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Abstract Inindustry, particle-laden fluids, such as particle-
functionalized inks, are constructed by adding fine-scale
particles to a liquid solution, in order to achieve desired
overall properties in both liquid and (cured) solid states. How-
ever, oftentimes undesirable particulate agglomerations arise
due to some form of mutual-attraction stemming from near-
field forces, stray electrostatic charges, process ionization
and mechanical adhesion. For proper operation of industrial
processes involving particle-laden fluids, it is important to
carefully breakup and disperse these agglomerations. One
approach is to target high-frequency acoustical pressure-
pulses to breakup such agglomerations. The objective of
this paper is to develop a computational model and corre-
sponding solution algorithm to enable rapid simulation of the
effect of acoustical pulses on an agglomeration composed of
a collection of discrete particles. Because of the complex
agglomeration microstructure, containing gaps and inter-
faces, this type of system is extremely difficult to mesh and
simulate using continuum-based methods, such as the finite
difference time domain or the finite element method. Accord-
ingly, a computationally-amenable discrete element/discrete
ray model is developed which captures the primary physical
events in this process, such as the reflection and absorption of
acoustical energy, and the induced forces on the particulate
microstructure. The approach utilizes a staggered, iterative
solution scheme to calculate the power transfer from the
acoustical pulse to the particles and the subsequent changes
(breakup) of the pulse due to the particles. Three-dimensional
examples are provided to illustrate the approach.

B T. 1. Zohdi
zohdi@me.berkeley.edu

Department of Mechanical Engineering, University of
California, Berkeley, CA 94720-1740, USA
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1 Introduction

In numerous industries, particle-laden fluids are a key part
of the fabrication of products such as (1) casted machine
parts, (2) additively manufactured and 3-D printed electron-
ics and medical devices and even (3) slurry processed food, to
name a few. Common to many of these areas are new types of
solidified heterogeneous materials, comprised of particulates
in a binding matrix. The macroscopic material characteris-
tics of the material are dictated by the aggregate response
of an assemblage of particles suspended in a binding matrix
material. The fluid precursor to the final solid product is a
particle-laden fluid, which are delivered through piping, noz-
zles and channels (Choi et al [15-17], Demko et al. [21,22]
and Martin [48,49]).! Typically, such materials start in par-
ticulate form, and are then mixed with a binder and delivered
as a flowing particle-laden fluid which is to be cast into their
final shape.?

Often, in the mixing of these materials, agglomerations
of particles occur, which need to be broken up and dis-
persed in order to ensure production of high-quality products
(Figs. 1, 2). A unique feature of small-scale particulate
systems is that they exhibit a strong sensitivity to inter-
particle near-field forces, stemming from stray electrostatic

1" Also, printed electronics, using processes such as high-resolution
electrohydrodynamic-jet printing are also emerging as viable methods.
For overviews, see Wei and Dong [62], who also develop specialized
processes employing phase-change inks. Such processes are capable of
producing micron-level footprints for high-resolution additive manu-
facturing.

2 Over 50% of man-made materials start in granulated form (Duran
[28] and Torquato [60]).
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Fig. 1 A particle laden fluid in a channel with an agglomeration
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Fig. 2 Pulsing to break up and disperse an agglomeration

charges, process ionization and mechanical adhesion, leading
to agglomeration and cluster formation, which can strongly
affect manufactured product quality. These agglomerations
can also remain coherent as suspended clusters in the fluid
material during processing. Inadequate elimination of these
clusters can lead to manufacturing inconsistencies/variability
which can strongly affect the overall solidified product qual-
ity, in particular if the manufactured devices have small
dimensions. Furthermore, in other cases, the agglomerations

@ Springer

can accumulate on the surfaces of manufacturing devices.
For particle laden fluids delivered through channels, surface
particulate agglomeration can lead to system malfunction,
primarily due to clogging.

One approach to remove or break up the agglomerations is
to acoustically pressure-pulse them (Fig. 2). Acoustical puls-
ing generally speaking, consists of an acoustical driver, which
is a sound source that is powered by compressed air and an
acoustical resonator which amplifies and guides the energy.
Essentially, an acoustical pulser will produce a series of rapid
pressure-peak pulses in a very targeted manner. Acoustical
cleaning has been utilized in macroscale bulk processes, but
its application on the microscale for precision manufactur-
ing, as well as modeling and simulation, has been lacking.
The key parameters are (a) the strength of the pulse and (b)
the repetition of the the pulse.

A primary simulation issue is that the interaction of pres-
sure pulses with the agglomeration leads to a set of coupled
differential equations for the dynamics of the particles and
the propagation and breakup of the pressure pulse. The objec-
tive of this paper is to develop a computational model and
corresponding solution algorithm to enable rapid simulation
of a pressure pulse’s effect on an agglomeration, composed
of aggregated discrete particles. Because of the complex
agglomeration microstructure, containing gaps and inter-
faces, this type of system is extremely difficult to mesh and
simulate the pressure pulse dynamics using continuum-based
methods, such as the finite difference time domain method or
the finite element method. Accordingly, a computationally-
amenable discrete element/discrete ray model is developed
which captures the primary physical events, such as the
reflection and absorption of acoustical energy, and the
forces induced onto the particulate microstructure, result-
ing in dynamics of large numbers of particles involving
particle-to-particle contact. In the model, the agglomeration
is represented by a discrete element method representation
and the pressure pulse/shock wave is described by a collec-
tion of propagating rays with prescribed acoustical power
content, direction and velocity. The approach also develops
a staggered, iterative solution scheme, which is needed to
calculate the power transfer from the acoustical pulse to the
particles and the subsequent changes (breakup) of the pulse
due to the particles. Three-dimensional examples are pro-
vided to illustrate the approach.

Remark 1 There is a variety of discrete element-like meth-
ods, for example see Onate et al. [51,52], Rojek et al. [55],
Carbonell et al. [13], Labra and Onate [45], Leonardi et al.
[46], Cante et al. [12], Rojek [56], Onate et al. [53], Bolin-
tineanu etal. [9], Avci and Wriggers [5] and Zohdi [78-80]. In
particular, we note the discrete element method has been used
for particle agglomerations in acoustic fields, for instance in
Markauskasa et al. [47]. The ray representation of waves can
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be found in a variety of works, for example in Virovlyanskii
[61], Borejko et al. [10] and Zohdi [73,84-89] among others.

Remark 2 This work has direct applicability to the subject
of “Design For Cleanability” which concerns itself with the
advantageous manufacturing of devices, in particular those
with interior keyways and channels, by assessing the ability
to perform maintenance during the design phase. In many
industrial systems, buildup of unwanted particulate material
is inaccessible for removal, and ultimately leads to system
malfunction. For more details, we refer the reader to Aurich
and Dornfeld [4], Garg et al. [37], Avila et al. [6,7]. Further-
more, residual particulate matter can also be present after a
manufacturing process involving particles (see, for example,
Luo and Dornfeld [41-44], Arbelaez et al. [2,3], Ciampini
et al. [18,19], Gomes-Ferreira et al. [32], Ghobeity et al.
[33,34].3

Remark 3 We remark that in biological systems, oftentimes
it is a goal to destroy certain types of agglomerations, such
as kidney stones in shock wave lithotripsy (Zohdi [73]). The
approach developed in this paper has direct applicability in
this domain as well.

2 Dynamic response of an agglomeration

In order to represent the group of interacting particles, we
follow a relatively flexible formulation found in Zohdi [80].
We consider a group of non-intersecting particles (i =
1,2,..., Np). The objects in the system are assumed to
be small enough to be considered (idealized) as particles,
spherical in shape, and that the effects of their rotation with
respect to their mass center is unimportant to their overall
motion, although, we will make further remarks on these
effects shortly. The equation of motion for the i*” particle in
system is

. tot
mir; =¥,"(ry,ra,....rn,)

— ‘I,;l_ay + ‘I,lgon + ‘I,fwnd + ‘I’?amli + ‘I’f+n1’ (1)

where r; is the position vector of the ith particle and where
\Ilf‘” represents all forces acting on particle i, which is decom-
posed into the sum of forces due to:
e Shock (transmitted ray) forces (W¥;;”),
e Inter-particle forces (W{°") generated by contact with
other particles,
e Adhesive bonding forces (\Ilﬁ"’”d) with other particles,

3 Even techniques associated with shot peening can leave residual par-
ticulate matter. We also refer the reader to Afazov et al. [1], Bagherifard
et al. [8], Elbella et al. [29], Chen et al. [14] and Zohdi [83].

e Damping forces arising from the surrounding interstitial
. damp . . .
environment (W;""") occurring from potentially vis-
cous, surrounding, interstitial fluids, surfactants and
e External electromagnetic forces (¥{*") which can play
a key role in small charged or magnetized particles.

In the next sections, we examine each of the types of forces
in the system in detail.

3 Particle-shock wave contact

We consider cases where the wavelengths of incident high-
frequency acoustical pressure waves (p-waves) are at least
one order of magnitude smaller than the diameter (d) of the
particle scatterers (10_6m <d < 10" m). This length-
scale ordering indicates that diffraction is minimal, and
makes (geometric) ray-tracing techniques accurate.* In such
cases, geometric ray-tracing can be used to determine the
amount of propagating incident energy that is reflected and
the amount that is absorbed by multiple particles. For the ben-
efit of readers unfamiliar with ray tracing, we remark that it
is essentially an approximate solution to the wave equation,
based on the Eikonal equation, which is the limiting case
of wave phenomena as the wave length tends towards zero.
Reviews of this classical topic are given in Appendix 1.

3.1 Ray tracing: incidence, reflection and transmission

The reflection of a ray at an interface is given by enforc-
ing continuity of the (acoustical) pressure and disturbance
velocity at that location; this yields the ratio between the
incident and reflected pressures. We use a local coordinate
system (Fig. 3), and enforce (1) that the number of waves
per unit length in the x;-direction must be the same for the
incident, reflected and refracted (transmitted) waves and (2)
a pressure balance at the interface. After some algebra (see
Appendix 1), this yields the reflectance for the (acoustical)
power (energy per unit time)

a 2
I Acost; — cosO;
R="Lf—= "7, 2
I; AcosO; + cosb,

the density of the medium which the ray encounters (trans-
mitted), ¢; is corresponding sound speed in that medium, A;
is the corresponding acoustical impedance, p; is the density

4 Even if this wavelength to particle size ratio is not present, ray repre-
sentation of p-waves is still often used, and can be considered as a way
to approximately track the propagation of energy, however, without the
ability to capture diffraction properly.
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Fig. 3 Zoom on a ray-particle contact

of the medium in which the ray was traveling (incident), ¢;
is corresponding sound speed in that medium A; is the cor-
responding acoustical impedance. The relationship (the law

of refraction) between the incident and transmitted angles is

. ; . def .
ctsinB; = c¢;sin6;. Defining ¢ = 5—;, and studying asymp-

totic cases where sinf; — 1, we have sin9; — ¢, which
identifies a so-called critical angle, where no energy is trans-
mitted. A simple way of observing complete reflection is to
setf; = /2 in

A 2 A 2
R I, _ Acos0; — cosb; . Acost; — 0 _1
I; Acosb; + cosb, Acost; +0 '
(3)

Remark 1 A more rigorous way of analyzing the critical

angle phenomena is to rewrite the reflection relation as

def
R <= r

r = 1, where 7 is the complex conjugate, where
R=rxr

GAcos6; — j(sin6; — 52)%

EACOSOi + j(sin%0; — 52)%,

“)

where j = +/—1. For angles above the critical angle ; > 67,
all of the energy is reflected. We note that when A; = A; and
¢; = ¢;, then there is no reflection. Also, when A; >> A;,
then » — 1, and when A; << A;, thenr — —1.

Remark 2 The power input (transmitted) from incidence and
reflection is

L= —-1=IL(—-7R). 5)

The overall force magnitude imparted by the ray can be deter-
mined by (see Appendix 1)

power transmitted = ||W;“||||v,||
‘I’ray ‘I’ray
_ I a6
PrCray
@ Springer
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Fig. 4 Construction of the initial plane wave of rays

thus

1 = VI = R)piciar, @)

where the velocity in the transmitted medium is ||v;|| = % ,

where P; is the pressure content of the ray, and || W] || o %,
where a, is a (pseudo) contact area parameter. The contact
area parameter can be approximated from the total area of the
original plane wave divided by the total number of rays. This
is discussed further in the next section. The force’s magnitude
is projected in the direction of the transmitted ray, i.e. at the
angle 6; in the plane of incidence. This force is assumed to be
completely absorbed by the particle and is not re-transmitted.
The reflected ray is simply projected in the direction at the
reflected angle, 6,.

Remark 3 The initial plane wave of rays is generated by
(Fig. 4):

e Generating a set of vectors in a “master template”
domain,

e Rotating the master template to the desired direction of
the pulse,

e Translating the rotated master template to the desired
starting location.

e The vectors are then scaled according to the initial start-
ing power content.

3.2 Acoustical-pulse computational algorithm

We now consider an initially coherent plane-wave composed
of multiple (initially) parallel rays (Fig. 3). Each ray is a vec-
tor in the direction of the flow of energy, which, in isotropic
media, corresponds to the normal to the wave front. For
isotropic media, the rays are parallel to the wave propaga-
tion vector. It is of particular interest to describe the break-up
of initially highly directional coherent beams which do not
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spread out into multidirectional rays unless they encounter
scatterers. It is convenient to define vectors for a ray by pro-
jecting the power onto the unit vector associated with the
velocity

def vray
=1 : ®)
v ]|
where v"* is the velocity of the ray, I = ||I|] is the magni-

tude of the power and initially, I, def [|[1(t = 0)]|. To obtain
the ray contributions from a beam, we simply partition the
initial beam cross-section into equal rays, Ia, = Iap/Ny,
where N, is the number of rays in the beam and where ay
is cross-sectional area of the beam. Later in the paper, we
will elaborate more on the selection of the number of rays,
which is determined by successive refinement of the num-
ber of rays in a pulse, until no appreciable differences occur.
Clearly, I,a; can be considered the total power associated
with the beam. The parameter a, provides us with a way of
appropriately distributing or “lumping” the amount of energy
in the overall wave (beam) into rays. The computational algo-
rithm is as follows, starting at # = 0 and ending att = T, for
an instantaneously fixed set of particles:

(1) Compute ray reflections (Fresnel Relation)

(2) Compute energy absorbed by each particle :
Al=U—-1)=0-R)I;

(3) Compute induced forces each particle :W, )

(4) Increment all ray positions :

rg (t 4+ AD =1 () + Aoy (1), g=1,...,rays

(5) Go to (1) and repeat with (t =t 4+ At)

The time step size At is dictated by the size of the particles.
A somewhat ad-hoc approach is to scale the time step size to
be no larger than At Hfr—fy”, where R is the nominal radius
of the particles, ||v"%”|] is the magnitude of the velocity of the
rays and £ is a scaling factor, typically 0.05 < & < 0.1. The
required time step limitation is then also compared against
other time step needed to integrate the particle dynamics
properly, which we discuss next. This ensures that mean-
ingful interactions are not skipped. We now elaborate on the
dynamics of the particles in Step (3) above.

4 Particle-to-particle contact forces

Following Zohdi [80], we employ a simple particle overlap
model to determine the normal contact force contributions

from the surrounding particles (N¢;) in contact, Wi”"" =
lev(:, 1 wfjo"’", based on separation distance between particles
in contact (Fig. 5). Generally,

Fig. 5 Normal contact and friction forces induced by neighboring par-
ticles in contact (see Zohdi [80])

\Illcjonn = F(llri — rjll, Ri, Rj, material parameters).

(10)

There is no shortage of contact models, of varying complex-
ity, to generate a contact interaction force. Throughout this
work, we will utilize a particularly simple relation whereby
contact force is proportional to the relative normalized prox-
imity of particles i and j in contact, detected by the distance
between centers being less that the sum of the radii

If [|r; —rjl| < R; + R; = activate contact, (11)
where we define the overlap as

8 E IlIri = rjll = (Ri + R))l. (12)
Accordingly, we consider the following

\Ill?;m’c x —Kpij|5ij|”Pn,-jAfj, (13)

where 0 < Kp;; < oo is a particle-to-particle contact
compliance constant, p, is a material parameter, &;; is nor-
malized/nondimensional (strain-like) deformation metric

gij: (|7 rj|| (R; + j) _ ij (14)

' (R; + R)) (R; + R))

and

S ri—rj _ rj—ri ’ as)
[lri —rjll  |lri —rjll

where the R; and R; are the radii of particles i and j respec-
tively. The term A{, is a contact area parameter, which is
discussed in Appendix 2. Appendix 2 also provides a brief
review of alternative models, such as the classical Hertzian
contact model.
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4.1 Comments on rolling/spinning

The introduction of rolling and spin is questionable for a
small object, idealized by a particle, in particular because
of rolling resistance. In addition to the balance of linear
momentum, m;v; = W.”, where the v; is the velocity
of the center of mass, the equations of angular momen-

tum read H; ., = —d(lé;“’") =M

em For spheres, we have

Hicy = 7,; s@; = %miRl.zwi and for the time discretization

(t + AD)

i,cm

At tot
wi (1 + A1) = 0;(t) + =— (pM]

1 i,s

+(1— )M, (1)), (16)

where M%  are the total moments generated by interaction
forces, such as contact forces and rolling resistance. For the
applications at hand, the effects of rolling is generally negli-
gible, in particular because the particles are small. However,
nonetheless, we formulate the system with rotations where r;
is the position of the center of mass, v; is the velocity of the
center of mass and w; is the angular velocity. An important
quantity of interest is the velocity on the surface of the “par-
ticles”, which is a potential contact point with other particles,
denoted vf
V=0 + @ XTI, (17)
where r;_, . is the relative position vector from the center to
the possible point of contact. This is utilized further later.

Remark We remark that had the transmitted moment from a
ray been important, it would be computed via (Fig. 5)
M = (rc —r)) x ;% (18)

where r. is the position of the contact point and r; is the
center of the particle in question.

4.2 Contact dissipation
Phenomenological particle contact dissipation can be incor-

porated by tracking the relative velocity of the particles in

contact. A simple model to account for this is
,d d

W = ), — i) AS (19)

where ¢¢4

is a contact dissipation parameter.
4.3 Regularized contact friction models

Frictional stick is modelled via the following regularized fric-
tion algorithm: (at the point of contact)

@ Springer

e Check static friction threshold (K / is a tangential contact
friction compliance constant):

on,n||
9

K106, — vf ||AS; At against ju|[W¥° (20)
where ||v;’r — vfyr || At is the relative tangential velocity
at a point of contact, At is the time-step used later in the
numerical discretization®, s 1s the static friction coeffi-
cient. This step replaces ( “regularizes”) a more rigorous,
and difficult, step of first assuming no slip, generating
the no-slip contact forces, by solving an entire multi-
body/multisurface contact problem, W"*, and checking
W ggainst the threshold | |W°™" ||on each surface.

e If the threshold is not met (Kf||v;.’r - vl.C’r||Al?jAt <
s [ ), then

wens = K7 ||vS . — v |1Af At @b
where
c c c ¢
e Vip = V5. .U 22
Tij—_||vc, N T )
5T ,T 5T 1,7

where the subscripts indicate the tangential components
of velocity. The tangential velocity at the contact point is
obtained by subtracting away the normal component of
the velocity

v = v — (v° - n)n.

(23)

e If the threshold is met or exceeded (K / 105 . —v; 1IAf;
At > || W), then one adopts a slip model of the
form

W = g T, 24)

where (¢4 is the dynamic friction coefficient.
4.4 Particle-to-particle bonding relation

For the particles to bond, we adopt a criterion based on
exceeding a critical interpenetration distance. Explicitly:

e Recall, if ||r; — r ;|| < (R; + R}), then the particles are
; o %)
in contact and &;; = TR DR

e If the particles are in contact and |£;;| > £*, then an
(adhesive/attractive) normal bond is activated between
the particles of the form

bond,n __ p-nbyc. |Pby,.. AC
Wi = Kij' & mij A,

: (25)

3 The product, ||v§,r — v{ . ||Af has dimensions of length.
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where 0 < K fjb is abonding constant and pj, is a material
parameter.

e If the particles have an activated normal bond, then the
particles automatically have a rotational/tangential bond
equivalent in form to stick friction

bond.,r b ; . . .
WO = KIS — ol L[| AS Are

= K] 29)

We note the choices of the values of the coefficients and expo-
nents are given later in the paper when a numerical example
is given.

5 Particle interaction with external forces
5.1 Near-field/electromagnetic forces

Following Zohdi [80], the electromagnetic forces are decom-
posed into three contributions, (1) Lorentz forces (for charged
particles), (2) magnetic forces (for magnetic particles) and (3)
inter-particle near-field forces

N
e+m __ g lor,e+m mag nf
et — ! + Wy
J#L
——
P
v

= qi(E®" +v; x By 4w/ 4w/ Q7

‘I’gur,eer

where Z?’#i 'ﬁ?]‘f represents the interaction between particle

i and all other particles j = 1, 2...N (j # i), \Ilior’”m
represents external Lorentz-induced forces from the sur-
rounding environment, for example comprised of E¢*" and
B¢~ which are externally-controlled fields that are indepen-
dent of the response of the system. The terms E¢*' and B**
can be considered as static (or extremely slowly-varying),
and thus mutually uncoupled and independently controllable.
The self-induced magnetic fields developed between parti-
cles is insignificant (Jackson [38]) for the velocity ranges of
interest here (well below the speed of light).

5.1.1 Inter-particle near-field interaction

Following Zohdi [80], a simple form that captures the essen-
tial near-field effects is

NP

nf — —
Wl =" L eijliri = rll 77 = aijliri = rjl177 | mij,
J#

attraction repulsion

(28)

where the o’s and s are empirical material parameters. The
various representations (decompositions) of the coefficients
that appear in Eq. 28 are with ¢; = %1 (a positive/negative
identifier): (a) mass-based (m = mass): o;; = &;;m;mjc;c;,
(b) surface area-based (a = surface area): o;; = a;ja;ajcicj,
(c) volume-based (V = volume): o;; = a;;V;Vjcic; and
(d) charge-based: «;; = a;jqiqjcicj, where the a;; are
empirical material parameters. There are vast numbers of
empirical representations, for example, found in the field
of “molecular dynamics” (MD), which typically refers to
mathematical models of systems of atoms or molecules
where each atom (or molecule) is represented by a mater-
ial point and is treated as a point mass. The overall motion of
such mass-point systems is dictated by Newtonian mechan-
ics. For an extensive survey of MD-type interaction forces,
which includes comparisons of the theoretical and compu-
tational properties of a variety of interaction laws, we refer
the reader to Frenklach and Carmer [31]. In the usual MD
approach (see Haile [35], for example), the motion of indi-
vidual atoms is described by Newton’s second law with the
forces computed from differentiating a prescribed poten-
tial energy function, with applications to solids, liquids, and
gases, as well as biological systems (Hase [36], Schlick [57]
and Rapaport [54]). The interaction functions usually take the
form of the familiar Mie, Lennard-Jones, and Morse poten-
tials (Moelwyn-Hughes [50]), however three-body terms can
be introduced directly into the interaction functions (Still-
inger [58]) or, alternatively, “local” modifications can be
made to two-body representations (Tersoff [59]).

5.1.2 Magnetic forces

An additional force can be exerted on magnetic parti-
cles, independent of the electrodynamically-induced Lorentz
forces. A relatively simple model for the characterization of
this force is given by
‘I,mag — v(yBexl . Be)ct)7 (29)
where y is a material parameter that is related to the magneti-
zation of the particle, and which is dependent on the magnetic
dipole properties, the magnetic susceptibility, the magnetic
permeability and the internal magnetic moment density of
the material (see Feynman et al. [30], Cullity and Graham
[20], Boyer [11] or Jackson [38]). For the specific applica-
tions in this paper, \Il;”ag is considered small, relative to the
other forces, and can be neglected.

5.2 Interstitial damping
Finally, we note that damping from interstitial fluid (or even

smaller-scale particles, solvents) between particles, such as
binding enhancers, surfactants and lubricants is possible. A
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simple model to account for this is (a very low Reynolds
number “Stokesian” model)

\Il?amp =6 R; (v¢ — v;)

(30)

where c® is usually taken to be the fluid viscosity, v° is the
local average velocity of the external interstitial medium,
which one may assume to be v¢ =~ 0, for most applications
of interest presently. The mechanics of the interstitial fluid
is unimportant in problems of interest here, however, for
other applications, such as high-speed flow, the motion of
the fluid can be important, necessitating more sophisticated
drag laws and/or fully coupled (two-way) particle-fluid inter-
action models. This is outside the scope of the present work.
Generally, this requires the use of solid-fluid staggering-type
schemes (for example, see Zohdi [74,76] and Avci and Wrig-
gers [5]).

6 System time-stepping

Integrating Eq. 1 leads to (using a trapezoidal rule with vari-
able integration metric, 0 < ¢ < 1)

v;(t + At)

t+At
=v;(t) + —/ Wit dt
mi J

1

~(t) + % (B (1 + A+ (1 =¥ (1), (1)

_xray - bond damp +
where Wi = W 4+ Weon 4 p2ond L g g The
position can be computed via application of the trapezoidal
rule again:

ri(t+ At) = ri(t) + At(pv;(t + At) + (1 — )i (1)),
(32)

which can be consolidated into

ri(t+At) =r;i(t) +v;(t)At
P (A1)? (

1

+ PWI (t+AD+(1—g) Wi (1)).

(33)
This leads to a coupled system of equations, which are solved
using an adaptive iterative scheme, building on approaches
found in various forms in Zohdi [71-80].

6.1 Iterative (implicit) solution method-algorithm

Following the basic framework in Zohdi [80], we write Eq. 33
in a slightly more streamlined form for particle
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rE = L ol Ar

+¢(Ar)2

1

<¢(‘I’§0t,L+1) + (1 _¢)(‘I’IOI,L))’ (34)

which leads to a coupled set equations fori = 1,2...N,
particles, where the superscript L is a time interval counter.
Appendix 3 provides details on this solution process. The
solution steps are, within a time-step:

e (0) Determine the ray force contribution for each particle
according to the previously explained algorithm (BOX 9)

e (1) Start a global fixed iteration (set i = 1 (particle
counter) and K = 0 (iteration counter))

e 2)Ifi > N, then go to (4)

e (3)Ifi < N then:

(a) Compute the position rl.LH’K
(b) Goto (2) for the next particle (i =i + 1)
e (4) Measure error (normalized) quantities

N L+1,K L+1,K—1
def zi:PlHri -r; [l
K =

(a) @ i

S e Ly

def WK
b) Zx =
(b) Zg TOL,
1

(TOL)m
(c) Ak def ZO - (see Appendix 3)

(G 7%

e (5) If the tolerance is met: Zg < 1 and K < K,  then

(a) Increment time: t = ¢t + At

(b) Construct the next time step: (Af)"" = Ag
(An,

(c) Select the minimum size: Ar = MIN((A7) ™,
(At)new)

(d) Update the ray positions and go to (0)

e (6) If the tolerance isnot met: Zg > 1 and K < K, then

(a) Update the iteration counter: K = K + 1
(b) Reset the particle counter: i = 1
(c¢) Goto(2)

e (7) If the tolerance is not met (Zg > 1) and K = Ky
then

(a) Constructanew timestep: (At)"*" = Ak (Ar)°Hd
(b) Restart at time ¢ and go to (1)

Time-step size adaptivity is critical, since the system’s
dynamics and configuration can dramatically change over
the course of time, possibly requiring quite different time
step sizes to control the iterative error. However, to main-
tain the accuracy of the time-stepping scheme, one must
respect an upper bound dictated by the discretization error,
ie., At < Arl™ Note that in step (5), Ax may enlarge the
time-step if the error is lower than the preset tolerance.
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Remark Although thermal effects were not considered, the
algorithm can be modified to account for coupled thermal
effects. In those cases, the parameters, such as K ;; can be
thermally dependent since the particles can thermally soften.
For example, the compliance constant for the particles in the
contact law can be written as (here ® is the temperature,
which is fixed in the present analysis):

(%))
Ky =MAX [ K, e (Gi KD (35)
and for particle j
o,
_aj(@ii-_l lim
Kpj =MAX | Kpjo | € ! K |- (36)

and take the average at the interface and the value in the
contact law:

(Kt Ky
K,,,-,-=§ pi T Kpj)-

37)
There is a multitude of possible representations, and it is
relatively easy to select one or the other, and to embed in the
staggering framework developed. A fully coupled thermal
model is not considered here, and we refer the reader to Zohdi
[81] for more details in that direction.

7 Numerical example

As an example, we consider a group of N, randomly dis-
persed spherical particles, of equal size, generated within in
aspherical (aggregate) domain of diameter D. For illustration
purposes only (Fig. 6), the radius of the pulse cross-section
and the agglomeration radius were both set to unity (one
meter). The ratio of particle diameter, d, to total domain
diameter, D, was d/D = 0.05. The total initial energy
(again for illustration purposes) of each pulse was set to
It = 0) = I, = 7.06 x 1013 ], which roughly corre-
sponded to a pressure pulse of 150 MPa traveling at a velocity
of 1500 m/s over the area of the pulse. The initial energy for
each ray was calculated as //N,., where N, =10,000 was the

PULSE TRAIN

Fig. 6 Pulsing a free-standing agglomeration

number of rays in the beam. We remark that in the example
calculation, we used N, = 2000 particles and N, =10,000
rays, initially parallel arranged in a circular (pulse cross-
section) but randomly placed (Fig. 7). This system provided
stable results, i.e. increasing the number of rays and/or the
number of particles beyond these levels resulted in negli-
gibly different overall system responses. We note successive
refinement of the ray density from 1000, 2000, 3000...10,000
total rays, was found to produce no noticeable differences
beyond 10,000 rays. Thus, we can consider, for all practical
purposes, that the results are independent of ray-grid density.
One can consider the representation of a beam by multiple
rays as simply taking a large “sampling” of the diffraction by
the beam (wave front) over the portion of the scatterer where
the beam is incident, as opposed to a discretization tech-
nique. It is relatively simple to scale the geometry down to
agglomerations of practical interest, and to use correspond-
ing pulse-energy contents. The ratio of refractive indices was
setto & & f—; = 1500/4500, where ¢; = 1500 m/s (water)
and ¢; = 4500m/s (ceramic). The densities were set to
p; = 1000 kg/m3 (water) and p, = 6000 kg/m3 (ceramic).
This leads to a ratio of acoustical impedances of A =18
and, consequently, a reflectivity, at a zero angle of incidence,
from Eq. 2, of

18 —1\?
RO = 0) = (18+1) —0.944.

(3%)

Thus, at a zero angle of incidence, the amount of energy
transmitted is approximately 1 — 0.0.944 = 0.056. In
order to generate the random particle positions, the classi-
cal random sequential addition (RSA) algorithm was used
to place nonoverlapping particles into the domain of inter-
est (Widom [68]), initially a sphere, which was then allowed
to dynamically converge to an equilibrium state.® The fol-
lowing relevant other simulation parameters chosen were (in
SI-units if not explicitly stated):

e The normal contact parameter was K, = 107N/m2,
at a fixed temperature, K, = MAX(K p, (e_(“@%_l)) ,
Klim), where ®* = 500° Kelvin, K™ = 10°N/m?,
the exponent in the contact law was set to p, = 2, the
temperature was fixed to be ® = 300° Kelvin and the
themal sensitivity parameter was set to a = 1,

The contact damping parameter, ¢4 = 10°,

The friction contact parameter K =107,

The coefficient of static friction, uy; = 0.4,

The coefficient of dynamic friction, ug = 0.3,

6 See Torquato [60] and Torquato and coworkers (see, for example,
Kansaal et al. [39] and Donev et al. [23-27]) for a detailed review of
particle packing algorithms.
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Fig. 7 From left to right and top to bottom, the progressive movement of rays comprising a beam. The vector lengths indicate the energy associated

with the ray

e The normal bond parameter, K”” = 10° N/m? and the
exponent in the binding law was set to pp = 2,

e The rotational/tangential bond parameter, K" b =103,

The interstitial damping coefficient ¢ = 1 (assumed

Stokesian-like),

The target number of fixed point iterations, Ky = 10,

The trapezoidal time-stepping parameter, ¢ = 0.5,

The simulation duration, 2,

The initial time step size, 0.00001 s,

The time step upper bound, 0.00025 s and

The tolerance for the fixed-point iteration, 5 x 1074,

Figures 7 and 8 illustrate the results after a single pulse. After
approximately 4 pulses, for the parameters chosen in this
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paper, this agglomeration was completely broken up and dis-
persed. The number of reflections was 59,238 for this samples
problem. Several other statistical realizations were generated
with on the order of 58,000-62,000 reflections incurred. Fig-
ure 9 shows the accumulated number of reflections after four
pulses.

8 Closing statements

In summary, this work developed a discrete-ray/discrete-
particle model to characterize the acoustical energy associ-
ated with pulses with agglomerations of discrete particles.
The approach provides a simpler alternative to a direct
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Fig. 8 From left to right and top to bottom, the progressive movement of rays comprising a beam. The vector lengths indicate the energy associated

with the ray
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vT

Fig. 9 The number of ray reflections as a function of time for 4 suc-
cessive pulses

computationally intensive discretization of a continuum
description, if it is even possible. Because of the com-
plex microstructure, containing gaps and interfaces, this
type of system is extremely difficult to simulate using
continuum-based methods, such as the finite difference time
domain method or the finite element method. The simplified
model captures the primary effects, namely, reflection and
absorption of acoustical energy via: (1) a discrete element
representation of the particle system (2) a discretization of a
concentrated pulse into rays (3) a discrete ray-tracking algo-
rithm is developed to track the propagation of rays and (4) a
discrete element method to track the break up and dynamics
of the agglomeration. The simulations take on the order of two
minutes on a laptop. This technique was used to determine
the amount of propagating incident energy that was reflected
and the amount that was absorbed by each particle. Three
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dimensional examples were given to illustrate the method.
In closing, there are limitations in the use of ray theory. In
particular, for small particles with size on the order of the
wavelength, ray theory is inappropriate. Limitations of ray
tracing are elaborated upon in Appendix 1.

The paper focused only on the propagation of acousti-
cal energy in the system. The energy that was absorbed was
assumed “available” to move the material. Clearly, not all
of the absorbed energy would be “converted” into motion,
however this serves as a simple conservative estimate of the
effects. The purpose of the present work was only to iso-
late one aspect of the complex series of events associated
with shock-type loading of agglomerated microstructures-
mainly the determination of the energy absorbed and the
system dynamics that would result. The approach devel-
oped provides a fast computational tool to analyze particulate
agglomerations. It can be used on virtually any type of
agglomeration domain. Since the results are derived from
a direct numerical simulation, one can also post-process
detailed statistical information for the break up metrics. It
is relatively straightforward to track quantities of interest
related to the rays that comprise the acoustical disturbance,
for example, the (normalized) acoustical energy retained in
the beam, defined similarly:

Ny Iray
def g1 Ig ex
I, = q and

S @ =0l

Ny ray
dof g1 lg €y
7, = q and

SN =0

N, ray
I, e
SR i) ¥

SV a=ol

where I, are the individual ray contributions (Fig. 10).

This can be extended, for example, for any quantity of inter-
est, Q (for example the positions of the particles and their
velocities), with a distribution of values (Q;,i=1,2,...N, =
particles) about an arbitrary reference point, denoted Q*, as
follows:

Nf’ *\ I
o def Qi 4i(Qi — O") def ——
Mer o Z:l_l lel el (0; — 0*).
it di

The various moments characterize the distribution, for exam-
ple:

(40)

(H) M lQi ~ measures the first deviation from the average,
which equals zero,
0i—0 def 37 4;(Q;—0) def —~————
@ My " = ==y —— = (0i—0) =4,
2l ai
(3) M; i~ is the standard deviation,
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@G M 3Qi A s the skewness, which measures the bias, or
asymmetry of the distribution of data and

o) M 4Qi ~4 is the kurtosis (fourth moment), which measures
the “tightness” of the distribution.

For example, for the purposes of particle dynamics, a; = m;.
This is straightforward to implement, and can provide much
more detailed information on post-impact system character-
istics.

Appendix 1: Basics of acoustics

In our approach, we model the individual particles as being
rigid, and the material surrounding the particles as being
isotropic and having a relatively low shear modulus, in the
zero limit becoming an acoustical medium. Generally, for an
isotropic material, one has the classical relationship between
the components of infinitesimal strain (€) to the Cauchy stress

(o)

tre ,
U:EZ€=3K?1+2M€, 41

where It is the elasticity tensor and where €’ is the strain
deviator. The corresponding strain energy density is

wetemiem Mo (%) 4+ oue e (42)
=€ Ere=_19% |3 ne' € ).

We focus on the dilatational deformation in the low-shear
modulus matrix surrounding the particles. This naturally
leads to an idealized “acoustical” material approximation,
© = 0. Hence, Eq. 41 collapses to & = —pl, where the

pressure is p = —3« "T‘l and with a corresponding strain
2

energy of W = %’)7 By inserting the simplified expression

of the stress 0 = — p1 into the equation of equilibrium, we

obtain

V.0 =-Vp = pii, (43)

where u is the displacement. By taking the divergence of

both sides, and recognizing that V - u = —f, we obtain
p. 1
Vip="p=—p (44)
If we assume a harmonic solution, we obtain
p: Pej(k-r—a)l‘) :>ﬁ: ijej(k-r—wt)
= p=—Pawel koD, (45)
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Fig. 10 TOP TO BOTTOM AND LEFT TO RIGHT: a Normalized

Ny ray

oI, e, .
% b Normalized
> =0l

Ny ray
. . . def oI, ey
pulse strength in the y-direction: Z, = ,\,Z”*',i:“
S =0l

. L £
pulse strength in the x-direction: Z dof

. ¢ Normalized

and

Vp = Pj(keex + kyey + ke;)el E7=oD
= V.Vp=Vp=—P(k+k+k)e/*r—en,
—_—
|IkI|?

(40)

We insert these relations into Eq. 44, and obtain an expression
for the magnitude of the wave number vector

. : w
= Pkl e/ %700 = — 2 paelkr=on o ik = 2.

K
(47)
Equation 43 (balance of linear momentum) implies

pii = —Vp = —Pj(kee, +kyey +k.e)e/ ®770 . (48)

—_
O
~

()

o
N

NORMALIZED PULSE STRENGTH

—_
o
~
-
T

0.98

L B

0.96

T

0.94

NORMALIZED PULSE MAGNITUDE

0.92

LI B —

[ ITRRTIN TSR SRS MR SR |
0.2 0.4 0.6 0.8 1

T

S 1 e
S a=0)l|
SN (U e P ey 2+ 1 )

> e=0)l|

pulse strength in the y-direction: Z, def . d Normalized

pulse magnitude:

Now we integrate once, which is equivalent to dividing by
— jw, and obtain the velocity

Pj .
i = p—i)(kxex +kyey + ke )ed KD, (49)
and do so again for the displacement
Pj Jjkr—owrt)
u= W(kxex +kyey +ke)e . (50)
Thus, we have
. P
||| = o (5D

The reflection of a plane harmonic pressure wave at an
interface is given by enforcing continuity of the (acoustical)
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pressure and disturbance velocity at that location; this yields
the ratio between the incident and reflected pressures. We use
alocal coordinate system (Fig. 3), and require that the number
of waves per unit length in the x — direction must be the same
for the incident, reflected and refracted (transmitted) waves,

ki-e. =k, e, =k, ey. (52)
From the pressure balance at the interface, we have
pl.ej(krr—wt) + Pl krr—on _ Ptej(k"r_wt), (53)

where P; is the incident pressure ray, P, is the reflected pres-
sure ray, and P; is the transmitted pressure ray. This forces
a time-invariant relation to hold at all parts on the boundary,
because the arguments of the exponential must be the same.
This leads to (k; = k,)

kisin®; = k,sin6, = 0; = 0,, 54)
and
kisin0; = k;sinb;
]ﬁz_ﬂzne’ _ela G_u_n (55)
k;  sin6; w/ci C; vy n;
Equations 52 and 53 imply
pie/(ki'f) + Pre./(kr'r) — Pte'j(k"r). (56)

The continuity of the displacement, and hence the velocity

v + v, =1, (57)
leads to, after use of Eq. 51,
Pl Pl
— ——cos6; + cosO, = ———cosb; (58)
PiCi PrCr PrCt

We solve for the ratio of the reflected and incident pressures
to obtain

P, Acos@i — cos6;
Fr=—=

= — , (59
Pi Acos6; + cosb;

where A def % = %, where p; is the medium which the ray
encounters (trénsmiltt'ed), ¢; is corresponding sound speed in
that medium, A; is the corresponding acoustical impedance,
p; is the medium in which the ray was traveling (incident),
¢; is corresponding sound speed in that medium A; is the

corresponding acoustical impedance. The relationship (the
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law of refraction) between the incident and transmitted angles
is ¢;sinb; = c;sinb;. Thus, we may write the Fresnel relation

~ A 22 1
cAcosb; — (c sin<6;)2

- -, (60)
CAcosb; + (¢ — sin26;)2

~ def
where ¢ =

R=r2is

2 ; 2 2
R (P,) [ Acost; —cos6, (I,)
P; Acos@i + cos6; L)

For the cases where sin, = ‘”ggi

reflection relation as

%. The reflectance for the (acoustical) energy

(61)

> 1, one may rewrite the

GAcost; — j(sin%6; — 52)%

GAcosO; + j(sin%0; — 52)% .

(62)

where j = +/—1. The reflectance is R & 7 = 1, where 7
is the complex conjugate. Thus, for angles above the critical
angle §; > 67, all of the energy is reflected. We note that
when A; = A; and ¢; = ¢;, then there is no reflection. Also,
when A; >> A; orwhen A; << A;,thenr — 1.

Remark 1If one considers for amoment an incoming pressure
wave (ray), which is incident on an interface between two
general elastic media (u # 0), reflected shear waves must
be generated in order to satisfy continuity of the traction,

lo -] = 0 This is due to the fact that

| (3mtr§1 + 2ue') -n|=0. (63)

For an idealized acoustical medium, p = 0, no shear waves
need to be generated to satisfy Eq. 63.

Appendix 2: Contact area parameter and
alternative models

Contact area parameter

Following Zohdi [80], and referring to Fig. 11, one can solve
for an approximation of the common contact radius g;; (and
the contact area, Afj = naizj) by solving the following three
equations,

aj; + L} = R, (64)
and

2 2 2
al; + L3 = R, (65)
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Fig. 11 An approximation of the contact area parameter for two par-
ticles in contact (see Zohdi [80])

and

Li+Lj=llri—rjll, (66)
where R; is the radius of particle i, R; is the radius of par-
ticle j, L; is the distance from the center of particle i and
the common contact interpenetration line and L ; is the dis-
tance from the center of particle j and the common contact
interpenetration line, where the extent of interpenetration is
8ij = Ri + R; — lri —rjll. (67)
The above equations yield an expression a; ;, which yields an
expression for the contact area parameter

A =mal; = (R} — L), (68)
where

1 R2.—Rl.2
Li=—llri—ril|l - —L—-). (69)
l 2( b [lri —rll

Alternative models

One could easily construct more elaborate relations connect-
ing the relative proximity of the particles and other metrics
to the contact force, \Itf/‘.’"’" o« F(ri,rj,nij, Ri,Rj,...),
building on, for example, Hertzian contact models. This
poses no difficulty in the direct numerical method devel-
oped. For the remainder of the analysis, we shall use the
deformation metric in Eq. 14. For detailed treatments, see
Wellman et al. [63-67] and Avci and Wriggers [5]. We
note that with the appropriate definition of parameters,
one can recover Hertz, Bradley, Johnson—Kendell-Roberts,
Derjaguin—Muller—Toporov contact models. For example,
Hertzian contact is widely used, with the assumptions being

e frictionless, continuous, surfaces,

e cach of contacting bodies are elastic half-spaces, whereby
the contact area dimensions are smaller radii of the bodies
and,

e the bodies remain elastic (infinitesimal strains),

results in the following contact force:

, 4 1/2 g s3/2
Wi = SR VPES Py,

‘ (70)

which has the general form of W"" = K i’; 81[; where

x_ (1 1 -1
.R—(RTI—FR—]) and

—1
1—v? 1—v2
* i J
o E —( N )

where E is the Young’s modulus and v is the Poisson ratio,
The contact area with such a model has already been incorpo-
rated in the relation above, and is equal to Al‘j = wa® where
a = ,/R*§;;. For more details, we refer the reader to Johnson
[40]. Itis obvious that for a deeper understanding of the defor-
mation within a particle, it must be treated as a deformable
continuum, which would require a highly-resolved spatial
discretization, for example using the Finite Element Method
for the contacting bodies. This requires a large computational
effort. For the state of the art in finite element methods and
contact mechanics, see the books of Wriggers [69,70]. For
work specifically focusing on the continuum mechanics of
particles, see Zohdi and Wriggers [75].

Appendix 3: Iterative solution method

The set of equations represented by Eq. 34 can be solved
recursively. Equation 34 can be solved recursively by recast-
ing the relation as

Ar)? _
LK Lyl (pAr) ylon L+ K1
i
At)?
+2BD% 1 gywront 1)
i
which is of the form
rit =gt L (72)
where K = 1,2, 3, ... is the index of iteration within time
step L + 1 and
o ‘I’gul‘,lrl*l,Kfl d;f \I,ﬁot,LH,Kfl
L+1,K—1 _L+1,K—1 L+1,K—1
("1 Ty . ),
@ Springer
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tot,L def o tot,L ([ L L
o W= W (r1,2r2 k),
L+1,K—1 At tot,L+1,K—1
o G(r] ) = Lo w! and

2
o Li=rl4vlar+ 280 — gywiont,

The term £; is a remainder term that does not depend on the
solution. The convergence of such a scheme is dependent on
the behavior of G. Namely, a sufficient condition for con-
vergence is that G is a contraction mapping for all rl.L +LE
K =1,2,3...Inorder to investigate this further, we define
the iteration error as

wiL+1,K def riL-i-l,K _ ”iLH- (73)
A necessary restriction for convergence is iterative self
consistency, i.e. the “exact” (discretized) solution must be
represented by the scheme, riL+1 =g (rl.1‘+1) + L;. Enforc-
ing this restriction, a sufficient condition for convergence is
the existence of a contraction mapping

[r
—_— ——
ZD'iL+1'K

L+1,K L+1 L+1,K—1 L+1
; —rit =116 ) —Garrthl

e T )

L+L.K 1 for each iteration K, then

— 0 for any arbitrary starting value rf‘ +L.K P
as K — oo, which is a contraction condition that is suffi-
cient, but not necessary, for convergence. The convergence

(pA1)?

where, if 0 < n
L+1,K
@;

of Eq. 71 is scaled by n o« ==~ Therefore, we see that the

m
contraction constant of G is:

e directly dependent on the magnitude of the interaction
forces (|[¥[]),

e inversely proportional to the masses m; and

e directly proportional to (Af).

Thus, decreasing the time step size improves the conver-
gence. In order to maximize the time-step sizes (to decrease
overall computing time) and still meet an error tolerance on
the numerical solution’s accuracy, we build on an approach
originally developed for continuum thermo-chemical mul-
tifield problems (Zohdi [71]), where one assumes: (1)
nEtLK ~ S(A1)P, (S is a constant) and (2) the error within
an iteration behaves according to (S(ADHPYK pLt1.0 —
wltlK g = 1,2, ..., where wlth0 = pL+LK=1 _ L
is the initial norm of the iterative (relative) error and S is
intrinsic to the system. For example, for second-order prob-
lems, due to the quadratic dependency on At, p ~ 2. The
objective is to meet an error tolerance in exactly a preset (the
analyst sets this) number of iterations. To this end, one writes
(S(Atio))?) K LH1.0 = TOL, where TOL is a tolerance
and where K is the number of desired iterations. If the error

@ Springer

tolerance is not met in the desired number of iterations, the
contraction constant n~+1:X is too large. Accordingly, one
can solve for a new smaller step size, under the assumption
that S is constant,

TOL
(

1
rKy
wLl+1,0 )

def

At = At = AtAg. (75)

L+1.K L
&)pl{
wl+1.0

The assumption that S is constant is not critical, since the time
steps are to be recursively refined and unrefined throughout
the simulation. Clearly, the expression in Eq. 75 can also be
used for time step enlargement, if convergence is met in less
than K iterations (typically chosen to be between five to ten
iterations).

References

1. Afazov SM, Becker AA, Hyde TH (2012) Mathematical modeling
and implementation of residual stress mapping from microscale to
macroscale finite element models. J Manuf Sci Eng 134(2):021001-
021001-11

2. Arbelaez D, Zohdi TI, Dornfeld D (2008) Modeling and simulation
of material removal with particulate flow. Comput Mech 42:749—
759

3. Arbelaez D, Zohdi TI, Dornfeld D (2009) On impinging near-field
granular jets. Int J Numer Methods Eng 80(6):815-845

4. Aurich JC, Dornfeld DA (2010) In: JC Aurich, DA Dornfeld (eds)
Proceedings of the CIRP international on burrs: analysis, control
and removal. Springer, Berlin

5. AvciB, Wriggers P (2012) A DEM-FEM coupling approach for the
direct numerical simulation of 3D particulate flows. J Appl Mech
79:010901-1-010901-7

6. Avila M, Gardner J, Reich-Weiser C, Tripathi Vijayaraghavan A,
Dornfeld DA (2005) Strategies for burr minimization and clean-
ability in aerospace and automotive manufacturing. SAE Technical
Paper 2005-01-3327. doi:10.4271/2005-01-3327

7. AvilaM, Reich-Weiser C, Dornfeld DA, McMains S (2006) Design
and manufacturing for cleanability in high performance cutting.
CIRP 2nd international conference on high performance cutting,
paper number 63. Vancouver

8. Bagherifard S, Giglio M, Giudici L, Guagliano M (2010) Experi-
mental and numerical analysis of fatigue properties improvement
in a titanium alloy by shot peening. In: Proceedings of the ASME.
49163, ASME 2010 10th biennial conference on engineering sys-
tems design and analysis, vol 2, pp 317-322

9. Bolintineanu DS, Grest GS, Lechman JB, Pierce F, Plimpton SJ,
Schunk PR (2014) Particle dynamics modeling methods for colloid
suspensions. Comput Part Mech 1(3):321-356

10. Borejko P, Chen CF, Pao YH (2011) Application of the method of
generalized rays to acoustic waves in a liquid wedge over elastic
bottom. J Comput Acoust 9(01):41-68

11. Boyer Timothy H (1988) The force on a magnetic dipole.
Am J Phys 56(8):688-692. doi:10.1119/1.15501 Bib-
code:1988AmJPh.56.688B

12. CanteJ, Davalos C, Hernandez JA, Oliver J, Jonsen P, Gustafsson G,
Haggblad HA (2014) PFEM-based modeling of industrial granular
flows. Comput Part Mech 1(1):47-70

13. Carbonell JM, Onate E, Suarez B (2010) Modeling of ground exca-
vation with the particle finite element method. J] Eng Mech ASCE
136:455-463

& | Journal: 466 MS: 1250 [ TYPESET []DISK [JLE [JCP Disp.:2016/1/12 Pages: 18 Layout: Large

921

922

923

924

925

926

927

928

929

930

931

932

933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975


http://dx.doi.org/10.4271/2005-01-3327
http://dx.doi.org/10.1119/1.15501

976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041

Comput Mech

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Chen Z, Yang F, Meguid SA (2014) Realistic finite element sim-
ulations of arc-height development in shot-peened Almen strips. J
Eng Mater Technol 136(4):041002-041002-7

Choi S, Park I, Hao Z, Holman HY, Pisano AP, Zohdi TI (2010)
Ultra-fast self-assembly of micro-scale particles by open channel
flow. Langmuir 26(7):4661-4667

Choi S, Stassi S, Pisano AP, Zohdi TI (2010) Coffee-ring effect-
based three dimensional patterning of micro, nanoparticle assembly
with a single droplet. Langmuir 26(14):11690-11698

Choi S, Jamshidi A, Seok TJ, Zohdi TI, Wu MC, Pisano AP (2012)
Fast, high-throughput creation of size-tunable micro, nanoparticle
clusters via evaporative self-assembly in picoliter-scale droplets of
particle suspension. Langmuir 28(6):3102-3111

Ciampini D, Spelt JK, Papini M (2003) Simulation of interference
effects in particle streams following impact with a flat surface. Part
I. Theory and analysis. Wear 254:237-249

Ciampini D, Spelt JK, Papini M (2003) Simulation of interference
effects in particle streams following impact with a flat surface. Part
II. Parametric study and implications for erosion testing and blast
cleaning. Wear 254:250-264

Cullity BD, Graham CD (2008) Introduction to magnetic materials
(2 ed). Wiley-1EEE Press, p 103. ISBN 0-471-47741-9

Demko M, Choi S, Zohdi TI, Pisano AP (2012) High resolution
patterning of nanoparticles by evaporative self-assembly enabled
by in-situ creation and mechanical lift-off of a polymer template.
Appl Phys Lett 99:253102-1-253102-3

Demko MT, Cheng JC, Pisano AP (2010) High-resolution direct
patterning of gold nanoparticles by the microfluidic molding
process. Langmuir, pp 412417

Donev A, Cisse I, Sachs D, Variano EA, Stillinger F, Connelly R,
Torquato S, Chaikin P (2004a) Improving the density of jammed
disordered packings using ellipsoids. Science 303:990-993
Donev A, Stillinger FH, Chaikin PM, Torquato S (2004b) Unusu-
ally dense crystal ellipsoid packings. Phys Rev Lett 92:255506
Donev A, Torquato S, Stillinger F (2005a) Neighbor list collision-
driven molecular dynamics simulation for nonspherical hard
particles-I. Algorithmic details. ] Comput Phys 202:737

Donev A, Torquato S, Stillinger F (2005b) Neighbor list collision-
driven molecular dynamics simulation for nonspherical hard
particles-II. Application to ellipses and ellipsoids. J Comput Phys
202:765

Donev A, Torquato S, Stillinger FH (2005c) Pair correlation
function characteristics of nearly jammed disordered and ordered
hard-sphere packings. Phys Rev E 71:011105

Duran J (1997) Sands, powders and grains. An introduction to the
physics of granular matter. Springer, Berlin

Elbella A, Fadul F, Uddanda SH, Kasarla NR (2012) Influence of
shot peening parameters on process effectiveness. In: Proceedings
of the ASME. 45196, vol 3: design, materials and manufacturing,
parts A, B, and C, pp 2015-2021

Feynman RP, Leighton RB, Sands M (2006) The Feynman Lectures
on Physics 2. ISBN 0-8053-9045-6

Frenklach M, Carmer CS (1999) Molecular dynamics using com-
bined quantum & empirical forces: application to surface reactions.
Adyv Class Traject Methods 4:27-63

Gomes-Ferreira C, Ciampini D, Papini M (2004) The effect of inter-
particle collisions in erosive streams on the distribution of energy
flux incident to a flat surface. Tribol Int 37:791-807

Ghobeity A, Spelt JK, Papini M (2008) Abrasive jet micro-
machining of planar areas and transitional slopes. J] Micromech
Microeng 18:055014

Ghobeity A, Krajac T, Burzynski T, Papini M, Spelt JK (2008)
Surface evolution models in abrasive jet micromachining. Wear
264:185-198

Haile JM (1992) Molecular dynamics simulations: elementary
methods. Wiley, New York

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hase WL (1999) Molecular dynamics of clusters, surfaces, liquids,
& interfaces. Advances in classical trajectory methods, vol 4. JAI
Press, Greenwich

Garg S, Dornfeld D, Berger K (2010) Formulation of the chip clean-
ability mechanics from fluid transport. In: Aurich JC, Dornfeld DA
(eds) Burrs analysis, control and removal. Springer, Berlin, pp 229—
236

Jackson JD (1998) Classical electrodynamics, 3rd edn. Wiley, New
York

Kansaal A, Torquato S, Stillinger F (2002) Diversity of order and
densities in jammed hard-particle packings. Phys Rev E 66:041109
Johnson K (1985) Contact mechanics. Cambridge University Press,
Cambridge

Luo L, Dornfeld DA (2001) Material removal mechanism in
chemical mechanical polishing: theory and modeling. IEEE Trans
Semicond Manuf 14(2):112-133

Luo L, Dornfeld DA (2003) Effects of abrasive size distribution
in chemical-mechanical planarization: modeling and verification.
IEEE Trans Semicond Manuf 16:469-476

Luo L, Dornfeld DA (2003) Material removal regions in chemi-
cal mechanical planarization for sub-micron integration for sub-
micron integrated circuit fabrication: coupling effects of slurry
chemicals, abrasive size distribution, and wafer-pad contact area.
IEEE Trans Semicond Manuf 16:45-56

Luo L, Dornfeld DA (2004) Integrated modeling of chemical
mechanical planarization of sub-micron IC fabrication. Springer,
Berlin

Labra C, Onate E (2009) High-density sphere packing for dis-
crete element method simulations. Commun Numer Methods Eng
25(7):837-849

Leonardi A, Wittel FK, Mendoza M, Herrmann HJ (2014) Coupled
DEM-LBM method for the free-surface simulation of heteroge-
neous suspensions. Comput Part Mech 1(1):3-13

Markauskasa D, Maknickas A, Kacianauskas R (2015) Simula-
tion of acoustic particle agglomeration in poly-dispersed aerosols.
Proced Eng 102:1218-1225

Martin P (2009) Handbook of deposition technologies for films and
coatings, 3rd edn. Elsevier, Oxford

Martin P (2011) Introduction to surface engineering and function-
ally engineered materials. Scrivener and Elsevier. J Vac Sci Technol
A2(2):500

Moelwyn-Hughes EA (1961) Physical chemistry. Pergamon, Lon-
don

Onate E, Idelsohn SR, Celigueta MA, Rossi R (2008) Advances
in the particle finite element method for the analysis of fluid-
multibody interaction and bed erosion in free surface flows.
Comput Methods Appl Mech Eng 197(19-20):1777-1800

Onate E, Celigueta MA, Idelsohn SR, Salazar F, Surez B (2011)
Possibilities of the particle finite element method for fluid-soil-
structure interaction problems. Comput Mech 48:307-318

Onate E, Celigueta MA, Latorre S, Casas G, Rossi R, Rojek J
(2014) Lagrangian analysis of multiscale particulate flows with
the particle finite element method. Comput Part Mech 1(1):85-102
Rapaport DC (1995) The art of molecular dynamics simulation.
Cambridge University Press, Cambridge

Rojek J, Labra C, Su O, Onate E (2012) Comparative study of
different discrete element models and evaluation of equivalent
micromechanical parameters. Int J Solids Struct 49:1497-1517.
doi:10.1016/j.ijsolstr.2012.02.032

Rojek J (2014) Discrete element thermomechanical modelling
of rock cutting with valuation of tool wear. Comput Part Mech
1(1):71-84

Schlick T (2000) Molecular modeling & simulation. An interdis-
ciplinary guide. Springer, New York

Stillinger FH, Weber TA (1985) Computer simulation of local order
in condensed phases of silicon. Phys Rev B 31:5262-5271

@ Springer

& | Journal: 466 MS: 1250 []TYPESET [[]DISK [[JLE []CP Disp.:2016/1/12 Pages: 18 Layout: Large

1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107


http://dx.doi.org/10.1016/j.ijsolstr.2012.02.032

1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155

Comput Mech

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Tersoft J (1988) Empirical interatomic potential for carbon, with
applications to amorphous carbon. Phys Rev Lett 61:2879-2882
Torquato S (2002) Random heterogeneous materials: microstruc-
ture & macroscopic properties. Springer, New York

Virovlyanskii AL (1995) Interrelation between ray and mode field
representations in an acoustic waveguide. Radiophys Quant Elec-
tron 38:76

Wei C, Dong J (2014) Development and modeling of melt
electrohydrodynamic-jet printing of phase-change Inks for high-
resolution additive manufacturing. J Manuf Sci Eng 136:061010.
doi:10.1115/1.4028483 Paper No: MANU-14-1179

Wellmann C, Lillie C, Wriggers P (2008) A contact detection algo-
rithm for superellipsoids based on the common-normal concept.
Eng Comput 25:432-442

Wellmann C, Lillie C, Wriggers P (2008) Homogenization of gran-
ular material modelled by a three-dimensional discrete element
method. Comput Geotech 35:394-405

Wellmann C, Lillie C, Wriggers P (2008) Comparison of the
macroscopic behavior of granular materials modeled by different
constitutive equations on the microscale. Finite Elem Anal Des
44:259-271

Wellmann C, Wriggers P (2011) In: Onate E, Owen DRI (eds)
Homogenization of granular material modeled by a 3D DEM,
particle-based methods: fundamentals and applications, pp. 211-
231

Wellmann C, Wriggers P (2012) A two-scale model of granular
materials. Comput Methods Appl Mech Eng 205-208:46-58
Widom B (1966) Random sequential addition of hard spheres to a
volume. J Chem Phys 44:3888-3894

Wriggers P (2002) Computational contact mechanics. Wiley, New
York

Wriggers P (2008) Nonlinear finite element analysis. Springer,
Berlin

Zohdi TI (2002) An adaptive-recursive staggering strategy for sim-
ulating multifield coupled processes in microheterogeneous solids.
Int J Numer Methods Eng 53:1511-1532

Zohdi TI (2003) On the compaction of cohesive hyperelastic gran-
ules at finite strains. Proc R Soc 454(2034):1395-1401

Zohdi TI (2007) P-wave induced energy and damage distribution
in agglomerated granules. Model Simul Mater Sci Eng 15:S435—
S448

Zohdi TI (2007) Computation of strongly coupled multifield inter-
action in particle-fluid systems. Comput Methods Appl Mech Eng
196:3927-3950

Zohdi TI, Wriggers P (2008) Introduction to computational micro-
mechanics. Second Reprinting. Springer, Berlin

Zohdi TI (2014) Embedded electromagnetically sensitive particle
motion in functionalized fluids. Comput Part Mech 1:27-45

@ Springer

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Zohdi TI (2012) Estimation of electrical-heating load-shares for
sintering of powder mixtures. Proc R Soc 468:2174-2190

Zohdi TI (2012) Dynamics of charged particulate systems. Mod-
eling, theory and computation. Springer, Berlin

Zohdi TI (2013) Numerical simulation of charged particulate
cluster-droplet impact on electrified surfaces. J Comput Phys
233:509-526

Zohdi TI (2014) A direct particle-based computational frame-
work for electrically-enhanced thermo-mechanical sintering of
powdered materials. Math Mech Solids, pp 1-21. doi:10.1007/
s11831-013-9092-6

Zohdi TI (2014) Additive particle deposition and selective laser
processing-a computational manufacturing framework. Comput
Mech 54:171-191

Zohdi TI (2015) On the thermal response of a laser-irradiated pow-
der particle in additive manufacturing. CIRP J Manuf Sci Technol.
doi:10.1016/j.cirpj.2015.05.001

Zohdi TI (2015) Modeling and simulation of the post-impact tra-
jectories of particles in oblique precision shot-peening. Comput
Part Mech. doi:10.1007/s40571-015-0048-5

Zohdi TI (2006) On the optical thickness of disordered particulate
media. Mech Mater 38:969-981

Zohdi TI, Kuypers FA (2006) Modeling and rapid simulation
of multiple red blood cell light scattering. Proc R Soc Interface
3(11):823-831

Zohdi TI (2006) Computation of the coupled thermo-optical scat-
tering properties of random particulate systems. Comput Methods
Appl Mech Eng 195:5813-5830

Zohdi TI (2012) Modeling and simulation of the optical response
rod-functionalized reflective surfaces. Comput Mech 50(2):257-
268

Zohdi TI (2013) Rapid simulation of laser processing of discrete
particulate materials. Arch Comput Methods Eng 20:309-325
Zohdi TI (2015) A computational modelling framework for high-
frequency particulate obscurant cloud performance. Int J Eng Sci
89:75-85

& | Journal: 466 MS: 1250 [ TYPESET []DISK [JLE [JCP Disp.:2016/1/12 Pages: 18 Layout: Large

1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
"7
172
1173
1174
1175
1176
177
1178
179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191


http://dx.doi.org/10.1115/1.4028483
http://dx.doi.org/10.1007/s11831-013-9092-6
http://dx.doi.org/10.1007/s11831-013-9092-6
http://dx.doi.org/10.1016/j.cirpj.2015.05.001
http://dx.doi.org/10.1007/s40571-015-0048-5

	A discrete element and ray framework for rapid simulation of acoustical dispersion of microscale particulate agglomerations
	Abstract
	1 Introduction
	2 Dynamic response of an agglomeration
	3 Particle-shock wave contact
	3.1 Ray tracing: incidence, reflection and transmission
	3.2 Acoustical-pulse computational algorithm

	4 Particle-to-particle contact forces
	4.1 Comments on rolling/spinning
	4.2 Contact dissipation
	4.3 Regularized contact friction models
	4.4 Particle-to-particle bonding relation

	5 Particle interaction with external forces
	5.1 Near-field/electromagnetic forces
	5.1.1 Inter-particle near-field interaction
	5.1.2 Magnetic forces

	5.2 Interstitial damping

	6 System time-stepping
	6.1 Iterative (implicit) solution method-algorithm

	7 Numerical example
	8 Closing statements
	Appendix 1: Basics of acoustics
	Appendix 2: Contact area parameter and alternative models
	Contact area parameter
	Alternative models

	Appendix 3: Iterative solution method
	References


