 7.8.3, is of lesser
importance for the removal of atoms, but naturally influenites velocity and energy pro-
files. The exact shapes of velocity and energy profiles argbicated in many cases and
subject of oscillations and fluctuations. These are maimbsalt of the employed imposi-
tion scheme for the fluxes due to stress (MTRP, MTF, MTDVC or MT,Rut also subject
to the interplay of these schemes with implementation otthe/ective fluxes. Therefore,
the boundary atoms in the reservoir region may, sometimgstemporarily, not corre-
spond to the convective flux constraints. In Figure 7.6, tloéilps across the boundary are
shown for the average values of density, velocity, tempeeadnd atomic energy. Clearly,
the atoms in the area of the boundary havéedent average velocities and energies than
the atoms inside the bulk material. The four plotted casgs@tmonstrate that the profiles
of the curves depend on the selected scheme and fluid pegeHence, the expectation
of finding an atom selection scheme that matches exactlydheective momentum and
energy fluxes is unrealistic.

One possibility to overcome the mismatch between the impiged and the integrated
convective fluxes is to correct the respectiviatences subsequently after the removal of
an atom. This is achieved by coupling the convective fluxeb thie fluxes by stress. The
approach is suitable in conjunction with direct convecflug imposition; it is being dis-
cussed in Section 7.4.1.

Momentum and energy correction for removed atoms

When employing indirect convective flux imposition schem€y,(the convective fluxes
are not prescribed directly. The atoms removed under outftawditions in these schemes
are expected to have the same properties as the ones in thddmgwcell adjacent to the
reservoir. However, because the energy of an average attima neservoir region, i.e. be-
hind the boundary, is higher (see Figure 7.6 or 7.4.3), thewal of atoms from the reser-
voir region without some kind of correction leads to a comiwvecenergy outflow that is
too high. This is demonstrated for static test case in Sedtia0.1. Figure 7.45 shows
that without correcting the energy of removed atoms, theaaeeatomic energy in a static
system decreases because of the mentiofiedts.

A similar situation prevails for the average momentum of tomain the reservoir re-
gion. Due to the static pressure that is applied onto the demyratoms in the reservoir, the
average momentum of an atom in the relaxation zone tends igher than the average
momentum of atoms in the boundary cell under inflow condgiand lower under outflow
condition (for static situations the deviation is zero). R&@mg atoms without correcting
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the value of the removed momentum to the average atomic @line boundary cell will
therefore lead to a situation where too much or too less mameis convected across the
boundary.

The idea of the momentum and energy correction for removetisis to remove an
atom whose momentum and energy level correspond to thegwsatamic momentum and
energy level inside the firstinner boundary cell. To this,¢hd average atomic momentum
and energy of the atoms in the boundary cell (q.v. Figure &é)calculated and used as
reference valueép)..s and(E;).s for momentum and energy respectively. The value of
(PHet is Obtained from thé&. atoms in the inner virtual cell by

1 <=
(Pret = 1 Z mv; . (7.4.28)

(Eurer is a vector that contains the reference energy for the iddalidimensions. The
potential energy is split in three equal shares, soBat. is calculated over thil. atoms
in the inner virtual cell by

1 N vi2)  (Ep/3
(Ever =, [5M [Vig | + | Eni/3]| - (7.4.29)
€ ig Epi/3

After an atomi has been removed from the reservoir region, thftedénce between the
energy of the atomand the reference energy value:

Vii Epi/3
Editt = (Eorer — Etj = (Edrer — >M vio |+ | Epi/3 (7.4.30)
Vig Epi/3

is transferred as kinetic energy onto the remaining regeatoms. The energy transfer
scheme (Algorithm 3), as described in Section 2.2.10, has benployed for transferring
the energy at each dimension separately.

The diference in momentunpyiss = {Phres—MV;, is added to the integrated momentum
fluxes by stresspt, and transferred along with the momentum flux transfer sehéfhe
transfer of pure momentum without transfer of energy is, é@w, only guaranteed when
using the reverse velocity scheme (MTRV), which is descrilbeSection 7.9.1, for the
momentum transfer. Thus, momentum correction of removethatis only possible in
conjunction with this scheme. When using other momentunstesirschemes, the transfer

of momentum will, by construction, always transfer somergpas well®

7.5 Breakdown of flux boundary conditions

Before continuing, it is useful at this point to define the dtinds under which the flux
boundary conditions are considered to have broken downsélrbhemprise a number of

3Except for the unlikely case, where the velocity of the atomi® which the momentum is transferred is
zero.
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situations in which the simulation must be aborted becatilsas become impossible to
impose the prescribed flux boundary conditions. In detadsé situations are:

No atom that can be removed: The outflow of mass requires the actual presence of an
atom that can be removed, i.e. there must be material witterréservoir region.
If no boundary atom is left then the convective fluxes can roinposed and the
boundary conditions are violated. This type of break dowly applies for direct
convective flux imposition. For indirect convective flux iogition, the condition
can not occur by construction.

Not enough internal energy: For the outflow of energy, Algorithm 3 is used. Since the
energy is removed from the internal kinetic energy, a sibmatan occur where more
energy needs to be removed than is actually available asaita@netic energy within
the reservoir. In this case the flux boundary conditions oabe fulfilled and are
considered to have broken down.

Unable to find an insertion site: For the inflow boundary conditions, situations can occur
where the algorithm to find an insertion site fails. Theseal leaa failure of the
boundary conditions as well.

No atom in the reservoir: This situation is similar to the first point, but applies te th
fluxes by stress. If no atom is in the reservoir, fluxes by stoas not be applied and
their imposition must fail, i.e. flux boundary conditions/edroken down.

7.6 Further remarks

From the previous description of the MD flux boundary comdisi it should be clear that
there are a large number of parameters that determine thénwayich the fluxes are im-
posed onto the boundary of the molecular system. In fachdl@dary conditions, as they
are implemented into the MD code, have twenty four pararagseme of them containing
several sub parameters. It is obvious that the investigateeds to be restricted to a few
combination of these parameters and that there is no gesrémat any of the non-tested
combinations provides better results than the ones pmsemuring the investigation a
large number of dferent combinations have been tested, which can not be edludo
the discussion here due to the restriction in availableespad time. However, none of the
excluded versions gave better results than the ones peesbate. Most of the excluded
ones, proved to be unstable for numerous reasons.
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Figure 7.6: Profiles of density), velocity (ux), temperatureT) and average total atomic energy
((Et)) across the boundary for twoftBrent momentum transfer schemes: momentum transfer by
force (MTF) and momentum transfer by reverse velocity (MTRV). Thpangand lower figures
show the a gaseous and liquid state respectively.
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7.7 Direct convective flux and reflective planes (DC-MTRP)

This section starts with a discussion on reflective planesdailibrium situations, followed
by a description on how these are used in conjunction witHitixdooundary condition.

Reflective plane

A reflective plane is a simple and passive means to confine eaulal system as well as
to insert momentum into it. The idea of using a reflective watlonjunction with MD flux
boundaries is that in a local equilibrium situation, in ags, for each atom that crosses
the boundary, another atom, with opposite velocity veetdlenter the molecular domain.
Instead of removing the atom and inserting another one siniply reflected. Hence, ap-
plying a reflective plane, the part of the momentum flux bysstfe,s which arises from
the static pressurpis automatically transferred to the system. For each refteatomi a
momentum of-2my; - nis introduced into the system.

Reflective planes have been regularly used as boundary morgdibh MD simulations
such as for channel walls [153, chap 7], rising bubbles [b29])bricants on surfaces [143].
A reflective plane is commonly understood as an artificiadifirted surface that reflects all
atoms whose paths cross the surface. The velocity vegtdran atom that is to be reflected
is inverted. The reflected velocity vecteyis calculated by

Vh=Vo—2n(Vo - N), (7.7.1)

wheren is the unity normal surface vector. In case, the surface \@mgovith a speed ofi
into the direction ofn, the atom’s new velocity is

Vh =Vo+2n(U—V,-N). (7.7.2)

The energy in and out flow can be controlled through scalieg/étocity vector by a factor
f. In the most general case the new velocity vector is then

Vh = f(Vo + 2n(U—V, - N)) . (7.7.3)

However, manipulating the energy in that manner also irv@homentum changes that
need to be considered.

In all works known to the author that have used reflective gdaas boundary condition,
the algorithm to enforce the reflective plane is similar tga@ithm 10, in whichr, is a
point anywhere in the plane with the normal veatoif the distancel to the plane is neg-
ative, the atom has crossed the plane and is reflected. Hhéeposition is shifted back
behind the plane by a small distaneg¢153, chap 7]. Other options involve the calculation
of the point of impact and compute the new position of the afi@m this point.

Regardless of the precise way, changing the position of thected atom from the
position that has been obtained by the numerical integratigorithm has consequences
for the potential energy of the atom. To demonstrate thigoAthm 10 was tested for
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Algorithm 10: Standard reflective plane algorithm.
foreachatomido
d=(rp—ri)-n
if d<Othen
ri < ri+n(d+e);
L Vi  f(Vi + 2n(u - vi - n));

————r—— 8 ————

gas (n=0.01) gas (n=0.1)
— — - liquid (n=0.8) N I — — - liquid (n=0.8)
sk / — . — -~ high density (n=1.1) —-—~- = high density (n=1.1)

E,, peratom
N
E,, peratom
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time step time step

(a) Reflective plane using Algorithm 10 (b) Reflective plane using Algorithm 11
Figure 7.7: Total energy per atom is time for a box enclosed in x direction by two refeeutalls.

equilibrium simulations of a box filled with 3200 LJ atoms iasgousr{ = 0.001), liquid

(n = 0.8) or high density1f = 1.1) states. Periodic boundary conditions have been applied
iny and z direction. In x direction the box was enclosed by teftective planes based on
Algorithm 10. The simulations were run through an NVE enslemlbience, the energy
was expected to be constant in time. From Figure 7.7a it isoobwhat the energy is only
conserved for the gaseous state. The simulation for th&lgfate shows a drop in energy,
while in the high density case the energy increases rapidly.

The reason for this unwanted behaviour is the shift of thecedld atoms back in front
of the wall. By doing so, the potential energy of the shifteshais changed as it is moved
closer to other atoms near the reflective plane. In the liqag® the average atomic distance
Is just far enough that when moving two average atoms cloggther by a small distance,
the pair potential energy between them becomes lower dueetpdtential well of the
LJ potential (see Section 2.1.5). For higher densities sthation is diferent. Moving
two average atoms towards each other will bring them in tiggoreof strong repulsion
of the LJ potential, where the energy increases rapidly rfiealker distances. Hence, for
these densities, a reflective plane, using Algorithm 10@pthices additional energy into
the system. In the gaseous state, atoms are separated sonfagdch other that a slight
shift of the atomic positions has negligible influence orpitgential energy.
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In theory, one could measure the change in potential enEggyof the shifted atom,
and correct it by rescaling its velocity vectgr This procedure is impractical for two rea-
sons. Firstly, the energy to be subtracted may be higherttiggkinetic energy of the atom;
the procedure would fail in that case. Secondly, it woulablmg additional computational
and programmingféorts to compute the potential energy of the reflected atosiadeithe
standard force calculation procedures.

Another approach, much simpler and practical, is thereSaggested: Reflected atoms
are not shifted back behind the wall. Only the velocity vedsoreversed. The reflected
atom will then travel back, by itself, behind the reflectitare in the next time step. The
pseudo-code of the new algorithm is given in Algorithm 11.identical simulation as the
one compared for Algorithm 10 was carried out for Algorithth The total energies per
time for each are plotted in Figure 7.7b. The energy is gfeavhserved for the gaseous,
liquid and high density state.

Algorithm 11: None shifted reflective plane algorithm.
foreachatom ido
d=(rp—ri)-n
if d < O0then
| Vi « f(vi + 2n(u -V - n));

7.7.1 Static Case

Using the (DC-MTRP) flux boundary imposing scheme for the ctzdse, the momentum
fluxes, which for that case only arise from the static presssane transferred automatically
through the presence of the reflective plane. Thus, the mammefiux does not need to
be measured or calculated in advance for the chosen statetHer schemes, the precise
knowledge of the equation of state for the pressp(g, ), to apply the correct equilib-
rium momentum flux across the boundary is necessary. Theyeesn the interface can
be measured by using Equation 3.2.14 and has already beghons#taining the results
in Section 3.4.

The static case was tested for gaseous (MD$-G: 0.1, T = 2), liquid (MDS-L:
p =08, T = 1) and solid (MDS-Sp = 1.2, T = 1) states. The setup, preparation and
investigation procedures were described in Section 6.1. uNexpectedly, all cases gave
stable results with the correct quantities for densitypeiy and temperature in total as
well as for the profiles across the x dimension. For reasom®wipleteness, the profiles
have been plotted for the three considered states in thedsgu8a — 7.8c. The plots have
been averaged ovéN,, = 10,000 measured evemyes= 10 time steps.

Through its nature, the reflective plane gives a very shargsttion of the density from
the respective value to zero, on the boundary. This is thal isieuation; it will later be
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Figure 7.8: Profiles of density, velocity and temperature across the x dimension foiiflleeett

states.

shown that for other methods of momentum transfer the tiiansis more gradual and,
therefore, involves a zone where density and material ptiegechange.

The small discrepancies in velocity on the boundaries,dtngon the western side and
positive on the eastern side) are only a measuring artetaatises from atoms that enter
the measuring cell only briefly and the whose contributiom@stly negative or positive,
depending on the side. The very low density magnifies theriborion of single atoms

enormously.
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7.7.2 Flow parallel to the boundary

The Couette flow test case, as described in Section 6.2, wastigated for the molec-
ular systems MDCF-G, MDCF-L1 and MDCF-L2. The dimensions oftdst cases are
described in Table B.1 (Appendix B). fbérent velocitiesy,, at the interface were con-
sidered. The selected combination of test cases and vebaite listed in Table B.2 (Ap-
pendix B). It also contains the expected temperatures ahtagace.

Like in the static test case, the flux of momentum perpendidolthe surfacedy) is au-
tomatically transferred through the reflective plane. Taefel fraction of the momentum
flux can be transferred by the MTF, MTDTV or MTRV scheme. Hehe MTF scheme
was selected. It is discussed in detail in the next sectiornhat at this point only a few
important parameters will be given (Their meanings areritesd in the next section). The

external force was applied using a weighting functigyn v) = 1 and an interaction depth
of NP, = 1.

The most important simulation parameters are given in Téldle For the liquid case,
the equilibration was performed in two stages. In the firgtildgration run over 10,000
time steps, the temperature control was applied to theeegyistem for obtaining = 1.
A second equilibration run, over 30,000 time steps, wasoperéd this kind of tempera-
ture control only applied to the wall atoms. It should be datieat temperature control
applied directly on the wall during the simulation is aridic In reality the increased wall
temperature would cause a heat flux which would keep the teatye of the wall nearly
constant, provided the heat is transported away fast enoAdhlly realistic simulation
has to model thesdtects, but for the purpose of investigating MD boundary cbos, a
constant wall temperature isfiigiently accurate. The simulations had to be run for a long
time to allow the temperature profile to develop. It was coesed to have reached an equi-
librium situation when the last three calculated profilesrht show significant dierences.

System
Parameter MDCF-G | MDCF-L1/ MDCF-L2
Momentum flux by stress (perpendicular) MTRP
Momentum flux by stress (parallel) MTF
NPy 1.0
Crossed atoms reflect
Equilibrium time steps 10,000 40,000
Simulation time steps 4,000,000 400,000
Measuring frequencyrf,) 100 100
Averaged overi) 10000 1,000

Table 7.2: Parameter settings for the DC-MTRP Couette flow test cases.

For obtaining the minimum number of time steps foffwient averaging, the following
assumptions have been made. For the gaseous case at thstslelweity ofu, = 1, the
temperature range of interest4s0.1. To obtain a standard deviation of less than 5%
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relative to this interval, one needs to keep the fluctuatrefetive toT = 2 below 0.003
(0.1-0.05/2). For this level, Equation (3.3.25) gives a minimum numbiesamples of
NJ min ~ 1200. With an estimated correlation time of 600 time stefgs phinimum number
of time steps is approximately 72,000. The number of sinedldime steps that results
from the chosen combination of, = 100 andN,, = 10,000 is larger; therefore, the size of
the fluctuations is expected to be below the desired levet fltictuations of density and
velocity are below the one of the temperature and since alhties are evaluated together
their fluctuations are lower than the one for the temperature

For the liquid cases, the number of samples from which theageeneeds to be chosen
to limit the fluctuations below 5 % of the considered range8.8ffor the density, & for
the velocity and @ for the temperature. Again, the calculation of the temfjoeearequires
the highest number of values to averabg;min ~ 250. Therefore, the chosen combination
of T, = 100 andN,, = 1000 is stficient to fulfill these conditions. For all following sim-
ulations, the minimum number of samples needed to calcthatenacroscopic quantities
have been obtained in the same manner. For reasons of btleitgrecise figures are not
given for every single case.

The Figures 7.9a — 7.9d show the profiles of density, velauity temperature in y di-
rection for the Couette flow cases. As expected, the simulaticere stable for all tested
cases and the results obtained correspond to the analgtitaion. In all cases, the den-
sity is nearly constant. The slight decrease towards tlegfatde is because of the higher
temperature away from the wall. The velocity is, in all casiegar and at the upper end
(Ye) very close to the expected velocity,. The slight discrepancies are causes by sev-
eral contributions. The error in the measured value forosgy causes a relative error of
Ueerr & 5% iNn Ue [25, 131]. Also, the finite size of the measuring celis £ 3.2) does
not allow a perfectly exact solution. The largest contint however, can be expected
from the variation in temperature and density. These in ¢tawse changes in the viscosity
and, hence, influence the velocity at the HSI. The analytiwadlel, as described before,
has been plotted as orange dashed line in all figures. Cléaglgimulation results match
the theoretical temperature profiles very well apart frommghseous test case with= 1.
There, the measured temperatures are lower than the poadiaim the model. The er-
ror in the temperature profile have similar reasons to thasaudsed regarding velocity.
However, considering that the reported error in the thewgoabuctivity is 40 % [137], the
coincide of the other cases with the theoretical tempesgtuofile is actually surprising.
Also, the temperature profile depends on the viscosity amarthl conductivity. It is there-
fore subjected to a greater extent to changes in densityesmpdrature. Considering these
facts, the results can be considered in good agreementhvatartalytical model.

7.7.3 Flow perpendicular to the boundary

As mentioned before, the flow across the boundary poses thedifitcult situation for the
MD flux boundary conditions since it requires the insertiod &moval of atoms into and
out of the MD system. For the insertion of new atoms on thd,itte USHER algorithm
was used in conjunction with the ZNM scheme for generatirggvilocities of the new
atoms. The number of boundary atoms was set to 100, whickssrgortant because the
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solution for the temperature profile.

only fluxes imposed on the boundary atoms in the reservoiFgréenergy flux by stress).
The results show that these fluxes are of no importance farabes where the DC-MTRP
scheme is working. For all cases, where these fluxes playndisant role, the DC-MTRP
scheme was unstable for any tested configuration with ooutttmposition of energy flux
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by stress. For removing atoms on the outlet, it made fier@ince, which atom selection
scheme was used. The same applies to any FCCS scheme foriogrtieetconvective mo-
mentum angbr energy flux. Hence, no energy correction scheme was apglisummary
for the employed parameters is given in Table 7.3.

System
Parameter MDFF-G | MDFF-L
Momentum flux by stress (perpendicular) MTRP
insert atoms USHER
velocities of inserted atoms ZNM
NPy 1.0
Crossed atoms reflect
Equilibrium time steps 25,000 | 25,000
Simulation time steps 200,000 | 200,000
Measuring frequencyrf,) 100 100
Averaged overi) 100 100

Table 7.3: Parameter settings for the DC-MTRP free flow test cases.

The DC-MTRP scheme was tested for the free flow test case foraidengs state (sys-
tem MDFF-G1,n = 0.1, T = 2) with the velocitiesu, = {0.5,1.0,2.0,3.0} and for the
liquid state (system MDFF-LTy = 0.8, T = 1) with the velocitiesi, = {0.1,0.25,0.5, 1.0}.
The simulations were stable fag < 1.0 in the gaseous state and fgr< 0.25 in the liquid
case. For higher velocities, the simulations led to phylsigacorrect conditions causing
the breakdown of the flux boundary conditions. All simulatiwere started with the sys-
tem at the respective velocity. This is easily achievedubhoan equilibration run of the
system at rest with subsequently adding the respectiveiglo = (uy, 0, 0) to the velocity
of every atom in the system.

The analysis is started with the gaseous state at the welogcie= 0.5. On the left
side of Figure 7.10, the overall velocities and temperatdréne system are plotted over
time. On the right side, the profiles in x dimension are showrdensity, velocity in flow
direction,uy, and temperature. As shown, the overall velocitystays at the correct level.
The velocity profile shows small deviation on the in- and etstl The same applies for
the temperature and density. While on the inlet, the densitytamperature are slightly
too high and the velocity is too low, the situation is reverea the outlet. In between
the profiles are flat and at the correct levels. Because the D&MM3Icheme is a direct
convection scheme, i.e. the number of inserted atoms id égjtiae number of removed
atoms, the overall density matches at all times exactlyeattnrect value gb = 0.1.

For a higher velocity olu, = 1.0 the graphs are shown in Figure 7.11. Here, the
situation is similar with an amplified distortion in the pitefi. On the inlet, the temperature
is significantly too high and velocity is too low; the denggyslightly increased also. The
overall velocity and temperature are within an acceptage.

For the velocities ofi, = 2.0, the DC-MTRP scheme was not stable. This can be seen
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on the left hand side of Figure 7.12, where the temperataréssb increase and fluctuate
rapidly. Also the profiles on the right side show severe digins. The profiles have been
taken shortly before the breakdown of the flux boundary damts. It was not possible
to achieve a stable simulation with any of the tested pamnuembinations for the DC-
MTRP flux boundary conditions.
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(a) Density, velocity and temperature over time.  (b) Density, velocity and temperature profiles.

Figure 7.10: Free flow test case of the gaseous system (MDFFAGLQ.1, T = 2) atuy = 0.5 with
the DC-MTRP scheme for flux boundary conditions.
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Figure 7.11: Free flow test case of the gaseous system (MDFFAGLQ.1, T = 2) atuy = 1.0 with
the DC-MTRP scheme for flux boundary conditions.
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Figure 7.12: Free flow test case of the gaseous system (MDFFAGAL0.1, T = 2) atuy = 2.0 with
the DC-MTRP scheme for flux boundary conditions.

For the liquid case, the situation is similar to the gaseaes 0At the relatively low
velocity of u, = 0.1, the flux boundary conditions (using the DC-MTRP scheme) g¢ae
a stable simulation. Figure 7.13 shows that the systemsiagland temperature over time
as well as the profiles of density, velocity and temperatua¢échnthe physically expected
levels. However, minor oscillations of the overall velgcii,, are observable. These oscil-
lations must be accounted for waves, which are travellingdirection through the system
being reflected on the walls. Fog = 0.1 the oscillations are reasonable damped and a
stable simulation is possible.

For the higher velocity ofti, = 0.25, one can observe that the waves overlaying the
flow in x direction are stronger than for the previous casé Vaver velocity. The stronger
oscillations herald the unstable regime for even highare&bfu,. However, the profiles
in Figure 7.14b still show good results with a plateau actbesntire domain.

Increasingu, to 0.5 leads the simulation into the unstable regime where thidadgmns
in velocity, caused by the DC-MTRP flux boundary conditions, @amstable. This can be
seenin Figure 7.15a, where the velocity oscillation gromtd the flux boundary conditions
break down. Figure 7.15b on the right side shows the profilegly before.

7.7.4 Summary of results of the DC-MTRP

From the performed test cases, a number of advantages aalyaligages of imposing MD
flux boundary conditions by the direct convective flux andeefle plane scheme (DC-
MTRP) can be deduced. These apply especially for the use akfleetive plane. The
advantages are:

¢ No prior knowledge of the exact equation of states (EqugRoB.13f)) are required.
e The density profile on the interface is very sharp.
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Figure 7.13: Free flow test case of the liquid system (MDFF-Inl5 0.8, T = 1) atux = 0.1 with
the DC-MTRP scheme for flux boundary conditions.
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Figure 7.14: Free flow test case of the liquid system (MDFF-bls 0.8, T = 1) atuy = 0.25 with
the DC-MTRP scheme for flux boundary conditions.

e The scheme is simply designed and easy to implement into arszr.

The disadvantages of the applying the static pressure \@fiextive plane are:

e The reflective plane does not actively choose how many ateenseflected. Thus,
the transferred momentum and energy depends on the numatemas that actually
try to cross the plane.

e The scheme is completely inflexible and deviations of theemlar mass and mo-
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Figure 7.15: Free flow test case of the liquid system (MDFF-Inl5 0.8, T = 1) atuy = 0.5 with
the DC-MTRP scheme for flux boundary conditions.

mentum fluxes from the expected values lead to physicallgriect solutions that
cause the breakdown of the flux boundary conditions.

e The reflective plane schemes cause the generation of waxeslitmg through the
system. While these waves seem to be damped for lower velecitiey appear to
grow for higher velocities and cause the MD flux boundary dions to break down.

To summarise, the performed test cases show that the (DC-MTiRMNposing scheme
Is suitable for the simulation of static cases, flows paratiehe boundary and for slow
flows across the boundary, i.e. where the external kinetrgees are insignificant com-
pared to the internal kinetic energies. In the case of theddsJ-system the scheme was
only stable for low convective momentum fluxes across thentlary, i.e poun < 0.1. For
gaseous Argono( = 0.1, T = 2) this value corresponds to a velocity of approximately
157m/s. In the liquid state4 = 0.8, T = 1), the respective velocity is 20s. In terms of
micro- and nanoscale flows these velocities are still high &anmany cases, the veloci-
ties of interest will be much lower. For these, the DC-MTRP flomposing scheme is an
attractive scheme because of its straightforward impléatiem.
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7.8 Direct convective flux and momentum transfer by force
(DC-MTF)

The combination discussed in this section is the direct eciinve flux imposition and the
MTF momentum transfer scheme, which imposes the fluxes ds&des by an external
force. The alternative and very similar MTDVC scheme (motaentransfer through direct
velocity change) is treated as well.

7.8.1 The external force

To the knowledge of the author, the usage of an external féte& has been the means
to impose the momentum and energy fluxes due to stress foreafiopis flux imposition
schemes. The external force is applied ontoNg®utermost boundary atoms in the reser-
voir and related to the momentum flux by stress through

1
F..= — I,V F& or 7.8.1
s %;m ) (7.8.1)
int 1 Np
_Ps_ - g \Eext ;
i ;g(r,,v,)F with (7.8.2)
Np
g= > o(r,vi), (7.8.3)
i=1

where the weighting functiomyr;, v;), distributes the total forcd;®, onto theN, boundary
atoms. In the first equation (Equation 7.8.1), the exteroadd is related directly to the
momentum flux,F,s. The alternative, Equation (7.8.2), relates the exteroalef to the
integrated momentum flux in order to impose the full valung‘g in one time stepst.
The advantage of the latter version is that it allows add@alonomenta to be applied.
For example, it is used for the coupling of integrated fluxgsbnvection and by stress
(Section 7.4.1). Thus Equation (7.8.2) has been used iesdltases. Applying the external
force automatically introduces the energy flax through

1 &
Fes= & 2, 9 v) F™% (7.8.4)
i=1
or for individual dimensiong
1
Fesr = o > gl w) FOY, (7.8.5)
i=1

whereF&*is the forcey;, the velocity and=, the energy flux in dimensioa.

Different weighting functions have been proposed, howevediffisult to find one that
satisfies both Equations (7.8.2) and (7.8.4). Delgado-Biest@and Coveney [40] pointed
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out that this is a formidable task and that a solution is jikel by computationally very
demanding. They suggested using the simplest funatign,vi) = 1, because it automati-
cally transfers the correct energy flux€$? = IT - u, if the velocity of the boundary atoms
Vp = (1/M)ZiNbf myv; with M = ZiNbf m) is equal tou. In this work, this route was fol-
lowed and the weighting functiog(r;, v;) = 1 was used in all cases.

When using the simple weighting functiagr;,v;) = 1, only the parameter on how
many atoms the external foré€™! is acting on needs to be chosen. Initially, one may be
tempted to simply appl¥®* onto allN, atoms within the reservoir. However, this can lead
to situations where the external force is distributed tochsaularge number of atoms, that
the force felt by the outermost atoms is so weak that almogressure is exerted on them
and these atoms literally evaporate into the vacuum beymantdaundary.

Even if the described scenario does not occur, the numbeowidary atoms onto
which the external force is applied determines the chanatitess of the material in the
boundary zone. This is because the external force does odtige a sharp discontinuous
transition in density on the boundary. Rather, it createsax@aéion zone in which the den-
sity slowly falls from its bulk value to zero. Fafr;,v;) = 1, the number of atoms onto
which the external force is applied is the only parametenfluénce the characteristic of
the boundary zone. This relationship is investigated iaitlet the subsequent sections.

For the direct convection (DC) scheme the number of insemedde@moved atoms cor-
responds strictly to the convective fluxes. For that reastom,number of atoms in the
relaxation zone is not constant but varies and is subjectitbuihtions. It is, therefore, not
possible to choose the size of the relaxation zone in a waygitias exactly the desired
number ofN, boundary atoms. Rather, the external force can only be ekerito the
outermost boundary atoms. In the course of the text thesdevatill be referred to ahl,
boundary atoms, even if there can be more atoms within tlaagbn zone, i.e. beyond
the boundary. By using the sorted boundary atom list, thesasaare easily identified.

The external force is integrated into the MD-code by simplgiag it to force on the
respective atoms after the usual interatomic forces haea balculated (g.v. flow chart
in Figure 7.2). The momentum and energy transfer takes @latmmnatically through the
normal MD time integration algorithm.

7.8.2 Direct velocity change (MTDVC)

Alternatively, the momentum fluxes by stress can also be sapdy changing the velocity
vectors directly. The advantage of this way of imposing tremantum flux, is that it is
based on the integrated momentum quR§‘§ Using integrated fluxes makes it easier to in-
clude any additional fluxes, which may need to be added oractet] through an employed
scheme for coupling the convective fluxes and fluxes by s{ipgsFCCS in Section 5.3).
When these corrections are simply added to the integratedsfiineir imposition is done
automatically.

For MTDVC, the integrated momentum fluxég™, are transferred every time step by
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addingAv to theNy boundary atoms:
int
V. =Vi+ AV with Av= = e, (7.8.6)
Np
wherev, are the new velocities. The transferred endgycan be calculated precisely as
Np 1
Ees = Z 5m (v- —V, ) va,Av+ Z:Av2 (7.8.7)

i=1

or for individual dimensiong

Np Np
1
Ees, = El MVia AV, + 5 El AV . (7.8.8)
1= 1=

Similar to the usage of the external force, the transferrestgy E.s corresponds to the
prescribed energy transfer B! = T1 - ust under the condition that, ™ mv; = ™ m u.
However, additional contributions to the integrated epengan that the integrated energy
fluxes may not correspond necessarilyito ust. Thus, after the integrated momentum
flux F'”t has been transferred by Equation (7.8.6), the transferrexdyg is subtracted from
the mtegrated energy fluxeB™™.. In addition, the remaining integrated energyFft is

transferred to the boundary atoms using Algorithm 3.

The complete algorithm for the transfer of the integratesgmaontum and energy fluxes
by stress s, Fie) through direct velocity change (MTDVC) is given in Algonith12. In
the first part, the integrated momentum flux is transferratliarthe second part the inte-
grated energy flux is transferred. The algorithm is execheddre the first step of the MD

time integrator (g.v. flow chart in Figure 7.2).

7.8.3 Relaxation profile for static case

Any design of the MD flux boundary conditions, which does mapéy solid or artificial
walls, will have a relaxation zone. In this zone the densifaxes from the value inside
the molecular zone down to zero. The characteristic of tlexation zone depends on the
transfer scheme of the momentum and energy fluxes by strésshboundary atoms. When
constructing the HSI, it is important to know the charasties of the relaxation zone, par-
ticulary its width which puts constraints on the selectidrcell sizes on the HSI. For this
reason the density profile across the relaxation zone, fagalyi the width and gradient,
have been investigated. When using an external force ortdietacity change as trans-
fer scheme in conjunction with the weighting functigfr;,v;) = 1, these characteristics
depend on:

a) the type of the fluid and specific properties, for examble molecular size, surface
tension, etc.;



7.8 Direct convective flux and momentum transfer by force (DEMTF) 171

Algorithm 12: Imposition of fluxes by stress through MTDVC

AV «— FII?;/Nbf,
M « O;
P < O;
Ex < 0;

Impose momentum flux by direct velocity change
foreach boundary atom do
Vi <« Vi + Ay,
M~ M+m;
Po < Po + MVi;
for @ = {x,y,2} do
Fit « FI + mvialphaav,;
L Exe < Eke + (1/2Mmvi2;
Figé « 0
Vb < Po/M;
for a = {X,y,z} do
L Fint «— Ft + (1/2)MAVZ;

eSa eSa

Eix, < Exo — (1/2)Mwp2;

Impose energy flux by scaling internal velocities
if _Ei,k < Fg‘; then
Output error message that not enough internal energy ikaalei
| return;
for @ = x,y,zdo
fo= V1-F&,/Bik,
| G = Vba(f(t - 1)1
foreach boundary atom do
Vi € Vixfx + Cx;
Viy < Viyfy + ¢y,
| Viz < Vizfz + G,

b) the state of the material, for example, the density anghézature at the boundary;
c) the number of atoms onto which the momentum is transfgrred

This work focuses on the dependencies b) and c). The dependégnvill of course de-
pend on the specific material and needs to be analysed fomeateiial. Here the general
Lennard-Jones potential has been employed and it is relalgoimeexpect that discovered
characteristics also hold true for other simple fluids.

An illustration of the relaxation zone is displayed in Figut.16. The static pressure
that keeps the atoms inside the molecular domain is redhigeide external forcé&®* that
transfers the momentum flux to the right. The width or thidsef the relaxation zone
is designated byl,. As indicated on density profile at the top of the figure, thasiy
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function across the zone shows an asymptotic behaviouminmge#hat the point where it
reaches full density and zero density cannot be determireszisely. For this reason a cri-
teria was employed that is also used for the definition of thekhess of shockwaves. A
threshold value of 5% defines the thickness of the densitsiian zone from the lower
value to the upper value. Hence, per definition, the relaraone ranges from = 0.05n,
to n = 0.95n,, whereng is the number density inside of the bulk material.

relaxation

n=n
| |
n=0 I ‘

momentum

transfer

Figure 7.16: lllustration of the relaxation zone.

The number of atoms onto which the momentum is transferretbssgnated byN,.
Relating this value to the surface area of the boundgyypne obtains the number of atoms
per surface area:

N
Npa = Ktj . (7.8.9)

Assuming a discontinuous density profite£ 0 for x < X,, n = ng for x > x,) for a single
atomic material, the interaction depth can be defined as

id, = A (7.8.10)
No

Imagining that the atoms are arranged in a crystal structiieeinteraction depth can also
be expressed in atomic layers (atomic planes):

Moa
NPb = W, (7811)
NP, = id, (ng)*3, (7.8.12)
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whereNPR, is the interaction depth in atomic layers.

Another way of characterising the density profile acrossréh@xation zone is to use
the normalised inverse maximum gradidantg,, which is obtained by relating the number
density to the maximum gradient:

No

img, = (7.8.13)

max(g'—g) ’
with « being the distance perpendicular to the interface.

For low density gaseous mediums, one can derive a thedrexigeession for the relax-
ation zone width by balancing the kinetic energy of the atam@ne dimension with the
energy field that is generated by the external fdfé& The Boltzmann distribution [198],

f(E) = AgFeT (7.8.14)

gives the probability for an atom to have the enelfgy one degree of freedom, which, for
the purpose here, is the velocity in x direction (perpendicto the boundary). The factor
A normalises the integral of Equation (7.8.14) to one.

The external force generates a potential energy field wittnrelaxation zone. In
the normal direction to the boundary surface (here the xtior) the potential energy is
Ep(X) = (F$/Np)x, wherex is the distance from the boundary (locateaigtandF$¥is the
component of the external forcé®*, acting in x direction. The distance an atom will travel
against the external force depends on its kinetic energydimection. Thus the potential
energy can be inserted into Equation (7.8.14) to obtain #msitly distribution within the
relaxation zone: "

Nmode(E) = A€ T | (7.8.15)
The normalisation facto is determined by the condition thatydat 0 the number density
IS Nmode(X) = 0.95ng (This pointis defined above as start point of the relaxatmrey. Since
for static cases; ¢ arises purely from the static pressure it can be replacdefBy= PA,.
The density profile on the boundary can then be written as

PAy
Nmode(E) = 0.95n0 € MfeT | (7.8.16)

From Equation (7.8.15), the width of the relaxation zone loaerived:

_ NP, n§ ke 0.05
b=~ p  "pos’
which is in the given form based on the interaction depth amat layers,NP,. The con-

stant (In(005/0.95)) emerges from above’s definition of the relaxation zomdtw(from
n = 0.05n to n = 0.95ng).

(7.8.17)

To investigate the dependency of the relaxation zone witithon the interaction depth,
a series of simulations were performed to calcutdor the range of interaction depths
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(NP, = {0.1,...,10}) for both low-density (gaseous state; = 0.1, T = 2) and high-
density (liquid statein, = 0.8, T = 1) cases. The temperature dependencépivas
investigated by repeating the simulations for the highsttgrcase with a higher tempera-
ture (supercritical stateng = 0.8, T = 2). Finally, the dependence 6k, on the number
density was investigated for= {0.00%,...,1} andN, = 100.

As illustrated in Figure 7.16, the flux boundary conditionsrgvapplied from the neg-
ative x direction ¢ = x). In positive x direction, the system was confined by a rafigct
wall. For all simulations, periodic boundary conditionsrev@pplied in y and z direction.
The equilibration was performed over, 800 time steps witlat = 0.005. Velocity scaling
was applied to settle the temperature at the desired vatud, £ 1 or T = 2. After the
density profile at the boundary had stabilised, the densdfilps were calculated for each
case over 100,000 time steps by using a one-dimensional mestiirection. The calcu-
lation procedure is explained in Chapter 3; the employed kg scheme was CIC and
the calculations were performed everys= 100 time steps and averaged okr= 1,000
values.

In Figure 7.17, the density profiles for the gaseous caséy myit= 0.1, have been
plotted. To achieve a better comparison, the profiles haee bhifted so that the density
value ofn = 0.95ng is atx, = 0. The measured density profiles fit well to the theoretical
prediction of Equation (7.8.16), showing a sharp decreasa the bulk value followed by
an asymptotic approach to zero. Obviously for higNgrthe width of the relaxation zone
increases, because the density function drops more slowly.

The corresponding density plots for a liquid with= 0.8 and temperature df = 1 are
presented in Figure 7.18. Comparing these with the previesdts for a gas, it is obvious
that there is no sharp density drop fram ny. Instead, one can see a smooth transition to
a linear section, followed by an asymptote to zero. For shglthe liquid density profiles
shows an oscillatory behaviour neaythat resembles the density plot of solid materials.
In fact, very low interaction depths tend to resemble a réfigavall and therefore have an
‘ordering’ effect on the liquid, which imposes a crystal like structureoahe liquid at the
boundary. Obviously, Equation (7.8.16) does not model #wsiy profile for the liquid
case because it predicts a sharp decreaggiastead of the smooth transition observed in
Figure 7.18. The origin of the smooth transition lays in tkieaative interatomic forces
between the individual atoms, which cause energy traniffi@tsare not accounted for in
the model. Therefore, the number density profiles predibyetthe model are not included
in the plot.

For the supercritical statend = 0.8, T = 2), the situation is similar to the liquid one.
The profiles of number density are plotted in Figure 7.19. eHep, a smooth transition
nearx, = 0 can be seen for higher valuesN?, and oscillations for small values diP,.

One interesting question is: how does the width of the rélamaone change depend-
ing on the interaction depth? From Equation (7.8.17), itxgeeted that the relaxation
zone widthsl, depends linearly on the interaction depth, at least forgasstates. In Fig-
ure 7.206ly, is plotted over the interaction depth in atomic layéB,, for different states.
The left side shows the complete investigated space andtiieside contains a magnified
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Figure 7.17: Number density profile across the relaxation zone for a set of interactipthst
NP, = {1,4,1}. The bulk material is in gaseous state with a number densityyof 0.1 and
temperature of 2. All graphs have been shifted so tf@} = 0.95ny. The lines are the curves
according to the theoretical model.

view of the smaller values dfiP,.

The complete plot shows a good agreement between Equat®i 1y and measured
relaxation zone widths for the three investigated stateshé gaseous case £ 0.1, T =
2), the prediction only fails for very low values &iP, (NP, < 0.5), where the measured
values are higher than predicted by the linear trend (maaghvfiew).

The relaxation widths are also well predicted for the lig{nd= 0.8, T = 1) and super-
critical state = 0.8, T = 2). This is particulary surprising considering that theottetical
density profiles do not correspond with the model at all. Theve for the supercritical
state fits very well over the entire investigated range. élitjuid case the measured values
are higher than the predicted ones i, < 6 and lower folNP, < 6.

Another interesting question is: how does the relaxatiorezaeidth change for dlierent
densities. Based on Equation (7.8.1d), must be proportional to?/®/P. In Figure 7.21
one can see that this is indeed true for the series of calonsatvhich has been performed
with N, = 100 for a range of number densities,= {0.001,...,1}. The compliance is
within the predicted values, but measured values are ligigher than anticipated.

Next, the results of all performed simulations are compardige Diagrams 7.22, where
sl is plotted over the terrhlP,n?3T/P. For reasons of clarity, the data is plotted on a lin-
ear scale (left sided figure) and logarithmic scale (rigtedifigure). According to Equa-
tion (7.8.17), the measured values fivg should lay along the theoretical line, which is
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Figure 7.18: Number density profile across the relaxation zone for a set of interacépthst
NP, = {0.1,0.5, 2.0, 6.0,10.0}. The bulk material is in liquid state with a number densitygf 0.8
and temperature of 1. All graphs have been shifted son@at= 0.95n,.
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Figure 7.19: Number density profile across the relaxation zone for a set of interactipthst
NP, = {0.1,0.5,2.0,6.0,10.0}. The bulk material is in supercritical state with a number density of
np = 0.8 and temperature of 2. All graphs have been shifted saBat 0.95n,.
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Figure 7.20: Relaxation zone widthsly, over interaction depth in atomic layefdl,.
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Figure 7.21: Relaxation zone widthslp, overn3/3/P for Np = 100.

printed as a solid line in both figures. This is true for allestigated series for values of
NP,n?3T /P larger than 1. The series that aligns best with the predistis the one of the
supercritical state, for which the measured valuedi ofollow the theoretical line even for
values ofNP,n?3T /P smaller than 1. The other series show more or less strongtitavs
for low NP,n?3T/P. That especially concerns the liquid state, which has &ledargest
deviation in Figure 7.18. One should, however, note thatdéagations in Figure 7.22b
appear especially large due to the logarithmic scale, witherecan be considered as rela-
tive deviations. On the linear scale, which shows absolatees, the deviation are almost
unnoticeable.
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Figure 7.22: Relaxation zone widthsl,, over NP,n?/3T/P.

Finally, the gradients of the density profile within the sedlion zone are analysed. As
described above, one way to analyse this is to use the inmg&senum gradienimg,, nor-
malised relative to the density. In Figure 7.23jmg, has been plotted oveMangl/3 for
the performed series of cases. One could say, that partesd tturves also obey a linear
law. However, the available data is not enough to firmly supffos hypothesis and no
theoretical model has been found.
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Figure 7.23: Normalised inverse maximum gradient oM?bn(_)l/S.
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Summarising the investigation on the relaxation zone widthL_J-fluids, it has been
found that:

¢ The interaction depth in atomic layeidR,, is the most suitable parameter to describe
the number of atoms, onto which the external force is applied

e The relaxation zone widtld],, increases with increasing interaction depth.

e The density profile for gaseous states are well describedhéyheoretical model
represented by Equation (7.8.16).

e The relaxation zone widtl#], is well predicted by Equation (7.8.17) for the investi-
gated gaseous and supercritical states and partly for tierped liquid states.

¢ A linear relationship is suspected between the inverse maxi gradientimg,, and
NPyng .

It should be noticed that the analysis has been performesittations with no flow across
the interface, i.e. for velocity zero or parallel to the nfésee. For fast flow velocities
perpendicular to the interface, the density profile is disth

7.8.4 Confinement of atoms

The previous section gave a detailed description of thexaéilan zone and made clear
that the usage of an external force (MTF), or direct velockignge (MTDVC), to transfer
the momentum flux by stress creates a relaxation zone withiohwthe density falls from
its bulk value to zero. The profile of energy has an even monepbex shape (q.v. Fig-
ures 7.6). It is obvious that theftBrent values of density and energy have a significant ef-
fect on the properties of the material and its transfefit@ents inside the relaxation zone.
Altered transfer ca@cients, such as viscosity, thermal conductionfiioent or speed of
sound, mean that the transfer rates of momenta and enerffizsasg well. This may lead
to unphysical profiles across the HSI for hybrid MD-CFD sintiolas. In addition, the
asymptotic character of the density profiles implies thaes@toms with higher kinetic
energy travel very far into the vacuum of the relaxation zdhereby completely losing
contact with the other atoms in the bulk material. This bé&havis particularly dominant
for low densities.

For the reasons stated, it has been suggested to confinethg ebse to the boundary
by restricting their movement to within a distancesaf,,x from the boundary [40, 54, 55].
Atoms that have moved further away from the boundary thap, are calledcrossed
atoms The confinement can be achieved bffetient measures to handle crossed atoms:

Remove and reinsert crossed atomsOne way is to remove atoms that have crossed the
threshold oféxmax and to reinsert them a distané& further inside the relaxation
zone. This requires finding a new position for the respedateen with exactly the
same potential energy as it had in the old position. Basictilg approach is re-
stricted to single atoms only.
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Move atoms back: A crossed atom would be moved back towards the boundary byt sm
dX = dXng at every time step. The changes in potential eneif§y, = E,; (X; + 6X) —

Ep (xi), are added to the integrated conductive flues: — Fii + 6E,,.

Adapting the integration algorithm: Another possibility is to adapt the time integration
algorithm in a way that the positions of crossed atoms areipdated if they would
proceed beyond the boundary. However, velocity changesaddine external forces
are still integrated. In this case, the atoms at the bourstdirgxperience the external
force, which eventually reverses the velocity vector. Otiee velocity vector is
pointing into the molecular domaiw;(- ns > 0) the atom will move back towards
the boundary. When adapting the integrator, one has to ma&etst the velocity of
the crossed atoms is only updated through external fordes.infternal forces must
be zeroed, otherwise the integration algorithm is changed,will generate kinetic
energy without decreasing the potential energy accordingl

If the boundary is parallel to the cartesian coordinatesytites can be implemented
easily by introducing a test before updating the positioth alocity of each atom
The position and velocity in the dimensianthat is perpendicular to the boundary
are not updated if the condition

(ro = rig) * Nsy > 0Xmax A Vig - Ns, < 0 (7.8.18)
is fulfilled, wherex, is the position of the boundary.

Testing the flux boundary conditions with MTF momentum tfans conjunction with
the confinement schemes for the static cases (MDS-G and MP&ak expects the sim-
ulation to give a stable solution and a confined relaxatiarezddowever, the simulations
showed a drop in the total energy of the system for all desdritbnfinement schemes.
This is shown clearly in Figure 7.24 (dashed line), wheretthal energy of the MDS-G
system is plotted over time when using the adapted integratigorithm to confine the
atoms within the relaxation zone (Equation (7.8.18)). Qye#ne total energy densitg,
is not conserved.

The (unexpected) energy drain has its origin in the compoRgtof the external force
Fe<that is acting perpendicular to the boundary surfaeg® = F**'- ns. It generates a
potential energy field and every atom that experiences ttegred force has an additional
external potential energy that is:

1
EF(r) = —F&[(rn, — 1) - Ns] (7.8.19)
Np
wherery, is the position of thé,th atom of the atom boundary list that marks the border of
the external force field. Shifting the position, of an atom towards the boundary reduces
the potential energlf_g"t(ri) as well.
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Figure 7.24: Equilibrium state fou = O for test case (MDS-G) of the adapted integration algorithm.
The figure shows the conservation of energy dergityith and without energy correction.
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which decelerates the atom.  Afigre 7.25: Trajectory of a single atom within the relax-
some point, at timé = 2, its Ve- 4tjon zone.

locity component perpendicular to

the boundary surface will be zero

(=2 - Ns = 0) and it starts moving back towards the boundary. When iedgdélve zone of
the external force at time= 3, the velocity component respective to the boundary sarfac
is simply reversed_z - Ns = —V-1 - Ns). The velocity vector;._3 has the same magnitude
as the initial velocity vectoki—; (Ivi1| = Vi=3|); no energy has been added or removed.
However, confining the atoms by any of the suggested scheasahé &ect that the atom

Is moved closer to the boundary. This means that the distiecatom is travelling from
timet = 2 to timet = 3 while it is being accelerated becomes shorter than in tikerun
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fined case. Therefore, it picks up less velocity_{| > |vi—3|) and its energy at = 3 is
less than at = 1. This is what causes the decrease in energy that is showguner7.24.
For indirect convective flux imposition, the reference Jine. where the external force
starts acting, coincides with the boundary surface becdnegseumber of atoms inside the
relaxation zone is kept constant.

For constant momentum fluxes by stress, the energy decreatses tentailed when
shifting an atom byr is

1
SES = N—ngxt- or . (7.8.20)

The energy diference(SEgXt can be re-introduced using Algorithm 3 or by adding it to
the integrated conductive fluxeEgy « Fgy + 6E5X. Itis then introduced automatically
along with the transfer of ;. Thisenergy correctiorhas been tested in conjunction with
the adapted integration algorithm to confine the atoms ferMIDS-G system. The total
energyg, over time is plotted as solid line in Figure 7.24. It keptatgyinal level through-
out the simulation, meaning that simulation was stable wisgng the energy correction

scheme. The simulation was also stable for the tested lcasd MDS-L.

The profiles of density, velocity and temperature, thategpond to the investigated
case (system MDS-G), are plotted for the left boundary inufég/.26a. The atoms were
confined to a minimum position @x,.x = —10, using the adapted integration algorithm.
At this position,x = —10, the density profile shows a positive and the velocity aheg
peak. This is a logical consequence of the employed confinesobeme, because atoms
which travel fast in a negative x direction stay in the aremseltox = —10 until their ve-
locity vector becomes positive again before they move battkthe system. Even if it is
only within the relaxation zone, where the molecular dgdimn is not completely valid,
the peaks in density and velocity still constitute an unwdrartefact. In Figure 7.26b, the
profiles for the same test case are shown, when using the esaral/reinsert scheme to
confine the atoms at = —10. There is no peak in density, because the atoms that have
crossed the lower boundaryxat —10 are distributed equally in the relaxation zone. This
is also the reason why the velocity throughout the relaxatimne is negative.

Using the confinement scheme of removing and reinserting&gives better results
for the profiles, however, the computationéioet is much greater, because it requires the
continuous removal and insertion of atoms. Especially élituid case, the insertion al-
gorithm requires significant computing time to find new itiser sites.

7.8.5 Further implications of momentum transfer by force

Beside the complications that arise from confining atomsesternal force field=®* gen-
erated by the external forde®* has further implications on the insertion and removal of
atoms from the relaxation zone for flows across the bounddmg. is because, inserting or
removing an atom into or out of the relaxation zone also siltke potential energy field
itself and thus the external potential energy of the othenbary atoms. Even if the energy
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Figure 7.26: Density, velocity and temperature profiles for the left boundary for @asetatic
(u = 0) test case (MDS-G) using confinement schemes.

change can be calculated theoretically, this is elaborategractical sense. Alternatively,
the atoms can be inserted or removed from the behind the momkich the external force
Is acting, i.e. between the boundary surface and\ijte boundary atom. In Figure 7.25
the area is marked witﬁgxt = 0. Inserting or removing atoms from this area V\lﬁﬁt =0
leaves the external potential energy of the other boundampsunchanged. The applica-
bility of this solution is investigated in Section 7.8.7.

For indirect convective flux imposition this problem does occur, because the number
of atoms inside the relaxation zone is constant and theredtpotential energy is exactly
ES(ri) = (1/No)FE[(rn — 1i) - ns], wherery, is a point on the boundary surface. One, only
has to take into account the external en&QV(ri) when inserting or removing an atom.

7.8.6 Flow parallel to the boundary

The previous sections have concentrated on the static ¢dbe mmomentum transfer by
force (MTF) and the characteristics of the arising relaatione. In this section, the mo-
mentum transfer by force is analysed for the flow parallelh® lboundary. The general
setup is explained in Section 6.2. The used test cases wef@AMBband MDCF-L1 and
MDCF-L2 (g.v. Table B.1). The gaseous case, MDCF-G, was simdilaith the velocities
Ue = {1.0, 2.0}, the liquid case MDCF-L1 witlue = 0.5 and the larger liquid case MDCF-
L2 with u. = 1.0. This corresponds to the velocities and systems that Hexady been
used to investigate the reflective plane momentum transharse in Section 7.7.2.

The most important simulation parameters are given in Takle For the liquid case,
the equilibration was performed in two stages. In the firstildgration run over 10,000
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time steps, the temperature control was applied to theeesyistem to obtaif = 1. A
second equilibration run over 30,000 time was performed wie temperature control ap-
plied to the wall atoms only. The simulations had to be runadong time to allow the
temperature profile to develop. It was considered to havehezhan equilibrium situation
when the last three calculated profiles did not show sigmifiddterences.

System
Parameter MDS-G | MDS-LI/MDS-L2
Momentum flux by stress MTF
Crossed atoms no confinement
N Py 1.0
Equilibrium time steps | 10,000 40,000
Simulation time steps | 4,000,000 400,000
Measuring frequencyr(,) 100 100
Averaged overi) 10,000 1,000

Table 7.4: Parameter settings for the DC-MTF Couette flow test cases.

In Figure 7.27 the profiles of the performed simulations fog gaseous and liquid
systems are gathered for the selected velocities. Eaclefgiiows the profiles of density,
velocity in x direction and temperature in y direction foe tlespective case. The theoretical
temperature profiles, which are based on Equation (6.2&)latted as orange lines in all
figures. The sharp jump in density at the lower sides markbeganing of the wall, which
has a higher densitygq = 1.0) than the fluid.

As can be seen in all cases, the velocity profiles are lineaxpscted and the veloci-
ties atye match well to the theoretical valuaes,. Only for the liquid case withu, = 1 is
the velocity slightly higher, because of the strong&ee of the decreased viscosity due to
increased temperature and lower density for higher valfigs @he temperatures match
well to the theoretical predictions, considering the utaiaties of the values of the trans-
port codficients and their slight variations across the fluid in y digecdue to the viscous
heating of the material.

7.8.7 Flow perpendicular to the boundary

For the free flow test case with the flow perpendicular to theldary, three parameter com-
binations have been tested for the gaseous and liquid cAsmEsnplete overview is given
in Table 7.5. In all cases, the momentum flux by stress is fiearesl through the external
force that is calculated on the base of the integrated mamefitx, Fyi. Three param-
eter combinations have been tested, for the gaseous (MDFHRGthe liquid (MDFF-L)
system. These are named in Table 7.5 as MTF-G1, MTF-G2, M3FeGthe gaseous and
MTF-L1, MTF-L2, MTF-L3 for the liquid system respectivelylThe diference between
the parameter combinations is the employed scheme of thaioguwf integrated fluxes
by convection and by stress (FCCS). For the combinations MTFu@ MTF-L1, no flux
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Figure 7.27: Profiles for density, velocity and temperature of the Couette flow using the ntame
transfer by force scheme (DC-MTF) for gaseous (upper figuneg)liguid state (lower figures).
TmodeliS the analytical solution for the temperature profile.

coupling was used. In the MTF-G2 and MTF-L2 combination,FIZCS has been applied
to the momentum only, i.e. the integrated convective quXeeamentumFi,;‘g are coupled
with the integrated momentum flux by stre@,g. For the combination MTF-G3 and MTF-
L3, the energy fluxe& and F! were coupled additionally. The gaseous combinations
MTF-G1, MTF-G2 and MTF-G3 were tested for the velocities {0.5, 1.0, 2.0}, the lig-

uid combinations MTF-L1, MTF-L2 and MTF-L3 for velocitias= {0.5, 1.0} in order to
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investigate the behaviour of the combinations #edent velocities.

Parameter Combination
MTF-G1 \ MTF-G2 \ MTF-G3 \ MTF-L1 \ MTF-L2 \ MTF-L3
System MDFF-G \ MDFF-L
Momentum flux by stress MTF of F'F;‘;
FCCS momentum coupling no yes yes no yes yes
FCCS energy coupling no yes yes no no yes
Crossed atoms no confinement
N Py 1.0
Insertion algorithm USHER
Removal of atoms outermost one
Equilibrium time steps 10,000 40,000
Simulation time steps 4,000,000 400,000
Measuring frequencyrf,) 100 100
Averaged overN) 10,000 1,000

Table 7.5: Parameter settings for the DC-MTF free flow test cases.

Because of the issues connected with the external force fialdg generated by the
external force=®X, the areas for inserting and removing atoms must be cayefalected.
As pointed out in Section 7.8.5, the change in potentialggnef the boundary atoms can
not be determined when adding or removing an atom for s@oativith a non-constant
number of boundary atoms. Thus, initially the insertionaaneas assigned between the
boundary atr,, and the position of the innermost boundary atom, onto whieheixternal
force is applied, thé\th atom in the boundary atom list. The average position oiNtie
atom was calculated in advance from the simulation of thecstast cases. For remov-
ing atoms, several selection schemes were tested for fhyglicability. Theoretically, the
atoms should be removed from an area equivalent to the imsertea. However, it was
not possible to achieve any stable simulation when usirsgstiiection scheme. The results
showed that best choice is to base the selection on thegroaitd to remove the outermost
atom. Other schemes, such as selecting the best fit or rarglentisn, led to a breakdown
of the MD flux boundary conditions.

First, the test cases MDFF-G1 and MDFF-L1 were investigaked those, no FCCS
scheme is applied, i.e. the momentum fluxes by convectioa matrcoupled with the fluxes
by stress nor the respective energy fluxes. This parameatdpioation proved to be unsta-
ble for all tested simulations because it caused oscitiatin the overall values of velocity
and temperature of the system. The development in time afvbeall values for density,
velocity and temperature are plotted in Figure 7.28 fortelkvelocities. Clearly notice-
able are the oscillations of velocity and temperature fosladwn cases, except MDFF-G1
atu = 2, where the boundary conditions break down before the etfteagimulation. The
reason for the oscillations is that the external force akésdn harmonic oscillator, caus-
ing the position of the boundary atoms to move in and out. m@this motion, energy is
alternatingly added and removed from the system. This eatheefluctuations which can
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be seen in Figure 7.28. In Figure 7.29, the position in themedtision of the boundary
atoms, which is simply the centre of mass of tigboundary atomsr{ = (1/Np) Z 1L Tix)

is plotted over time together with overall temperature aelbeity. The positiornry of the
boundary atoms oscillates with the same frequency as thralbvelocity and temperature,
indicating that these oscillation are connected to eacéroiffhe oscillating motion of the
boundary can actually also be seen when visualising thectiajes of the system as an

animation in time. For obvious reasons, this animation a#rbe included here.
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Figure 7.28: Overall values for density, velocity and temperature of free flow test tasthe
combination MDFF-G1 and MDFF-L1.

Obviously, the parameter combinations in MDFF-G1 and MAFare not suitable for
flows perpendicular across interface. One reason is thartperties of the atoms removed
on the outlet do not correspond with the convective fluxess Thuses the flow velocity
of the boundary atoms on the outlet tdétdr from the constant flow velocity. Thus, the
amount of energy by stress that is removed on the outlet @riect as well. This is what
triggers the onset of the oscillations in Figure 7.29. Ihisrefore necessary to correct the
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of the western boundary over time.

convective fluxes to its precalculated value by using the FCG3&8t{on 7.4.1) scheme.

The second attempt was to only couple the convective momefhixes convection and
by stress for outlet conditions. This corresponds to thampater combinations MDFF-G2
and MDFF-L2 for gaseous and liquid material states resgaygti The results, shown in
Figure 7.30 for the gaseous and in Figure 7.31 for the ligegd tases, confirm that this
parameter combination provides stable flux boundary cmmdit The overall values of
density, velocity and temperature are plotted in the diagran the right column. These
confirm that in all performed simulations a stable constamt fivas established with den-
sity, velocity and temperature being constant in time atcttmeect value. In the diagrams
on the left side in figures 7.30 and 7.31, the profiles in x dioechave been plotted. For
all cases, the conditions on the inlet (left side) appeam® good results. However, on the
outlet (right side), all profiles, except the gaseous cafiews 2, show a peak in velocity
while the temperature is decreasing within the relaxatmmez

A closer analysis of the conditions on the inflowing bound@eft side) revealed that
actually the boundary atoms moved slightly closer to thenbdlawny, so that the insertion area
was partly inside the external potential energy field. Theswbserved for all performed
simulations. The inserted atoms, therefore, had a slighglier energy than actually pre-
scribed by the convective fluxes. It was not possible to nreathie amount of additional
energy that is inserted or removed.

The actual energy transferred through the external fornetiexactly equal to the inte-
grated energy flux by stre&4", which is calculated on basis of the analytical solutionisTh
is caused by the velocity of the boundary atoms beifiggnt from the respective analyt-
ical flow velocityu. For the gaseous test case MDFF-G2, too much energy wasetnaats
on the inlet and removed on the outlet:1 % foru = 0.5, ~ 1% foru = 1.0 and~ 0.4 %
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for u = 2.0. In case of the liquid, i.e. MDFF-G2, too little energy wearisferred on the
inlet~ 9% foru = 0.5 and~ 7 % foru = 1.0. While for the gaseous cases théeliences
are small, they are significantly higher for the liquid cas€ie solutions are only stable
because the deviations are counterbalanced through theatave momentum and energy
fluxes on the outlet, which exhibit the inverse deviatiomsrfithe analytical solution.

The MDFF-G2 and MDFF-L2 test cases were also tested withahdam and best fit
selection schemes for the removal of atoms. Neither of theara g stable solution; the flux
boundary condition broke down relatively quickly.

The last tested combination was to couple the momentum asrgefluxes by convec-
tion and by stress to ensure that the transferred momentdreragrgy fluxes correspond
exactly to the analytical solution. This corresponds totdst combinations MDFF-G3
and MDFF-L3. Two diferent position-based selection schemes for removing at@aves
been tested. First, the outermost atom, that does not experithe external force, which
is the (N, + 1)th atom, was selected. Removing this atom, avoids the @mokhcountered
with the potential energy field that is generated by the exteiorce. However, using this
selection scheme led to a fast breakdown of the flux boundamgitons on the outlet in
all tested cases. The reason is that if no atoms are remawadtiie outer boundary atoms,
their average velocity must be zero. Thus, the enéifiyis removed on expanse of the
internal kinetic energy in flow direction of the boundaryrag This leads rapidly to a sit-
uation where no internal energy is available, i.e. tempeeat zero. At this point, the flux
boundary conditions on the outlet break down. Next, thecsele scheme for removing
the atom that is furthest away from the interface was tesfelexpected, removing the
atoms from the external potential energy field cause&tlead to a decrease in the total
energy. This is shown in Figure 7.32 for the gaseous testi&&--G3 withu = 2.0. The
green curve is the average energy per aty), which decreased constantly until the flux
boundary condition broke down on the outlet, because noggrtéat could be removed
was available. The same applies for the liquid test case MD&;Rvhich was investigated
for u = 0.5 andu = 1.0. The corresponding results are shown in Figure 7.33, wihere
same energy decrease was observed as in the gaseous case.

The momentum transfer by external force is also very seediti the region where the
atoms are inserted. If the atoms are inserted within thenegihere the external force is
acting, then the added energy by strés¥, is higher than it should be. This was tested for
all parameter combinations, i.e. MDFF-G1, MDFF-G2, MDFB;®IDFF-L1, MDFF-L2
and MDFF-L3, and led to a breakdown of the flux boundary camaitin each case.

In Section 7.8.3, the relaxation profile was investigatedetail for the static cases.
For flows parallel to the boundary, the relaxation profilexpexted to be very similar to
the static case. However, for flow perpendicular to the banypydsome distortions were
expected, due to thdtects of the external force and the insertion and removalarhat
The dfects of diferent interaction depths was tested for the MDFF-L2 case wvit 1.0.

In Figure 7.34, the profiles of density, velocity and tempaeare plotted on the inlet for
the two interaction depth$y P, = 0.5 andN P, = 3.0. The respective profiles on the outlet



190 MD Flux Boundary Conditions

are plotted in Figure 7.35. On the inlet, as well on the outhedre are no big dierences in
the profiles between two interaction depths, although thxéyboé sharper transitions and
smaller deviation from the desired values for the, = 0.5 than forNP, = 3.0. In terms
of stability, no diference could be registered betwé¢R, = 0.5 andNP, = 3.0. Clearly
apparent is the étierence between the inlet and outlet profiles, where thoseeatitlet do
not correspond to the ideal characteristics.

7.8.8 Summary of results of the DC-MTF

From the performed test cases, a number of conclusions cdrat. Using momentum
transfer by force, one can obtain stable boundary conditiothe standard situations for
static fluids, flows parallel to the boundary and flows acrbedbundary.

The external forceF®*, should be distributed on the boundary atoms by the simplest
weighting function,g(ri,vi) = 1. In the relaxation zone that is generated by the external
force, the density falls from its maximum value to zero. Fasepus states, the density pro-
file can be described by Equation (7.8.16). The relaxatioweaaidth,dl, is well predicted
by Equation (7.8.17) for the investigated gaseous and stipeal states and partly for the
performed liquid states. An undesirable sidieet is that some atoms travel far into the
vacuum beyond the interface. Attempts to confine such ateatstb a decrease in energy
and, therefore, should not be used.

Static cases and flows parallel to the boundary posed flicudiies for the momen-
tum transfer by force. For flow across the boundary, the otdiple combinations were
MDFF-G2 and MDFF-L2. The main feature of these are to incltidecoupling of the
momentum fluxes by convection and by stress. It is not passtinsert the atoms into
an area in which the external force is not acting. Similaidy,the removal of atoms, the
only working scheme is to select the respective outermaoshailhus, when using direct
convection in conjunction with momentum transfer by fontes not possible to transfer
the prescribed convective energy fluxes, because of thegeban the external potential
energy field when inserting or removing atoms. Additionalhe actually transferred en-
ergy can not be measured accurately and can thus not beeeéatk to the continuum
solver for correcting the discrepancies. The density m®fhow good characteristics for
both inflow and outflow conditions. The velocity and temperatprofiles are satisfactory
for inflowing situations, but are distorted for outflows. lasvfound that smaller values of
NP, i.e. smaller interaction depth, give more ideal profilesntfarger ones. Any other
parameter combination was unsuitable for the simulaticitowf across the interface. The
absence of FCCS led to oscillations of the system and a fulllcgupf momentum and
energy fluxes by convection and by stress caused the flux boydnditions to break
down.

The conclusion is that momentum transfer can create a ssgbtem, but the precise
value of the actually transferred energys is unknown and does not correspond to the
analytical fluxes. This circumstance makes the MD flux bouwndanditions scheme of
direct convection and momentum transfer by force not thalisigheme for the usage within
the HSI for coupling of MD and CFD based on mass, momentum aedjgriluxes.
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by convection and by stress).
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MDFF-G3 p = 0.1, T = 2) foru = 2 (FCCS coupling of momentum and energy fluxes by convec-

tion and by stress).
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7.9 Direct convective flux and reverse velocity (DC-MTRV)

7.9.1 The reverse velocity scheme

Both previously investigated momentum transfer schemeRRRIand MTF, have serious
limitations in their application. The problems connecteithwihe MTF scheme (this in-
cludes MTDVC), have their origin in the interwoven transfémmomentum and energy
fluxes by stressk,s andFes. The energy transfer can not be controlled directly and any
fluctuation of velocity in the relaxation zone leads to ttasfer of the incorrect amount of
energy, causing oscillations and, in many cases, the bogakdf the flux boundary con-
ditions. The issue could be overcome if one could separatéraéimsfer of the momentum
flux by stress from the transfer of energy flux by stress. Thiexactly what the reverse
velocity scheme, which has been invented by the author, doessbased on the idea that
reversing one componem,,, of the velocity vectory;, of an atom transfers a momentum
of —2my;, to the atom without changing its energy.

The implemented scheme is given in Algorithm 13. For eachedsion x,y and z, the
algorithm checks whether the integrated momentum fluxgsoimting’ in the same direc-
tion as the momentum flwE(s - Fps, > 0). If this is true, it finds the outermost atom that
is moving in the opposite direction of the momentum fkgg, and reverses the direction
of its velocity componeny;, to transfer momentum to the system. The process is repeated
until the integrated momentum flux is ‘pointing’ in the opgeslirection of the momentum
flux. If this is true, the algorithm has transferred more motam than actually was nec-
essary at this time step. However, in the next time stepsitiegration of the momentum
flux will eventually correct this.

Algorithm 13: Reverse velocity momentum transfer scheme.

foreacha = {Xx,y, 2z do
Get first atomic index from Su;
while F5s - Fps, > 0do
if atomiislastin S, then return;
Get next atomic indekfrom S ;
i, PR, +2mu,;

Because Algorithm 13 introduces only momentum, the enEgjynas to be transferred
separately. To this end, the dimensional version of Alganit3 is used to transfer the
kinetic energyFt of each dimensior individually.



196 MD Flux Boundary Conditions

7.9.2 The static case

As for the previously investigated momentum transfer sagrtine first analysed test cases
were for the static fluid. Compared to the momentum transfefiobse, the velocity re-
verse scheme does not have any parameters that need to lem ¢bostatic case. The
employed settings for measuring and the number of time siepd for the simulations are
summarised in Table 7.6.

System
Parameter VDS-G ‘ VDS
Momentum flux by stress MTRV
NP, 1.0

Equilibrium time steps | 10,000 | 40,000
Simulation time steps | 4,000,000, 400,000
Measuring frequencyrf,) 100 100
Averaged overi,) 10000 1,000

Table 7.6: Parameter settings for the DC-MTRYV static test cases.

The reverse velocity scheme exhibits absolutely stablethaty conditions for static
gases and liquids. Figure 7.36 shows the profiles and owedaks of density, velocity and
temperature for the gaseous and liquid static test cases.ovdrall values kept constant
and the profiles were flat with sharp transitions on the boynfia density, velocity and
temperature. No unwanted deviations were observed.

In order to asses the properties of the momentum transférdxgeverse velocity scheme
(MTRV), it is useful to compare it to the momentum transferfbsce scheme (MTF). To
this end the density profiles of the left boundary are plottedoth methods into one di-
agram. Figure 7.37 shows the respective curves for the gasgate on the left side and
for the liquid case on the right side. The applied interactiepth of the MTF scheme
wasNP, = 1.0 for the liquid case. For the gaseous state, two profiles Nith= 1 and
NP, = 4 are shown. In both diagrams, the profiles of the MTF schernpeapin black
and the ones of the MTRV scheme in red. In the liquid case, patfiles are very similar,
though the reverse velocity scheme generates a slighttpshgradient. The dierence is
much more developed for the gaseous state; no asymptotvioein is perceivable for the
reverse velocity scheme. This is a decisive advantage bedtimnakes any need to confine
atoms within the relaxation zone obsolete, even if confimiegld not encounter the same
problems caused by the application of an external force.

7.9.3 Flow parallel to the boundary

The Couette flow has been investigated in the same manner tiefprevious flux impo-
sition schemes. The general setup is explained in Sectbar@ the employed test cases
were again MDCF-G and MDCF-L1 and MDCF-L2 (g.v. Table B.1). Theegais case
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Figure 7.36: Profiles in x direction and overall values of density, velocity and temperatithe
static fluid test case, applying the momentum transfer by the reverse velduisne (DC-MTRV).

MDCEF-G was simulated with the velocities = {1.0, 2.0}, the liquid case MDCF-L1 with
ue = 0.5 and the second, larger, liquid case MDCF-L2 with= 1.0. An overview about
the applied parameters is given in Table 7.7. The energy fustiess was applied to the
number of boundary atoms corresponding\i®, = 1.0. The results were almost identical,
when the energy flux was applied to values of upNiy = 3.0.

The profiles of density, velocity and temperature in the yatision are plotted in Fig-
ure 7.38 for the performed test cases. The diagrams alsadiet¢he analytical prediction
of the temperature profile based on Equation (6.2.2), wiadhe orange coloured curve.
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Figure 7.37: Comparison of density profiles between imposition of momentum flux by stress an
through external force (MTF) and the reverse velocity scheme (MTRV)

System
Farameter MDS-G | MDS-L1/MDS-L2
Momentum flux by stress MTRV
Crossed atoms no confinement
NP, (for application ofF 1.0
Equilibrium time steps 10,000 100,000
Simulation time steps | 5,000,000 500,000
Measuring frequencyr(,) 100 100
Averaged overl.,) 10,000 1,000

Table 7.7: Parameter settings for the DC-MTRV Couette flow test cases.

In all cases, the velocity profiles show the expected lineadignt fromu = 0 aty = 0

to the respective velocity = u. aty.. Also, the measured temperature profiles fit well
to the analytical predictions. The density decreasestylighith increasing y due to the
viscous heating. From the results it can be reasoned thT®/ scheme is suitable for
the standard situation of flow parallel to the boundary withemy restrictions.

7.9.4 Flow perpendicular to the boundary

Both previously discussed schemes for the transfer of mamehy stress had major prob-
lems in handling the mass flux across the boundary. For thsorethe reverse velocity
scheme has been suggested. Using the reverse velocity sche&wonjunction with direct

convective flux transfer, the values of the integrated flukel, Ft, Fit, Fit and FLL,

4This is satisfied, becaugen < 102 for the investigated cases.
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Figure 7.38: Profiles for density, velocity and temperature of the Couette flow traivfetihe
momentum by stress through the reverse velocity scheme (MTRV) for ga$epper figures) and
liquid state (lower figures)Tmodelis the analytical solution for the temperature profile.

are imposed exactly. This is achieved by using the FCCS scheneo@pling both, the
momentum and energy, fluxes by convection and by stress.niégrated energy flux by
stress,F"', was imposed onto thi, outermost boundary atoms, witl, corresponding
to NP, = 1.0. For the gaseous state, the positions of new atoms wereagedeandomly.
For the liquid and solid material states, the modified USHERese was used. While for
the liquid state, the basic USHER scheme could be appliededls ivcannot be used in

the case of solids. This is because the implemented versitne & SHER scheme is not
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able to find a new position for an atom to be inserted into sxildie material. In all cases,
the respective outermost atom was selected for removal.diBteepancies in convective
momentum and energy fluxes were automatically balancedghrthe FCCS scheme. A
summary of the employed parameters is given in Table 7.8.

System
Farameter MDFF-G | MDFF-L | MDFF-S |
Momentum flux by stress MTRV
Crossed atoms no confinement
NP, 1.0
FCCS momentum coupling yes
FCCS energy coupling yes
Insertion algorithm randomly\ modified USHER
Removal of atoms outermost one
Equilibrium time steps 10,000 | 10,000 | 30,000
Simulation time steps | 100,000 | 200,000 | 50,000
Measuring frequencyrf,) 10 10 10
Averaged overN) 1,000 1,000 100

Table 7.8: Parameter settings for the DC-MTRYV free flow test cases.

The free flow test cases were carried out for gaseous, liquddsalid material states.
The gaseous state (system MDFF-G) was tested for the vebait= {0.5,1.0, 2.0}, the
liquid state (system MDFF-L) for the velocities= {0.5, 1.0} and the solid state (system
MDFF-S) for the velocityu = {0.1}. The equilibration times and measuring parameters are
also listed in Table 7.8.

The flux boundary conditions, using the reverse velocity reimm transfer, produced
stable simulations for all performed test cases. The oveales and profiles in x dimen-
sion of density, velocity and temperature are plotted iruFegr.39 for the gaseous system
MDFF-G. The overall values show a constant flow and the psofiiee the desired rect-
angular shape without any major deviations. The small dievia observable at the lowest
velocity of u = 0.5 are because the number of samples required to reduce theafioas
even further was too high. Comparing the profiles with thogaiobd from the simulations
using the MTF scheme (external force) for the momentum fteariBigure 7.30), it can be
seen that the MTRV scheme delivers more ideal results thamMhiF scheme for flows
perpendicular to the boundary.

In Figure 7.40, the overall values and profiles in x direcao& shown for the liquid test
case. As for the gaseous cases, the overall values indicatestgant flow. The density, ve-
locity and temperature profiles have the rectangular sHaphy. the velocity profiles show
a small peak on the inlet (left side). This probably resulisf the insertion of new atoms
and may be corrected by further improvements of the modifi8HHER scheme. As for the
gaseous state, the profiles that have been obtained by heiMdTtRV scheme are qualita-
tively better than the profiles obtained by using the MTF sohi¢compare Figure 7.31).
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For applying the flux boundary conditions to solid materiadier the conditions of mass
transfer across the boundary, the modified USHER schemsestsl to find the insertion
site for new atoms. Using the original USHER scheme, it wdgnssible to find a single
new site for inserting a new atom. The modified USHER scheméhe other hand, per-
formed very well for the solid and for the liquid states. Hoz solid state materigb(= 1.2,

T = 1), it required averagely 28.7 trials with 4.2 iterations p&l to find a new position
with the desired energy; these are about 120 total iterstibor the liquid stateo(= 0.8,
T = 1), the modified USHER scheme required averagely 9.8 tridls Witerations per
trial; hence about 49 total iterations to find a new insersia.

In Figure 7.41, the overall values and profiles in x directionthe solid material mov-
ing with u = 0.1 are plotted. As for the previously presented gaseous gndilicases,
the flux boundary conditions produce a stable simulatioh thie profiles showing the de-
sired rectangular shape. Contrary to the gaseous and litatessthe solid material has an
ordered crystal structure. For the LJ-material this is treefcentred cubic (FCC) lattice,
which has been used to initialised the system MDFF-S (coenfaction 2.2.8). The ini-
tial structure after the equilibration is shown in FigurdZ.. The left and right boundaries
are drawn as dashed lines and the relaxation zones are edlgteen on both sides. To
visualise the movement of the material, all atoms, whosdipogs initially r, < 10, are
coloured red while all other atoms are coloured blue. Figiutd3 and 7.44 show the sys-
tem at the later times= 81 andt = 150. During this time, the red coloured part has moved
from the left to the right side of the system. All atoms lefttbé red coloured ones have
been inserted into the system according to the prescribedectve fluxesF e, Fpc and
Fec Itis noticeable that the structure of the newly generataténal corresponds basically
to the initial FCC structure; with the orientation being iteal as well. This is remark-
able because the modified USHER scheme does not insert abomsliag to a preferred
structure. Rather, the atoms that are inserted on the left‘shdense’ on the prevailing
structure, thus maintaining the initial structure in thetsyn. Some small deviations from
the ideal lattice can be observed in Figures 7.43 and 7.44hbse have not continued in
the ‘upstream’ direction.

7.9.5 Summary of the results of DC-MTRYV flux boundary conditions

The combination of the flux imposition schemes DC and MTRV wasstigated for the
standard flow situations of a static fluid, flow parallel to bmndary and flow across the
boundary. The DC-MTRYV flux boundary conditions enabled alstabmulation for all
investigated cases. Comparing the results of momentunféramgreverse velocity to the
other investigated schemes shows that the MTRV schemethedeest results for all tested
standard situations. This applies in particularly to thevféross the boundary, where the
MTRP and MTF momentum transfer schemes have maféicdities. The free flow test
case was also tested for the solid material state. For thestt@ modified USHER scheme
Is essential in finding the insertion sites of new atoms, beedhe USHER scheme failed
for solids.
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It should be noted that the tested velocities are relatiyn and probably beyond
the speeds that will occur in most simulation scenarios. éxample, assuming the solid
material in the last simulation to be copper, the velocityef 0.1 corresponds to 79s.

For the gaseous cases, the speed of2 is just above speed of sound of the LJ material
at that stateq = 1.8 atp = 0.1 andT = 2). However, the purpose of this work is
to test diferent flux boundary condition scheme in order to discover ttfearacteristics,
application range and limitations.



7.9 Direct convective flux and reverse velocity (DC-MTRV) 203

02 T T3 52
: —e=— | 1.8
L :E: I s —f1.6 0.27 — T T T T T T T T T T T T [1
L ] 1 e 24
0.15 { i 414 [ - T ]
I i : q12 3 “ v Hos Jp2
3 42 0.15 |- 1 1
I ] 1 I 1 ]
- ] 1 lo6-0-0-0-6-6 6 G-0-0-0-0-6-60-0 0B0OVTE66 665 P
ao01f 1 3085 [ Tos
L 415 - 1 1
i ] 06 QOLR © 9 ¢ 0 oo 0000000000000 318k
L 1 Hos i Jos |
i 41 Jo2 3 ] e
005 ] E i 1 1
= 3 o 0.05
L 1 1 doo 14
| dos5 H-02
3 ‘ ] J-04 [ ] 12
0 bela—al | TSI RIS SIS ESNENEN ST YR | a T R T B R | 1
50 0 50 100 150 200 250 0 o >0 ) w0 o
X time
(a) Profile ofp, uandT foru = 0.5 (b) Overall values op, uandT over time foru = 0.5
_: 2 T T T T ] 73
E L . 18
] 03 S ]
J1s | —o—u| 416 25
] 14 ]
] & © co-eod 2
11 5 sl _f 12
] a 1 1 5 _: 15
—: 0.5 L Hos
1 ] 41
] 01 t 0.6 i
-0 I Joa ]
] I ] T 0.5
E o2
.05
0 0 360 - 3% 760 50
time
(d) Overall values op, uandT over time foru = 1.0
0.4 [ T T T J3 45
I —a— p E _:
[ :'2':'5 _:2'5 54 e L I —:3
03 177 qas - Y
I i ] 03} 0 5 d3 ]
§ ] B D 25
[ 0oy o000 c00eet o 42 1° I 1. ]
| ® A B 1 ]
02 ¢ 7 R e - © - 15 T
I R - S b o= PR 02| 1 1
G : ] E a ¢ 12 515 -
L) y 4. s [ 1 1
o1l Treoesooposneoa [ . I ]
Fo ] J1 L E R
L | i . ] i
i n . 05 _f 05 0.1 i _: 1
OF 3 Jo I Jos 1%
P-e 40 E | 1 1
L1 L T r—— d.os 1
0 50 100 05 260 30 260 500 ~°
X time
(e) Profile ofp, uandT foru= 2.0 (f) Overall values ofy, uandT over time foru = 2.0

Figure 7.39: Profiles in x direction and overall values of density, velocity and tempexattir
gaseous free flow test case MDFF#5< 0.1, T = 2) for direct convection and momentum transfer
by reverse velocity (MTRV).
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Figure 7.40: Profiles in x direction and overall values of density, velocity and tempezratuiquid
free flow test case MDFF-Lo(= 0.8, T = 1) for direct convection and momentum transfer by
reverse velocity (MTRV).



7.9 Direct convective flux and reverse velocity (DC-MTRV) 205

F ] 3
18fF —e— 0| ]
1.6;_ :g':' I Jas _:2.5 16 :‘ —_— :0.3 -2
r ] ] 14 [}
taE 1, 3 o] qozs ]
12F ] ] 121 E H1s
1 :— _: 1.5 _: 15 1k Joz ]
a F 177+ S I
08F ] ] [ ] g
F ] —H1 Q 08 0155 41 +
06 o G000 o000y H1 ] 1 1
0afF 1 os “F o1 ]
02k 705 7 0af ] Hos
2r e R O R o ] i 3 ] ]
o < =Y -0 r —0.05
of ] 02|
For© 9o =90 B I
L. L L 1 1 1 — . R
20 0 20 40 09 T e e e e © O
X time
(a) Profile ofp, uandT foru= 0.1 (b) Overall values op, uandT over time foru = 0.1

Figure 7.41: Profiles in x direction and overall values of density, velocity and temperatusolid
free flow test case MDFF-(= 1.2, T = 1) for direct convection and momentum transfer by
reverse velocity (MTRV).

left boundary (west) t=0 right boundary (east)
1

+
+
+
+
+
+
+

211

Figure 7.42: Visualisation of the free flow test case with solid material at tire€0.
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7.10 Indirect convection and reverse velocity (IC-MTRV)

One of the issues related to direct convective flux impasitsathat all the fluxes of mass,
momentum and energy are strictly prescribed. If these demwespond to the actual sit-
uation of the molecular system on the boundary, then thedloaanot be imposed and the
boundary conditions break down. This problem emerges esdjyewhen the situation in
the molecular domain changes rapidly and the fluxes are ragited timely to fit to the
new situation. Indirect convection circumvents this pesblelegantly by only prescribing
the momentum fluxes by stress and the properties of the ctimgestoms. The idea and
function of the indirect convective flux scheme has beenrde=t in Section 7.4, where
two schemes have been proposed: (1) Separated momentus(fl@$3 and (2) Combined
momentum fluxes (ICC).

During the investigation of the indirect convective flux eokes, many possible varia-
tions have been tested. However, only the two mentionedoresfiave actually produced
stable flux boundary conditions. The discussion will stathwersion 1 (ICS), where
the momentum fluxes by convection and by stress are separBitéslis followed by the
investigation of the version 2 (ICC), where the momentum fluxggonvection and by
stress are combined. For reasons of time, the indirect ctimedlux imposition has only
be investigated in conjunction with the reverse velocitgesne (MTRV) for transferring
the momentum fluxes due to stress. Also, the indirect comeefitix schemes have only
been tested for static and the free flow test cases. Howewam ibe assumed that if these
are applicable in both situations, they will also providedaesults for flows parallel to
the boundary. Proof of this assumption must be left to furtheestigations on MD flux
boundary conditions.

7.10.1 Static case (ICS-MTRV) with separated momentum fluxes

As for the previously investigated schemes, the first anstldamanding test case is the
static fluid. Whereas no convective flux occurred when usirgdinect convective flux
imposition scheme, for the indirect convective flux impiositthere will be a continuous
in- and outflow at the boundary due to thermal fluctuationswéier, the net flux must be
zero, which is one of the points that is considered for tggtie IC scheme for a static fluid.
The static fluid test case has been performed for the gaseouligaid systems MDS-G
and MDS-L. The complete set of parameters is given in Tal8le 7.

For indirect convection with separated momentum fluxes byweation and by stress
(ICS), the imposed energy flux by stress is prescribed by théreum solverF™, and
FCCS coupling is disabled for both momentum and energy. Tloeiglvector of inserted
atoms is generated based on the convective flkxgsF ,c andF.. Effectively, this means
that the transferred momentum and energy fluxes by stressspoand to those prescribed
by the continuum solver. Only, the convective fluxes areexttip the flow conditions and
are not previously defined.
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Parameter System
MDS-G \ MDS-L
Convective flux imposition indirect
Insertion algorithm randomly\ modified USHER
New atoms properties ZNM based orfFmc, Fpc andFec
Removal of atoms outermost one
Momentum correction for removed atoms no
Energy correction for removed atoms yes
Momentum flux by stress MTRV
Transferred energy flux by stress Fint
FCCS momentum coupling no
FCCS energy coupling no
NP, 1.0
Equilibrium time steps 10,000 10,000
Simulation time steps 100,000 100,000
Measuring frequencyrf,) 10 10
Averaged overNly) 10,000 10,000

Table 7.9: Parameter settings for the ICS-MTRV (separated momentum flux) test cases

As described in Section 7.4.3, IC-schemes require a coorect the energy that is
subtracted when atoms are removed from the reservoir regesause the energy of the
outermost atoms is in average higher than the energy of atsite the virtual boundary
cell. To demonstrate the need of the energy correction tie gaseous and liquid systems
(MDS-G and MDS-L) were simulated with and without energyreotion. The evolution
of the average atomic energly,) is plotted in Figure 7.45. Because the fluids are static, the
energy level must stay constant over time, with the expestedage energy gE;) = en =
2.445 in the gaseous ane;) = en = —3.15 in the liquid case. Both plots show that the
energy levels with energy correction fluctuate around theeeted level. Without energy
correction, the average atomic energy starts to decreasedmtely. The decrease stops
at a certain energy level, because the energy of insertedsatorresponds to the correct
energy level (in the static case the atoms inserted comelspaproximately to the removed
atoms). This prevents a further drop in the energy level. Bsgaven a small drop in
energy would violate the stipulations for the flux boundaoyditions, it is necessary to
use the energy correction scheme for removed atoms.

In Figure 7.46, the profiles in x direction and overall valeéslensity, velocity and
temperature are plotted for the gaseous (MDS-G) and ligrgtesn (MDS-L). The first no-
ticeable diference to direct convective flux schemes is the fluctuatioheobverall density.
Whereas for direct convection, the number of atoms is constas allowed to vary for
indirect convective schemes. In both cases, the densitiufites around the desired value
of p = 0.1 andp = 0.8 for the gaseous and liquid cases respectively. The oweslaltity
in x direction is close to zero and temperature stays at tegatklevels. That the overall
levels of overall density, velocity and temperature areesdy is also a confirmation that
the values of the static pressure applied through the mamrefitixes by stress are correct.
This refers also to the properties, K&,) and(Ey), of the inserted atoms.
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Figure 7.45: Energy per atoniE;) over time for the gaseous and liquid static cases with ICS-MTRV
flux boundary conditions, with and without energy correction for rerdatems.

For indirect convective fluxes, the values of the actuallglemented mass, momentum
and energy fluxes by convection are contained within thetbesF ", F‘r’}é andF". These
have been checked after the simulation for any net flux. 1h bases, gaseous and liquid,
these were close to zero, confirming that the state is retticsand no creeping flow is
present.

The profiles in the left hand side diagrams of Figure 7.46 simothie gaseous, as well
as in the liquid, state the desired rectangular shape watsltlarp discontinuous transitions
at the boundaries.

7.10.2 Flow perpendicular to the boundary with separated momen-
tum fluxes (ICS-MTRV)

For the free flow test cases using indirect convective bayndanditions with separated

momentum fluxes (ICS-MTRV), the same parameters settingsrabd static cases have
been used (g.v. Table 7.9). The test case was performedsfgaseous state with a velocity
of u = 1.0. The liquid case, which poses mordhdulties, the ICS-MTRV flux boundary

conditions were tested for three velocitias; {0.5, 1.0, 2.0}.

In Figure 7.47, the results for the gaseous case are plotteel.profiles are given for
two different points in timet = 500 andt = 1300. Due to the time averaging, these mea-
surements do not correspond exactly to the given time, lautegresentative of the time
interval of 50 time units before the given time. The overallues of density, velocity and
temperature correspond to the expected levels and indicstable behaviour. However,



210 MD Flux Boundary Conditions

BT 77—
3
0| ]
025 G 72 ' LI A
i J25
] ] 01| LA
0.2 o O~ @Q ) | 18 i ]
P o o R 00 0.0 oo 0fp -2 014 o5 )
1 ~ E ANt e At bbb PNy g AT TN ettt ] b
[ i ] ] F i
Q0.15 - N “ . 1.5 1 5 0.13 -
i ‘ ‘ . ] Qo.lzf— 0 = .
01| =====E="==="‘== 41 dos r
" LI ] 011 1t
0‘05:%663 RSP @—@@@@vo—'w;wg . o_lw-o's 1
v odo _ ]
P .y BF Jos O'OQ;HH,HH,HH,HH,HH
0 50 100 100 200 300 200 50t O
X time
(a) Profiles for gaseous state (MDS-G). (b) Overall values for gaseous state (MDS-G)
T T T T T T ™3 ] 14
16 —e=— | ] i
, s R Anssane L
14 1 R L ] 4
r ] ] o1 ] 1
F E | T 0.8
12| 7 BP0 oS > 72 q1 ! — 112
5 ‘ ‘ 1 1 0.6
1 ‘ ‘ 115 ] 08 ] 1
‘ N | —0.4
aosf ‘ 1, = oo : Hos
B ‘ ‘ o6 0.8 W 02 S ] L
06| | | ] 3 ] Jos
i | o5 Joa Jo
04 \ ] ] | ] Joa
i | ] ] Joz |
0 o2 L ] 1
02 bl % ] ] 06 ] Jo2
[ i E I —H-04 A
odededebebd L1 1 1 1 L b by el . 7 ]
T 0 10 20 30 40 E B T R T R—C -0
X time
(c) Profiles for liquid state (MDS-L). (d) Overall values for liquid state (MDS-L)

Figure 7.46: Profiles in x direction and overall values of density, velocity and temperatuthe
static fluid test case when applying the ICS-MTRV scheme for the flux yrabnditions.

the profiles for the timeé = 500 show undesired peaks in velocity and temperature on the
boundary that is subject to outflow conditions (right sid€igfure 7.47a). This is accompa-
nied by a drop in density. To investigate this behavioutfartthe simulation was extended

to 1,000,000 time steps. The system continued to show aedialal withp = 0.1,u = 1.0
andT = 2. Measuring the profiles in x direction on several successive intervals re-
vealed an alternating behaviour of the observed peaks inaloeity and temperature. In
Figure 7.47b, no peaks are observable. During the simufa#edd, profiles changed re-
peatedly from states with and without peaks. It should aésndied that the peaks occur at
the outermost site of the relaxation zone. The density ig losv at this site, thus the peaks
represent only a small number of atoms.
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Figure 7.47: Profiles in x direction and overall values of density, velocity and temperatuthe
free gaseous test case MDS&= 0.1, T = 2) when applying the ICS-MTRV scheme for the flux

boundary conditions.

The results for the liquid cases are summarised in Figur@. 7Tde ICS-MTRV flux
boundary conditions enabled a stable simulation for theethested velocities. Again, the
profiles are slightly distorted under outflow conditionshatvise, they show the desired
rectangular profile. The profile plots also include the vities in the other two dimen-
sions, y and z. These have been included here to show thabtthestnly in the x direction.
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boundary conditions.
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7.10.3 Static case with combined momentum fluxes (ICC-MTRV)

For indirect convection using combined momentum fluxes (ICTRM), the FCCS mo-
mentum coupling is activated for inflow conditions. Inflownciitions are considered when
Fmc > 0. No coupling is activated for outflow conditions, i.eFf. < 0. The momentum
and energy correction for removed atoms is activated toee &rfergy that is transferred
through energy flux by stress is not precalculated. It is agegbevery time step based on
the momentum flux by stresB,,s and the velocityuc of the boundary celC. The amount
of energy is considered separately for each dimensien(x, y, z} and calculated by

Epsa = Fpsa/uca,ét Py (7.10.1)

wheresét is the length of the time step. This mimics what would happéind momentum

flux by stress was applied through an external force. Thus,noay try to use the MTF
scheme to transfer the momentum and energy fliikgsand Fes. However, in doing so,

the momentum correction of the removed atoms could no lobgetransferred energy
neutrally. Therefore, the MTRV scheme seems to be the battice in conjunction with

the ICC scheme.

The transferred energy by stress must also be reported bable tcontinuum solver
along with the implemented convective fluxes. In this regple ICC scheme is the most
extreme scheme. It enforces flux boundary conditions, baslgdbn the momentum fluxes,
F oc andF psand the properties of the inflowing material, which are clalgd from the con-
vective fluxes (g.v. Section 7.4.2). This is the minimum antaaf information needed to
establish flux boundary conditions. All other fluxes are tbsuit of the simulation and
are generated by the flux boundary conditions, dependingesituation in the relaxation
zone and boundary cell.

The remaining parameters are identical to the previouslgutised scheme with sepa-
rated momentum fluxes (ICS-MTRV). The summary of the emplq@@meters is given
in Table 7.10.

In Figure 7.49, the profiles in x direction and overall valeésiensity, velocity and
temperature are plotted for the static test case for theogassystem MDS-L and the liquid
system MDS-L. For both states, the simulation is stable &edotofiles are close to the
ideal rectangular shape. Similar to the other investigatdolect convection scheme, the
overall values for density show small fluctuations aroureldékpected values @f = 0.1
for the gaseous and = 0.8 for the liquid case. The overall velocities are zero and the
temperatures are at the correct level.

7.10.4 Flow perpendicular to the boundary with combined momen-
tum fluxes (ICC-MTRV)

An important advantage of the ICC-MTRV scheme is that the satmris do not have to
be initialised with the expected flow velocity. Rather, thet &ystem can be equilibrated
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Parameter System
MDS-G \ MDS-L
Convective flux imposition indirect
Insertion algorithm randomly\ modified USHER
New atoms properties based orfFme, Fpc andFec
Removal of atoms outermost one
Momentum correction for removed atoms yes
Energy correction for removed atoms yes
Momentum flux by stress MTRV
Transferred energy flux by stress based orf s anduc
FCCS momentum couplindg-{c < 0) yes
FCCS momentum couplingfc > 0) no
FCCS energy coupling no
NP, 1.0
Equilibrium time steps 10,000 10,000
Simulation time steps 100,000 100,000
Measuring frequencyrf,) 100 100
Averaged overim) 10000 1,000

Table 7.10: Parameter settings for the ICC-MTRV (combined momentum flux) test cases.

to zero velocity, i.e. static fluid, and the applied ICC-MTRWlooundary conditions ac-
celerate the system to the velocity which the fluxes have lsaéulated for. Thus, all
free flow simulations for the ICC-MTRV scheme have started fa@ro overall velocity.

The parameter settings used for the free flow test caseseartadl to those in Table 7.10,
which have been used for the static test case.

For the gaseous state, the system MDFF-G1 has been intedtigau = 1. The pro-
files in x direction at the end of the simulation and the overalues of density, velocities
and temperature are plotted in Figure 7.50. The overallegin the right diagram show
that the velocity starts at, = 0, rises to the expected value wf = 1 and stays constant
at this level for the rest of the simulation. The velocitiaghe other two dimensionsi,
andu, are zero for the entire simulation. The density and tempegadtart ap = 0.1 and
T = 2. While the velocity is growing, the inflow of material from ¢ine left boundary
causes the density and temperature to rise temporarilytbhatconstant flow in the system
is established.

The profiles in Figure 7.50a have been measured during thpdatsof the simulation,
where the constant flow had been established. The profileslo€ity and temperature
show the desired rectangular profile. Only the density grdfds an unwanted peak in the
reservoir region under outflow conditions (see right bouyda

The free flow test cases for the liquid system MDFF-L1 havenlmrformed for the
velocitiesuy = {0.5,1.0,2.0}. The profiles in x direction and overall values of density, ve
locity and temperature are given in Figure 7.51. As for theegas test case, the systems
have been started af = 0.0. For all velocities, the systems reached the desired Wiglec
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Figure 7.49: Profiles in x direction and overall values of density, velocity and temperatuthe
static fluid test case when applying the ICC-MTRV scheme for the flux bamyrzbnditions.

Only for the case withu, = 1.0, is the velocity slightly too lowuy ~ 0.96), by 5%. All
profiles show the expected rectangular shape for each ohthe gjuantities: density, ve-
locity and temperature.

It should be noted that the correction of momentum when rémgoatoms seems not
strictly necessary for the liquid cases. The results waresl identical when the correc-
tion of the momentum transferred along with the removed ataas deactivated. This is
probably because of the high density where the high intergcbetween atoms produces
a much smoother distribution of momentum. Thus, average entuim in the relaxation
zone is very similar to the one in the boundary cell.
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Figure 7.50: Profiles in x direction and overall values of density, velocity and temperatiithe
gaseous free flow test case MDFF-G1< 0.1, T = 2) when applying the ICC-MTRV scheme for
the flux boundary conditions.

7.10.5 Summary of and additional points on indirect convective flux
imposition

The indirect convective flux imposition has been invesadan conjunction with the re-
verse velocity scheme for separated momentum fluxes (ICS\WI'BHRd combined mo-
mentum fluxes (ICC-MTRV). The schemes have been tested fac stad free flow (flow
normal to the boundary) situations. The two schemes peddnvell for the tested veloci-
ties in both, gaseous and liquid, states. Both schemes, th#lTFS/ and ICC-MTRV can
therefore be used as flux boundary conditions.

Even if indirect flux imposition schemes are flux couplingesties in the G- M di-
rection, they cannot be used as pure state coupling schentes iM— C direction. This
is because not the complete set of fluxes, which is provideth&yontinuum solver, is
actually enforced, but only a selected part of the fluxes. rfEn@aining fluxes are imposed
depending on the molecular situation on the boundary. Theesaf these fluxes are in-
tegrated over the cell face and in timé hey must be transported back to the continuum
solver along with the states of the boundary cells.

Table 7.11 gives a comparison of the three investigatedemiive imposition schemes:
DC, ICS and ICC, in terms of which fluxes is used as in or output b&ifor the flux
boundary conditions. Obviously, the DC uses the completefsiuxes for input and no
integrated fluxes are delivered back. Neglecting the hegtdluthe ICS scheme uses only
the fluxes by stress as input data. The ICC scheme can be catsake most ‘extreme’

5In the implemented version of the flux boundary conditiohss ts done automatically and the fluxes
actually imposed are stored in the integrated flux variabl&s
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| Convective Scheme | DC \ ICS | IcC |
convective| Fme Fpe, Fec
input fluxes by stress|  Fg, Fes Fps Fes Fpc+ Fps
(C->M) heat Fq Fq Fq
convective Fme Foe Fec | Fme Fec
output fluxes by stress Fes
(M—>C) heat

Table 7.11: Overview over the in- and output fluxes ofl@irent convective schemes.

scheme, as it only imposes the sum of the momentum fluxedlgirébese can already be
summed up by the continuum solvéf {, s = Fpc + Fps); the ICC scheme then imposes
only a single flux, the combined momentum fléx..ps. This has a decisive advantage
of making it the most robust scheme, because it relies oneti hssumptions about the
molecular situation on the boundary. All other schemesiredhe state of the molecular

system on the boundary to correspond to the calculated valtlés may cause numerical
instabilities if the prescribed fluxes are not adapted fastigh to the changing molecular
state on the boundary. Because the ICC scheme makes no assuaiiut the molecular

situation on the boundary, rather it only applies the piibsdrpressure, it is stable by con-
struction. Therefore, the ICC-MTRV scheme appears to be th& swtable scheme for

the usage in a HSI for coupling of MD and CFD.
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Figure 7.51: Profiles in x direction and overall values of density, velocity and temperatthe
liquid free flow test case MDS-Lo(= 0.8, T = 1) when applying the ICC-MTRV scheme for the
flux boundary conditions.
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7.11 Pressure boundary conditions using ICC-MTRV

The ICC-MTRYV flux imposition scheme can also be useful for b@amdonditions for
pure MD simulation. So far, most MD simulations are carried wsing periodic bound-
ary conditions or walls, made of fixed or tethered atoms, flectng planes. The ICC-
MTRYV flux boundary conditions can be applied equivalentlyptessure boundary condi-
tions in a CFD simulation. One defines a pressufieince across the molecular domain
of 6P = Fpcips — Fperpy, WhereF .4 is for example the momentum flux on the left
boundary and-p.ps, the momentum flux on the right boundary. The flow that develops
between the two sides depends on the pressure dRy@nd the properties of the atoms
that are inserted under inflow conditions. Such pressuradsmy conditions are expected
to be very useful for MD simulations.

To demonstrate the application of the ICC-MTRV flux impositsmtneme for pressure
boundary conditions the flow field around carbon nanotubesT&Mas been simulated.
A CNT is a graphene sheet rolled up to a cylindrical tube. lallgihas a diameter of few
nanometers, but can reach a length of several micromet@3$. [Because of their strength
and flexibility, CNTs are potentially useful for a large numio¢ applications. One is to
weave a fabric or net, made of CNTs, which could be used forifijgourposes [170]. The
design of such a CNT-filter would require the understandinthefflow past an array of
CNTs. To investigate these flows, the pressure boundary womnslvith ICC-MTRV could
be used; and to demonstrate this, the flow of Argon (Ar) pastperallel aligned CNTSs,
which is one of the basic structures of a CNT-filter, was sinaada

(a) Graphene sheet with three chiral vectors (b) Armchair CNT (10,10)

Figure 7.52: Carbon nanotube structure

The basic structural unit of a CNT is a hexagon of carbon (C) atofnsingle layer
graphene sheet is formed by arranging the carbon hexagansano dimensional lattice.
This is shown in Figure 7.52a, where the vectagsand a,, are the basis vectors of the
lattice by which the carbon hexagon must be shifted for argahe sheet. The CNT is
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formed by rolling up the sheet into a tube. Depending on thggeabetween the rolling
direction and the orientation of the hexagortffetient types of CNTs emerge. Usually, the
type is designated by the chiral vectan, ifh), that defines the rolling direction based on
the choice of the integersandm. (Figure 7.52a). Three type are possible; the structure
can be zigzagnd = 0), armchair § = m) or chiral (» # m). The length of the chiral vector
determines the diameter of the CNT. For the simulation hefH), 40) CNT was used. One
section of the (10,10) CNT is shown in Figure 7.52b, where #rban atoms are rendered
as spheres and the covalent bonds as sticks between them.

To simulate the flow of Argon through a CNT-filter, two infinit&(0;10) CNTs were
aligned parallel to each other in z direction. The setup @swhin Figure 7.53. The carbon
atoms of the CNTSs are rendered in black and Argon atoms in rled.c@se is very similar
to the free flow test case. Thefidirence is that, here, two CNTs are placed within the flow.
The size of the simulation box was 255482 A x 10.7 A. Periodic boundary conditions
are applied in the y and in the z dimension. The ICS-MTRYV fluxrimary conditions were
applied in the x dimension on the eastern and western sideswBe the CNTs are aligned
in the z dimension, which is periodical, the beginning of daeh CNT is connected to
its end, making it practically infinite. Within the x,y plandée CNTs are placed at (68 A,
27A) and (68 A, 55A). The rest of the simulation domain wagdillvith Argon atoms at
a density of 1344granycn using the random filling scheme (qg.v. Section 2.2.8).

left boundary (west) right boundary (east)
1 1

0 X =68 u x =255

Figure 7.53: Setup of the simulation for across two parallel carbon nanotubes

The CNTs were modelled through bond stretching and bond bgrabtentials. For
C=C bond stretching, the Morse potential (Equation 2.1.3t)fanC=C=C bond bending
the harmonic potential (Equation 2.1.33) was used. Intenas of Ar-Ar and C-Ar were
modelled by the LJ potential (Equation 2.1.23). The po&midiicients have been taken
from Reference [181] and are compiled in Table 7.12. A timp sfest = 10 fs was used.
All other parameters and settings were identical to theffovetest case.

After the initialisation, the system was equilibrated fO;d00 time steps to a tempera-
ture of 120 K using velocity scaling. During the equilibmatiphase a pressure of §8ne,
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Potential Type \ Codficients ‘

feeco = 1418 A

C=C bond stretching Morse Bc-c = 2.187YA

Dc-c = 114.38kcal/mol

Oc-c-co = 50.35kca/(molrad)
end — 120 deg

ear_ar = 0.238kealmgl

C=C=C bond bending harmonic

Ar-Ar interaction LJ potential

O Ar—Ar = 34 A
. . . ec_par = 0.136keal/ gl
Ar-Ar interaction LJ potential
OC-Ar = 34/&

Table 7.12: Potentials and cdkcients for the simulation of Argon flow around CNTSs.

which is the static pressure of Argon at the chosen temperand density, was applied on
the western and eastern boundaries. To keep the CNTs atrthiak positions, the overall
momentum of their atoms was set to zero at each time stepoviol) the equilibration,
the simulation was run for 100,000 time steps. The pressurih® western side (inlet)
was increased to 160mn?. Because of the pressurdidrence a flow in positive x direc-
tion developed. This is shown in Figure 7.54a; the veloditgs from GY/ps to saturate at
2.156A/ps. The temperature increases slightly, while the densityedses due to the vis-
cous heating. Multiplying velocity and density, the totalilrate can be obtaine@yy),
which is plotted in Figure 7.54b.

B e T B o mn s A SN e e e
[ o *
Uy :3'5 - 250 2
15| 2k ] L
Ws ] ~ |
] n "
i 125 720 S
1L Pt e _Ppone o L G
£ o 1" Zqwsg  §
g N ~ di5x] S
= / 41 77> E’
Q HNM”MNMWMW “’"‘“‘\-m/wW»wnWWJ\MWE . :'x ] 100 E
osk/” E
L/ Jos
7/ —150
N YU USRI ———— |\ ]
ol v v d g dy ol v o v
200 400 600 800 1000 1200 200 200 600 800 1000 1200
time (ps) time (ps)
(a) Density, velocities and temperature. (b) Flow rate.

Figure 7.54: Systems overall values in time.

Contour plots of the density and velocity in x direction wemengrated, using the
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particle-to-mesh method. To this end, a cartesian mesh @&5ID0 grid points was de-
fined within the simulation domain. The CIC scheme was usedd@a the atoms to the
grid points. The calculations were performed every 10tletatep and averaged over 5,000
samples. Figures 7.55 and 7.56 show the fields of density elodity in x direction. The
plots give the situation within the last 50,000 time steplseke the flow had already con-
verged to a steady state. Streamlines have been includegthrplots. From the density
contours, it can be seen that the fluid atoms are aligned gs fiinat form several layers
around the CNTs. Relating this to the velocity contours, omeseee that the fluid atoms
move fastest along the lines of the highest densities.

80
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Figure 7.55: Density field of the Argon flow past two CNTSs.
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Figure 7.56: Field of velocity in x directionpy, of the Argon flow past two CNTSs.
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CHAPTER 8

Conclusions and Future Work

8.1 Conclusions

The MD flux boundary conditions for the usage within a MD-CFbhgt method were
investigated in detail. The heart of the MD flux boundary ssithposition of the convective
mass, momentum and energy fluxes as well as the momentum argy dluxes by stress.
This PhD is the first structured approach for a direct congparibetween dierent flux
imposition schemes. Three schemes for convective flux itippsvere considered: the
direct convective flux imposition (DC), indirect convectiflex imposition with separated
momentum fluxes (ICS) and indirect convective flux impositiotihh combined momentum
fluxes (ICC). For imposing the momentum fluxes by stress, fouerses were considered:
momentum flux imposition by reflective plane (MTRP), momentilux imposition by
external force (MTF), momentum flux imposition by direct gty change (MTDVC)
and momentum flux imposition by reverse velocity (MTRV). TM&DVC scheme has
identical characteristics as MTF. Energy fluxes by stressdatermined by the employed
momentum flux imposition scheme.

Several combination of convective flux imposition and motaenflux by stress im-
position schemes were investigated. The combinations B&@&MTRP, DC-MTF, DC-
MTRYV, ICS-MTRV and ICC-MTRV were used as flux boundary condis@nd tested for
standard flow situations atfeierent speeds in gas and liquid phase. Since the motivation fo
this work is in investigating the functionality in princglthe generic Lennard-Jones 12-6
was used for all performed simulations. It is reasonablessume that conclusions also
apply for other material models. The employed standard fiavaons were: static fluid,
flow parallel to the boundary and flow normal to the boundaryr tésting the standard
situation of flow parallel to the boundary, a Couette flow wassem. To simulate the flow
normal to the boundary, a free flow test case was used, whexedroutflow conditions
were tested at the same time.

Static situations

It has been found that all investigated combinations of flapasing schemes were suit-
able for the static situation, for gaseous and liquid pha3és combination DC-MTRV
was also successfully tested for the solid phase. The mammefitix imposition by an
external force (MTF), which has been used in all previousiplighed hybrid MD-CFD
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methods, was investigated in more detail. The applicatidhestatic pressure by an ex-
ternal force generates a relaxation zone in which the defedis from its bulk value to
zero. Because fluid properties change with the density, g shaarsition is preferred. The
employed weighting function for the distribution of the exxtal forceF®** was the most
simplest oneg(r;,v;) = 1, where the characteristics of the relaxation zone onleddmn
the number of atoms onto whidk*tis applied.

A number of conclusions for the MD flux boundary conditions t& drawn from the
investigation carried out:

¢ It has been found that the most suitable parameter to desitrdbonumber of atoms
onto which the fluxes are applied is the interaction deptbemgin atomic layera\pP,,
which is a non-dimensional parameter.

e The relaxation zone widthjl,, increases with increasing interaction depti,.
Based on an energy balance, a theoretical model for the d¢bastics of the re-
laxation zone has been derived. Using the moélglcan be obtained fromiP, by
Equation (7.8.17):

NP, n§ keT in 905

TP oo

Though the model does not take into account interatomicgant®ns and should

therefore strictly only be applicable for gases, the reiaxazone width,sly, pre-

dicted by Equation (7.8.17) agrees well with the measuréaegafor gaseousp(=

0.1, T = 2), supercritical4 = 0.8, T = 2) and patrtly liquid 6 = 0.8, T = 1) states.

Equation (7.8.17) can be used to calculate the expectexateda zone depth when

applying an external force onto the boundary. In fact, thiaat only useful in the

context of hybrid MD-CFD methods, but in all situations whare external force
field is applied to an MD simulation.

dlp

The model also predicts the relaxation density profile onktbendary by Equa-
tion (7.8.16):

PAy
Nmode(X) = 0.95np & ke, (8.1.1)

Excellent agreement of Equation (7.8.16) with measureditieprofile was found
for the gaseous statp & 0.1, T = 2). No agreement was found for the liquid and
supercritical state. A linear relationship is suspectdwben the inverse maximum
gradientimg,, andNP,nt/>.

e Theoretical considerations and test simulations carrigdrothis work have shown
that any attempt to reduce the size of the relaxation zonesyguconfinement
schemes are not energy neutral when used in conjunctionthgtmomentum trans-
fer through an external force (MTF). This is caused by thepil energy field that
is generated by the external forde&®*. Thus, such confinement schemes should not
be used, which poses a deficiency of the MTF scheme, since Biginer energetic
atoms can travel ‘far’ into vacuum beyond the boundary.
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Using the MTRV scheme for transferring the momentum flux logss, the density
profile on the boundary is very sharp; thus, the MTRV schemoalshbe preferred.

Flow parallel to the boundary

For the situation of flow parallel to the boundary, no net ntesssfer takes place. This
flow situation has been investigated on the example of the i@oflew, with the boundary
aligned in flow direction, for all direct convective flux comhations DC-MTRP, DC-MTF
and DC-MTRV. For the simulation of Couette flows, all direct wective schemes gave
good results. The measured profiles of density, velocitytamgperature agreed well with
theoretical models in all performed test cases.

Flow normal to the boundary

The situation of flow normal to the boundary is the modficlilt to handle for flux imposi-
tion schemes. Based on the simulations that have been cautied number of conclusion
can be made:

The combination DC-MTRP was only stable for slow flows normah@boundary,
where the external kinetic energies are insignificant cortb#o the internal kinetic
energies.

The combination DC-MTF can produce stable flux boundary d¢andi. However, it
is not possible to transfer the prescribed energy Hgpnor can the actual transferred
energy be measured. The reason is that the external féftaised in the MTF
momentum transfer scheme generates an energy field. Whetingsa removing
atoms through inflow or outflow conditions the energy fieldharged and, therefore,
the energy of each atom onto which the external force acthasiged too. For
this reason the DC-MTF scheme is not the ideal combinatiovidrflux boundary
conditions.

The momentum transfer by reverse velocity was developedaesop this PhD to
overcome the problem encountered in the application of #termal force. The
DC-MTRV combination gave the best results for free flow caodd of all direct
convective schemes.

Both investigated combinations for indirect convective fluposition schemes, ICS-
MTRV and ISS-MTRYV, showed a good performance for all free flested cases.
The ICC-MTRV combination is the only flux scheme for which theefrflow test
case could be started from a system at rest.

The ICC-MTRV flux imposition scheme can be used to generatesprepoundary
conditions for MD simulations.

For solid phases, the USHER scheme [39] was not able to firedtios sites with
the desired energy level. The modified USHER, which has beezlajged as part of
this work, finds new insertion sites on the surface of a mdée@ystem’s boundary.
The new scheme proved itffectiveness andficiency in the performed test cases
for the solid phase of the DC-MTRYV flux boundary conditions.
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Most suitable combination of flux imposition schemes

Finally, the question of which scheme is the most suitabi®D flux boundary conditions
can be answered. After having testeffetient combinations it can be reasoned that the flux
imposition scheme ICC-MTRYV is the most suitable scheme forraber of reasons:

e Because of its construction, the scheme is the most stablarh&vill give in any
case a solution based on the applied pressure and propsrtiesinserted atoms.

¢ The indirect convective flux imposition avoids elegantly @noblems that may arise
from small diferences between the prescribed fluxes and the actual floatisiion
the boundary.

e The position of the interface is always fixed through thenectimass flux imposition.

e The momentum flux imposition by reverse velocity gives tharphst thus best den-
sity profiles on the boundary.

e The modified USHER scheme inserti@ently atoms on the surface of the bound-
ary.

Using the MTRV scheme, the relaxation zone is sharper traorks obtained by the MTF
scheme.

8.2 Future research

1. Investigate further potential combinations of flux impios schemes, such as indi-
rect convective fluxes with momentum transfer by force (ICBRY

2. Perform further tests with the flux boundary conditiomsinvestigate their perfor-
mance when subjected to dynamic flow situations, such asveasal or longitudinal
waves.

3. The currently implemented version of the MD-flux boundeoyditions is only se-
guential. However, practical multiscale simulations liegjthe use of massive paral-
lel computing power. Therefore, it is necessary to develparallelised version of
the MD flux boundary conditions. Unfortunately, there arsmedundamental prob-
lems. One is that the MD codes, like LAMMPS, divide the engiraulation domain
into smaller cubes, which are each computed by one proceldsang flux bound-
ary conditions, these cubes will overlap with the cells & tdontinuum grid on the
boundary. A number of complicated arrangements betweetwiherids are con-
ceivable, which will cause problems for imposing the fluxdslevstill maintaining
the speed advantage of the parallel code. Additionallgringg or removing atoms
near the boundary of the processor cubes must be concertfdllyawith adjacent
processor cubes because of potential situations in whiclatams are inserted inde-
pendently by two processors within interaction distandais "vould cause, at least,
inaccurate energy transfers or, at worst, a crash of thelaiion through extremely
high energies of very close inserted atoms.
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4. This PhD is part of a research program on multiscale miodellsing hybrid MD-
CFD methods. After, the MD flux boundary conditions have baeassfully ver-
ified for standard situations with constant continuum fluxke next logical step is
performing a fully coupled MD-CFD simulation. The envisadest case is the dy-
namic friction problem. Here, two blocks of solid materiitle along each other
with such a high velocity that the material at the frictioteiface melts. This causes
the appearance of several phenomena such as the dynanainognf the friction
codficient, material mixing, shear waves and plastic deformatiblo continuum
formulation is available to model the physical processéeainterface. At the same
time, due to the heating of the interface which results inalsWw temperature pro-
file, one would require a very large physical domain size raytmthe interface in a
pure MD simulation. Thus, the dynamic friction problem iseayvgood test case for
hybrid MD-CFD methods. To achieve a fully coupled simulatiamumber of issues
must be resolved. These include methodological ones, tikesynchronisation of
the MD and CFD time integration schemes to obtain a stablelic@y@and practical
implementation issues, such as the information transfevden the MD and CFD
solver, the implementation of the correct constitutive auns in the CFD solver
and the parallelisation of the MD boundary condition.

5. Perform fully coupled MD-CFD simulations for channel flougsich as Poiseuille
flow.

6. Extend the MD flux boundary conditions to the convective i molecules. This
would require the adaption of the modified USHER scheme toifis€rtion sites of
molecules.
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APPENDIX /\

Mathematical Notation

In this section, the mathematical which are used in througtias document are defined
for the sake of completeness.

Dot product of two vectors

by
a-b=a'b==[a, a a || b [=ab+ab +ab,
b,
Cross product of two vectors
axb=|a, a a |=]| abi—ab;
by by b axby — ayby
Tensor (dyadic) product of two vectors
ax abyx adby adb,
agb=ab'=|a, || b b b |=|ab ab ab,
a ab, aby, ab,

Nabla operator

0 0 0
veid 9 .9
IaerjayJr 0z

Gradient of a scalar

of

ox

— _| of
gradf = Vf = %
of

0z

A-1



A-2 Mathematical Notation

Gradient of a vector

grada = Va=a®V=av'

a1 o0X oy 0z

- | a [ 9 9 9 ]_ day day  Oay

- 2 ox dy oz || Bx By oz

& day 08 da

ox oy Jz

Divergence of a vector
dva = V-a=V'a
a

_ [a 3 a] 3 _5ax+5ay+5az
= ot - o > = — —_— -

ox o0y o0z 2% OX Gy oz

Divergence of a 2nd order tensor

dayy + dagp + dai3
1 Q2 A3 X ay 9z
O0agy | Oagy , 0ags

V-A= dp1 dpo A3
dz; agz2 Aag3

0X ay 0z
dag1 + daz + Oas3
ox ay 0z

NESIESEES
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APPENDIX B

Coupling Test Cases

| Molecular system type p T  Phase L, L, L: Nt |
MDS-G static 0.1 2 densegas 120.6 215 215 5600
MDS-L static 08 1 liquid 60.3 10.8 10.8 5600
MDS-S static 1.2 1 solid 52.7 7.5 7.5 5600

MDCF-G Couetteflow 0.1 2 densegas 120.6 79.37 4.8 1644
MDCF-L1 Couette flow 0.8 1 liquid 31.7 317 4.8 7871
MDCF-L2 Couette flow 0.8 1 liquid 31.7 635 48 7871
MDFF-G1 freefow 0.1 2 densegas 120.6 215 215 5600
MDFF-L1 freeflow 0.8 1 liquid 60.3 10.8 10.8 5600

Table B.1: Dimensions and general parameters of the molecular domains that havedeekfor
coupling test cases: densjty temperaturdl, simulation box size in three dimensiohsand total
number of atom$\qt. The first column contains the identification name of the test cases. All values
are given in LJ-units (compare Table (6.1)), i.e. densit&%ntemperature ir/kg and length ino-.

| Molecularsystem o T D |u. T |
MDCF-G 01 2 7710 211
MDCF-G 01 2 77|20 244
MDCF-L1 08 1 29405 1.04
1
1

MDCF-L2 0.8 61.1 1.0 1.16
MDCF-L2 0.8 61.1 2.0 1.64

Table B.2: Velocity ue and temperatur&, on the HSI, calculated by the analytical model for the
Couette flow test case based on the thickness of the fluid IByeXJl values are given in LJ-units

(compare Table (6.1)), i.e. densitygig, temperature ig/kg, length ino- and velocity in \/%

B-1



