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Abstract

We have modified Daresbury Laboratory’s replicated data strategy (RDS) parallel molecular dynamics (MD) package
DL_POLY (version 2.13) to study the granular dynamics of frictional elastic particles. DL_POLY [Smith and Forester, The
DL_POLY_2 User Manual v2.13, 2001; Forester and Smith, The DL_POLY_2 Reference Manual v2.13, 2001] is a MD pack-
age originally developed to study liquid state and macromolecular systems by accounting for various molecular interaction
forces. The particles of interest in $hétudy are macroscopic grains in pharmaceutical powders, with sizes ranging from tens
to hundreds of microns. We have therefore sitiled the molecularnteraction forces witltontact forces (including linear-
dashpot, HKK interaction forces and Coulombic friction) while taking advantage of the RDS scheme. In effect, we have created
a parallel Discrete Element Simulation (DES) code. In this paper, we describe the modifications made to the original DL_POLY
code and the results from the validation tests of the granular dynamics simulations for systems of monodisperse spherical par-
ticles settling under gravity. The code can also be utilized to spadgiiicle packings generatethwniaxial compaction and, in
some cases, simultaneous application of shear, at constant strain.
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1. Introduction

Granular materials are found everywhere around us—common examples being salt, sugar, sand, rocks, agri-
cultural grain among many others. As a result, they happlications in variousnidustries: pharmaceutical,
construction, agriculture, food and cosmetics. Despite their ubiquity, the properties of these materials are still
not very well understood due to their ability to demonstratkdvior associated with solids, and fluids, depending
upon the external forces appli¢8]. An example of the multiphase behavior of granular materials is a vibroflu-
idized sand bed. Depending upon the driving aeedlon, the sand will remain compacten|(d phase), or be a
partially or completely fluidized sand befliufd phase); in the former case, the fluidized boundary layer sits on a
compacted layer of sand particls4]. Granular materials are loosely defined as agglomerates of particles whose
sizes may range from microns to tens of meffgs Granular materials can be of two types: dry non-cohesive or
cohesive agglomerates of particles. Interactions for the latter are determined by constituent particle sizes along with
the presence of interstitial fluid of non-negligible visitp®r surface tension, which results in force contributions
from van der Waals forces or liquid bridges (produced by surface tension due to presence of a thin liquid film on
the surface of the grains). We are interested in studyigghdn-cohesive granular maigls where the interstitial
fluid plays a negligible role in determining the behavior of the system. The constituent particles interact solely
via inelastic mechanical contacts. The inelasticity of the contacts arises primarily due to the existence of surface
friction, which couples the translational and rotational degrees of freedom.

The pharmaceutical industry daily handles large voluofagranular materials, in the form of pharmaceutical
powder blends, for the production of drug tablets that are currently one of the most common drug delivery forms
[6,7]. The tablets are generated dyuble-ended uniaxial compt#mn of the pharmaceutical blerjd,7]. The phar-
maceutical blends are a complexture of the drug powder along with exéénts, such as binders, disintegrants
or diluents. During the uniaxial coraption process, the pharmaceutical pewllend in the tablet press is com-
pressed by the upper and lower die punches with the binakicfes gluing the other blend particles together,
forming a tightly bound compact mass. Prediction of powder properties across length scales can be made via either
a top-down or bottom-up approach. In the former, the macroscopic behavior of the blends can be described by
various constitutive relations, depending upon the assiomgpmade about the powder particle properties, and the
experiments conducted for the characterization of the bulk powder prod8riE3]. We are interested in the latter
approach, i.e. to obtain the constitutive relations for these powder blends by making extrapolations of the behavior
observed from simulating the microscopic propertied dynamics of a small but representative number of blend
particles.

We have studied dry non-cohesive powders, whosetitoast particle sizes range between 10 to 1000 microns,
with emphasis on pharmaceutical powders. The particlesgss both translational and rotational degrees of free-
dom, in other words the particles are able to rotate about their centres of mass. The particles interact with one
another at their points of contact via elastic and viscoelastic interactions. We have also considered the surface fric-
tion acting at the interparticle contacts to reduce theixeanotion of the contacting surfaces while simultaneously
coupling the translational and rotational degrees of freedom of the contacting particles.

The nature of the physical interaction between thetiples in a pharmaceutical powder would not allow us
to utilize standard molecular simulatis packages without considerable niigditions. However, constructing an
efficient granular dynamics code fromsi principles would be an unnecessdunplication of time and effort. We
therefore modified Daresbury Labavay’s parallel MD package DL_POLY1,2] so as to enable us to develop a
DES[11] to study model pharmaceutical granular systems. Tagwvation behind doing so was to take advantage
of DL_POLY’s infrastructure to support parallel simulations of many-body systems in 3D. In this paper, we present
changes made to DL_POLY to study a system under the effect of an external gravitational force acting along the
z-direction, and optionally, constant strain shear and uniaxial compagtidingction). We describe modifications
made to DL_POLY in Sectio, we present some results in Sectand we provide a discussion of our work in
Section4. In this paper we will provide results from some validation tests which have been carried out to ensure
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that our simulations are physically consistent with existing theoretical and computational $ii#iéd] and
some benchmarks which demonstrate the scaling of the execution time with the system size.

2. Madificationsmadeto DL_POLY

This section provides details of changes made to DL_POLY. We have divided this section into six subsections
which address the following issues: the initialization ghar reading the input filesieighbor list calculations;
force field calculations; external field calculations, integration of equations of motion and writing to output files.

2.1. Description of system

Fig. 1is a schematic diagram of the system of particles (labeled T2) bounded alopglitteetion by twoz-
surfaces. The-surfaces are generated by constraining the ceofengss of identical particles lying on it. Particles
forming the lower and upper surfaces are labeled as typead T3, respectively. The siem is periodic along the
x-andy-axes. The motivation behind our implementation of these boundaries is to simulate the effect of the simu-
lation cell being a part of a large 3-dimensional system of particles, while simultaneously introducing granularity to
the compacting surface. The type of each parficie stored in an arrageyt ype(i) . The particles on the upper
and lowerz-surface are constrained. The contacts betweeryhe T1 and T3 particles, at a microscopic length
scale (particle diameters), with the type T2 particles are modeled using the same force models as those for the
contacts between the type T2 particles. However, at a macroscopic length scale, the surface particles should behave
as a part of a reservoir of identical particles which famsolid object, in this case the compacting die. Therefore,
we make the assumption that the surface particles (types T1 and T3) do not interact with other particles of the same
type. During the gravity compaction phase, the typepatticles settle under acceleration due to gravity onto the
lower z-surface (or, type T1 particles). If the objective of the simulation is to study the effects of compaction and/or

g— T3

| [——= T2

—T1

Fig. 1. Initial snapshot of 1000 monodisperse spheres accelerating due to grédatynded by twa-surfaces which are modeled by monodis-
perse spheres arranged in a squareck&ttThe system is periodic along the and y-axes. The three classes of particles in this system have
been labeled: T1 and T3 particles constituting the lower and upparfaces, respectively, and T2 pag& constituting the particles pouring
onto the base.
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shear on the T2 patrticles: either or both of the upper and laveerrfaces will begin to uniaxially compact and/or
shear the type T2 particles.

2.2. Input files

The simulation code requires thragut files, which are very similar in name and functionality to those for
DL _POLY: CONTROL, FI ELD and CONFI G. The CONTRCL file stores details relating to specifications perti-
nent to each phase of the simulation (gravity compactioimxial compaction and/or shear) such as the number
of iterations, the integrating time stép and the various rates of output intervals (for the different output files)
along with the total simulation run time. THd ELD file stores external force details such as the value for the
gravitational acceleration, the shear aminpaction strain rates and the intarficle interactio parameters. The
interparticle interaction parameter values are read into a three-dimensionatatraynt (ki , kj , k) , where
1<k <6, andki =key_int(i),kj=key_int(j) are particle interaction type indices (for particleand
j ) such that I< Ki , Kj < Ninttype- Ninttype iS the total number of particles with different material properties and
key_int (i) isthe interaction type array which stores thé&raction type of each particle depending upon its
material parameters. Thgar set . f routine will read the input files to assess the size of the various run time
arrays. Once the arrays have been declared, the modified DL_POLY subraitimgsf . f , sysdef.f and
sysgen. f read theCONTROL, FI ELDandCONFI Gfiles, respectively, to assign values to the simulation arrays.
For example, th@ar set . f subroutine is invoked to determine the dimensions ofahe_i nt (ki , kj , k)
array before data from thEl ELD file are stored in the array. Relevant sections of the subrostysalef . f
which store the interactioparameters in the arrant _i nt (i, j, k) are provided imppendix Aand are anal-
ogous to the subroutineysdef . f in DL_POLY. The variable$ r owrex, i col nax andi par max are read
from theFI ELDfile; i r owmax andi col max are equal tQVinttype andi par max = 6, following the discussion
above. Each processor is assigned an index number which can be accessed through the integérdrasidédle
The processor with dnode = 0 is responsible for reading and writing files, unless explicitly mentioned. The
designation of the input/output operations to the various sedkbe discussed later in this paper. The segment of
code shown iAppendix Ais within anl f statement which ensures that fAeEL Dfile is read until the end of file
is reached. ThE€ONFI Gfiles contain individual particle information such as the massliameterd, moment of
inertia about an axis through the centre of mass andrdics variables, namely, the position, linear and angular
velocity vectorsy, v andw, respectively. As merained earlier, the subroutisg/sgen. f reads theCONFI Gfile
to assign values to the arrays storing individual particle information.

We would like to readdress the issue of designation of the input/output operations: one of the processors is
assigned the task of reading each line of the input files anidtdising it to the remainig processors (the subroutine
getrec. f is invoked for this purpose). Each node will prosesach line to store the relevant information in
the appropriate variables. This procedure is folldwehile simultaneously adhering to the RDS paradig®+—

18]. We have retained DL_POLY’s philosophy of allowing a simulation to be restarted from the point it was
terminated through the help of tHREVCON file. The REVCON file allows a simulation to be restarted from the

point it stopped running, and is used in the place of @@FI G file in such situations. Th&EVCON file is
periodically updated (via theevi ve. f subroutine) with the most current simulation details, such as the number

of timesteps elapsed and dimension of the simulation cell, along with the current values of the particle dynamical
variables. The format of thBREVCON and CONFI Gfiles are very similar except théhe former has information

on the number of iterations elapsed at the end of the last simulation run, the integration time step and, in the case
of parallel simulations, information which is locallyosed on each processor (for example, individual particle
dynamical variables essential for calculating interparticle contact forces and neighbor list information).

We have provided the relevant segments of the subrosijisgen. f in Appendix Bfile which reads £ONFI G
file for a restarted simulation (generated fronfREBVCON file) and distributes it fordcal storage to each of the
processors. In contrast to the original DL_POLY code, the variablecf g tracks whether a simulation is new
or restarted from a previous run; for a restarted simulatiemcf g > 0. As mentioned earlier, the subroutine
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getrec. f reads lines (stored as a strings) from the input files and distributes the string to the other nodes for
processing. The variabled_cur (0 <id_cur < nodenx- 1, nodenx is the number of processors used for

the parallel simulation) stores the index of the processor which has to locally store the information in the following
lines of theCONFI G file. The variablel i tracks the local processor index of a particle whose information is
being read and locally stored on the processibrcur . The integer variable is the global index of the particle
which has a local indeki on processord_cur . The global indices of the particles were used by the subroutine
revive. f towrite particle details to thREVCONfile. The integer arrayisen_br (ii) andl entry(ii) store

the number of particles in contact with and residing in the neighbor list of, pairticleespectively. This procedure

is repeated over all theodenx processors and for all the particlies whose information is stored on each of the
processors. A discussion related to the subrouteei ve. f which writes to theREVCONfile is provided in the
section dedicated to output files.

2.3. Neighbor list calculations

As mentioned earlier, the particles in the system entewith one another via mechanical contacts, therefore a
given particle indexed will interact with those neighbors index¢dwhich lie within a sphere of diametéx
(di aneter (i) +dianeter(j)).ForasystemoN particles, the process of having each particiehecking
with the remainingV — 1 particleg to test whether the particles are in contact or not will result in approximately
N(N — 1)/2 computations, assuming symmetry in the interaction criteria test. Hence, neighbor lists are essential
for efficient computations of interaction forces, and ae¢edmined by the nature of the interaction between the
particles whose trajectories are being simulated by the MD technique. Typically, neighbftdstae utilized
to reduce the computation time spent by each particle ferdening its inteaction partners depending upon the
existence or non-existence of contacts. We use the link cell mdi$a0] to calculate the neighbor list and
appropriately select the dimensions of the link cells so that the neighbor list does not have to be recomputed at
each iteration. For our application, the @insions of the link cell are approximatelyax + rskin, Wheredmax =
max(% x (di aneter (i )+dianeter()),(i,j =1,...N))is the largest interaction diameter angi, is the
distance which we use to control the frequency with which the neighbor lists are recomgytgd.about 1% of
the smallest particle diameter. We take caution not to maketoo large, otherwise the frequency of recomputing
the neighbor lists will decrease. Given the criteria used in determining interactions, frequent checks are needed to
determine the existence of contacts. At each iteration, we use the subreetibest 1. f from DL_POLY to
check the necessity for recalculating thégidor list. We use the DL_POLY subroutipar | i nk. f to calculate
the neighbor list of particles residing on each procegsarew neighbor list requires updating the arrays which
store interparticle contact information pertaining to the tangential force calculations and the state of the contacts.
This point will be further addressed in following section.

2.4. Forcefield calculations

The molecular force field computan routines in DL_POLY have beenpkaced in our code by routines which
address force field calculations pertinent to granular materials. The physical interactions at the contacts between
the particles are modeled by normal and tangential elasticity and viscoelasticity, and macroscopic surface friction.
This section summarizes the physical interactions modeled followed by details of the subroutines which carry out
the relevant computations.

Fig. 2is a schematic diagram of two particleand j which are in contact with one another. During the contact
between particlesand;, there are two relevant directions which wdktermine the forces acting on each particle:
the normal and tangential directions, represented by unit veﬁtpmdfij, respectively. The overlap along the
normal direction is given by, as shown inFig. 2. There will be an analogous extension along the tangential
direction denoted by,. The relative velocity, at the point of contact on the surface of particlesd is given
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Fig. 2. Schematic diagram of a contd&tween two deformable particlesand j, indicating the normal and tangential deformations, and unit
vectorss, andé;, andv; ; andw; ;, respectively.

by

w=w+w+<§w+§w0. (1)
The forces acting on particlésand j will depend upon the degree of deformation and the rate of change of the
deformation with time.

2.4.1. Normal interactions

The normal forced;,, acting on particles andj are due to the elastic restoring force and a dissipative force
due to the viscoelasticity of the materials. The elastic restoring force may have a linear dependence on the normal
deformations,, [11] which is represented by the linear spring-dashpot mieP?2]

Fy =kpd, + Vngw 2

A more accurate representation of the normal elastic restoring forces resulting from the contact between two spher-
ical particles is given by thé power dependence of the normal force on the normal deforméti@nd these
contacts are called Hertzian contaf@8,24] The Hertz—Mindlin model captures this elastic behavior along with a
linear viscoelastic term by the following normal force model

3/2 :
F, = Kn(sn/ + Vubp. (3)

However, a study25] has shown that the Hertz—Mindlin force results in an anomalous behavior of the particles:
namely, the normal coefficient of restitutiejpapproaches 1 as the impact speed approacheskzera,) o v., ,}/ 5,
contrary to experimental eviden{26,27] Further work[28,29]has developed a more accurate representation of
the normal elastic restoring force which is knowntlas Hertz—Kuwabara—Kono (HKK) model. The HKK model
results in the normal coefficient of restitution satisfying the functional relatione;,) vclfnS which has a higher

degree of compatibility with experimental resUte$,27]and has the following form

3/2 1/2 ¢+
F, = Kn(sn/ + Fn(sn/ Sns (4)

wherek, andk, are elastic force constants which depend upaterial properties such as the Young’s modulus
E and the Poisson’s ratio, and the particle radiu® through the following relationk, = %Eeﬁ./Reﬁyn with
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1/Eeff =1/E;+1/E; and }/ Rest = 1/R; +1/R; [21-23] y, andT;, are viscoelastic constants. can be obtained
from«, via dimensional analysig, can be substituted by the normal component of the relative vebagifyq. (1).

Our simulations have primarily used the HKK model to calculate the normal forces at the particles contacts due its
better agreement with experimental results.

2.4.2. Tangential interactions

The tangential force; acting at the contact surface between parti¢lasd j is modeled via a linear elastic
restoring force and a velocity-dependent dissipative component (attributed to tangential viscoelasticity). This form
of F; is analogous to that faF,, in the linear spring-dashpot model, as shown below

Fy = k6, +J/t<§t, (5)

wherek; andy; are the tangential elastic and viscoelastic dissipative constants, respedtivatyl 5, are the
tangential elongation and the time rate of change of the elongation, respectively, at the currenttirosler

to calculate these two quantities, we have to keep ardegbthe tangential elongation for each contact at time
t — &t and update it with the change in the elongation during the time intervadr and¢. We have used the
tangential component of. Eq. (1) in the place ofs;. As it is unphysical to allow the tangential elongation to
increase unbounded, we have used Coulomb’s law of frig80hto determine the tangential interactions at an
interparticle contadi31]. Coulomb’s friction criteria acts to bound the values of the tangential contact fpraed
elongations;, as shown below. When the normal and tangential forces satisfy the following relation

Fr < ustathn, (6)

where ustat is the coefficient of static friction, static friction is said to act at the contacts such that the relative
velocity v, Eq. (1), is zero, i.e. the contacts are non-sliding. During the non-sliding phase of the contacts, the
tangential force takes the form given by K§). When the particle surfaces participating in a contact begin sliding
over one another (i.e. when E®) is no longer satisfied), sliding friction acts at the contacts to reduce the sliding
(non-zerov,) to zero[23]. The tangential force takes the following form

Fr = _N«anSigr(Uct), (7)

wherep is the coefficient of kinetic friction and,, is the tangential component ef. The tangential elongation
is adjusted appropriately so that the tangential contact fBreatisfies Eq(7).

2.4.3. Implementation of contact force interactions

We have developed a subroutine caltsmht act _f or ces_hkk. f which calculates the normal and tangen-
tial contact forces between the particles adhering to the HKK contact model eq(&timmd the linear dashpot
model equatior({5), respectively. At each iteration and for every possible contamtt act _f or ces_hkk. f
computes the values 6f, ; andén,[ at the current time. As a consequence of these calculations, the subrou-
tine cont act _f orces_hkk. f requires the particle position, linear and angular velocity vectors at time
DL_POLY uses the Verlet leap-frog integration scleemhich computes the values of the position, linear and
angular velocity vectors at time+ ‘37’ We use a slightly modified integration scheme which computes the po-
sition, linear and angular velocity vectors of the particles at the currentstimeis will be discussed in further
detail in the section dedicated to the integration of the equations of motion. We have provided relevant segments
of the subroutineont act _f or ces_hkk. f , interspersed with algorithms, Bppendix C Following the RDS
paradigm, each processor is responsible for calculatingtegparticle forces and tques, and updating the total
force and torque acting on each of the particlesaoltfall into its domain of responsibility. For all thexnode
processors, each processor, indexddode, uses a local indeki to refer to the particles it is responsible for.
Information germane to these paltis can be accessed globally by the indeXhe integer arraykent ry (i i)
andl i st (ii, k) reside locally on processordnode, and store the number of particles and the global indices
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of particles, respectively, which are on particie’s neighbor list i st (i i, k) . For example, particlg is thekth

of thel entry(ii) neighbors of particléi . These two integer arrays are calculated inghe | i nk. f sub-
routine. The details associatedth every contact between partidlé and itskth neighboj = list(ii, k)

is stored locally on processoidnode and is referred by the local indéx. As a first step to determining the
interparticle forces and torgsethe interparticle distances associated with each df kheontacts are determined

in a manner which is mindful of the 2Depiodic boundary conditions used in thensllations. In the second step,
normal and tangential elongatioids, and their rate of change with timi&;m are computed for further calculations

of the normal and tangential contact forcgs,and f;, for thei kth contact. As mentioned earlier, the tangential
force calculations require a record thie changes in the tangential elongation between two successive iterations
for each contact as this is, in turn, used to determine theeotitotal tangential elongjan for the entire duration

of a contact. We have introduced arrajtsxol d(i i, k),dtyol d(ii, k) anddt zol d(i i, k) which store

the 3D Cartesian components of the tangential elongation for a carkaottween particles andj . Details of
contact k is stored locally on the processor responsible for either or both of the paitieledj . The subroutine
tangenti al _el ongati on. f computes the tangential elongationweén successive iterations and is called

by the subroutineont act _f or ces_hkk. f to assist in the calculations of the tangential contact force. The
nature of the contact is determined by the Coulomb’s friction criteria leading to possible changes in the values
of the tangential contact forcg and elongatios;. Contributions to the total particle force and torque are deter-
mined from the contact force computations. In the final step, the interparticle contact force details are written to
the FORCE_HI STORY file, and the contact statistics are written to @@NTACT_HI STORY file.

The history of the tangential contact details is essential for determining the tangential forces due to the type of the
tangential force interactions we have chosen to use while modeling microscopic contacts. Unless a contact between
two particles ceases to exist, the arrdysol d(i i, k) ,dtyol d(ii, k) anddt zol d(i i, k) mustalways be
updated to the current state of the contacts. There is a need to synchronize the updates of the tangential elongation
arrays with those of the neighbor lists. We have introduced a subroutine talteggent i al _adj ust nent s. f
which updates the arrays storing the tangential elongation details of every contact while simultaneously ensuring
that contact details are not lost with each neighbor list update.

2.5. External field calculations

The physical systems of our interest do not require the use any of the external force options presentin DL_POLY,
with the exception of the gravitational force. Typicatemal forces acting on a pharmaceutical powder blend, in
a tablet press, are gravity and those arising from constant strain uniaxial compaction. We have introduced modifi-
cations into DL_POLY to account for the latter along with constant strain shear, to enable us to study the particle
packing evolving from the simultaneous applicationteéar and uniaxial compactiamn the powder compacts. We
can use the code to study three different systems: (1)ipgok particles under acceleration due to gravity; (2) uni-
axial compaction of the particles, and (3) simultaneous uniaxial compaction and shear of the particles. Systems (2)
and (3) can use the final spatial configuration of the particles generated via (1) as their initial spatial configurations.
In the following subsections, we describe in some detail the implementation of the various external factors which
act on the patrticles.

2.5.1. Gravity compaction

Fig. 1 shows the initial configuration of a typical system which is simulated by our code with the three types
of particles described earlier on. For simulations studying the formation of particle compacts by gravitational
compaction of a collection of particles the external force:ggwhereg is the acceleration due to gravity. Type
T2 particles experience gravitational acceleration wheréhe type T1 and T3 particles do not. The gravitational
compaction simulations will run until the average kinetic energy of the particles falls below b0 the initial
average kinetic energy or the prescribed number of iterations have been completed. The gravitational force is
assigned to act on the type T2 particles in the subrowatkieer nal _f orces. f.
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2.5.2. Constant strain shear and/or uniaxial compaction

In the physical systems of our interest, constant strain (or speed) uniaxial compaction and shear are applied
after the type T2 particles have undergone gravitational compadtignl). We have implemented constant strain
uniaxial compaction and shear by introducing predefinéalcitées for the particles of the top and bottom surfaces
Viop andvpot, respectively. The-components of the particles forming the upper and lower surfa@s andvpot,)
are the constant strain rates at which uniaxial compaction occursc-Tlecomponents of the particles forming
the upper and lower surfacesd, , andvpot, ,) are the constant strain rates at which the type T2 particles in
contact with the type T1 and T3 particles are sheared. The valuag@p, , . are provided in thé=| ELDfile.
The type T1 and T3 particle velocities are assigned the valuesogbp, | . in the subroutine which handles the
integration of the equations of motion.

2.6. Integration of equations of motion

We have adhered to the same algorithm utilized by DL_POLY for integrating the equations of motions of the
particles: the Verlet leap-frog algorithfh,2,19] The total forceF; and acceleration; acting on each particle
with massn; is calculated

Fi(t) = fij(t) + Fex(®), (8)
J

Fi(1)
a()=—-, )
1
wheref;; is the force acting on particledue to particlej, hence the summation is over all the particles in contact
with particlei. Feyt is the external force acting on partigleFrom Newton'’s third law, the force experienced by

particle j due to particle is f;; = —f;;. According to the leap-frog algorith, the equations for the position and
velocity vectorsr; andv;, respectively, are
5t 8t
Vilt+ =) =vit— =) +6ra; (), (10)
2 2
5t
ri(t4+681) =r;(t) + 8tv; H_E . (11

We have introduced angular spin or velociyabout the centre of mass of the individual particles. Hence, the
equations for the rotational degrees of freedom have analogous forms to those for the translational degrees of
freedom: the equations for the net torgueand the angular velocity; about the centre of mass of parti¢lare

given by

Ti() =) rij(0) x fi;(0), (12)
J

8 § A
®; (t + é) =w,; (t — é) +8tlfla(t), (13)

wherer;;(t) =r;(t) —r ; (¢) is the vector joining the centre of masses of particlasd, andi; is the diagonalized
moment of inertia tensor about the centre of mass of paitidide force calculation routines require current time
(1) values of the linear and angular velides of each particle, which are calculated using the following relations

V(1) = S[Vilt +81/2) + Vi (t — 81/2)], (14)
;i (1) = 3[w; (t +81/2) + w; (t — 81/2)]. (15)

Constant strain uniaxial compaction and shear are implemented by assigning the appropriate components of
Vbottop, , . 1O the current velocity; (r) of the type T1 and T3 patrticles.
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2.7. Output files

Unlike DL_POLY, our code does not perform any runtime analysis such as radial distribution fungtaers,
sity or any statistical variable calculations. All the output files generated belong to one of the three categories: raw
data files which store individual particle trajectories and dynamical variables along with individual contact details,
to be used for subsequent analysits STORY, FORCE_HI STORY and CONTACT_HI STORY files); a record of
all system details, taken at fixed intervals during the simulation, to restart simulaREWEQN file), and a record
of the initial and final states of the simulatio@TPUT file). TheH STORY, OQUTPUT andREVCONfiles are anal-
ogous in philosophy to those generated by DL_POLY. The subroutiag ect . f writes all the trajectory details
of each particle in théll STORY file. We have introduced theONTACT _HI STORY andFORCE_HI STORY files
to store the number of total, sliding and non-sliding contacts in the system, and the details of the contact vectors and
forces, respectively. Thdl STORY, CONTACT _HI STORY, FORCE_HI STORY andREVCONfiles are appended at
regular intervals. The task of writing to th# STORY andOUTPUT files is carried out by a predesignated processor
as the RDS algorithm ensures that all processors have copies of the arrays storing the relevant particle dynamical
variables. The procedures used in writing to these data files is identical to those followed by DL_POLY. The pro-
cedures followed to write to thEONTACT _HI STORY, FORCE_HI STORY andREVCON files are slightly more
involved as data written to these files reside locally on the individual processors. The calculations of the details
relating to the interparticle contacts, such as the comactors and forces and the contact states, are carried out
by the individual processors on the subset of particles it is responsible for (designated by the RDS scheme). As
a consequence, the storage of these interparticle contact details into the data files can be either designated to the
individual processors (in a sequential manner), for example, the subrawima t an_f or ce_hi st . f writ-
ing to theFORCE_HI STORY file, or be carried out by a predesignated processor (following global summation
operations), for example, the subroutinent act _out put . f writing to the CONTACT_HI STORY file. The
revi ve. f subroutine which is responsible for updating fREVCON file adheres to the former approach as it
contains individual particle nghbor list and contact details which are locally stored on each node.

Relevant segments of the subroutment act _out put . f are provided inPAppendix D Following the cal-
culations of the contact interactions among all the particles (on all processors), a predesignatednode &

0) carries out the global integer sum operation over all the processors, using DL_POLY’s subgogtima f ,

to compute the number of total, sliding and non-sliding contacts represented by the var@iiesicnt _r ol |
andncnt _sl i p, respectively. After the global summation operations are completepode (= 0) writes the
values of the variablescnt ,ncnt _rol | andncnt _sl i p to theCONTACT_HI STORY file. We have designed
thenorm tan_force_hi st.f subroutine such that the force calculations for all the potential contacts must
be completed before entries are made toRBERCE_HI STORY file. Appendix Eprovides the pertinent segments
of the subroutin@nor m t an_f or ce_hi st . f which write to theFORCE_HI STORY file. Following the vari-
able notations used earlierpr m t an_f or ce_hi st . f loops over all therxxnode processors, referred by the
variablenodei d, and writes down the details of thekth contact between particles (local variablei i ) and

its kth neighbor, particlg , utilizing the neighbor list details of the formdréntry(ii),list(ii,k)).If
nmknode > 1, it is essential that all nodes are at the same sthgperation for making entries sequentially to the
FORCE_HI STORY file. To ensure sequential data entry to B@RCE_HI STORY file, we use a subroutine from
DL_POLY calledgsync. f which is the global synchronization call, and simultaneously, loop through the list of
nodesnodei d =1,..., nxnode.

TheREVCONfile stores all the necessary macroscopic and microscopic system information necessary to restart a
simulation from the point it stopped running, and therefori#,eed to store information regarding the individual
particle neighbor lists and the interparticle contact defaitaining to the tangential elongations, as discussed in
earlier. To expand on the latter point, tREVCON files must store details of the particle dynamical variables and
individual contacts such as tangential elongations and the state of the contacts (sliding or non-sliding) which reside
locally on the individual processors. Information relating to the neighbor list of partieled its contact details
with particlej are stored on the processor which is responsible for either partfolg but not both underthe RDS
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paradigm). Therefore, tHREVCON files are written in two phases: (1) the predesignated node writes the values of
all the particle dynamical variables (available to ak throcessors); (2) each processor proceeds to write other
information which resides locally in a sequential formfgdpendix Flists the relevant lines for the latter phase of
the subrouting evi ve. f . Following the same variable notations used for earlier descriptions of code segments,
each nodé dnode writes the details of the contacts formed by particle(local index for nodé dnode, global

index isi ) with all its | en_nbr (i i ) neighbors. This operation is followed by writing the neighbor list details

of particlei i which had entry(ii) neighbors. For simulations run on more than one nodeode > 1, we

use the global synchronization call, as describadier, to maintain a sequential output to fREVCON file, and

we loop through the list of nodes.

3. Resultsand discussion

In contrast to the steady state MD simulations, our granular simulations model dissipative systems where the
dynamics of systems may get quenched quickly if sufficient external energy, for example, in the form of shear or
vibration, is not fed into the systems to compensate for the dissipation due to surface frictional or viscoelastic losses.
As a consequence, we set a low average kinetic energy thresholdCONTEROL file; a simulation is stopped, if at
any time during its execution, the average kinetic energy of the system falls below the preset threshold. Therefore,
it is not uncommon to find the gravity compaction simulations terminating before completion of the preset total
number of iterations on account of the aforementionedgneriterion. The two most computationally demanding
operations in our modified code are: determination ofrieahbor lists for each particle which is a procedure
carried out locally on each node involving the calculationhaf inter-particle distance, and the calculation of the
inter-particle interaction forces, for all the particle contacts. The latter operation is assumed to be symmetric and
the associated computations are atiout once for every contact. Hence, simulating a large dense granular system
comprised of particles from a large size distribution will be computationally very expensive on both accounts.

We have benchmarked our code on the following criteria: (1) the physical validity of the simulation results, and
(2) the computational performance of the code. Our studies have focused, primarily, on the statics and dynamics
of dense granular media. We have used previous thealethd computational studies of dense granular media
to benchmark the implementation of the contact model we have chosen to utilize in our code, in terms of the
physical validity of our results. Some of the earlier studies-14]have looked at details of particle packings of
frictionless (no rotational degrees of freedom) and foicél (both translational and rotational degrees of freedom)
monodisperse spheres; we have compared our numerical results with those obtained from these studies. For testing
the computational performance of our code, we have looked at the run times of the code as a function of system
size. We have provided detailed discussions of the two benchmark criteria below.

3.1. Validation tests

Earlier computational and theoretical wdd@—14]on dense granular media have extensively studied particle
packing characteristics such as the average coordination numfitee number of nearest neighbors which are
touching, for granular materials), the global packing fracicsnd, to a lesser extent, the radial distribution func-
tion. In this paper, we shall focus on the former two igfitées to benchmark the physical accuracy of our results.
Theoretical predictiongl2,13]have shown that for a dense granular material with every particle in static equilib-
rium in ad-dimensional space, frictionless spheres need a minimurd ebtacts, and frictional spheres need a
minimum ofd 4+ 1 spheres. These predictions assume a monodisperse collection of hard spheres. Hence, for 2- and
3-dimensional spacel (= 2, 3, respectively), individual monodisperse frictionless and frictional spheres will need
a minimum of 4 and 3, and 6 and 4 contacts, respectively. A detailed computational study by Grddt4étals
confirmed the theoretical predictions for bdtictional and frictionless monodisperse spheres.
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Fig. 3. Time evolution of the coordination numherfor an agglomeration of friotinless and frictional particlegV = 1000, with ustat= 0.7
anduy = 0.2, settling under acceleration due to gravity.
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Fig. 4. Time evolution of the packing fractigmfor an agglomeration of friatinless and frictional particle§V = 1000, with ustat= 0.7 and
i = 0.2, settling under acceleration due to gravity.

We generate particle packings of monodisperse spheresdifiess and frictional) by allowing particles (type
T2) to settle under acceleration due to graviig( 1). We have found the values of average coordination nuriber
and packing fractiom computed from the simulations of frictionless and frictional monodisperse spheres to agree
well with previous numerical studig44]. Figs. 3 and 4epresent the time evolution of the average coordination
number and packing fraction, respectively, for simulations using 1000 monodisperse spherical particles (with and
without surface friction). We find that as the particlesleainder gravitational acceleration and gradually manoevre
around one another so as to achieve a configuration whimhsathem to attain maximmu static equilibrium, final
values ofZ andp are found to be greater than 6 and 4, and approximately 60 and 55%, for frictionless and frictional
spheres, respectively. We have repéatalculations of the aforementioned particle packing characteristics for
gravity packing simulations using varying number of frictionless and frictional spheres, and have tabulated the
results for final average coordination numberTatble 1 We have the final average values of the coordination
number approach 5" and 64" for frictional and frictionless spheres sggectively. Our calculations of the packing
fraction have values approaching™% and 63% for frictional and frictionless spheres, respectively, which are in
good agreement witfi14].
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Table 1
Summary of final average coordination numizefor simulations carried out for stam sizes or number of particleg, using frictional and
frictionless monodisperse spheres

N Z No friction Friction
784 6.48 X
784 5.68 X
820 6.84 X
820 5.49 X
856 6.81 X
856 5.50 X
928 6.19 X
928 5.73 X
964 6.54 X
964 5.58 X
1000 6.57 X
1000 5.62 X

3.2. Performance comparisons

We have carried out some preliminary performance benchmarks to study how the run time of the code scales
with the system size. We have chosen to study a system similar to the one shéun hwith N type T2
particles andv, type T1 and T3 particles each. In the simulation, the T2 particles will be allowed to settle under
gravitational acceleration onto thesurface formed by the T1 particles and then experience constant strain uniaxial
compaction on account of the T3 particles. As mentioned earlier, three types of inter-particle interactions have to
be considered: those among the type T2 particles, and the type T2 particles with type the T1 and T3 particles. The
CPU time benchmarks have to be performed mindful of the valudsafid N, and the initial packing fraction of
the type T2 particles. The values 8fand N, will determine the number of the different types of interactions, and
thereby affect the total run time of a given simulation. In this paper, we present benchmark results for simulations
with variations in the number of type T2 particl&swhile maintaining a fixed number of type T1 and T3 particles
N;. In each simulation, the initial packing fraction of the type T2 particles is the same, and the type T1 and
T3 particles have identical arrangements in the bottom and-{syrfaces, respectively. The packing fraction is
maintained at a constant value with increas@y increasing the dimension of the system alongztases while
leaving unchanged the dimensions along th@nd y-axes. The particles in the simulations have been endowed
with surface friction which allows them both translational and rotational degrees of freedom. The diameter ratio of
the T1 particles to that for the T2 (or T3) particles is 4:1.

Fig. 5 plots the run time of each simulation as a function of the number of type T2 particles. For each simu-
lation, the number of type T1 and T3 particl®¥'s are identical withN, = 75. The gravitational and the uniaxial
compaction phases are set to run for 1500001 and 100001 iterations, respectively. The uniaxial compaction strain
rate was set at 1 mm/s. The simuteits have been performed with identi€lELD and CONTROL files. All sim-
ulations were run a single node (Itanium 2 IA-64 1.3 GHz). A fit of the data poinEgn5 shows a weakly
quadratic dependence of the execution time as a function of the number of particles in the system. For each of the
systems used in our CPU benchmark, on the averageutmber of contacts between the T2 particles with the T1
and T3 particles remains the same. However, the numimontacts between the T2 particles increases with

4. Conclusions

In this paper, we have presented details of changes which we have made to the macromolecular systems MD
simulation package DL_POLYo allows us to study the statics, dynamics and the resulting packings of the con-
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Fig. 5. Simulation execution time, in seconds, as a function of the total number of paricles\t). Each of the simulations are identical in
all respects except for the number of type T2 partiédlesThe dotted line is a quadratic fit.

stituent particles of a granular material under differexiiernal conditions. With hdsight, we could have made

the surface particle velocity assignments in the subrowiteer nal _f or ces. f, however, we decided to use

the subroutine for the assignment of external forces @ly.validation tests for the physical accuracy of our sim-
ulation results have demonstrated good agreement with existing theoretical and numerical work on 3-dimensional
monodisperse sphere packings. We have also carried out CPU time performance benchmarks which have shown
the run time to have a weak quadratic dependence on the number of particles in the system.

The code can be used to simulate agglomerates of |emrtaf different sizes and material properties with
relevance to a wide range of applications; our primary focus is to utilize this code to study pharmaceutical powder
blends. For simulations of polydisperse systems, care must be taken in generating the apropfi&eL,

FI ELD andCONFI Gfiles. A possible future direction would be to utilize the DES code to extrapolate constitutive
relations and properties of bulk powders by simulating the dynamics of a small but representative set of powder
particles. Readers with queries or interests in the specific details of the code should contact us.
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Appendix A. Changesmadetosysdef . f

if(idnode.eq.0)wite(nrite,’ (a80)’) record(1:80)
do i=1,irownax
do j =1, i col max
do k=1, i par max

call getrec(safe,idnode, mknode, nfi el d, record)
if(.not.safe)go to 2000
irow=sintstr(record(1:1),5,idum
icol=intstr(record(6:6),5,idum
cnt_int(i,j,k)=dblstr(record(11:11), 16, i dum
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f(idnode.eq.0) wite(nrite,’ (a80)’) record(1:80)
enddo
enddo
enddo

Appendix B. Changesmadetosysgen. f for restarted simulations

do nd=1, nnodenx
call getrec(safe,idnode, nxnode, nconf, record)
if(.not.safe)go to 100
i f(record(1:10).eq.’ begin node’) id_cur = intstr(record, 80,idum
ii=0
do i =i d_cur+1, nat ns, nnodenx
ii=ii+l
call getrec(safe,idnode, nknode, nconf, record)
if(.not.safe)go to 100
i 2=intstr(record(1:1),10,idum
I nnbr=intstr(record(11:11), 10, i dum
i f(idnode.eq.id_cur) len_nbr(ii)=Innbr
i f(lnnbr.gt.0)then
do k=1, | nnbr
Details of contacts between particlei i and
its contacting neighbors are read and stored
locally on processor i d_cur
enddo
endi f
call getrec(safe,idnode, nknode, nconf, record)
if(.not.safe)go to 100
i4=intstr(record(1:1),10,idum
| ent=intstr(record(11:11), 10, i dum
if(idnode.eq.id_cur) lentry(ii)=lent
if(lent.gt.0)then
do k=1, 1 ent
Details the neighbor listsfor particlei i
are read and stored locally on processor i d_cur
enddo
endi f

enddo

call getrec(safe,idnode, nxnode, nconf, record)

if(.not.safe)go to 100

if(record(1:8).eq.’end node’) id_cur =intstr(record, 80,idum
enddo

Appendix C. Contact force calculations
ii=0

i k=0
do i =i dnode+1, nat s, nxnode
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=i+l
do k=1,lentry(ii)
j=list(ii,k)
if(j.gt.0) then
ik =ik +1
Calculate the interparticle distance associated with contact i k
between particlei and its neighboring particlej , taking into
account the 2D periodic boundary conditions.
endi f
enddo
enddo

ii=0
i k=0
do i =i dnode+l1, nat ns, nxnode
=i+l
do k=1,lentry(ii)
j=list(ii,k)
if(j.gt.0) then
ik =ik +1
For overlapping contacts between particlesi and j
1. Calculate 8, (1), 8, (1) and 8; (1)
2. Utilizetangential_elongation.f to calculate 8t — 81)
3. Utilize §;(t — 1) and &, (+ — 6t) to calculate & (1)
4. Calculate f, and f;
5. Check to see whether Coulomb’sfriction criteria
equation? is satisfied; if not, adjust f; and &, (¢); update &; (¢).
6. Track number of total, sliding and non-sliding contacts
7. Update the total force and torque acting on particles
i andj using equation8 (with the absence of external forces)
and equation12, respectively
endi f
enddo

enddo
Write to FORCE_HI STORY and CONTACT_HI STORY

Appendix D. Writing population of contact states detailsto CONTACT_HI STORY file

i f(idnode. eq.0)then

i f(nxnode.gt.1) call gisum(ncnt,1,ibuff)

i f(nxnode.gt.1) call gisunm(ncnt_slip,1,ibuff)
i f(mxnode.gt.1) call gisun(ncnt_roll,1,ibuff)
Writencnt ,ncnt _ slip,ncnt_roll

endi f

41
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Appendix E. Writing contact force and vector information to FORCE_HI STORY file

do nodei d=i dnode+1, nxnode
i f(mxnode. gt.1) call gsync()
i f(idnode. eq. (nodeid-1))then
ii=0
i k=0
do i =i dnode+1, nat s, nxnode
=i+l
do k=1,lentry(ii)
j=list(ii,k)
if(j.gt.0) then
ik =ik +1
Write details of the contact i k between particlesi and |
endi f
enddo
enddo
endi f
enddo

Appendix F. Writing system information necessary for restarting smulation to the REVCONfile

i f(idnode. eq.0)then
write(nconf,“(’ begin node ',5x,i10)") idnode
ii=0
do i =i dnode+1, nat ns, nxnode
=i+l
write(nconf,’ (2i10)")ii,len_nbr(ii)
if(len_nbr(ii).gt.0)then
do k=1,len_nbr(ii)
Details of tangential elongation at contacts formed with particlei i or i
enddo
endi f
wite(nconf,’ (2i10)")ii,lentry(ii)
if(lentry(ii).gt.0)then
do k=1,lentry(ii)
Details of neighbor listsfor particlei i ori
enddo
endi f

enddo
write(nconf,“(’end node ', 5x,i10)") idnode

endi f
i f(nxnode. gt.1)then
do j =1, nxnode-1
call gsync()
i f(idnode.eq.j)then
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open(nconf, fil e=" REVCON , position="append’)
write(nconf,“(’'begin node ',5x,i10)") idnode
ii=0
do i =i dnode+1, nat s, nxnode
=i+l
wite(nconf,’ (2i10)")ii,len_nbr(ii)
if(len_nbr(ii).gt.0)then
do k=1,len_nbr(ii)
Details of tangential elongation at contacts formed with particlei i or i
enddo
endi f
write(nconf,’ (2i10)" )ii,lentry(ii)
if(lentry(ii).gt.0)then
do k=1,lentry(ii)
Details of neighbor lists for particlei i or i
enddo
endi f

enddo
wite(nconf,“(’end node ’,5x,i10)") idnode

endi f
enddo
endi f
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