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Abstract

The dissertation investigates spherical harmonics method for describing a particle
shape. The main object of research is the non-spherical shape particles. The pur-
pose of this dissertation is to create spherical harmonics model for a non-pherical
particle. The dissertation also focuses on determining the suitability of the low-
resolution spherical harmonics for describing various non-spherical particles.

The work approaches a few tasks such as testing the suitability of a spheri-
cal harmonics model for simple symmetric particles and applying it to complex
shape particles. The first task is formulated aiming to test the modelling concept
and strategy using simple shapes. The second task is related to the practical appli-
cations, when complex shape particles are considered.

The dissertation consists of introduction, 4 chapters, general conclusions, ref-
erences, a list of publications by the author on the topic of the dissertation, a sum-
mary in Lithuanian and 5 annexes.

The introduction reveals the investigated problem, importance of the thesis
and the object of research, describes the purpose and tasks of the thesis, research
methodology, scientific novelty, the practical significance of results and defended
statements. The introduction ends in presenting the author’s publications on the
topic of the dissertation, offering the material of made presentations in conferences
and defining the structure of the dissertation.

Chapter 1 revises the literature: the particulate systems and their processes,
shapes of the particles and methods for describing the shape, shape indicators. At
the end of the chapter, conclusions are drawn and the tasks for the dissertation are
reconsidered.

Chapter 2 presents the modelling approach and strategies for the points of the
particle surface, spherical harmonics, the calculation of the expansion coefficients,
integral parameters and curvature and also the conclusions.

Chapters 3 and 4 analize the modelling results of the simple and complex
particles. At the end of the both chapters conclusions are drawn.

5 articles focusing on the topic of the dissertation have been published: two
articles — in the Thomson ISI register, one article — in conference material and
scientific papers in Thomson ISI Proceedings data base, one article — in the journal
quoted by other international data base, one article — in material reviewed during
international conference. 8 presentations on the subject of the dissertation have
been given in conferences at national and international levels.



Reziume

Disertacijoje nagriné¢jamas sferiniy harmoniky daleliy formos modelis. Pagrindi-
nis tyrimo objektas yra nesferinés formos dalelés. Disertacijos tikslas — sukurti
sferiniy harmoniky modeli nesferinés formos daleléms. Disertacijoje siekiama iStir-
ti Zemo laipsnio sferiniy harmoniky tinkamuma ivairiy nesferiniy daleliy formy
apraSymui.

Darbe sprendZiami uZdaviniai: sferiniy harmoniky modelio tinkamumo pa-
prastoms simetrinéms daleléms tyrimas bei sferiniy harmoniky modelio taiky-
mas sudétingos formos daleliy apra§ymui. Pirmasis uzdavinys suformuluotas sie-
kiant patikrinti modeliavimo teorija ir skai¢iavimo strategija naudojant paprastas
simetrines formas. Antrasis uZdavinys siejasi su praktiniais taikymais, kai mode-
liuojamos sudétingos formos dalelés.

Disertacija sudaro ivadas, keturi skyriai, rezultaty apibendrinimas, naudotos
literattiros ir autoriaus publikacijy disertacijos tema sgrasai, santrauka lietuviy kal-
bair 5 priedai.

Ivadiniame skyriuje aptariama tiriamoji problema, darbo aktualumas, pristato-
mas tyrimy objektas, formuluojamas darbo tikslas bei uzZdaviniai, aprasoma tyrimy
metodika, darbo mokslinis naujumas, darbo rezultaty praktiné reik§mé, ginamieji
teiginiai. [vado pabaigoje pristatomos disertacijos tema autoriaus paskelbtos pub-
likacijos ir praneSimai konferencijose bei disertacijos struktiira.

Pirmasis skyrius skirtas literatiiros analizei. Pateikiama trumpa apZvalga apie
daleliy sistemose vykstancius procesus, daleliy formas ir taikomus metodus for-
mos apraSymui, literatiiroje daZniausiai sutinkamus formos rodiklius. Skyriaus
pabaigoje formuluojamos iSvados ir tikslinami disertacijos uzdaviniai.

Antrajame skyriuje pateiktas matematinis modelis daleliy formai aprasyti: mo-
deliavimo idéja, dalelés pavirSiaus tasky strategijos, sferiniy harmoniky teorija,
koeficienty, integraliniy rodikliy ir kreiviy skai¢iavimas, skyriaus i§vados.

Treciajame ir ketvirtajame skyriuose pateikiami modeliavimo rezultatai pa-
prastoms ir sudétingoms daleléms. Abiejy skyriy pabaigoje pateikiamos iSvados.

Disertacijos tema paskelbti 5 straipsniai: du — mokslo Zurnaluose, jtrauktuo-
se { Thomson ISI sarasa, vienas — konferencijuy medZiagoje, referuotoje Thomson
ISI Proceedings duomeny bazéje, vienas — kity tarptautiniy duomeny baziy cituo-
jamame Zurnale, vienas — recenzuojamoje tarptautiniy konferencijy medZziagoje.
Disertacijos tema perskaityti 8 praneSimai Lietuvos bei kity Saliy konferencijose.
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Notations

Symbols

A(y, 0) — an actual surface and spherical harmonics expansion;
A, — derivative with respect to angle ¢;

Ay — derivative with respect to angle 6;

A;(0, ¢) — spherical harmonics expansion in certain segment;
a — a vector of unknown coefficients;

a;" — spherical harmonics expansion coefficient;

a, b, c — dimensions of a particle;

Ceor — correction factor;

D — discrete descriptor;

E.y — effective elastic modulus;

E;(p,0) — an approximation error;

E, F, G — first fundamental constants;

F7,, — normal Hertzian contact force;

f(p,0) —avector of polynomial functions;

H — mean curvature;

h — altitude of pyramid;

I — moment of inertia;

i — index for a polar line, index of the i* part of the surface;

7 — a subscript of a model with a different complexity, index for an azimuthal line;
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k — a subscript used for a reference model,;

L — spherical harmonics expansion degree;

L, M, N — second fundamental constants;

[ — degree of spherical harmonics;

M — total number of terms in expansion;

m — order of spherical harmonics;

N — a number of sampling points;

N;™ — normalization constant;

n — normal to the surface;

P — a point of a surface;

P™(cos p) — associated Legendre polynomials;

q — a subscript used for a strategy;

R — discrete value of radius;

R4 —radius of an average point;

r — a polar radius;

r(p,0) — a polar radius function;

Tqk (©qk» Ogx) — discrete values of polar radius;

S — surface area;

S(x) — an original surface in Cartesian coordinates;
S; — it" element of a surface area;

St — area of a triangle;

Sr(¢, ) — an original surface in spherical coordinates;
Sr(qk, 0qr) — discrete values of original surface;
Sy — area of a whole surface;

thr — a subscript for a treshold model;

u — displacement;

V — volume;

W, — particular segment of the surface;

X — vector of parametric functions of the surface;
x — a vector of Cartesian coordinates;

x, y, z — Cartesian coordinates;

[Y; (@qk, Ogr)] — transformation matrix;

Y™ (8, ) — spherical harmonics;

& — Kronecker symbol

0 cq — singular azimuthal angle;

v — Poisson’s ratio;

peys — effective radius of curvature;

, 0 — spherical angles;

(¢qk, Oqi:) — discrete values of spherical angles.

viii



Operators and Functions

Y — conjugate of a complex number;
d — derivative;

det(.) — determinant of a matrix;
||.]|? = an Euclidean norm;

| - integral;

[.]~! — inverse matrix;

|.| — length of a vector;

[.]T — a matrix transpose;

[|.||°° — a maximum norm;

0 — partial derivative;

[.]" — pseudo-inverse matrix;
X — vector product.
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Introduction

Problem Formulation

Mathematical modelling and information technologies plays an important role in
many areas of sciences and engineering. Among many specific applications, par-
ticulate solids, especially granular materials, could be distinguished. They present
a huge class of materials widely used in chemical, pharmaceutical, food and other
industries. It is obvious that transportation of particulates and their treatment in
technological processes are heavily influenced by the microscopic properties of
individual particles. Various problem-oriented computer-based technologies and
data systems are used to control the behaviour of particulates containing huge
number of particles.

An important property of particulate solid is the shape of particle. The re-
search addressing characterisation and mathematical description of particle shape
concerns basically non-spherical shapes. In the earlier stage, empirical indirect
relationships between the mechanical properties and the shape characteristics pre-
vailed. Recently, many different mathematical models that constitute particle shapes
have been systematically formulated and utilized by applying computational and
information technologies.

Identification methods for variety classification or quality inspection (i. e.,
crushed, damaged, diseased, immature, or overmature) require an accurate de-
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scription of the grain geometry. Characterization methods used to describe the
behaviour of particulate systems during handling may also benefit from an accu-
rate description of the geometry of grains, as it has been experimentally proven that
properties such as flowability, dilatancy, crushability, and segregation are highly
influenced by the particle shape.

The main issue in the investigation of granular systems is related to contact
mechanics during collisions between products or machinery parts. The shape and
volume of the particle is important in packing problems while local angularities
has the impact on the contact calculation. In general, a good approximation of the
particle shape results in the high accuracy of the mechanical problem.

Since there is a lack of universal tool for shape approximation as well as the
contact calculation, the spherical harmonics technique presented in this work al-
lows to develop the method suitable for the description of the arbitrary shaped
particle.

Relevance of the Thesis

The understanding the behaviour of particulate materials is of major importance.
Although it could seem to be a rather simple task, the granular materials consist
of large number of particles, thus, the experiments are quite expensive and diffi-
cult to carry out. Furthermore, there is a lack of computational methods for mod-
elling the granular materials. Recently, the discrete element method has become
the dominant computational tool for investigating the behaviour of granular matter.
Discrete element method allows for a microscopic insight into granular material
behaviour with tracing in time all dynamical parameters of particles. The most
important parameter for discrete element method is particle shape, that strongly
effect the simulation results.

In reality, the majority of granular particles are non-spherical, and there exists
not so many methods for the description of such shapes. Both monomeric and
composite approach have their own disadvantages. The use of smooth continuous
shapes (ellipsoids, generalised super-ellipsoids or super-quadrics) is inconvenient
because the detection of contact can only be achieved by iteratively solving sets of
nonlinear equations. It is clear that shape models created using a single function
are applicable for only a limited number of shapes. The composite approach can be
used to represent arbitrarily shaped, irregular, complex geometrical entities fairly
well, but a different technique is required to describe the contact of particles.

Because of the lack of universal tools for describing the shape and calculating
the contact, the semi-analytical method using spherical harmonics is considered.
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Spherical harmonics is suitable for arbitrary shaped particles and the modelling
concept is the same despite of the shape (spherical, non-spherical, symmetric or
not, etc.). Such versatile technique can simplify the modelling of particle shapes.

The Object of Research

The object of research is non-spherical particles and their description using spher-
ical harmonics.

The Aim of the Thesis

The main aim of the thesis is to develop spherical harmonics model to describe
non-spherical particles and investigate the suitability of low resolution spherical
harmonics for non-spherical particle shape description.

The Tasks of the Thesis

In order to achieve the aim of the thesis, the following problems had to be solved:

1. To review the existing methods for describing the particle shape and ap-
plications of spherical harmonics.

2. To develop the method for describing a particle shape using low-resolution
(L < 3) spherical harmonics.

3. To analize the suitability of the low-resolution spherical harmonics model
by applying it to simple symmetric particles (ellipsoidal, cylindrical and
parallelepiped shapes).

4. To apply the developed spherical harmonics model to non-spherical com-
plex particles.

Research Methodology

To investigate the object, the following research methods are chosen:

« mathematical modelling such as spherical harmonics expansion and least
square method;
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« numerical simulation for testing the modelling technique with samples.

Scientific Novelty of the Thesis

The aspects of scientific novelty on non-spherical particle shape description are as
follows:

1. The presented modelling concept is to model the particle shape using
spherical harmonics. The spherical harmonic expansion uses discrete points
of the surface and transforms them into expansion coefficients. For the
calculation of the expansion coeeficients the least squares method and the
pseudo-inverse matrix computational procedure is used.

2. Various strategies for positioning the sampling points is considered calcu-
lating the expansion coefficients. Furthermore, the analysis of the results
shows that each strategy has the different impact on the modelling results.

3. The suitability for the use of spherical harmonics is tested with simple
symmetric particles evaluating some descriptors such as surface area and
volume. The presented results show that low-resolution spherical harmon-
ics expansion (up to L = 3) approximates such particles with high accu-
racy.

4. The model is applied for the complex particles. Considering these shapes,
the modelling technique is modified by introducing the surface division
into smaller parts.

Practical Value of the Research Findings

Spherical harmonics method presented here can be applied for arbitrary shaped
particles. Such method allows to approximate the shape with analytical function
which later can be used in calculation of various descriptors (integrate for surface
area, volume or moments of inertia, differentiate for normal vector and radius of
curvature) or contact forces.

The Defended Statements

The following statements based on the results of present investigation may serve
as the official hypotheses to be defended:
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1.

The low-resolution spherical harmonics are proper approximation tool to
describe the shape of rounded and angular equal-sized particles, the accu-
racy of the method drops, however, with extension or flattening of particle.

Application of least square approximation combined with adaptive posi-
tioning strategies increases accuracy of spherical harmonics approxima-
tion.

For description of complex non star-shaped particles, the spherical har-
monics have to be combined with the regional sub-division.

Approval of the Research Findings

The main results of the doctoral dissertation were published in 5 scientific papers:
2 papers in journals indexed in Thomson ISI Web of Science (Radvilaité et al.
2016, 2017), 1 paper in conference proceedings indexed in Thomson ISI Proceed-
ings (Kacianauskas et al. 2015), 1 paper indexed in other international databases
(Radvilaité ef al. 2014) and 1 paper in conference proceedings (Radvilaité ef al.

2015).

The author has made eight presentations at eight scientific conferences at na-
tional and international levels:

Young scientists conference “Interdisciplanary research of physical sci-
ences and technology”, held on 11 February 2014 in Vilnius;

XXII™ seminar of Association of Lithuania Computational Mechanics,
held on 25 April, 2014 in Vilnius;

International conference “Numerical Analysis and Applied Mathematics
(ICNAAM)”, held on 22-28 September, 2014 in Rhodes, Greece;

XXII" seminar of Association of Lithuania Computational Mechanics,
held on 24 April, 2015 in Vilnius;

International conference “Optimization and Analysis of Structures (OAS
2015)”, held on 23-25 August, 2015 in Tartu, Estonia;

International conference “Polish Congress of Mechanics and Computer
Methods in Mechanics (PCM-CMM 2015)”, held on 8-11 September,
2015 in Gdansk, Poland;

XXIV?" seminar of Association of Lithuania Computational Mechanics,
held on 20 April, 2016 in Vilnius;
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« International conference “Modern Building Materials, Structures and Tech-
niques (MBMST 2016)”, held on 26-27 May, 2016 in Vilnius.

Structure of the Dissertation

The dissertation consists of introduction, four main chapters, general conclusions,
references, a list of publications by the author on the topic of the dissertation and a
summary in Lithuanian. The total scope of the dissertation is 126 pages, 62 equa-
tions, 31 figure and 11 tables. For the purpose of the present dissertation, refer-
ences were made to 94 source papers.



Review of Literature on Particles
and Their Shapes

This chapter provides the overview of the literature on particulate systems and
processes, shapes of the particles, methods for describing the shape, both mathe-
matical and applied in discrete element method, and indicators for characterizing
the shape.

Parts of this chapter are published in Radvilaité (2014), Kacianauskas et al.
(2015), Radvilaité et al. (2015), Radvilaité er al. (2016) and Radvilaité et al.
(2017).

1.1. Particulate Systems and Processes

Granular materials are important in almost all areas of science and technology.
They present a huge class of materials widely used in chemical, pharmaceutical,
food and other industries. Despite the form they are used, whether as fillers in
composite materials, as packings with their own mechanical properties, or whether
designed to be dissolved as a supply of chemicals, their size and shape often de-
termines their effectiveness in each particular application. Thus, proper under-
standing of mechanical behaviour of granular materials is of major importance
for both fundamental developments and industrial applications (Garboczi 2011;
Markauskas et al. 2010).
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Identification methods for variety classification or quality inspection (i. e.,
crushed, damaged, diseased, immature, or overmature) require an accurate de-
scription of the grain geometry. Characterization methods used to describe the
behaviour of particulate systems during handling may also benefit from an accu-
rate description of the geometry of grains, as it has been experimentally proven
that properties such as flowability, dilatancy, crushability (Gonzalez-Montellano
et al. 2012; Horabik et al. 2016; Markauskas ef al. 2015; Mellmann et al. 2014;
Parafiniuk et al. 2013), and segregation (Jha et al. 2008) are highly influenced
by the particle shape. The role of the shape in particular problems is considered by
Cleary (2008); Kock and Huhn (2007); Santamarina and Cho (2004). Basic con-
cepts and different measures used to classify particle shapes are given in review
papers by Blott and Pye (2008); Bullard and Garboczi (2013); Nouguier-Lehon
et al. (2003); Parafiniuk et al. (2014).

As granular materials are simple systems of a large number of particles of var-
ious size, shape, and material, several phenomena in nature as well as many indus-
trial applications involve static or dynamic granular assemblies. Depending on the
physical background the number of particles being involved in these assemblies
differs largely. While laboratory scale experiments usually involve small numbers
of particles, industrial applications like silos may contain several cubic meters of
granular material in which the particle number may easily exceed the order of 10°
per cubic meter. In nature some phenomena like avalanches or earthquakes often
incorporate hundreds of tons of granular material therefore involving even larger
quantities of particles (DZiugys and Peters 2001; Kruggel-Emdem et al. 2007;
Pefia et al. 2009).

Granular materials present a complex mechanical response when subjected
to an external load. The shape, angularity and size distribution of the grains, the
evolution of the granular skeleton (spatial arrangement of particles, void ratio,
fabric, force chains), and some phenomena occurring at the grain scale (like rolling
or sliding) are determinant factors for the overall macroscopic response (Pefia et al.
2007).

Grains not only slide and roll in granular materials, they also are being com-
pressed and sheared. Sliding is an irreversible, plastic process that only heats up
the system. Rolling is not itself irreversible, but it does eventually lead to slid-
ing, crushing and heat. These processes are discussed in works by Jiang and Liu
(2007, 2008). In addition, grains in granular materials interact at contact points,
where forces arise to oppose the relative displacement between contacting parti-
cles. Such behaviour and the focus on the stress-strain relationship for dense as-
semblies in the linear elastic regime is analysed by Agnolin and Roux (2008).
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Different theories of granular materials, like elasticity or hydrodynamics, is
presented by Bréuer ef al. (2006); Jiang and Liu (2009); Krimer et al. (20006);
Mgller and Bonn (2007).

To investigate the behaviour of the granular materials are very important, but
the properties and processes of such materials are not fully understandable. Be-
cause of large number of particles involved in granular matters, the experiments
are quite expensive and difficult to carry out. Furthermore, there is a lack of com-
putational methods for modelling the granular materials. Recently, the discrete
element method has become the dominant computational tool for investigating the
behaviour of granular matter. Discrete element method allows for a microscopic
insight into granular material behaviour with tracing in time all dynamical param-
eters of particles, such as position of individual grains, their velocity, acceleration
and acting inter-particle forces (Balevicius ef al. 2011; Kacianauskas et al. 2014).

Thus, the particle shape is the most important factor determining the accu-
racy of the simulation results. However, there exist many different methods for
describing a particle shape.

1.2. Mathematical Methods for Shape
Representation

Particle shapes can be described mathematically using certain functions or even
the theory of diferential geometry.

The advancement of modelling, digitizing and visualizing techniques for 3D
shapes has led to an increasing amount of 3D models. There are many possible
representation techniques for both surface and volume models: implicit surfaces,
CSG (constructive solid geometry), BSP (binary space partitioning) trees, octrees,
B-rep (boundary representation), free form surfaces, etc. The review of all this
methods can be found in study by Tangelder and Veltkamp (2008). Furthermore,
in review works by Tangelder and Veltkamp (2008); Zhang and Lu (2004); Zhang
et al. (2007) the classification of 3D surfaces shape representation is discussed.
Here, basically two categories of shape representation (contour-based and region-
based methods) are distinguished.

The simplest way to represent a particle system is either to use a set of points

(point cloud data) or solid objects (volumetric data). Both types of data can be
represented by a set of position vectors {X} = {x1,Xs,...,X,} and weights

{fYy =1{f1, far-- s [} (Keys et al. 2011).
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Another shape descriptor that is conceptually simple is known as the “shape
histogram”. This descriptor is based on a density map of the structure on a po-
lar or spherical grid. The shape histogram is constructed in 2D by first generating
ng equiangular gridlines on the unit circle. The shape histograms method is an
intuitive and discrete representation of complex spatial objects. The shape his-
togram has the disadvantage that it requires registration to match shapes that are
not aligned spatially, unless only radial bins are used (i.e. ng = n, = 1). Shape
histograms with only radial bins are typically only applicable for obtaining coarse
measures of similarity, since they lose much of their discerning capabilities with-
out an angular component (Keys ef al. 2011; Novotni and Klein 2004; Zhang
et al. 2007).

Fractal analysis is quite new mathematical idea to describe irregular shape
using fractional numbers instead of integers. The concept of fractals, which has
the shape formed in nature, has been usually analyzed using Euclidian geometry.
The key parameter for fractal analysis is the fractal dimension, which is a real
non-integer number, differing from the more familiar Euclidean or topological di-
mension. The fractal dimension for a line of any shape varies between one and
two, and for a surface — between two and three. In recent years, fractal geome-
try techniques have found widespread applications in many disciplines, including
medicine, biology, geography, meteorology, manufacturing, and material science
(Arasan et al. 2011).

In molecular dynamics, the concept of spheropolygons, which is the object
resulting from dilating a polygon by a sphere, was introduced. In 3D models, the
dilation of a polyhedra by a sphere has a precise mathematical meaning using
the Minkowski operator (Galindo-Torres et al. 2009, 2010; Galindo-Torres and
Pedroso 2010).

Another mathematical method applied for the shape description is Zernike
moments and polynomials. These moments are computed as a projection of the
function defining the object onto a set of orthonormal functions within the unit
ball. It is easier to recover 3D shape from Zernike moments and there will be
less computationally expensive. However, 3D Zernike moments suffer by the se-
vere instability of geometrical moments and hence always in case of high orders
(Novotni and Klein 2004; Zhang and Lu 2004; Zhang et al. 2007). Although
Zernike moment descriptor has a robust performance, it has several shortcomings.
To overcome these shortcomings, a generic Fourier descriptor (GFD) has been pro-
posed. The GFD is acquired by applying a 2D Fourier transform on a polar-raster
sampled shape image (Zhang and Lu 2004).

The mostly used approaches, including semi-analytical models, are discussed
in Masad et al. (2005). In this study, a number of computational methods were
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utilized to describe the surface characteristics of granular materials, while the role
of Fourier series and spherical harmonic series, wavelet analysis and a gradient
method were emphasised.

The gradient method (Masad et al. 2005) was applied to model surface an-
gularity. This method was adopted to smooth a highly angular particle that has
sharp angular corners. The wavelet transform works by mapping an image onto a
low-resolution image and a series of detailed images (Mallat 1989). The wavelet
analysis is a powerful method for modelling on the scale of the texture, and a se-
ries of detailed images providing quantitative predictions on the real behaviour of
granular materials is demonstrated in Amaratunga and Castrillon-Candas (2001);
Johnson and Williams (2009); Masad et al. (2005).

The standard mathematical tool, Fourier series, has been used recently to
quantify the shape of particles (Masad et al. 2005). The method, based on the 2D
image analysis for particle shape characterization, was introduced in Soga et al.
(2001). Further, it was modified for 3D shapes and applied to sand characteriza-
tion (Mollon and Zhao 2013, 2014).

Recently, spherical harmonic functions has received much attention. Spher-
ical harmonic expansions are well-understood tool of applied mathematics and
have a well-established standing in the molecular sciences. They are perhaps best
known as the orbital shape determining functions as solutions of the angular part
of Schrodinger’s equation for the hydrogen atom although they occur in a great va-
riety of different physical problems such as electromagnetism, gravity, mechanics
or hydrodynamics (Morris et al. 2005). The earliest contributions using spheri-
cal harmonics have been found in concrete (Garboczi 2002). Successful 3D ap-
plications of sophisticated spherical harmonics comprise lunar regolith (Garboczi
2011) or sand (Liu et al. 2011; Zhou et al. 2015) particles. Spherical harmonics
also has been widely applied to some other fields such as medicine for the repre-
sentation of organs (Abdallah er al. 2010; Mofrad et al. 2014; Santhanam et al.
2010), action recognition (Razzaghi et al. 2013) or in biology for the represen-
tation of parts of insects (Shen et al. 2009). Furthermore, they are encountered,
inter alia, in weather and climate modeling, in the representation of gravitational,
topographic, and magnetic data in geophysics, in the numerical solution of certain
partial differential equations, etc. (Rokhlin and Tygert 2006).

1.3. Shape Descriptors

In reality, the majority of granular particles is non-spherical, and may have irreg-
ular, randomly shaped geometries. Consequently, various models of varying com-
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plexity have been used to approximate such shapes. The existing discrete element
method models for particles may be classified with respect to descriptors com-
prising the characterization of the global shape compared with a sphere, in terms
of the sphericity, aspect ratio, or squareness; the sharpness of edges, in terms of
angularity or roundness; and the smoothness (roughness) of the particle surface
(Kacianauskas et al. 2014). The most used descriptors are given in Table 1.1.

Table 1.1. Descriptors for characterizing the particle shape

Descriptor Formula References
A
U= — 77 Arasan et al. (2011)
4
Spherlc1ty ¥ — i Jalaal et al. (2012),
A Bullard and Garboczi (2013)
Ups = Pis Bullard and Garboczi (2013)
U = ];iésc Mollon and Zhao (2012, 2014)
7T1/3(6§7)L2/3 Feinauer ef al. (2015),
V= 5 Zhou et al. (2015)
4ITA
R=—; Arasan et al. (2011)
Roundness S il
Ry = ]‘\7; d Bullard and Garboczi (2013)
= %RC Mollon and Zhao (2012, 2014)
Nellinse
P
Angularity = Pory Arasan et al. (2011)
2 /s 2mw/s ‘7" e
=53 doy === Zhou et al. (2015)
0=0 ¢ /(1)
Convexity C = 1 Arasan et al. (2011)
rect
P
Regularity R =log > Mollon and Zhao (2012)
P - Pcmw

Three useful parameters for characterizing the particle shape are the length L,
the width W and the thickness 7. These three quantities then define some kind
of minimum dimension orthogonal box that just contains the particle (Garboczi
2011; Liu et al. 2011). Then three dimension ratios can be defined:

Aspect ratio = —

9

(1.1)
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Elongation = —, (1.2)

Flatness = —, (1.3)

~| T T~

where S is the smallest dimension, I — intermediate dimension, L — the longest
dimension of a rectangular box containing exactly the particle (Mollon and Zhao
2012, 2014).

One of most often used parameter to describe the geometry of the particle
is sphericity. There is more than one definition in the literature for this descriptor.
Sphericity indicates how equiaxed the particle is, and is the opposite of anisometry
or ellipticity (Bullard and Garboczi 2013). Sphericity of the sphere is equal to 1.

Another descriptor is roundness. Roundness gives information about how blunt-
ed or rounded the corners and edges of the particle are, and is the opposite of an-
gularity (Bullard and Garboczi 2013). This is a shape factor that has a maximum
value of 1 for a circle and smaller values for shapes having a lower ratio of area to
perimeter, longer or thinner shapes, or objects having rough edges (Arasan et al.
2011). According to Mollon and Zhao (2012), it is a measure of the average sharp-
ness of the angles of the particle. However, this definition is not perfectly objective
since it is difficult to determine what curve along the contour of a particle is sharp
enough to be called a “corner” (Mollon and Zhao 2012).

Besides the already mentioned descriptors, there is angularity. This is a shape
factor that has a minimum value of 1 for circle and higher values for shapes having
angular edges (Arasan et al. 2011).

1.4. Shapes of the Particles

The particle shape is an important property influencing the interaction of separate
grains, and, in recent decades, many studies have been dedicated to improving the
understanding of the role of the shape in the behaviour of granular materials. Be-
cause the solution of the contact problem for arbitrary shaped surfaces in three
dimensions is complicated, a smooth sphere has become the most popular particle
shape in discrete element method studies, and the explicitly defined Hertz solution
for single sphere-sphere and sphere-plane contacts is extensively employed to sim-
ulate various particulate solids using the discrete element method (Kacianauskas
etal. 2014).

The discrete element method is applied to model and analyze the mechanical
behavior of assemblies of particulate material, where particles with the shape of
discs in two-dimensional (2D) or spheres in three-dimensional (3D) are used for
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easy implementation and time-saving advantages. The influence of particle shape
on flow and accumulation behaviors of particles is almost not considered in such
approaches (Jin et al. 2011).

Early discrete element programs modelled the interactions between circular
disks or spherical particles. The simple calculation to find the location and overlap
of two spheres, together with the well-established theory for their elastic interac-
tion guaranteed their selection for this purpose. This simplicity is appealing from
the points of view of both implementation and computational speed, which is im-
portant given the demand for very large numbers of particles in some simulations.
Although spheres bear only the crudest resemblance to most soil particles, much
useful work has used spheres and they are still widely used in research. However,
it is clear that spheres cannot reproduce all the aspects of the behaviour of non-
spherical particles and this has led to the development of more complex particle
models (Harkness 2009).

The advantage of using discs or spheres to represent particle shape is their
simplicity especially in terms of inter-particle contact detection. Moreover the con-
tact force models for contacting spheres and spheres contacting flat walls are well
known. Since discrete element simulations usually involve large numbers of dis-
crete elements, minimizing computing time is a very important aspect (Hohner
et al. 2011). It is well known that an important fraction of the computation time
in a discrete element method calculation may devoted to contact detection and cal-
culation of the overlap distance between particles. For circular particles (in 2D) or
spherical particles (in 3D) the calculation is trivial: the overlap is simply the dis-
tance between the particle centres, minus the sum of the radii of the two contacting
particles (Houlsby 2009).

While spheres are easy to handle in a discrete element method code, they
show a different mechanical behaviour on the single grain level as well as in larger
assemblies compared to the actual particle behaviour in most application areas.
For example interlocking of particles cannot be simulated using spherical shape
representation. Therefore the physical meaning of results obtained from these sim-
ulations is questionable (Hohner et al. 2011).

For almost any other particle shape the calculation is much more complex, and
the resulting computation can become sufficiently lengthy that it impacts signifi-
cantly on overall run time. For most applications real particles are, of course, not
spherical. However, the simplicity of the contact detection and overlap calculations
is a powerful driver that encourages the use of the spherical idealisation. Particle
shape can in some applications have a very important influence on the behaviour
of a granular medium, and so means of modelling non-circular (or non-spherical)
particles is required (Houlsby 2009).
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Majority of particles existing in nature, such as gravel, tablets, and seeds, are
non-spherical with non-smooth edges and corners. Particles with different shapes
have different properties. Thus, particle shapes have an important influence on the
overall characteristics of a single particle or an entire particle system. In order
to get more realistic behaviour of the granular materials, simulation in discrete
element method should consider non-spherical particles (Jin et al. 2011).

Although spheres remain popular in discrete element method because of their
computational efficiency in contact detection, particles in real life are largely non-
spherical. Granular and powder materials are present in many shapes, most of
which are non-spherical. The processing of these materials is important in many
engineering applications. Various methods to model non-spherical particles have
been proposed in the literature, most of which impose restrictions on the shape of
the particles, i. e., either the particle has to be polyhedral or the particle shape is
restricted to a particular type of function (Boon et al. 2013).

Representation of the particle shape is one of the key challenges of discrete
element method simulations. In order to obtain more realistic particle behaviour
other particle shape approximations have been introduced into the discrete element
method. Basically two different approaches can be recognized: the single-particle
approach and the clustered-particle approach. In a single particle approach the par-
ticle is a single particle of complicated geometry such as an ellipsoid, superquadric
or polyhedron. In the clustered particle approach smaller body elements such as
spheres are connected in order to form a clustered particle of complex shape.

Elliptical particles are probably the most widely used nonspherical smooth
particle shape in discrete element method simulations. The usage of ellipses (2D)
and ellipsoids (3D) decreases the inherent rolling tendency of spherical particles
which is considered as one of the major causes of deviation of discrete element
method simulations from realistic particle behaviour. Contact detection between
elliptical and ellipsoidal particles usually involves a numerical calculation of poly-
nomial roots which can be very time-consuming depending on the applied numer-
ical algorithm and the chosen initial value of the iteration. Thus, the use of such
particles includes algorithms for particle intersection computing, stress-strain be-
haviour, fabric, and particle generation (Hohner ef al. 2011; Jin et al. 2011).

Another interesting approach to implement more complex particles is the us-
age of polyhedral body shapes. A particular case of the composite approach was
introduced by Cundall (1988), and improved by Chen et al. (2011), for poly-
hedral shapes, wherein convex particles were constructed using cutting planes.
The advantage of using polyhedral shapes is that a wide variety of complex par-
ticle shapes can be simulated, meaning that more realistic results can be obtained
from discrete element method simulations. However, the presence of sharp ver-
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tices complicates the treatment of particle contacts. Thus, the question of how
contact forces between two colliding polyhedral bodies are calculated is still not
completely answered. In some algorithms only the vertices of the polyhedral sur-
face are checked for contact with another polyhreda while in others — contacts are
differentiated among different contact types. (Hohner ef al. 2011; Kacianauskas
etal. 2014).

Recently, a hybrid sphero-polyhedral approach (Alonso-Marroquin et al. 2013;
Galindo-Torres et al. 2010; Galindo-Torres and Pedroso 2012; Mollon and Zhao
2013), where a sphero-polyhedron is considered as a polyhedron with rounded cor-
ners and edges, has been developed to simplify the calculation of sharp contacts
between polyhedral particles. The composite approach approximates complicated
real shapes by combining various regular shapes such as cutting planes, and cylin-
drical and/or spherical surfaces.

The composite-particle or clustered-particle approach is basically restricted
to multi-sphere models (Kodam et al. 2009; Kruggel-Emdem et al. 2008). In
the multi-sphere model the single particle is represented by a composition of con-
nected spheres which may vary in size and even overlap each other. This shape
representation algorithm can be easily implemented and shows efficient contact
detection because it employs a sphere-sphere contact detection algorithm for ir-
regular shaped objects. Once a model particle is created, the relative distances
between the component spheres remain fixed throughout the simulation so that the
generated clustered particle remains a rigid body. The most significant advantage
of this approach is that it allows an easy and efficient calculation of the contact be-
tween complex particles using only spherical contact models (Hohner et al. 2011;
Kacianauskas et al. 2014).

Several studies have attempted to apply the multi-sphere model to approxi-
mate regularly shaped smooth surfaces by further increasing the number of sub-
spheres in a systematic fashion. Particular examples validating the use of the multi-
sphere model to approximate elongated spherocylindrical particles were given by
Abbaspour-Fard (2004) and perfect ellipsoids were considered by Markauskas
et al. (2010). A discussion of the approximation of non-smooth spherical par-
ticles using the multi-sphere model was given Kruggel-Emdem et al. (2008); it
was shown that the application of the refined multi-sphere model could potentially
change the macroscopic response. The authors assumed that the refinement of the
particle model, which was achieved by increasing the number of subspheres, itself
introduced additional errors. The discussion of this issue was continued in later
investigations (Hohner ef al. 2011, 2012, 2014; Kodam et al. 2009; Szarf et al.
2011) where the role of local non-convexity and multiple contacts, which lead to
increased inter-particle friction and interlocking of particles, was emphasised.
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1.5. Conclusions of Chapter 1 and Formulation of
the Tasks of the Thesis

1. Granular materials are important in many areas of science and technol-
ogy. Although they are simple systems of a large number of particles, the
proper understanding of their behaviour is of major important. The review
of literature on granular materials show that there is various processes that
are related to granular materials and their behaviour. Due to large number
of particles involved the experiments are quite expensive to carry out. On
the other hand, there is a lack of computational methods that are suitable
for simulating such materials.

2. The particle shape is an important property influencing the behaviour of
granular materials. Recently discrete element method has become the dom-
inant computational tool for investigating such systems. As accurate shape
description has the impact on the simulation results, exist various models
for approximating the shape. Each of them introduces some assumptions
to simplify the shape. However, the majority of particles in reality is non-
spherical and a good approximation tool is still lacking.

3. Performed review on particle shapes and their description methods re-
vealed that there is not yet develepod a versatile analytical description
method for non-spherical particles. Known semi-analytical method of spher-
ical harmonics is potentially suitable method for solving this problem. The
performance of this approach should be based, however, on research re-
sults.

In order to achieve the aim, the following have to be solved:

1. To develop the method for describing a particle shape using low-resolution
(L < 3) spherical harmonics.

2. To analize the suitability of the low-resolution spherical harmonics model
by applying it to simple symmetric particles (ellipsoidal, cylindrical and
parallelepiped shapes).

3. To apply the developed spherical harmonics model to non-spherical com-
plex particles.






Mathematical Model
of the Particle Shape

This chapter presents the modelling concept using spherical harmonics. Several
strategies for the positioning of the sampling points are introduced. Later they are
used in modelling the chosen shapes in order to test the sensitivity of the spherical
harmonics expansion. As the least squares method and pseudo-inverse matrix pro-
cedure is used for the calculation of the expansion coefficients they are discussed
in more details. This chapter also introduces the calculation of some integral pa-
rameters for the spherical harmonics models and also the calculation of curvature
and contact is discussed here.

Parts of this chapter are published in Radvilaité (2014), Kacianauskas et al.
(2015), Radvilaite et al. (2015), Radvilaité et al. (2016) and Radvilaité et al. (2017).

2.1. Modelling Approach

The particle is assumed to be continuous star-shaped 3D body obeying plane sym-
metry, where at least one symmetry plane exist. It is described in the local frame
of reference, while two local coordinate systems, Cartesian coordinates Ozyz or
spherical coordinates Or6, with their origin positioned in the centre of mass, can
be simultaneously applied for the description of particle. Conventionally, a contin-
uous body is composed by the infinite number of points in the particle volume. The
position of each point within the body is defined by three independent coordinates

19
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building a vector x = {z,y, z}. When applying spherical coordinates, position
of the point may be defined by the polar radius » and two azimuthal and polar
spherical angles, ¢ and 6, varying within the limits 0 < ¢ < 27 and 0 < 0 < T,
respectively. The coordinate frame and positioning of point p defined by Cartesian
coordinates x;, and spherical coordinates 7, ¢, and ¢, are shown in Fig. 2.1.

z

N
N
N

P, Yo, Zp)s
/| P(ro. G, @5)

/ Zp

Fig. 2.1. Coordinate frame and positioning of point P

The well-known direct relationship allows a parametric evaluation of Carte-
sian coordinates

x=rcosgsinf,y =rsinysinf, z = rcosé. 2.1

An inverse relationship to spherical coordinates could also be used
_ (2 2, .2 -1 (Y _ 1%
r—(x +vy +z),g0—tan ,0 = cos . (2.2)
x r

The modelling concept elaborated and applied hereafter operates systemati-
cally with the specified surfaces manifested in terms of three namely, original, ref-
erence, and actual, categories. These different categories are characterised by dif-
ferent mathematical models, and they are considered at different modelling stages.
The original model denoted hereafter by S, presents a surface that exactly matches
the particle shape. The term ‘exact’ is used to characterize a perfect shape com-
posed of a set of analytically expressed functions. Explicitly, the original surface
in Cartesian coordinates is described as follows:

S(x) = 0. 2.3)
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Referring to spherical coordinates, the original surface is described by the
polar radius r varying as a function of the polar angles ¢ and 6:

T(@a 0) = SR(@? 9) (2.4)

Another definition of the surface is referred to as the reference surface. The
reference surface denoted hereafter by R is assumed to be a discrete model of the
original surface S. Since the reference surface is only an approximated surface,
therefore it is not unique. The definition of reference surface assumes the existence
of the family of k reference surfaces Ry, each of which denoted by subscript &,
where £ = 1,2,..., K. The reference surface Rj is specified as a discrete set
X; = {Xk1,...,Xkp, ...} consisting of the coordinates x, of p = 1,2,..., N},
sampling points. In the sampling points, Eq. (2.3) is satisfied, thus S(xx,) = 0.
Usually the increase of £ means a finer hierarchically constructed cloud of points.

On the other hand, the reference surface can be formed by applying vari-
ous modelling strategies, denoting each particular strategy by a subscript g (¢ =
1,2,3,...). As a result, a double indexing of reference surfaces is applied, and
each of them is denoted as R, but defined by the vector Xy

Alternatively, the reference surface R, can be considered in spherical co-
ordinates and defined by the vector of discrete values of the polar radius ry, =
{rgk1,--.,rqkp,- .. }. By using Eq. (2.4), the reference surface R, can be related
to discrete sets of the values of spherical angles ¢, and 6, characterising sam-
pling points as follows

gk ((qua qu) = SR ((quzv qu) . (25)

In many situations, the original surface may be not known explicitly, conse-
quently, the coordinates of sampling points Xy, or 7gxp (Pgkp, Ogkp) Of the refer-
ence surface are obtained on the basis of the available knowledge about discrete
data. They may be extracted from real measurements, using the available computer
imaging and data processing techniques for an arbitrary particle shape.

The actual surface, denoted hereafter by A, presents semi-analytical approx-
imation of the original surfaces S, restricting to the description in spherical co-
ordinates A(y, 0) ~ Sgr(y, 0), where the actual model A is presented by a trun-
cated series containing the finite number M of terms. Here, each term a; f;(¢, 0)
is the product of unknown coefficients a; and analytically specified polynomials
fi(p,0), where i = 1,2, ..., M. The scalar product can be presented in the vector
form:

Ap,0) =1£(p,0)T - a. (2.6)
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Here, unknown coefficients form a vector a = {ay,...,as,...,a M}T, while
polynomials f(¢, 6) are formed in the same manner. The complexity level of ap-
proximation in Eq. (2.6) is defined by the number M of polynomials. Fixing hi-
erarchically different values of M}, different actual models A;(p, §) with the dif-
ferent complexity, defined by the subscript j (7 = 1,..., L), may be developed.
Thus, the approximation error can be expressed in terms of difference between the
original and actual surface

Ej((ﬂ, 9) = AJ'(QD’ 0) - SR(QDa 9) (27)

It is obvious that an increase of j — oo reduces the approximation error up
to zero and guarantees the convergence Fj—_1, <o (,6) — 0. Each of the hierar-
chically developed actual surfaces A; describes the original surface S on the basis
of the discretely defined reference surfaces Rgx. A summary of the above discus-
sion yields that each of the actual surfaces A ;i (¢, 0) = Ajgk (Ajqk, £ (©gr, 09k)),
apart from its complexity level j, involves the properties of reference model R
reflecting the modelling strategy ¢ and the sampling model k. The evaluation pro-
cedure is implemented, however, by approximating the reference surfaces R.

The universal semi-analytical modelling concept have been presented here.
However, this work uses the spherical harmonics as the analytically specified poly-
nomials f;(¢, ) in Eq. (2.6). Thus, the spherical harmonics expansion reads as

L l
A, 0) =D D a"Y"(p.0), 2.8)
=0 m=—1
where a;" are the unknown expansion coefficients and Y, (¢, #) — spherical har-
monics.

The maximal order of the spherical harmonic expansion is usually defined by
the integer parameter called the expansion degree L. It is obvious that the expan-
sion degree L predefines the number of actual models j (j = 1,2,...,L), while
the total number of terms is defined as

L
M=) (2l+1) = (L+1) (2.9)
=0
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2.2. Modelling Strategies for the Particle Surface

In practical situations, the accuracy of a specified shape, described by spherical
harmonics, depends not only on the complexity of expansion, but also even more
on the suitability of the reference model. The issue on formation of the refer-
ence surface Ry involves two steps: 2D positioning of sampling points defined
by vectors g4, and 6, in the subspace (-6 and calculation of surface points in the
three-dimensional space rgx (64, ©qx) applying Eq. (2.4). The choice of a refer-
ence model may be considered as mathematical parameterization of a mesh repre-
senting the surface.

The problem, however, is not strictly mathematical, while the practical im-
plementation of positioning comprises heuristic arguments, formulated in terms of
an appropriate modelling strategy. Each of the strategies conditionally denoted by
a subscript ¢ stands for a heuristic rule how to construct a grid by generating a
sequence of sampling points g4 and 0, with different sets k (k = 1,2,..., K),
where each new set of points k£ + 1 is obtained on the basis of the previous set k.

For practical implementation of the positioning, several strategies aimed to
describe low-resolution harmonics are elaborated and tested numerically. They
are characterised as follows:

« sequential refinement via a regularly sized grid;
« adaptive refinement via a variably sized grid;
« refinement using local correction;

« sampling of the Gauss integration points.

Each of the strategies is based on specified assumptions. The grid-based strategies
employ a concept of grid that covers a modelling sub-domain dividing it into cells,
while the sampling points are embedded into nodes of the grid. By applying the
sequential refinement strategy, a finer grid is formed by a regular sub-division of
grid cells. The strategy offers a relatively simple method, however, the discussion
presented in Mouse et al. (2008) points out the difficulties to predict the size of a
cell that satisfies the given tolerance.

An adaptive refinement strategy forms an irregularly shaped family of grids,
where the size of cells varies according to the specified rules. The character of
surface should be taken into account and the size of the grid cells is adapted to
match the variation of the surface.

The Gaussian point strategy is applied to generate a surface using the Gaussian
integration points as sampling points. In general, the Gaussian points present a part
of the numerical Gaussian quadrature integration method. The practical application
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of this technique in the particle shape analysis is reported by Garboczi (2002),
however, it is limited to a relatively high order quadrature with a large number up
to 120 points.

As four strategies is used for the surface description, they are denoted by
subscript g. Using the equiangular refining strategy (¢ = 1), the angular subdo-
main is covered by the regular polar-shaped grid containing n, x ng cells and
(ny + 1) x ng + 1 nodes, where only variation of ny is allowed. Four schemes for
specification of sampling points were studied within this strategy. The first sim-
plest scheme denoted by subscript £ (k = 1) contains 4 x 16 cells, where the grid
is specified by 69 nodes. The remaining three schemes (k = 2, 3, 4) are generated
by splitting cells into azimuthal direction. As a result, 8 x 16 grid with 137 nodes,
16 x 16 grid with 273 nodes and 32 x 16 grid with 545 nodes were generated,
respectively. Finally, the size of grid cell is defined by constant value of polar an-
gle, Ap = m/2n, = 0.09857 and by variable azimuthal angle, A0 = 7/2ny,
respectively.

The second strategy (¢ = 2) is regular equidistance refining strategy supported
with four sequential schemes containing the data structure of previous sample. It
presumes regular equidistance subdivision with constant cell size Al = (a+c)/n,,
yielding, however, variable angular size Af.

The next strategy ¢ = 3 is selected to illustrates technique where the global
adaptive refining is combined with the local refinement. The last strategy ¢ = 4
presents the Gauss points strategy.

In regard of particular applications, additional simplifications compatible with
the above strategies can be introduced. Therefore, positioning of points in two
polar and azimuthal directions may be performed independently of each other.
For axi-symmetric surfaces, only one-dimensional radially oriented positioning is
sufficient.

2.3. Spherical Harmonics

Spherical harmonics are solution of the Laplace’s equation forming an orthogonal
system. These functions were first introduced in 1782 by P. S. Laplace (Laplace
and Bowditch 1829).

The term “spherical harmonics” for these functions first was introduced by
Thomson and Tait (1867) in their book “Treatise on Natural Philosophy” in 1867.
Here, the definition of spherical harmonics is given as
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“A spherical harmonic function is defined as a homogeneous function, V', of

x, Yy, 2, which satisfies the equation
d*Vv . d*v n d*V
dz?  dy? = dz?

=0. (2.10)

Its degree may be any positive or negative integer; or it may be fractional; or it
may be imaginary” (Thomson and Tait 1867).

Spherical harmonic expansions are a widely used and well-understood tool of
applied mathematics. They are encountered in weather and climate modelling, in
the representation of gravitational, topographic, and magnetic data in geophysics,
in the numerical solution of certain partial differential equations (Rokhlin and
Tygert 2006).

As mentioned above, spherical harmonics are solution of the Laplace’s equa-
tion. The Laplace’s equation given in Eq. (2.10) is in Cartesian coordinates. Given
relations between Cartesian and spherical coordinates (Eq. (2.1) and Eq.(2.2))
Laplace’s equation is transformed into equation in spherical coordinates as

2p_ 10 (,0f L0 (ang®f\ L 9
V= g\ ar )t ranaae 505 +T2Sm29&p2_0. (2.11)

The equation in Eq. (2.11) is solved by separating the variables and the solu-
tion is spherical harmonics.

Spherical harmonics Y, (6, ) are single-valued, smooth, i. e. infinitely dif-
ferentiable, complex functions of two variables 6 and ¢, indexed by two integers [
and m (Morris et al. 2005).

Spherical harmonic basis functions Y, (6, ¢) are defined as
Y0, ) = Nl‘m‘Pl'm|(cos 0)e™?, (2.12)

where N l‘m‘ is the normalization factor and Pllm| (cos 0) is the associated Legendre
polynomial (Razzaghi et al. 2013).

Spherical harmonic functions {Y;™ (6,¢) : |m| < | € Ny} are formed on
the unit sphere S? with two parameters (6, ¢) in spherical coordinates. Although
spherical harmonics are defined as complex functions, most applications use the
real valued functions. Using Euler’s formula the exponent ¢"™% in Eq. (2.12) is
expanded into sine and cosine. Thus, the real valued spherical harmonics are
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V2N[" cos (m¢) P/ (cos ) , when m > 0,
Y™ (0,¢) = NPPP (cos ), when m = 0, (2.13)
\@Nl‘m‘ sin (|m)| go)Pl|m| (cos ), when m < 0,
here: the subscript [ € Ny indicates the expansion degree, the superscript — <
m < [ indicates the order of spherical harmonics, N;"* and P/™ (cos ¢) — the nor-
malization factor and the associated Legendre polynomial, respectively.

The normalization factor can be derived from the orthonormal feature of spher-
ical harmonics

27 T ,
/ / Y™(w)Y) (w) sin 8dedd = &, O, (2.14)
0 0

and then normalization factor is

2 +1(1—m)!
N™ = — 2.15
! 4 (I +m)! (2.15)

Spherical harmonic definition uses the associated Legendre polynomials P (x).
These functions are real and defined on the interval [-1,1]. The associated Legen-
dre polynomials are given as

(_1)m dl+m

PM(z) = T(l ) peET

[3

(% — 1), (2.16)

The formula in Eq. (2.16) can be complicated and expensive for calculation,
so associated Legendre polynomials can be expressed using some recurrence rela-
tions. The algorithm using recurrence relations is given below:

o compute P’(z) = P,(x) using

(l+ )Py =2+ 1)aP —1P_q;

(2m)! (1 - x2)m/2.

[l

o then calculate P (z) = 57—

o fori = m use the formula P} | (z) = (2m + 1)z P} (z);

o fromi = m + 1toi+ 1 = k calculate using (i — m + 1)P/},(x) =
(20 + )B™ () — (i +m) P ().
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The normalization factor is calculated easily, only inserting the values of the
indices into Eq. (2.15). The final form of spherical harmonics is derived combin-
ing all required terms into Eq. (2.13). The expressions of spherical harmonics till
degree L = 3 are given in Table A.1 and their 3D views — in Table A.2 in An-
nex A.

2.4. Calculation of Coefficients

Development of the polynomial expressions in Eq. (2.6) in terms of spherical har-
monics is a computational procedure where the calculation of real coefficients a;"
is required, but different methodologies can be applied. Theoretically, the coeffi-
cients of the expansion present integral obtained over the curved shape, and var-
ious numerical integrations are used. Calculations using the Gaussian quadrature
formula are discussed in Garboczi (2002) and discrete Fourier transformations
are considered in Feinauer ef al. (2015). The above techniques do not depend on
particular shapes and local effects are not distinguished. Another approach was
used by Mouse ef al. (2008). Here, the surface integrals were transformed into
boundary integrals, and the Monte Carlo integration over the edges was applied.
Further, a fast spectral surface reconstruction from point clouds and local surface
smoothing was also demonstrated.

The least square method is used for the evaluation of polynomial coefficients,
where the error F between the original surface Sg(;, ;) and reference surface
described by spherical harmonics is being minimized:

n N 1 2
E=min | <SR (i 0:) = > > af'y" (%ei)> . (2.17)

aj ‘
i=1 =0 m=—1

Regarding the expression in Eq. (2.8) with respect to Egs. (2.9), (2.13) and
(2.15), Eq. (2.17) may be written as a linear matrix equation. Considering an ar-
bitrarily specified reference model R, defined by fixed values of the sampling
points ¢4 and 0, the linear equation reads as follows:

Y (Pgrs Ogi)1ajak = T (Pgrs Ogk) - (2.18)

Here, [Y;] stands for a rectangular transformation matrix, relating unknown co-
efficients aj;,, with the discrete values Tk (@qks Oqi) of the original surface Sg,
defined at the sampling points of the reference model.
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The number of columns M of the transformation matrix is predefined by the
expansion degree L, which is obtained according to Eq. (2.9). The number of rows
N is equal to the number of sampling points. In general, the number of sampling
surface points N > M is large enough to meet the required precision. Generation
of this matrix is rather a routine task, because each column 7 of the matrix, cor-
responding to the specified harmonic term, is fulfilled by the values of harmonic
functions Y} for the whole range of sampling points. This evaluation technique
has been recently demonstrated by Zhou et al. (2015).

Mathematical aspects of the approximation problem in Eq. (2.18) and solution
properties are discussed by Courrieu (2008). Using the matrix algebra, a solution
is obtained by rather a standard pseudo-inversion procedure

ajgk = [Yjqu] " Sr.qk(Pgr Ogk)- (2.19)

Here, a pseudo-inverse matrix is formally defined by the expression
-1
[Yiarl ™ = Yol (el [Yjarl") - (2.20)

Whenever the rank is lower, the solution of the above problem is non-unique.
Consequently, Eq. (2.18) yields a non-unique set of coefficients. In this case, the
generalised Moore-Penrose pseudo-inversion approach is applied further in the
evaluation of a unique set of coefficients. Application of the Moore-Penrose in-
verse has another advantage — it avoids catastrophic numerical results that can re-
sult from ill-conditioning because of unsuccessful positioning of sampling points
in the reference model, and reduces approximation errors itself. It is obvious that
a unique solution by inverting the matrix [Y jqr] = [Y; (¢4, Oqx)] is available for
the exceptional case, where the rank of matrix [Y 4] is equal to M.

It could be mathematically shown, see Courrieu (2008), that the pseudo-
inversion in Eq. (2.19) is equivalent to the least-square approximation. The quality
of approximation could be estimated by the least-square error norm.

2.5. Calculation of Integral Parameters

Various particle parameters and descriptors can be used for characterizing the par-
ticle shape as well as comparing differently approximated models. Deviation of
the actual surface from the original shape is a natural descriptor. When applying
spherical coordinates, such a descriptor D(p, 0) is identified with a continuous
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error F(p, 0) between the original and actual surface, evaluated by Eq. (2.7), and
varies over the entire particle surface area.

Since a discrete approach prevails in the framework of this approach, the
above descriptor also needs to be formulated in a discrete form. Any descriptor
strongly depends on the discretisation of the surface, and different reference mod-
els with different sampling points are involved in the characterisation of shape.
The main weakness of the arbitrarily discrete error descriptor is that minimises
errors at sampling points, while the in-between error is not controlled. For increas-
ing robustness of descriptors, the reference threshold model, denoted hereafter by
the abbreviation thr, is introduced. It is defined by a dense grid the number of
sampling points N, of which is substantially larger as compared to that of ref-
erence models used for approximation purposes, and locations of these points are
different. Consequently, the discrete descriptors are defined with respect to the
reference threshold. As a result, deviation of the actual surface from the original
one described in Eq. (2.18), is estimated by deviations at each point P from the
reference threshold. An arbitrarily actual surface is characterised by a discrete de-
scriptor calculated with respect to the reference threshold

Djgic (Othrs Ornr) = [Yj (@ehrs Orhr ) Ajgr — Taie (Othrs Othr) - (2.21)

Characterisation of the actual model, obtained using a specified discrete set,
is performed further in terms of scalar quantities, Euclidean and maximal, error
norms. The Euclidean norm is applied in evaluating the suitability of the model
over the entire domain:

1/2
Nipr /

Dl = [ > Digr (otnr: )’ | (2.22)
p=1

A more sophisticated normalized least-square error norm of surface weighting was
used in (Feinauer ef al. 2015).
The maximum error norm ||Dj||°° characterises the local deviations

D | = max  Djgr (@inrs Oenr) - (2.23)
p=1,Nyx
In the case of Cartesian coordinates, three separate descriptors, standing for
deviations of the coordinates x, ¥, z, can be explored, see (Zhou ef al. 2015).
The global quality is evaluated by Euclidian error norm. The expression in Eq.
(2.22) is normalised by R as follows
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1/2
- 1 Nthr 5
Hquk||2 = E Z qukp(@thr,pa ethr,p) ) (2.24)
p=1
— 1
||quk||max = p—I??VXh Equkp(SDthr,pa 9thr,p)v (2-25)
— L, {Nthr
| Ejgillmin = min = (= Djap(tnrp: Oenrp)) - (2.26)
— L IVthr

The choice of two local criteria is motivated later showing that the sign of the
local deviation has some physical meaning leading to different particles properties.

Another category of descriptors may have clear physical or geometric inter-
pretation. The surface area .S and the volume of particle V' are the mostly applied
integral quantities. Theoretically, the surface area of the particle is considered in
spherical coordinates by integrating the surface over the entire angular subdomain.
The projection of differential curved surface element dS' in spherical coordinates is
expressed as dS = gs(p, #)dfdy. Here, projection factor g5 contains components
of metric tensor. It is explicitly expressed in terms of surface S (6, ¢) as modulus
of vector product of surface derivatives, see Garboczi (2002); Zhou et al. (2015).

The surface area of the particle is given as

27 s
S = / / A (A2 + AZsin® 0 + A2sin®6)"/? dody, 2.27)
0 0

where A is the expansion of spherical harmonics, A, and Ay is the derivatives of
function A(6, @) according to angles ¢ ir 0, respectively.

j24 z
2
| (N (it
G Ai+1,j+1)
) ‘ Jt1)
H+1
5
i+l j+1
x 0 ¥

Fig. 2.2. The scheme for the numerical integration
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Numerical integration procedure was developed for calculation of the surface
integral Eq. (2.27) and it was utilised on the basis of the reference model where po-
lar cells are formed by polar grid. Cell between polar lines ¢ and ¢+ 1 and azimuthal
lines j and j+1 is defined by four nodes {(, j), (i+1,7), (¢,7+1), (i+1,7+1)}.
Splitting cell into the patch of four triangles, the surface is replaced by assembly
of triangles, while the surface integral by summation of all triangles (Fig. 2.2). It
should be remarked, that the first cell closed to pole is naturally triangle.

The patch geometry is defined by the geometry of grid, however, the fifth
point as internal point A has to be introduced. It is located in the center of the grid
cell, while its radius R 4 is calculated as the average of the four radii of main points

Rij+ Riy1j+ Rijr1+ Rit1j+1
1 .
As the cell is split into the patch of four triangles, the area of each triangle is
calculated separately. The area of the whole cell is calculated as the sum of areas
of four triangles

R4 =

(2.28)

4
Si =Y Shriny- (2.29)
j=1

As a result, each triangle is described by three local nodal points 1, 2 and
3, respectively, and it is defined by three polar radii. Transforming nodal points
into Cartesian space, the polar triangle is transformed to arbitrary oriented space
triangle, geometry of which is defined by three vectors of three vertices point co-
ordinates, which are given by vectors x; = {z1,v1,21}", Xo = {x2,y2,22}7
and x3 = {x3,ys, 23}T. The area of this triangle embedded in three-dimensional
Cartesian space is expressed as modulus of vector product

1
Str = §H(X3 —X1) X (X2 —x1)]], (2.30)

which may be interpreted as approximation of Eq. (2.27). Using linear algebra,
calculation of the 3D triangle area is transformed to this expression

1
Sy = 5\/det(Ml)2 + det(Mo)? + det(Ms3)2, (2.31)

where
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T9 w3 1 x3 11 1
det(My) = |y y3 1|,det(Mz2) = |y3 w1 1|,
29 23 1 z3 21 1
r1 x9 1
det(Mg) =Y Y2 1 (2.32)
ARS) 1

The surface area of whole particle is equal to the sum of all area of every cell
on the surface

Sw=Y_Si (2.33)

Calculation of the volume follows the same path. The equation for the volume
in polar coordinates is given by integral taken over elementary surface which is
expressed as triple mixed product

1 27 T
vl / / A3 sin 0d0dop. (2.34)
3Jo Jo

As the triangles are already formed, calculation of the entire volume for the
whole body is equal to the sum of all volumes of pyramids:

4
1
Vi=3 ; RSty j. (2.35)

As the area of triangles as pyramid base has been already calculated the alti-
tude of the pyramid is needed. It is calculated according to

D
h= 1Dl ) (2.36)
VA% + B? 4 C?
where D is the determinant of the matrix formed by coordinates of all triangle
vertices, coefficients A, B and C'is calculated as

A = det(M;), B = —det(My),C = det(Ms). (2.37)

The volume of the whole particle is the sum of volumes of all pyramids

V= Z V. (2.38)
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The moments of inertia also can be calculated as the integral. The expressions
given in Garboczi (2002) is

2r
I = % //1"5 sinf (1 — sin? 0 cos® ©) dfdep, (2.39)
0 0
2
Iy = % //r5 sin @ (1 — sin® 0 sin” ) dfdep, (2.40)
0 0
2w
m .
I35 = 7 / / 9 sin® 6dAd. (2.41)
0 0

Here can be used the same scheme of numerical integration as discussed for
the cases of surface area and volume.

2.6. Calculation of Curvature

The use of continuous representation functions, or simply continuous representa-
tion, of particle surface is the most promising way to implement spherical har-
monics model into discrete element method. It will be shown below that the full
description of the surface was not limited to only a merely point-by-point descrip-
tion but also to a characterisation of gradients, principal directions, curvatures, and
so on, expressed in surface derivatives.

Important characteristics of particle geometry contributing particles contact
are particle curvatures. A general method for obtaining expressions for curvatures
in terms of surface derivatives is provided in differential geometry while detailed
description of curvature expressions for ellipsoid is given by Harris (2006) and
Poelaert et al. (2011).

As spherical harmonics are smooth functions they can be differentiated analyt-
ically. Therefore, a mathematically consistent description involves not surface val-
ues but also their derivatives. The description of the sequence of an entire process
using spherical harmonics is given in studies by Feinauer ef al. (2015); Garboczi
(2002).

The main difficulty is that spherical harmonics approximations of particle
surfaces are described in spherical coordinates and particle surface F'(z,y, z) in
discrete element method has to be described using Cartesian coordinates. Nor-
mally, a spherical harmonics approximation A(6, ¢) as presented in Eq. (2.8) is
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given as a function in spherical coordinates, here A(6,¢) means the radius of
the modelled surface, therefore A(6,¢) = R(6,¢). Knowing the relation be-
tween the Cartesian and spherical coordinates, R(f, ¢) can be easily converted
into Cartesian coordinates giving the vector of parametric functions of the surface

X(0,¢) = {x(0, ), y(0. ), 2(0,)}"):

Yo Yhe aY™ (0, ¢) cos psin 0
= ZfioN Eﬁn:l,, A"y (0, ¢)singsind | . (242)
D120 2me—1 0" Y™ (0, ¢) cos b

First and second order surface derivatives can be expressed explicitly as

X =

INEI SO

— M X4 = M (2.43)

Xo 00 oo

d
N PX(0.0)  _X(.0) o _ 9X(0.0)
o = e X = g

then the normal to the surface is calculated using linear algebra as vector product:

Xgg = (2.44)

X x Xy (2.45)
n=-—_——_—. .
Xp x Xo|
Canonical surface constants are expressed as
EZX@ XX@,LZX@QXR,
FZX@XX¢,M:XQ¢XH,
G= X¢ X X¢, N = X¢¢ Xn, (2.46)
and the mean curvature H — as
EN+GL —-2FM
H=H(,¢) = 22t . (2.47)

2(EG — F?)

It should be noticed that the above presented approach reflects only a formal
side of the continuous representation. Also it is useful to mention that the con-
tact evaluation is the most time consuming algorithmic step. Omitting conceptual
discussion on detection of contact point for non-spherical particles, which was
comprehensively described in the review papers of Lu ef al. (2015) and Zhong
et al. (2016), calculating of the contact forces will be discussed.
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Analytical treatment of normal contacts for continuous solid contact partners
7 and j is based on the elastic contact theory of Hertz (Johnson 1987). The state of
the contact behaviour between ellipsoidal particles is reviewed and discussed by
Zheng et al. (2013). It was stated that regardless of the specific particle shape, two
particles loaded in the normal direction touch and deform each other over an ellip-
tical area. Consequently, considering of contacts between non-spherical particles,
the normal contact force can be expressed by modifying the conventional Hertz
force Fjpn = Fuy which is related to the inter-particle overlap or displacement
u as follows

4

Fry, = gccor(pih Pi2s P15 pj2)Eeff\/peffu3/2- (2.48)

Here, the effective elastic modulus is expressed in terms of Poisson’s ratios v;
and v; and elasticity moduli £; and E; of contacting partners by relation
L _(-wy -y

= +
Eofy E; E;

(2.49)

Both of two other parameters — the effective radius of curvature

peff(pit, pizs pj1, pj2) = \/A(pil, pi2s Pi1, Pi2) - Bpit, pizs pj1s pi2)/2 (2.50)

and non-dimensional correction factor

3
2

Ceor(Pi1, Pizs Pi1, Pj2) = (1 _ [<B(Pz’17m2,ﬂj1,m2)>0'0684 - 1} 1.531>
cor\Pil, Pi2, Pj1, Pj A(pil,PiQ,pjhpjz) s
(2.51)

where A and B are new variables determined from the local geometry.

Positive values of parameters variables A and B are determined by solving set
of coupled equations (Johnson 1987):

( _1(1 4,1 , 1 4, 1
A+B= 2 (Pil +Pi2+Pj1 +Pj2)

1 1 1\? 1 1\?2
oG G ) e
2 \pi1  pi2 pil pj2 (2.52)

11 1 1 1/2
+2 ( — ) < - 0052a> }
Pil Pi2 Pj1 Pj2

where « is inclination angle between principal axis of two bodies.
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2.7. Conclusions of Chapter 2

1. The modelling concept presented in this chapter is universal. The initial
data required for the modelling is the sampling points describing the sur-
face of a particle. These points can be in Cartesian or in spherical coor-
dinates. The known relation between Cartesian and spherical coordinates
allows easily to switch from one to other systems and vice versa.

2. The semi-analytical model of a particle shape is created using the spherical
harmonics. The aim is to be able to model the simplest symmetric particles.
A characteristic exclusiveness of this model is the least squares method
and pseudo-inverse matrix procedure used for the determination of the
coefficients.

3. To evaluate the quality of developed spherical harmonics expansion vari-
ous positioning strategies of the sampling points were suggested and tested
numerically. As well as various descriptors of the shape was calculated to
determine the approximation quality. The integration technique was ap-
plied for evaluation of the most important integral characteristics such as
particle volume, surface area and inertia moments. Calculation of the sec-
ond order derivatives is applied for curvature radii required in calculation
of contacts.



Spherical Harmonics Application to
Simple Particles

This chapter presents the modelling results. The chosen standard, but non-sherical
shapes (ellipsoid, cylinder and rectangular parallelepiped) suits the best for testing
the suitability of the low-resolution spherical harmonics. Not only these shapes
were modelled using different expansion degree, but the effect of positioning the
sampling points was also investigated. These spherical harmonics models were
also used in the calculation of the curvature.

Parts of this chapter are published in Radvilaité (2014), Radvilaité et al. (2015)
and Radvilaité ef al. (2017).

3.1. Modelling of Ellipsoid Particle
This section presents the modelling results for the ellipsoid. It is divided into sev-

eral subsections: firstly, the original shape is presented, then the modelling results
are shown and at last, some conclusions are made.

3.1.1. Description of the Ellipsoidal Surface

The ellipsoid of revolution is the most simple but the most studied non-spherical
analytical shape considered in framework of discrete element method (Johnson
and Williams 2009; Ouadfel and Rothenburg 1999; Wellmann et al. 2008; Zheng

37
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et al. 2013). Ilustration of ellipsoid may be motivated because of methodological
reasons. Ellipsoid of revolution is classified to specific category of axi-symmetric
shapes (Fig. 3.1) having smooth surface. The surface for an ellipsoid is centered
in the origin of Cartesian frame. Symmetry axis of the ellipsoid is aligned with
Cartesian axis Oz. Ellipsoid is formed by rotating a plane elliptical curve around
the central axis. Due to rotationally symmetry, circular cross-section of the el-
lipsoid is characterised by a single size parameter a, semi-principal axes, since
perpendicular semi-axes b = a. A bounding box of the ellipsoid’s geometry is
defined by two parameters, 2a and 2¢, where c stands for the length of semi-axis.

Fig. 3.1. The shape of an ellipsoid when ¢ = 1 and @ = 2

An ellipsoid is defined by a general continuous smooth function Sy (z, y, z),
Eq. (E1). In spherical coordinates the ellipsoid is described by one-dimensional
function Sge;i(p,0) = Sren(f) (Eq. (E2)), see Garboczi (2002). The volume
Ve is defined by simple formula Eq. (E3), while the surface area S,;; by Eq. (E4)
under condition that relation ¢/a < 1, see Ritchie and Kemp (1999). On the other
hand, ellipsoid is the most suitable sample to illustrate performance of spherical
harmonics. Various aspects of spherical harmonics approximation are shown by
Garboczi (2002); Ritchie and Kemp (1999).

3.1.2. Modelling of the Ellipsoid

Detailed comparison of all the ¢k reference models are selected in Table 3.1. Re-
sults obtained by applying the threshold model are also presented for the sake of
comparison. The threshold model for ellipsoid was obtained by generation of a
regular rectangular grid along 2 axis. Fig. 3.2 presents the positioning of the points
when the scheme contains 8 x 16 cells. The evaluation is made considering the
division using Ny = 128 and N, = 128. The total number of the points in the
treshold model is calculated as N = (Ny — 1) - N, + 2 = 16258.
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The global quality of spherical harmonics approximation is essentially eval-
uated by the normalized Euclidean norm || Ej ||* obtained by Eq. (2.24). The rela-
tive deviations 6, gk are obtained with respect to threshold error value || Eyp, [|* =
3.9519. Additionally, the values of average deviations, calculated as || Ejqk a0 =
| Ejqk||? /Ninr, are given in order to evaluate approximation magnitude.
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b)
Fig. 3.2. The treshold model of the ellipsoid: a) zy plane; b) xy plane

To grasp the entire view, the three-dimensional images of particle surface
Sr(6, ) are presented graphically in Fig. 3.3 as contour plots over two-dimensional
angular 6 — ¢ domain. Here, the exact surface is shown in Fig. 3.3a, the model
of the spherical harmonics model obtained by the strategy ¢ = 2 is shown in
Fig. 3.3b, where small, visually hardly detectable deviations of these lines on
¢ = 0 indicate numerical errors. Detailed map of deviations corresponding to
definition of descriptor Eq. (2.21) is presented in Fig. 3.3c.

3.1.3. Analysis of the Ellipsoid Results

The given results in Table 3.1 show that spherical harmonics expansion degree
L = 1 is sufficient to describe the ellipsoid accurately. As each strategy was ap-
plied for the same four reference models, the best model can be determined for
each strategy and overall the best approximation.

For the first strategy ¢ = 1 the best reference model according to the smallest
least square error is the third model k = 3. Here, the error is equal to 10.7% while
the surface area and volume differs from the analytical value by 1.5% and 0.4%,
respectively. Determining the best reference model comparing the deviation of the
surface area for each model the better one would be & = 2 where the error is
3 times smaller than of the model £ = 3. The deviation of the volume has the
tendency to decrease for each reference model.



3. SPHERICAL HARMONICS APPLICATION TO SIMPLE PARTICLES

40

SSL91 1TLvE | [eonkeuy 61S6'¢ 85791 [SpOoW ploysai],
61200 | 88€91 | €S00°0 | LESTE 67£00°0 CLE0000 | 60€5°0 | SOSO'9 SvS | 91 X g€ 14
9200 | TrE9l | €800°0 | Tev've £v€00°0 1070000 | L0S9°0 | ¥€TS9 €LT | 9T X 9T € ¥
L8CO0 | ¥LTOI | LTIO0 | 6LTYE 99€00°0 6¥¥0000 | 64480 | LTOE'L LET 9T X 8 [4
€2€00 | €1T91 | I¥I0°0 | 0£THE LLEOOO 6¥7000°0 | TLY8'0 | 100¢L 69 9T X ¥ !
91000 | 6CL91 | 82100 | 991'6¢ €2900°0 9¥2000°0 | 66000 | 0166°¢ S¥S | 91 X g€ 14
S2000 | ¥IL9T | T€10°0 | SLI'SE 6£900°0 120000 | 8L000 | 0IT6'E €LT | 9T X 9T € €
15000 | 69991 | 91100 | STI'SE £€900°0 €¥2000°0 | €T000 | 616 LET 9T X 8 [4
¥L10°0 | ¥9¥'91 | 9T000 | SLLVE L8LOO0 L62000°0 | 2TOTCO | 0TT8¥ 69 9T X ¥ !
800070 | TVPLOT | SLIO0 | LTESE 0€010°0 1920000 | 9IL00 | 8¥veTt S¥S | 91 X g€ 14
€2000 | LILO9T | LSIO0 | L9T'SE 1£600°0 9620000 | 79500 | OvLIY €LT | 9T X 91 € (4
8L00°0 | ¥2991 | #6000 | 9¥0°SE L1900°0 9520000 | S¥S0°0 | 0L91'F LET 9T X 8 [4
L2000 | ¥0€9T | €600°0 | 86¢¥¢ 02500°0 6L£000°0 | L8SSO | 00919 69 9T X ¥ !
8100°0 | STLOT | SLIO0 | 6CE'SE €Cl100 CLT0000 | ¥CLI0 | CSIvY SvS | 91 X g€ 14
¢v00'0 | S89°91 | 8VI0'0 | SE€T'SE 00010°0 6920000 | SLOT'0 | 8SLEY €LT | 9T X 91 € I
1€10°0 | 9€6°91 | 0S00°0 | ¥68'+¢€ 20900°0 9820000 | ¥¥L1°0 | OI¥9% LET 9T X8 C
SO¥0°0 | 9L0°91 | TTTO'0 | 0S6°EE L1900°0 1660000 | TS9T'T | 0TS6'8 69 9T X ¥ !
g WA se | s [y | gl | TS Te [P0 | W | Fuxou| g | b
vaIe UOTJRIAQD Ioquinu S[[90 | [opour
QwIN[oA ooeyINg | JOIId XA oSe1oAy Joxo ST | sjuiod puD | "10J0Y | 1enS

T = 7 St 92130p uorsuedxe uaym prosdif[e oy jo uondurosap soruourrey [eo1Iayds Jo SINSAY ‘'€ dqe,




3. SPHERICAL HARMONICS APPLICATION TO SIMPLE PARTICLES 41

o
o

1.9

o
o

o
s
[
o
s
[

1.8

04 04 I
« 035 « 035 M.
) )

g 03 g 03 L,
= =] B
5025 025

g g 14
S 02 © 02

1.3

=}
(ST
N

1.2

1.1

=4
o
53}

1.9

i 1.8
M7

Fi1.6

& F{1.5
P14

13

1.2

1.1

0.4 0.5 ! 0.1 0.2 03 0.4 0.5

Azimuthal angle, Ed Azimuthal angle, n

a) b)

05
0.08
- 0.06
. 0.04
e 0
) 0.02
X 0
01 -0.02
0.05.
0 -0.04

0 0.1 0.2 0.3 04 0.5
Azimuthal angle, ©

)

Fig. 3.3. Contour plots of the surface: a) exact analytical surface of the ellipsoid
(Eq. (E2)); b) spherical harmonics approximation (L = 2); c) difference Dy
between the exact and approximated surface. The color bar above the figure a)
and b) indicates the radius, while in c¢) — the value of the descriptor D5
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The second strategy ¢ = 2 shows the better results for each reference model
k. The least square error and the deviation of the surface area is the smallest for the
reference model k& = 2-5.4% and 0.9%, respectively. The deviation of the volume
for this model is 0.8%. The better approximation of the volume is obtained using
the reference model k& = 4, but the least square error increases by 2% and the
deviation of the surface — 2 times.

The third strategy ¢ = 3 overall is the best strategy. The smallest least square
error is obtained by the reference model & = 2 and is equal to 0.2%. The deviation
of the surface area for this model is 1.1% and the deviation of the volume — 0.5%.

The last strategy ¢ = 4, where the Gaussian points are used, gives the highest
errors of all results.
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3.2. Modelling of Cylinder Particle

This section presents the modelling result for the circular cylinder. It is divided
into several subsections: firstly, defining of the original shape is discussed, then
the modelling results are given and some conclusions are drawn.

3.2.1. Description of the Cylinder Surface

The circular cylinder is classified to a specific category of particle shapes used in
discrete element method (Kodam et al. 2010). The central axis of the cylinder
is aligned with Cartesian axis Oz. The cylindrical surface is formed by rotating
straight line parallel to the axis. If the distance between these two lines is con-
stant and equal a, the circular cylinder is obtained (Fig. 3.4). The cylinder body is
formed by two perpendicular cut-off planes, and the inter-plane distance forms the
height of the cylinder equal to 2c.

Fig. 3.4. The shape of a circular cylinder, when c = 1 and a = 2

The original surface of the cylinder is characterised by a presence of a sharp
circular edge of the plane-cylinder intersection plane z = c. In Cartesian coor-
dinates it is described by the continuous non-smooth function S.,;(x) expressed
by Eq. (C1). Using transformation, Eq. (2.2), it may be transformed to spherical
coordinates, and an alternative expression Sg ., (6, ¢), described by Eq. (C2), is
obtained. It is obvious that this equation is a one-dimensional non-smooth equa-
tion with the singularity at a line 6 = 6, .q. The value of the singular azimuthal

angle is
a

Oeytea = tan~" (E) . 3.1

In this case, Eq. (3.1) acquires the value 0.y .q = tan~1(2) = 0.35247.
Cylinder presents axi-symmetric surface Sp cyi(,6) = Sg,cy1(6), therefore,
only one-dimensional positioning of sampling points along azimuthal angle 8 is
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examined. It should be remarked, however, that polar constant surface when ap-
proximated by spherical harmonics is transformed to varying surface containing
local deviations. To minimise this effect, the angular modelling subdomain -0
is divided into n, equiangular polar sectors, and constant value n, = 16 will be
held for all modelling strategies.

3.2.2. Modelling of Cylinder

Two samples of sequential refining strategies were firstly tested. Numerical testing
is aimed to find the best approximation by considering two low-resolution spheri-
cal harmonics of order L = 3 and L = 2 denoted by subscripts j = 3 and j = 2,
respectively. Totally, ¢ X k = 16 reference models comprising four discrete grids
with (k = 1,...,4) sets of sampling points generated by (¢ = 1, ..., 4) strategies
were examined, and sixteen sets of harmonic coefficients a ;. were obtained using
Egs. (2.19)—(2.20) for each model j. Different strategies for the cylinder surface is
given in Fig. 3.5.

The reference threshold model denoted by thr is also considered as the most
accurate numerical model, which was obtained by generation of a regular rectan-
gular grid covering the angular f—p plane. The threshold model is characterised
by total number of N, = 16250 of sampling points.

Detailed comparison of all the above described gk reference models are se-
lected in Table 3.2. Results obtained by applying the threshold model are also pre-
sented for the sake of comparison. Two types of descriptors in terms of numerically
calculated values and relative deviations denoted by 1,5 ;g are listed in the table.
The global quality of spherical harmonics approximation is essentially evaluated
by the normalized Euclidean norm || E;,x||? obtained by Eq. (2.24). The relative
deviations 07 j,x are obtained with respect to threshold error value || Ey,||? =
0.9539. Additionally, the values of average deviations || Eje|lav = || Ejql|?/Ninr
are given in order to evaluate approximation magnitude. The most suitable values
reflecting minimal least square errors are underlined.

To grasp the entire view, the three-dimensional images of particle surface
Sr(0, ¢) are presented graphically in Fig. 3.8 as contour plots over two-dimensional
angular § — ¢ domain. Here, the exact surface is shown in Fig. 3.8a, the model
of the spherical harmonics model obtained by the strategy ¢ = 3 is shown in
Fig. 3.8b. The values of the radius at boundaries are equal cylinder sizes ¢ = 1 and
a = 2, while the maximal value v/5 = 2.24 indicates location of the sharp edge
Ocyt,ed = 0.35247 obtained according to Eq. (3.1). The combined visual analytical
study is focussed towards the local effects. Axial symmetry is reflected by constant
angular variation Sr(¢) = const along the entire sector 0 < ¢ < 7/2. Small, vi-
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sually hardly detectable deviations of these lines on ¢ = 0 in Fig. 3.8b indicate
numerical errors. Detailed map of deviations corresponding to the descriptor Eq.
(2.21) is presented in Fig. 3.8c.

. 15 0 ) 1.5
[On=4 « n=8 e n=16 o n=32 X [On=4 < n=8 e n=16 o n=32 X

a) b)

Zée

0.8

0.6

0.4

0.2}

% 05 1 15 0 05 15
[0 n=4(3+1)  n=8(6+2) ® n=16(12+4) o n=32(24+8)|X [On=4 « n=8 e n=16 o n=32] X

c) d)

Fig. 3.5. Illustration of reference models showing locations of sampling points
for cylinder generated with different modelling discretization models k£ having
radially varying number of cells n and various modelling strategies: a) strategy
q = 1, regular equiangular grid refinement; b) strategy ¢ = 2, regular
equidistant grid refinement, c) strategy ¢ = 3, adaptive local grid refinement;
d) strategy q = 4, application of Gauss points

Graphical information is also added in Fig. 3.6 to explain numerical results.
Here, numerically calculated cross-sectional profiles in terms of () curves being
plotted at polar angle ¢ = 0 are presented. Exact analytically described profiles are
also shown. Performance of various strategies is illustrated in Fig. 3.6a, where the
best profiles extracted from the results for each strategy are shown. Contribution of
the refinement is illustrated in Fig. 3.6b, where four profiles obtained by adaptive
grid refinement strategy (¢ = 3) with different numbers of positioning nodes are
shown.

The global quality of approximation is also evaluated by calculating of the
surface area S and the body volume V. Thereby, the theoretical value of the surface
area of cylinder S,; is obtained analytically according to Eq. (C4), while V.,
according to Eq. (C3). The relative deviations g jqr = |Seyt — Sjgk|/Sey and
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Ovjqk = |Veyt — Vjgr|/Vey are evaluated by comparing both types of theoretical
and numerical values.

V4 V4

1% 16
08 1 08/
06 1 os \
0.4 0.4 J
02 02 /
0 0 )
0 05 1 15 2 x 0 05 1 15 2

|—1, 8x16 -2, 16x16 —3, 32x16 — 4, 32x16] [—4x16 - 8x16 — 16x16 —— 32x16]

a) b)

Fig. 3.6. Cross-sectional profiles obtained using various strategies and different
grids: a) profiles corresponding to minimal least square error norms for different
modelling strategies; b) profiles obtained by adaptive refinement strategy
(g=3)

2

(8]

a) b)

Fig. 3.7. Spherical harmonics approximation of the cylinder: a) 3D view when
expansion degree L = 3; b) 3D view when expansion degree L = 2

The same testing was performed by applying expansion degree L. = 2. Se-
lected results obtained by applying the most successful refinement are also pre-
sented for all strategies. The values of the descriptors are given in Table 3.3. As
shown in the table, the relative deviations 07,5 4 are big, but the surface area and
volume is calculated with accuracy of 3% and 1%, respectively.

Ilustration of differences could be clearly distinguish by comparing final three-
dimensional shapes shown in Fig. 3.7. This confirms the conclusions that expan-
sion degree L = 2 is not sufficient for accurate approximation of the cylinder.
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Fig. 3.8. Contour plots of the surface: a) exact cylinder analytical surface (Eq.
(C2)); b) spherical harmonics approximation (L = 3); c) descriptor Ds. The
color bar above the figure a) and b) indicates the radius, while in c) — the value
of the descriptor D3

3.2.3. Analysis of the Cylinder Results

Comparing profiles (Fig. 3.6) obtained with expansion degree L. = 3 and different
strategies, it could be stated that regular equidistance refinement (¢ = 2) yielding
nearly logarithmic angular variation adaptive refinement of the grid in vicinity of
the corner prevails over equidistance one (¢ = 1). Concerning other two schemes,
the locally introduced adaptive refinements (strategy ¢ = 3) yields clearly the min-
imal global deviations characterised by quite low error about 2%. The Gauss point
strategy (¢ = 4) yields however very high errors in the range of 30%.
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Comparing these graphs and error norms in Table 3.2, it was found that the
coarse scheme with 4 cells yields inaccurate results but sufficient accuracy is
achieved practically by the second scheme with 8 cells, independently on mod-
elling strategy. Further refinement demonstrates a reduction of global error in cer-
tain cases.

Results show that volumes are calculated with the very high accuracy with
error lying below 0.01%. The accuracy of the surface area is lower: in optimal
case the surface area is obtained with 1.3% accuracy.

The values of local descriptors illustrate that finding of optimal refinement is
difficult because finer refinement not necessary improves approximation quality.
The graphs in Fig. 3.6b demonstrate that minimal error d7,g obtained by the adap-
tive strategy minimises the local errors in the vicinity of the singular corner but
increases deviation on the edges and especially on the symmetry planes. It is ob-
vious, that the choice of the best strategy is not straightforward, while the smallest
error 61,5 = 2.3% was obtained on finer grid. It could be remarked that mini-
mal norm || Esq || min = 16.23% (Table 3.2) is much higher compared to minimal
value that equals to 6.72%.

Analising the result for the spherical harmonics expansion degree L = 2, the
best strategy cannot be determined, because the least square error for each strategy
equals to 9%-10%. The best strategy wih respect to the deviation of the surface
area is strategy ¢ = 3, where the errors is around 3%. Here, the deviation of the
volume is equal to almost 7%. The smaller deviation for the volume is obtained
with the second strategy — 0.9%.

As the least square error for degree L = 2 shows low accuracy the higher
expansion degree is needed. The 3D views of modelled particles for visual evalua-
tion is given in Fig. 3.7. The best approximation is obtained with expansion degree
L = 3 and using the strategy ¢ = 3 and reference model k& = 4.

3.3. Modelling of Rectangular Parallelepiped

This section presents the modelling result for the rectangular parallelepiped. Firstly,
the description of the original shape is presented, then the modelling results are
given and some conclusions are made.

3.3.1. Description of the Parallelepiped Surface

The rectangular parallelepiped (Fig. 3.9), presents the large type of polyhedral
shapes (Boon et al. 2013; Hohner ef al. 2013; Lu et al. 2015; Nezami et al.
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2004). Parallelepiped presents complex shape within three pairs of mutually par-
allel planes resulting into sharp edges in intersection lines. To avoid difficulties
related with handling of contacts, the sharp edges, which in many cases are conse-
quence of simplifications, may be smoothed, and polyhedral shapes are replaced
with sphero-polyhedra (Galindo-Torres ef al. 2010; Lu et al. 2015).

In Ozxy plane symmetric rectangular parallelepiped is defined similar to previ-
ous shapes. The global shape is characterised by two sizes a and c. The surface is
centered on the origin. Considering spherical coordinates, the reference azimuthal
angle ¢ = 0 is oriented along the face diagonal. Consequently, the parallelepiped
occupies the subspace between angles 0 < ¢ < 7/2. Finally, the surface of the
parallelepiped Sg par (¢, 0) is described by non-smooth Eq. (P2). Concerning az-
imuthal variation, the angular domain is divided by the sharp edge 6,4, ¢q() into
two regions. The edge is parallel to plane Oxy and is described as follows

tan—!(v/2
epar,ed((p) = — C(gs\/(;a/C)- 3.2)

The volume and the surface area are defined by Eq. (P3) and Eq. (P4), respectively.

Fig. 3.9. The shape of rectanguar parallelepiped when ¢ = 1 and @ = 2

The rectangular parallelepiped or rectangular cuboid is a parallelepiped having
all rectangular faces. Such surface has dihedral symmetry, thus, one-dimensional
positioning of sampling points along polar angle 6 as in the case of the cylinder
cannot be examined.

Regarding experience modelling the cylinder, two strategies can be pointed
out to yield the best results — strategies ¢ = 2 and ¢ = 3. These strategies are used
for azimuthal refinement of the parallelepiped surface. For the polar refinement
also two strategies were used — equiangular and adaptive. Illustration of numeri-
cally generated sampling points on the face is given in Fig. 3.10. The case of the
equiangular azimuthal refinement is shown in Fig. 3.10a and the adaptive refine-
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ment — Fig. 3.10b. The equidistance rectangular treshold model (Fig. 3.10c) with
the total number N, = 16380 of points is generated in order to avoid coincidence
of positioning points.

Combination of polar and azimuthal refinement allows to construct four new
two-dimensional strategies denoted further as ¢ = 5,6,7,8, i.e. strategy ¢ = 5
means that for azimuthal refinement was used strategy ¢ = 2 and for polar —
strategy ¢ = 1. In this manner, all four combinations (¢ = 2,q¢ = 1), (¢ = 3,9 =
1), (¢ =2, =3)and (¢ = 3,q = 3) get their number ¢ = 5, ¢ = 6, ¢ = 7 and
q=8.

*

*
*

*

o min
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o 8 /

\\\'/
*% h A¢max

LIS IR IR J
LIS R R IR J
LI R R R JE IR J

= e

a) b) c)

Fig. 3.10. Positioning of sampling points on the face: a) equiangular azimuthal
refinement strategy; b) adaptive azimuthal refinement strategy; c) treshold
refinement

Numerical testing is aimed to find the best approximation by considering low-
resolution spherical harmonics. Totally, ¢ x k = 20 reference models comprising
five discrete grids with (k = 3,5,...,8),1.e. 8 X 8, 12 x 12, 16 x 16, 24 x 24
and 32 x 32, sets of sampling points generated by (¢ = 5, ..., 8) strategies were
examined.

3.3.2. Modelling of Rectangular Parallelepiped

Detailed comparison of all the above described gk reference models are selected in
Table 3.4. Results obtained by applying the threshold model are also presented for
the comparison. The relative deviations g are obtained with respect to threshold
error value || Ey,||* = 4.6622. The most suitable values reflecting minimal least
square errors are underlined.

The global quality of approximation is also evaluated by calculating of the sur-
face area .S and the body volume V. Thereby, the theoretical value of the surface
area of parallelepiped S, is obtained analytically according to Eq. (P4), while
Vpar according to Eq. (P3). The relative deviations 65 jgr = |Spar — Sjgk|/Spar
and 0v ik = |Vpar — Vjqk|/Vpar are evaluated by comparing both types of theo-
retical and numerical values.
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Graphical information is aided to evaluate numerical results. Cross-sectional
profiles in terms of 7(¢) curves being plotted at polar angle ¢ = 0 and ¢ = 7 are
presented graphically in Fig. 3.11.

To grasp the entire view, the three-dimensional images of particle surface
Sr(6, ) are presented graphically in Fig. 3.12 as contour plots over two-dimension-
al angular 6 — ¢ domain. Here, the exact surface is shown in Fig. 3.12a, the model
of the spherical harmonics model obtained by the strategy ¢ = 6 is shown in
Fig. 3.12b. Detailed map of deviations corresponding to definition of descriptor
Eq. (2.21) is presented in Fig. 3.12c.

z
1 =

0 0.5 1 1.5 2 25 3
|—8x8 — 16x16 — 32x32]

a)

0.5

0 05 1 1.5 2 25 3
|—5, 8x8 -6, 32x32 —7, 8x8 — 8, 16x16]

b)

Fig. 3.11. Illustration of parallelepiped spherical harmonics approximation by
degree L = 3: a) cross-sectional profiles obtained using strategy ¢ = 6 for
different refinements; b) profiles corresponding to the best reference models of
each strategy

The same testing was performed by applying expansion degree L = 2. Se-
lected results obtained by applying the most successful refinement are also pre-
sented for all strategies. The values of descriptors are given in Table 3.5.

The results for expansion degree L = 2 show that surface area and volume
is calculated with accuracy of 8-9% and less than 1%, respectively. However, the
least square errors are high, almost 3 times bigger than the value of treshold model.
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Fig. 3.12. Contour plots of the surface: a) exact analytical surface; b) spherical
harmonics approximation by degree L=3; c) the descriptor D3

The three-dimensional models with degree L = 3 and L = 2 are plotted in
Fig. 3.13a and Fig. 3.13Db, respectively.

Similar to cylinder, expansion degree L. = 2 does not approximate the rect-
angular parallelepiped with satisfactory errors. Obtained 3D views verifies that
spherical harmonics model with expansion degree L. = 3 gives more accurate ap-
proximation.
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Fig. 3.13. Spherical harmonics approximation of rectangular parallelepiped:
a) 3D view when expansion degree L = 3; b) 3D view when expansion degree
L=2

3.4. The Curvature and Other Factors for Contact
Calculation

For numerical illustration of the contact behaviour, the sample of rotational oblate
ellipsoid defined by size parameters a = b = 2 and ¢ = 1 will be investigated.
Recent sample includes evaluation of curvatures and calculation of normal contact
force. Potentially, analytical instead of numerical treatment of the contact would
be preferable while numerical finite element method analysis will be used for ver-
ification purposes.

Regarding axial symmetry geometry of the particle is defined by the surface
profile in longitudinal section. The perfect analytically described ellipsoid and
quasi-ellipsoids obtained by low-resolution spherical harmonics approximation is
considered for representation of this shape. Various profiles of particle surface
plotted in the Cartesian Oxz plain are shown in Fig. 3.14a.

In order to restore full picture of particle properties, these profiles are also al-
ternatively considered in spherical coordinates. Here, profiles of the quasi-ellipsoid
are considered at fixed polar angle ¢ = 0, and they are described by relationship
r(0). Thereby, azimuthal angle € is counted from Cartesian axis Oz restricting to
maximal value /2 (0 < 6 < 7/2) in central cross-sectional plane.

Profiles of quasi-ellipsoids are originally calculated by low-resolution spheri-
cal harmonics approximation and depicted in Fig. 3.14b. Here, perfect ellipsoid is
illustrated by thin solid line while spherical harmonics models — by dashed lines.

Comparing character of perfect and spherical harmonics profiles, three char-
acteristic regions could be detected. Here, the conditional boundaries 8; = 0.167
and 62 = 0.0527 in Fig. 3.14 reflect character of approximated profile corre-
sponding to I = 1. They indicate middle region where approximated profile quite
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closely mimics analytical one. The first region (0 < 6 < 6;) restricted by an-
gle 6; indicates occurrence of wavy profile in vicinity of the cross-section centre
x = 0,y = 0. The third region (A2 < 6 < 7/2) restricted by angle 6, indicates
that spherical harmonics produces asperity with sharp angle in the central section
z=0.

If consideration of the non-smooth and concave surface is not satisfactory,
the smooth quasi-quadric surface could be constructed. In this case, both the first
and the third regions are replaced by circles having common tangent, or common
external normal, in intersection points #; and 65. In the first region, the center of
the approximating circle is located in the central axis Oz, while its radius r; is
larger than semi-axis c, i.e. 71 > c. Increasing of approximation order reduces the
boundary angle 61, and, consequently, the size of region. In three dimensions, this
region presents spherical cup with radius ry.
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Fig. 3.14. Profiles and curvatures of quasi-quadric surfaces (quasi-ellipsoids):
a) in Cartesian coordinates; b) in spherical coordinates

In the third region, approximating sphere is inscribed sphere the center of
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which is located in the central plane Oxy. Reducing initial radius o = 0.5 and
approaching it to the almost zero, a set of surfaces with radii r79; — min, approx-
imating quasi-quadric shape with different degree of accuracy may be generated.
Increase of expansion reduces the above mentioned central almost circularly vary-
ing sharpness and improves the global indicators, thereby, approaching to perfect
shape. The spheres in Fig. 3.14 are denoted by dotted lines, while resultant smooth
quasi-quadric surface by bold dashed line.

In three dimensions, this region presents toroid, or spherical ring, with cross-
sectional radius Ry and external radius a. Three-dimensional views of particles
are illustrated in Fig. 3.15, where quasi-ellipsoid with sharp edge is shown in
Fig. 3.15a and resultant quasi-quadric composite bodies are shown in Fig. 3.15b
and Fig. 3.15c, respectively.

It could be noted that approximation of complex curve by circular arches is
common practice used in discrete element method. The equivalent contact sphere
method for approximation of ellipsoids by four arches is elaborated in Johnson
et al. (2004). Approximation of rotational prolate ellipsoid by the spherical end
cup combined with the multi-sphere technique in the reminder body is presented
in Markauskas et al. (2010).

2~

1<

a) b) ©)

Fig. 3.15. Three-dimensional views of particles: a) quasi-ellipsoid with sharp
edge; b) resultant quasi-quadric composed various bodies (r2 = 0.5);
¢) resultant quasi-quadric composed various bodies (r; = 0.1)

Variations of curvature radii are shown in Fig. 3.16. The obtained curvatures
are used further for calculation of normal contact force.

Contribution of the local particle shape occurred due to low-resolution spheri-
cal harmonics description is demonstrated by solving normal contact of the above
oblate ellipsoid with plane plate. The case of contact of a perfectly elastic ellipsoid
onto a semi-infinite plane surface was also considered in study by Wynn (2009).
Computational set up of the normal particle-plane contact is illustrated in Fig. 3.17.
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Here, normal axial orientation of particle with plane perpendicular to central axis
Oz is shown. Particle center was subjected by normal displacement u, while con-
tact force F), is a resultant reaction. Potentially, analytical instead of numerical
treatment of the contact is preferable because, analytical results may be used for
multi-particle computations.

Analytical treatment of the above discussed contact is performed by applying
Egs. (2.48)—(2.52). Parameters of the body i are identified to ellipsoid and denoted
by subscript ell, while second body j is identified as plane and denoted with the
subscript pl.

K ——Ellipsoid =~ «+eteee Circle 1
02 \ — —SHL=1 — - = Circle 2
.2 \

N\ - —=SHL=2 «—=* SHmod

—— Ellipsoid ~ ++=»=-+ Circle 1
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i
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_ Cirgl
05 PR SHL=3 i i
a) b)

Fig. 3.16. Variation of curvature radii in longitudinal section presented in
spherical coordinates: a) curvatures along section profile; b) perpendicular to
cross-section profile

In this problem, the inclination angle is o« = 0, and for plane the curvature
radii i pp;1 = ppi2 = 00, consequently, parameters A = A(p;1) and B = B(p;2)
take a form:

1 1
and B(pen2) =

2pein 2pel2

A(pean) = (3.3)

It is easy to detect that these parameters are curvatures parameters A = rejy1 /2
and B = Hell2/2-

Comparison of various approaches is done in non-dimensional form and com-
putational experiment is organised in the following manner. All length variables
are scaled to parameter R and defined by a set of non-dimensional parameters.
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Therefore, defining the indentation displacement by u,.; = u/R and effective ra-
dius (Eq. (2.50)) by pesfret = pefy R, the normal force in Eq. (2.48) may be also
expressed in non-dimensional form as

Fin = FrnEepR?, (3.4)

where contact force is defined by non-dimensional factor

— 4
FHngccor\/ peff(urel)S/Q- (35)

Fig. 3.17. Computational set up of the normal particle-plane contact

Contact analysis was conducted by assuming dimensional length parameter
R = b and relative indentation u,.; = 0.01. Four characteristic samples were
solved analytically, and sample data and solution results are given in Table 3.6.
Each of the samples are denoted by identifier containing orientation of the con-
tacting particle, contact type and solution method.

The first two samples denoted as RAD_ELL_ANL and RAD_SH_ANL illus-
trate results of radially oriented perfect ellipsoid and spherical harmonics model
with circular round off of artificial asperity, respectively. The next two samples de-
noted as NORM_ELL_ANL and NORM_SH_ANL illustrate results of normally
oriented perfect ellipsoid and spherical harmonics model with spherical cup, re-
spectively.

In order to verify applicability of analytical models, the problem of normal
elastic particle-plane contact was solved numerically, using Finite Element Method.
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Fig. 3.18. The meshed finite element model (quater)
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Fig. 3.19. Variation of von Mises stresses in contact zone of particle at relative
indentation u.,..; = 0.01: a) radially oriented perfect ellipsoid; b) radially
oriented spherical harmonics model, L = 1; ¢) normally oriented perfect

ellipsoid
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The non-adhesive perfectly stick contact is assumed, therefore, tangential slid-
ing is not allowed. The surfaces of contacting bodies in contact zone are assumed
to be smooth. The problem is three-dimensional, and computational domain com-
prises a quarter of bodies because of plane symmetry. Contacting bodies are dis-
cretised by the volume brick-type elements defined by 8 nodes. The multipurpose
commercial available finite element analysis package ANSYS was used for these
purpose. The finite element models are shown in Fig. 3.18.

Three characteristic samples were solved numerically. Two samples of radi-
ally oriented ellipsoid, denoted as RAD_ELL_FEM and RAD_SH_FEM, involves
computations of radially oriented perfect ellipsoid and spherical harmonics model
with sharp edge, respectively. The third sample, denoted as NORM_ELL_FEM,
involves normally oriented ellipsoid. Illustration of computational results is pre-
sented in Fig. 3.19. Here, numerically obtained distributions of the von Mises
stresses are shown.

3.5. Comparison Study of Low-Resolution
Harmonics for Various Shapes

In previous sections, some characteristic features of the spherical harmonics mod-
els were demonstrated by considering elliposid, cylinder and parallelepiped, lim-
ited, however, to single set of two size parameters, the length ¢ = 1 and cross-
sectional size, or thickness, a = 2. In order to compare various values of a and c,
they are expressed in terms of dimensional size parameter I? and non-dimensional
factors @ = a/R and ¢ = ¢/R, respectively. Generally, characterisation of the
shape is done in terms of non-dimensional quantities, see Blott and Pye (2008).
If parameter c is considered as length parameter, and perpendicular sizes b = a as
cross-sectional perpendicular parameters, the ratio ¢/a means elongation degree
keion = c/a. For symmetric section, this quantity is also flatness degree (Blott
and Pye 2008). In many situations, the value of the degree of elongation k.,
is used for classification of particle shapes. Traditional terminology characterizes
particles having k¢, = 1.0-0.8 as non-elongated but drop of the degree up to 0.2
changes characterization from slightly elongated up to extremely elongated.

Suitability of lower resolution harmonics to description of particles is studied
by considering flattening of initially selected shapes for specified values of the
elongation degree decreasing from 1.0 up to 0.4 was examined. Despite a sim-
ilarity of considered elongation of the shape, different shapes exhibit remarkable
differences. It could be shown that the oblate ellipsoid characterised by parameters
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¢ < a can be imagined as flattened sphere having elongation ratio k., < 1. A
limit case of a flattened ellipsoid is characterised by equal semi-axes ¢ = a and
elongation factor k.;,, = 1.0, which transforms ellipsoid to sphere, see Eq. (S1)
and (S2). Concerning approximation accuracy of spherical harmonics, expansion
degree L. = 2 is expected to be sufficient for accurate description (Ritchie and
Kemp 1999). Consequently, simulation of ellipsoid was conducted limiting to
first order expansion with L = 1 with M = 4 harmonic terms.

Concerning cylinder and parallelepiped, thereby, previously discussed results
obtained for cylinder and parallelepiped with elongation k.;,, = 0.5 are used as
template for further investigations. The new set characterized by different k¢,
is calculated by applying the most suitable reference model yielding the minimal
least square error. This set of coefficients is then used for the characterisation of
particles.

Table 3.7. Pictorial summary and relative errors of different shapes
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Pictorial summary of models of all shapes is shown and the relative errors for
each case are given in Table 3.7. Here three-dimensional views of approximated
particle shapes are presented, where red surface shows the spherical harmonics
model of the shape and blue one is original surface. Three-dimensional views show
that approximated models retain basic features of original shapes while local de-
viations near the axis are observed. Additionally, sharp edges are transformed into
locally smooth surfaces. Quantitavely shapes are characterised by different error
indicators. The best accuracy is achieved in approximation of particle volumes
while accuracy of surface area correlates with least square error. It could be stated
that generally the cylinder is approximated by spherical harmonics with higher ac-
curacy yielding average errors of 2%. The parallelepiped is approximated with the
error in the range of 5%. Scattering of results could be explained by considering
the shape of spherical harmonics involved, i. e. each particular figure is approxi-
mated by different harmonics, and no regularity is detected. Since the results were
obtained by limited number of positioning the higher accuracy could be found by
detailed optimization analysis.

Also several selected shapes that can be classified as axi-symmetric and plane-
symmetric are illustrated. The pictorial summary of axi-symmetric shapes spher-
ical harmonics images are shown in Table 3.8. Presentation is restricted by two,
L =1 and L = 3, images. First columns in these tables shows the point clouds of
the original surfaces.

Table 3.8. Pictorial summary of axi-symmetric shapes

| Approximated shapes
No. Original shape | L=1 L=3
1. Axisymmetric ellipsoid, k¢;o,, = 0.5, oblate ellipsoid
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Table 3.8 continued

| Approximated shapes
No. Original shape | L=1 L=3
3. Axisymmetric ellipsoid, k.0, = 1.5, prolate ellipsoid

5 06
08 06

4. Tri-axial ellipsoid, kejon, = 0.5, c < b < a
5. Tri-axial ellipsoid, kejon, = 1.5,¢>b > a
6. Circular cylinder, k., = 0.5, oblate cylinder

ophbilfiscn,
t




3. SPHERICAL HARMONICS APPLICATION TO SIMPLE PARTICLES 67

End of Table 3.8

| Approximated shapes
No. Original shape | L=1 L=3
9. Bicone, k.o, = 0.5, oblate bicone

10.

11.

The pictorial summary of another class of symmetric shapes that have plane
symmetry are shown in Table 3.9. Here, the numbering of the shape is continued
because these numbers later are used as a reference.

Table 3.9. Pictorial summary of plane-symmetric shapes

] Approximated shapes
No. Original shape | L=1 L=3
12. Octahedron, k.;,, = 0.5, oblate octahedron

13.
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Table 3.9 continued

] Approximated shapes
No. Original shape ] L=1 L=3
14. Octahedron, k.;on, = 1.5, prolate octahedron

h 08
-04 y 9
- 5 E :
-08' T 04
o Ty 08
- 08

15. | Square-shaped parallelepiped, ke;on, = 0.5, oblate parallelepiped

16.

17. | Square-shaped parallelepiped, kejor, = 1.5, prolate parallelepiped

18.
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End of Table 3.9
] Approximated shapes
No. Original shape ] L=1 L=3

19. Rectangular parallelepiped, (¢/a = 1.0, ¢/b = 2/3)

20.

Several reasons could be mentioned to support the choice of shapes. Ellip-
soid, especially ellipsoid of revolution, is the most simple but the most studied
non-spherical smooth analytical shape. Extending this problem to non-perfect el-
lipsoids, these shapes have practical importance in geotechnical engineering. Nat-
urally, the rounded particles of gravel fluvial origin are classified as ellipsoids.
Considering non-smooth surfaces characterized by presence of sharp edges and
additionally corners on polyhedral particles the issue is still open. It is only guess
that potentially increases polynomials order is expected. Deeper analysis given by
(Zhou et al. 2015) supports this guess informing that degree L < 3 gives major
contribution to capture formation of the shape.

Approximation quality is illustrated in Table C.1, given in Annex C, where
geometric parameters such as the body volume V/, surface area .S, least square error
E and sphericity ¥, are compared. Spherical harmonics models are characterized
by absolute values and relative errors obtained with respect to exact analytical
values. The least squared error is calculated using two times finer grid than used
for modeling — total 16258 points. Important particle characteristic, sphericity of
particle W, is also included. It is defined as the ratio of the surface area of the
volume-equivalent sphere divided by the surface area of the particle.

Results show that expansion degree L = 1 is sufficient for equal-sized and
extended particles, where approximation error is below 2%, while increase of ex-
pansion degree L up to 3 is not decisive. In particular, for octahedrals approxima-
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tion error dropped from 1.8% up to 0.30%. Similar 1% difference is observed for
ellipsoid-shaped particles. For the above discussed particles, the surface area is the
most approximation sensible parameter leading to highest errors. Also moments of
inertia was calculated and given in Table C.2.

Different behaviors were observed for two- and three-plane symmetry hexa-
hedrons (rectangular parallelepipeds). Here, expansion degree L. = 1 leads unac-
ceptable shapes, see Table 3.9, and high error varying in the range of 15-24%.
Using of the higher degree L = 3 substantially improves the approximation qual-
ity reducing error up to 5%. To conclude the discussion, it could be stated that
low-resolution harmonics is proper tool for approximation of particle shape on the
scale of entire particle.

3.6. Conclusions of Chapter 3

1. The ellipsoid of revolution is the most simple but the most studied non-
spherical analytical shape considered in framework of discrete element
method. This shape is the most suitable sample to illustrate performance
of spherical harmonics. Four strategies is used for the surface description:
the equiangular refining strategy (¢ = 1), regular equidistance refining
strategy (¢ = 2), the global adaptive refining combined with the local
refinement (¢ = 3) and the Gauss points strategy (¢ = 4). Detailed results
shows, that the sufficient spherical harmonics expansion degree to model
the ellipsoid is L = 1. The best results are obtained using the adaptive
refinement strategy (¢ = 3), where the deviation of the model is 0.78%.
The surface area and volume is calculated with the error equal to 0.15%
and 0.08%, respectively.

2. The circular cylinder is classified to a specific category of particle shapes
used in discrete element method. Cylinder presents axi-symmetric surface,
therefore, only one-dimensional positioning of sampling points along az-
imuthal angle 6 is examined. The same four strategies is used as in the
case of ellipsoid. The expansion degree is used L = 2 and L = 3. Using
the spherical harmonics expansion degree L = 3 the cylinder is modelled
with the error equal to 2%, the deviation of surface area and volume is
3.7% and 0.004%, respectively. The lower expansion degree L = 2 gives
higher global errors, although surface area and volume is modelled with
error equal to 2.8% and 0.9%, respectively. These results shows that ex-
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pansion degree L. = 2 is not sufficient for accurate approximation of the
cylinder.

3. The rectangular parallelepiped presents the large type of polyhedral shapes.
The two strategies yielding the best results for the cylinder is used for two-
dimensional posiotioning of the samplings points. Combination of polar
and azimuthal refinement allows to construct four new two-dimensional
strategies, thus, they are tested in the same manner as the previous sam-
ples. Obtained modelling results show that the best spherical harmonics
model of the rectangular parallelepiped is obtained with expansion degree
L = 3. The accuracy of such model is 2%. The surface area and volume
is obtained with the accuracy of 2.4% and 0.18%, respectively. The use of
spherical harmonics expansion degree I = 2 yields to increase of the ap-
proximation error. The deviation of surface area is 8%, volume — 0.35%.
As for the cylinder, expansion degree L = 2 is not sufficient for accurate
approximation of the rectangular parallelepiped.






Spherical Harmonics Application to
Complex Particles

Spherical harmonics model can be applied to the complex shapes of the particle,
for example, used in the food industry. There are several reasons why an accurate
description of the shape of agricultural grains is desirable. Identification methods
for variety classification or quality inspection (i. e., crushed, damaged, diseased,
immature, or overmature) require an accurate description of the grain geometry.
This is the main reason for applying spherical harmonics model to the grains (bean,
chickpea and maize) presented in this chapter.

Parts of this chapter are published in Kacianauskas et al. (2015) and Radvilaité
et al. (2016).

4.1. Modification of the Modelling Technique

Spherical harmonics functions are a valuable technique for the representation of
particles. Using this technique, the exact shape of a particle is represented as a
spherical harmonic function of increasing accuracy (Feinauer et al. 2015). Usu-
ally, the limitation of this technique is that particles need to be star-like shaped to
be described. Agricultural grains usually meet this requirement.

To obtain the spherical function that describes the shape of a grain, some ini-
tial geometric information is needed, i.e. the coordinates of a set of points on the
surface of the grain that geometrically define the real shape and its characteris-
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tics. These can be obtained by 3D scanning techniques. More recently, a tech-
nique based on X-ray micro-computed tomography has allowed the quantification
and reconstruction of the 3D characteristics of particles and grains (Fonseca et al.
2012, 2013; Uday et al. 2013). However, this technique is highly sophisticated
and requires a specialized operator; the cost is also an issue. Other 3D scanning
techniques, still unexplored for this purpose, are becoming increasingly popular,
easy-to-use, and low-cost, depending on the resolution of the scanning process.
The most affordable and commonly used technologies to obtain 3D volumes are
based on structured light and achieve resolutions of about 0.01 mm. Less accurate
techniques include non-contact passive approaches such as stereoscopy, photomet-
rics, and silhouettes. Passive 3D imaging solutions do not emit any kind of radi-
ation themselves, but instead rely on detecting reflected ambient radiation. Most
solutions of this type detect visible light, because it is a readily available ambient
radiation. Other types of radiation, such as infrared, could also be used. Passive
methods can be economical, because they generally do not need specialized hard-
ware besides a simple digital camera. Using these techniques and computer-aided
design programs, a set of points (commonly named a cloud) and their positions
within a specific coordinate system are obtained. These clouds can be directly
used for measurement and visualization.

The modelling technique for agricultural grains are almost the same as dis-
cussed in Chapter 2. However, here the division of the surface is introduced. Some
changes in the mathematical approach is added. The whole surface S is divided
into several parts, and each part is treated separately. Thus, the formula in Eq.
(2.8) can be adjusted to read

L 1

> > a"Y™ (p,0), when (0, ) € W,
=0 m=-1

0, otherwise.

A (0, 0) = 4.1

The subscript 4 in Eq. (4.1) denotes the i*" part of the surface. The final ana-
lytical function of the surface is obtained by adding the separate functions for each
part as

L l
A, 0)= > > > al"y" (¢,0). 4.2)
WieW 1=0 m=—I

The surface is divided into smaller parts as follows. The initial points of the
surface in Cartesian coordinates are transformed into spherical coordinates. All
points are then within a range of [0, 27) x [0, 7]. These two intervals are divided
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into smaller parts containing different segments of the surface to be modelled. For
example, if the number of segments is chosen to be 2 in each interval, the first
interval [0, 27) is divided into [0, 7) and [, 27). The same goes for the second:
[0,5) and [F, 7. Therefore, the whole surface is divided into four segments: I
—[0,m) x [0, 5), I-[0,m) x [§,7), I -[m,27) x [0, §), and IV —[r, 27) x [T, 7].
Different segments are shown in different colours in Fig. 4.1.

a) b) c)

Fig. 4.1. The surface of particles divided into four segments: a) bean;
b) chickpea; c¢) maize

4.2. Modelling of Bean Particle

Several particle shapes were described using the spherical harmonics technique.
The first shape described was a type of bean with a smooth and convex shape,
which is the simplest of the three models presented in this chapter. The initial
dataset contained 1538 unique points. The example of the real particle and the
surface points are given in Fig. 4.2a.

a) b)
Fig. 4.2. Bean particle: a) the real shape; b) point cloud of the surface

For this model, the number of functions and segments were selected on a trial-
and-error basis. The modelling process started using one function and one seg-
ment.

As the focus is on low-resolution spherical harmonics, the bean was modelled
using four expansion degrees: L = 0, L = 1, L = 2 and L = 3. For each expan-
sion degree the modelling process was started using the whole surface without any
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division and increasing the number of segments yielded to more accurate approx-
imation. The best model for each expansion degree is given in Fig. 4.3.

Fig. 4.3. The best spherical harmonics model of bean grain for each expansion
expansion degrees: a) L =0,ngs =1;b) L =1, n, =49;¢) L = 2, ng = 25; d)
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Fig. 4.4. Deviation of bean-like grain characteristics for different expansion
degree with respect to number of segments: a) surface area; b) volume
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To illustrate the modelling process, the results have been compared to the
measured values from the initial geometrical data. The deviation of surface area
(Eq. (2.27)) and volume (Eq. (2.34)) is illustrated by the graphs in Fig. 4.4. Here,
the graphs are given for the number of segments till n, = 100. The deviation of
the surface area of the model with the expansion degree L = 1 and number of the
segment ng = 49 is equal to 0.08%, the deviation of the volume — 0.34%.

The deviation of the surface area of the model obtained with the expansion
degree L = 3 and number of the segment n, = 16 is equal to 0.18%, the deviation
of the volume — 0.39%. Although the model with ng = 64 segments shows better
numerical performance, see Fig. 4.4, visually these two models looks the same.
Taken into account, the more segment increase the complexity of the model, the
simpler model having smaller number of segments is preferable.

4.3. Modelling of Chickpea Particle

The second shape to be described was the chickpea (Fig. 4.5a), which is more
complex. This shape is concave and has a part with a special geometry that is
characteristic of many agricultural grains, the tip cap.

b)
Fig. 4.5. Chickpea particle: a) the real shape; b) point cloud of the surface

As the shape is more complex, the number of initial points (Fig. 4.5b) is big-
ger — 6146. Using the same modelling technique as for the bean particle, the sur-
face is modelled by increasing the number of spherical harmonics and the surface
sections.

As for the bean particle, the best spherical harmonics models of chickpea grain
with different expansion degrees is presented in Fig. 4.6. The modelling is started
with the sphere (Fig. 4.6a).

The quality of the models can be evaluate by the graphical figures, but it is
quite subjective. The more accurate assessment can be obtained by comparing
geometrical parameters. The deviations of the surface area and volume enabled
numerical evaluation of the model.
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Fig. 4.6. Spherical harmonics reconstruction of chickpea grain with different
expansion degrees: a) L =0, ns = 1;b) L = 1, n, = 100; ¢) L = 2; ng = 49;
dL=3n,=25
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Fig. 4.7. Deviation of chickpea grain characteristics for different expansion
degree with respect to number of segments: a) surface area; b) volume

The deviation of surface area and volume for different grain models is illus-
trated by the graphs in Fig. 4.7. The deviation of the surface area of the model
with the expansion degree L = 1 and number of the segment ng = 100 is equal to
0.16%, the deviation of the volume — 0.05%. The deviation of the surface area and
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the volume of the model with the expansion degree L. = 3 and number of the seg-
ment ng = 25 is equal to 0.19% and 0.08%, respectively. Although the numerical
evaluation for expansion degree L = 3 shows a little bit higher errors, visually the
model looks more smooth (see, Fig. 4.6b and Fig. 4.6d).

4.4. Modelling of Maize Particle

The third shape sellected was the shape of a grain of maize (Fig. 4.8a). This was
the most complex of the three shapes, also having the tip cap as the shape of the
chickpea.

a)
b)
Fig. 4.8. Maize grain particle: a) the real shape; b) point cloud of the surface

The number of initial points was 6146. Applying the same modelling tech-
nique as for the two previous examples, the surface was modelled by sellecting the
appropriate number of spherical harmonics and surface segments.

a) b) c) d)

Fig. 4.9. Spherical harmonics reconstruction of maize grain with different
expansion degrees: a) L =0,n, =1;b) L =1, n, =81;¢) L = 2, ng, = 49;
d) L =3,ns =36

The spherical harmonics models of maize grain with different expansion de-
grees is presented in Fig. 4.9. The starting surface of modelling is sphere (Fig. 4.9a),
same as for bean and chickpea.

The best maize grain model for each expansion degree was obtained. The
deviation of the surface area and volume is given in Fig. 4.10.
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Fig. 4.10. Deviation of maize grain characteristics for different expansion
degree with respect to number of segments: a) surface area; b) volume

The deviation of the surface area and volume for each expansion degree is
very similar — aproximately 0.01% and 0.007%. Basically, the evaluation is done
only visually, determining which model gives continuous and smoother surface.

4.5. Comparative Analysis of the Results

Although the complex shapes presented in this chapter was modelled using the
division of the surface, it is interesting to see the results without the division. Such
technique treats the surface as whole and do not divide it into smaller segments.

The modelling of the simple shapes (ellipsoid, cylinder or rectangular paral-
lelepiped) without the division of the surface low-resolution spherical harmonics

was suitable for the accurate approximation — ellipsoid was modelled with expan-
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sion degree L = 1, cylinder and rectangular parallelepiped with L = 3. This low
expansion degree can be used for modelling shapes as bean, chickpea or maize
grain, but the division of the surface is needed. The results of the modelling with-
out the division of the surface yielding to almost the same accuracy as modelling
with the division of the surface is given in Table 4.1.

The given evaluation shows, that modelling of the bean particle without the
division of the surface requires high resolution spherical harmonics, i.e. expansion
degree L = 7, but with the division can be used L = 3 and the accuracy depens
on the number of segments. The first case has total 64 coefficients and the second,
when the division of the surface is used — 16 coefficients fo each segment of the
surface. Because the surface is divided into 9 segments, the total number of coeffi-
cients is 16-9 = 144. Comparing only the number of coefficients, it is obvious that
the number of coeffcients is smaller in the models without the division. However,
considering such a model to be adapted into discrete element method simulation,
the divisions of the surface could have some advantages.

Table 4.1. Comparison of the result with the division of the surface and without it

Without division | Deviation, % | With division Deviation, %
L=7 05 = 0.26 L=3 dg = 0.22
Bean (total 64 coeff.) oy = 0.37 (each 16 coeff.) oy = 0.40
ng =29
L=15 s = 0.25 L=3 0s = 0.19
Chickpea | (total 256 coeff.) oy = 0.09 (each 16 coeff.) oy = 0.08
ng = 25
L =20 6s=0016 | L=3 ds = 0.008
Maize (total 441 coeff.) oy = 0.05 (each 16 coeff.) oy = 0.01
ns = 36

Modelling the contact with the discrete element method requires the search
for the contact point and using the appropriate algorithm the contact area could
be distinguished. So for the calculations all 64 coefficients would be needed if the
model has been created without the division of the surface. Thus using the divi-
sion of the surface and having the contact area, the number of coefficients can be
decreased. For the calculation could be needed only the coefficients of the one or
two segments. In such a manner the calculation of contact could be improved, es-
pecially for the cases of complex shapes as chickpea or maize grain.
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4.6. Conclusions of Chapter 4

1. This chapter presented the result of modelling the complex shapes. The
chosen shapes differed in complexity: the first shape was the simplest of
all grains in the chapter. The shape of bean is smooth and convex. The
modelling technique was used with the division of the surface. In order to
get the most accurate model, the segments of the surface were increased
hierarchically for each expansion degree. The numerical evaluation of the
model was based on the deviation of the surface area and volume. The best
model was obtained with the expansion degree L = 3 and the number of
segments 9. Thus, the deviation of the surface area and volume was 0.22%
and 0.4%, respectively.

2. The chickpea shape is concave and has a part with a special geometry that
is characteristic of many agricultural grains, the tip cap. As the shape is
more complex, the number of initial point is bigger as well. Thus it was
used more segments, that divided the whole surface into smaller parts. The
best model was obtained with the expansion degree L = 3 and the number
of segments 25. The deviation of the surface area was 0.19%, the deviation
of the volume — 0.08%. Considered only the deviation of the volume the
model of the chickpea could be better with lower expansion degree. The
surface area in that case is quite big, so the evaluation of the model is
composed of two parts — numerical and graphical analysis.

3. The shape of a maize grain was the most complex of the three shapes
having the concave shape and tip cap similar to chickpea. The modelling
technique was the same as in the previous cases. The best model was ob-
tained with expansion degree L = 3 and the number of segments — 36.
The deviation of this model was small: the difference of the surface area —
0.008%, the volume — 0.01%.

4. The results when modelling with the division of the surface and without,
allows to compare two modelling approaches. The high expansion degree
when modelling complex shapes, such as bean, chickpea and maize grain,
is required in order to get the accurate approximation of the particle. The
division of the surface can decrease the expansion degree, thus the num-
ber of spherical harmonics used. Such modelling technique with the divi-
sion into smaller segments could be the advantage in the discrete element
method calculations of the contact.



General Conclusions

. Performed review on particle shapes and their description methods re-
vealed that there is not yet developed a versatile analytical description
method for non-spherical particles. Known semi-analytical method of spher-
ical harmonics is potentially suitable method for solving this problem. The
performance of this approach should be based, however, on research re-
sults.

. The semi-analytical model of particle shape is elaborated on the basis of
real part of complex spherical harmonics series. The aim is to model the
simplest symmetric star-shaped (radially convex) particles. A characteris-
tic exclusiveness of this model — determination of coefficients by the least
squares method and the pseudo-inverse computational procedure.

. To evaluate the quality of developed spherical harmonics expansion vari-
ous positioning strategies of the sampling points were suggested and tested
numerically. It was found that a rational compromise between the numer-
ical accuracy and computational expenses is achieved by applying locally
adaptive strategies.

. The developed spherical harmonics expressions are enhanced by integra-
tion and differentiation techniques. They are applied for evaluation of the
most important integral characteristics such as particle volume, surface
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area and inertia moments. Calculation of the second order derivatives is
applied for curvature radii required in calculation of contacts. The values
are compared with the results of finite element method — the difference is
0.3%.

. A general spherical harmonics model was explored for development of

particular low-resolution harmonics model. A unified version limited with
the expansion degree L < 3 was further applied for construction of primi-
tive but widespread oblate industrial shapes such as ellipsoid of revolution,
circular cylinder and rectangular parallelepiped. The suitability of the low-
resolution harmonics was demonstrated. This method is very sensitive to
positioning of sampling points, and, approximation quality is increased by
applying locally adaptive positioning strategies.

. On the basis of numerical results obtained, several tendencies have been

observed. Comprehensive study was performed by considering prolate
shapes with elongation ratio equal to 0.5. Numerical results showed that
a good approximation of an ellipsoid is obtained with expansion degree
L = 1 while the cylinder and parallelepiped requires L. = 3. The vol-
ume of ellipsoid is described with 0.8%, cylinder with 0.004% and paral-
lelepiped with 0.18% error. The surface area of ellipsoid is described with
0.15%, cylinder with 0.37% and parallelepiped with 2.4% error. The least
square error norm for ellipsoid is achieved with 0.25% accuracy while
cylinder and parallelepiped are characterized with 2.2% and 2.0% accu-
racy.

. It was found, however, that refinement of the density of sampling points

has a tendency to improve the values of the global descriptors but increas-
ing the error of local deviations. On the other hand, it was shown that
the increase of local error may have insignificant or, in opposite, posi-
tive consequences. Local internal deviations yielding non-convex inden-
tations may be not taken into accounts, while smooth approximation of
sharp edges plays positive role giving the idea how to eliminate unrealistic
effects of the local concentrators.

. The modelling technique was used for modelling the complex shaped agri-

cultural grains such as bean, characterised by smooth and convex shape,
the chickpea, which is more complex concave, and the maize grain having
the concave shape and tip cap similar to chickpea. The best model of a
bean was obtained with the expansion degree L = 3 and the number of
segments 9. Thus, the deviation of the surface area and volume was 0.22%
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and 0.4%, respectively. The best results for modelling a chickpea was ob-
tained with the expansion degree L = 3 and the number of segments 25.
The deviation of the surface area was 0.19%, the deviation of the volume —
0.08%. The maize model was obtained with expansion degree L = 3 and
the number of segments — 36, where the difference of the surface area is
0.008% and the volume — 0.01%.
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Summary in Lithuanian

lvadas
Problemos formulavimas

NemaZai reiSkiniy, vykstan¢iy gamtoje ar modeliuojamy pramonéje, aprasomi kaip
birios medZiagos ar daleliy sistemos, kurios sudarytos i§ daugelio atskiry daleliy.
Kai kurias medZiagas, sudarytas i$ nedidelio skaiciaus daleliy, galima tirti atliekant
eksperimentus, taciau dauguma atvejy eksperimentus vykdyti yra brangu. MedZia-
gu, sudaryty i§ daugybés daleliy, modeliavimui pasitelkiami skaitiniai metodai,
kuriuose labai svarbu kuo tiksliau aproksimuoti daleliy forma.

Birios medziagos yra svarbios beveik visose mokslo ir technologijy srityse,
todeél jos sudaro didZiule medziagy klase, placiai taikomy chemijos, farmacijos,
maisto ir kt. pramonés srityse. Nesvarbu kur ir kaip jos taikomos (biriy medziagy
transportavimas ar ivairls technologiniai procesai), jose esanciy daleliy dydis ir
forma jtakoja modeliavimo ir skai¢iavimo rezultatus.

Dalelés forma labai svarbi mechaninei biriy medZiagy elgsenai, itakojanti ivai-
rius medZziagos rodiklius. Dalelés tiiris ir forma yra svarbis rodikliai sprendZiant
pakavimo uZdavinius, o lokaltis kampuotumai turi itakos kontakto tasko paieSkai ir
kontakto jégy skaiciavimui. Bendruoju atveju, teisingas daleliy formos aprasymas
lemia sprendZziamo mechanikos uzdavinio rezultaty tiksluma.
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Darbo aktualumas

Dauguma realiy daleliy yra nesferinés, o metody tokioms formos apraSyti néra
daug. ISskiriami du pagrindiniai biidai nesferiniy formy daleléms aprasyti: mo-
nomerinis ir kompozitinis. Glotniy tolydziy formy (elipsoidy, super-elipsoidy ar
super-kuby) naudojimas apsunkina kontakto rodikliy skai¢iavimus, nes kontakto
tasko paieSkai tenka keleta karty spresti netiesiniy lyg€iy sistema. Kompozitinis
budas gali biiti naudojamas bet kokios formos netaisyklingos geometrijos kiinui,
taCiau Siuo atveju kontaktui aprasyti reikalingi specialiis metodai.

Kadangi néra jokio vieningo metodo tiek daleliy formy aprasSymui, tiek kon-
takto taSko paieskos ir rodikliy skai¢iavimui, Siame darbe nagrinéjamas metodas,
naudojantis sferines harmonikas, kuri naudojant galima suvienodinti dalelés for-
mos apraSymo metodika bet kokiai formai.

Tyrimo objektas

Darbo tyrimy objektas yra nesferinés formos dalelés ir juy kuo tikslesnis apra§ymas
taikant sferines harmonikas.

Darbo tikslas

Sio darbo tikslas — sukurti sferiniy harmoniky modelj, apragantj nesferinés formos
daleles, ir iStirti Zemo laipsnio sferiniy harmoniky tinkamuma ivairiy nesferinés
formos daleliy apraSymui.

Darbo uzdaviniai

Darbo tikslui pasiekti reikia spresti Siuos uZdavinius:

1. Atlikti literatiiros analiz¢ daleliy formos apraSymui taikomy metody ir sfe-
riniy harmoniky tematika.

2. Sudaryti matematinj modelj, naudojant Zemo laipsnio (L < 3) sferines
harmonikas.

3. I8tirti modelio tinkamuma taikant sferiniy harmoniky modelj paprastoms
simetrinéms (elipsoidinéms, cilindrinéms ir daugiasienéms) daleléms.

4. Pritaikyti sferiniy harmoniky modeli sudétingos formos daleliy aprasymui.
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Tyrimy metodika
Darbe taitkomi matematinio ir skaitinio modeliavimo metodai.
Mokslinis naujumas

Rengiant disertacija buvo gauti Sie mechanikos inZinerijos mokslui nauji rezulta-
tai:
1. Pasiiilytas pusiau analitinis sferiniy harmoniky modelis dalelés formai ap-
rasyti. Modelio koeficientams apskaiciuoti naudojamas maziausiy kvadra-
ty metodas, ir pseudo-atvirkstinés matricos skaic¢iuojamoji procedira.

2. Koeficientams rasti pritaikytos ivairios tasky pozicionavimo strategijos,
ivertinancios pavirSiaus kampuotuma.

3. Sio metodo tinkamumas iitirtas taikant ji paprastoms simetrinéms dale-
léms ir skai¢iuojant pavirSiaus ploto ir tiirio jver¢ius. Siame darbe pateikti
rezultatai parodo, kad Zemo laipsnio sferiniy harmoniky skleidinys (iki
L = 3) gerai aproksimuoja nesferinés formos daleles.

4. Modelis pritaikytas sudétingoms neiskilios formos daleléms. Sudétinges-
néms formoms modeliuoti jvedamas pavirSiaus dalijimas i smulkesnes da-
lis, leidZiantis sumazinti skleidinio laipsni.

Darbo rezultaty praktiné reikSmé

Pasiiilytas sferiniy harmoniky metodas gali biiti taikomas bet kokiy formy dale-
léms aproksimuoti. Tokiu biidu aproksimuotos dalelés apraSomos viena analitine
funkcija, kurig véliau galima naudoti jvairiems rodikliams skaiciuoti (integruojant
gaunami pavir$iaus plotas, tiiris ar inercijos momentai, diferencijuojant — normalé
ir kreivis) ar taikyti kontakto jégy skaiciavimuose.

Ginamieji teiginiai

1. Zemo laipsnio sferinés harmonikos yra tinkamas jrankis aprasyti apvaliy
ir kampuoty vienody matmeny daleliy formai, kurio tikslumas mazéja kei-
Ciantis dalelés matmeny santykiui.

2. MaZiausiy kvadraty metodo kartu su adaptyviomis strategijomis taikymas
iki divejy karty padidina sferiniy harmoniky metodo tiksluma.
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3. Sudétingy formy daleliy taikymams sferiniy harmoniky modelis naudoja-
mas kartu su pavirSiaus dalijimu leidZia taikyti Zemo laipsnio harmonikas.

Darbo rezultaty aprobavimas

Disertacijos tema paskelbti 5 straipsniai: du — mokslo Zurnaluose, jtrauktuose i
Thomson ISI sarasa (Radvilaité emphet al. 2016, 2017), vienas — konferencijy me-
dziagoje, referuotose Thomson ISI Proceedings duomeny bazéje (Kacianauskas
et al. 2015), vienas — kity tarptautiniy duomeny baziy cituojamame Zurnale (Rad-
vilaité et al. 2014), vienas — recenzuojamoje tarptautinés konferencijos medziagoje
(Radvilaite et al. 2015).

Disertacijoje atlikty tyrimy rezultatai buvo paskelbti astuoniose mokslinése
konferencijose Lietuvoje ir uzZsienyje:

« Jaunyjy mokslininky konferencijoje ,,Fiziniy ir technologijos moksly tarp-
dalykiniai tyrimai“, 2014 m. vasario 11 d., Vilniuje;

o XXII-ajame Lietuvos skai¢iuojamos mechanikos asociacijos seminare, 2014
m. balandZio 25 d., Vilniuje;

« Tarptautinéje konferencijoje ,,Numerical Analysis and Applied Mathema-
tics ICNAAM)*, 2014 m. rugséjo 22-28 d., Rode, Graikijoje;

o XXIII Lietuvos skai¢iuojamosios matematikos seminare, 2015 m. balan-
dZzio 24 d., Vilniuje;

 Tarptautinéje konferencijoje ,,Optimization and Analysis of Structures (OAS
2015)%, 2015 m. rugpjucio 23-25 d., Tartu, Estijoje;

o Tarptautinéje konferencijoje ,,3"¢ Polish Congress of Mechanics and 21°¢
Computer Methods in Mechanics (PCM-CMM 2015)*, 2015 m. rugséjo
8-11 d., Gdanske, Lenkijoje;

e XXIV Lietuvos skai¢iuojamosios matematikos seminare, 2016 m. balan-
dzio 20 d., Vilniuje;

o Tarptautinéje konferencijoje ,,Modern Building Materials, Structures and
Techniques (MBMST 2016)“, 2016 m. geguzés 2627 d., Vilniuje.

Disertacijos struktura

Disertacija sudaro ivadas, keturi skyriai ir bendrosios i§vados. Taip pat yra penki
priedai. Darbo apimtis yra 126 puslapiai, neskaitant priedy, tekste panaudotos 62
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numeruotos formulés, 31 paveikslas ir 11 lenteliy. Rasant disertacija buvo panau-
doti 94 literatiiros Saltiniai.

1. Literaturos Saltiniy apie daleles ir jy formas
analizé

Birios medZiagos yra svarbios beveik visose mokslo ir technologijy srityse, jos su-
daro didziule medziagy klase, placiai taikomy chemijos, farmacijos, maisto ir kt.
pramongs srityse. Tai paprastos sistemos, susidedancios i§ daugelio ivairiy dydZiy
ir formos daleliy. Priklausomai nuo fizinés aplinkos, daleliy skai¢ius medziagoje
gali labai skirtis. Dalelés biriose medZiagose slysta ir rieda, taip pat jos gali buti
suspaudZiamos ar $liejamos. Todél labai svarbu gerai suprasti ir Zinoti biriy me-
dZiagy elgsena. Nors tai atrodo gan paprasta, biriy medZiagy savybés ir reiSkiniai
néra visiSkai iki galo suprantami, nes eksperimentus atlikinéti yra gan brangu, o
labai gery kompiuterinio modeliavimo metody birioms medZziagoms beveik néra.

Kadangi dalelés forma yra svarbi ypatybé itakojanti atskiry gridy saveika, yra
atlickama daugybé tyrimy siekiant patobulinti supratima apie formos vaidmeni
biriy medziagy elgsenoje. IS pradziy diskreciy elementy programos modeliavo sa-
veikas tarp apvaliy disky ar sferiniy daleliy, nes tokios dalelés lengvai implemen-
tuojamos i programas ir dél paprastumo skaiciavimai yra trumpi. Elipsinés dalelés
yra labiausiai naudojamos nesferinéms glotnioms daleléms aprasyti diskreciy ele-
menty metodo skai¢iavimuose. Elipsés (2D) arba elipsoido (3D) naudojimas su-
mazina sferinéms daleléms buidinga sukimosi tendencija, kuri laikoma viena svar-
biausia diskreciy elementy metodo neatitikimo nuo realiy daleliy elgsenos prie-
Zastimi. Kontakto tasko paieskai tarp elipsiniy ir elipsoidiniy daleliy daZniausiai
reikalingas iteracinis daugianariy Sakny skaiciavima, o tai gali apimti daug laiko
priklausomai nuo pasirinkto skaitinio algoritmo ir pradinés iteracijy reikSmés.

Kitas modelis aprasantis sudétingesnes daleles naudoja daugiasieniy kiiny for-
mas. Daugiasieniy formy naudojimo privalumas tas, kad jos gali buti taikomos
ivairioms sudétingy formy daleléms modeliuoti gaunant tikslesnius rezultatus dis-
krec¢iy elementy metodo skaic¢iavimuose. Taciau aStriy vir§iiniy buvimas kompli-
kuoja daleliy kontakto skaiciavimus ir klausimas kaip kontakto jégos tarp dvieju
susidurianc¢iy kiiny yra skai¢iuojamos dar néra pilnai atsakytas. Siekiant supapras-
tinti kontakto skaiCiavimus, taciau islaikyti modeliavimo tiksluma, buvo sukurtas
kompozitinis arba multi-sfery modelis. Cia viena dalel¢ yra apra$oma sujungiant
kelias sferas, kurios gali skirtis dydZiu ir netgi persidengti viena su kita. Toks for-
mos apraSymo algoritmas gali biiti lengvai implementuojamas ir apima efektyvia
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kontakto paieska, nes jis naudoja sferos su sfera kontakto paieskos algoritma ne-
taisyklingos formos objektams.

Formai apraSyti taip pat yra taikomi ir jvairlils matematiniai modeliai: nuo pa-
¢iy paprasciausiy, kai pavirSiai apraSomi tasky ar tiiriniy objekty aibémis, iki sude-
tingesniy — Minkovskio operatoriy ar Zernike daugianariy. Tarp tokiy matematiniy
modeliy pastaraisiais metais vis labiau nagriné¢jamas metodas, kuris naudoja sferi-
nes harmonikas.

2. Daleliy formos matematinis modelis

Dalelé yra laikoma tolydZiu ,,ZvaigZzdinio tipo“trimaciu kiinu, turin¢iu bent viena
simetrijos aSj. Kiinas apibréZiamas lokalioje sistemoje, kurios pradzia yra kiino
svorio centre. ApraSymui gali biiti naudojamos dvi koordinaciy sistemos — Dekarto
Oxyz ir sferiné Or6.

Bet koks pavirSius A, aproksimuojamas pusiau-analitiniu sferiniy harmoniky
metodu, iSreiSkiamas baigtine M nariy eilute

Ap,0) =1(,0)" - a, (S2.1)

¢ia, neZinomi koeficientai sudaro vektoriu a = {ay,...,as,...,ap}?, o dau-
gianariai — f(¢, #). Aproksimacijos sudétingumas (S2.1) formuléje apibréZiamas
daugianariy skai¢iumi M.

Tokio modelio aproksimacijos paklaida iSreiSkiama kaip skirtumas tarp origi-
nalaus ir aproksimuoto pavirsiy

Ej(p,0) = Aj(p,0) — Sr(p,0). (S2.2)

Akivaizdu, kad didesnis naudojamy daugianariy skaicius modelyje j — oo
sumazina aproksimacijos paklaida iki nulio ir garantuoja konvergavima
Ej:L,L<oo(<Pa 9) — 0.

Modelyje naudojamos sferinés harmonikos Y, (6, ¢). Tai vienareikSmes, glo-
dzios, t. y. diferencijuojamos be gale karty, kompleksinés dviejy kintamyjy @ ir
¢ funkcijos, Zymimos dviem indeksais [ ir m. Sferinés harmonikos {Y;™ (0, ¢) :
|m| <1 € Ny} konstruojamos ant vienetinés sferos S su dviem parametrais (6, )
sferinése koordinatése. Nors §ios harmonikos formaliai apibréZiamos kaip komp-
leksinés funkcijos, dazniausiai uZdaviniuose naudojamos realiy reik§miy funkcijos
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V2N[" cos (m¢) P/™ (cos ¢) , kai m > 0,
Y™ (0,¢) = ¢ NPPP (cos ), kai m =0, (S2.3)
\/§Nl|m| sin (|m)| cp)Pl|m| (cos ), kai m <0,

Cia apatinis indeksas [ € Ny parodo skleidinio laipsni, virSutinis indeksas —! <
m < [ parodo sferiniy harmoniky eilg, N;™ ir P/ (cos ¢) — atitinkamai normali-
zacijos konstanta ir jungtinis LeZandro daugianaris.

PavirSiaus apraSymui taikant sferines harmonikas ((S2.1) formulé) pirmiausiai
reikia rasti koeficientus a;". Skleidinio koeficienty skaiCiavimas gali buti nagriné-
jamas kaip skirtumas tarp realaus pavirSiaus ir aproksimuoto sferinémis harmoni-
komis. Si sarysi galima uZrayti matriciniu pavidalu:

(Y (g Oai)1ajqk = Yok (@grs Ogi) - (S2.4)

Cia, [Y;] sta¢iakampé transformacijos matrica, kuri susieja nezinomus koefi-
cientus a;q su diskrec¢iomis reikSmemis qu(goqk, Oq.)-

Naudojant matricing algebra, sprendinys tokiam uzdaviniui gaunamas taikant
pseudo-atvirkstinés matricos procedura:

Ajgk = [quk]+SR7qk(‘qu7 eqk’)a (S2.5)
¢ia pseudo-atvirkstinés matricos apibréZimas yra

Yl = (Vi) (IVjarl Vi) T) (S2.6)

Gavus dalelés formos modelj sferinémis harmonikomis, galima skai¢iuoti jvai-
rius formos rodiklius. Dalelés pavirSiaus plotas yra skai¢iuojamas pagal formulg

27 pm
S = / / A (A2 + AZsin® 0 + A%sin®6) P dodp,  (S2.7)
0 0

¢ia A yra sferiniy harmoniky skleidinys, A, ir Ay yra funkcijos A(6, ¢) iSvestinés
atitinkamai pagal ¢ ir 6. Taris apibréZiamas tokiu integralu

1 27 ™
V== / / A3 sin AdOde. (52.8)
3Jo Jo

Nors A funkcija yra analiting, skai¢iuoti integralus analitiSkai gali bati bran-
gu ir ilgu, todél integravimas (S2.8) ir (S2.7) formulése pakei¢iamas sumavimu.
Pavirsius dalijamas i sta¢iakampius elementus, kurie aprasomi keturiais taskais
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(1,7), (1 +1,7), (¢,7 + 1) ir (i + 1,5 + 1). Tokia sumavimo schema pateikiama
S2.1 paveiksle.

Vienas ¢-asis elementas suskaidomas i keturis trikampius ir atskirai skaic¢iuo-
jamas kiekvieno trikampio plotas. Todél vieno elemento plotas yra keturiy trikam-
piu ploty suma, o viso dalelés pavirSiaus plotas yra lygus visy tokiy elementy ploty
sumai. PanaSiu principu skai¢iuojamas ir dalelés tiris. Siuo atveju naudojami tie
patys elementai, kurie sudaro piramides, ir sumuojami jy tiiriai.

j24 z
2
AN L), (ij+1p--"
G Ai+1,j+1)
) ‘ Jt1)
H+1
5
i+l j+1
x 0 ¥

S2.1 pav. Skaitinio integravimo schema

Toki sferiniy harmoniky modeli galima ne tik integruoti, bet ir diferencijuoti.
Funkcijos i$vestinés naudojamos kreivumo spinduliy skai¢iavimui.

3. Sferiniy harmoniky taikymas monomerinéms
dalelems

Modelis pritaikytas trims standartinés ir simetrinés formos daleléms: elipsoidui,
cilindrui ir staciakampiui gretasieniui. Elipsoidas (S3.1a paveikslas) yra papras-
¢iausia dalele, turinti aSing simetrijq ir glotny pavirSiy.

Cilindras yra priskiriamas specialiai daleliy formos grupei diskreciy elemen-
ty metodo taikymuose. Cilindriné forma yra gaunama sukant tiesia, lygiagrecia z
aliai linija. Jei atstumas tarp Siy dviejy linijy yra konstanta ir lygi a, gaunamas
apskritas cilindras (S3.1b paveikslas). Cilindro pavirSius ribojamas dviem ploks-
tumomis, tarp kuriy atstumas ir sudaro cilindro aukstj lygy 2c.

Staciakampé gretasiené dalelé (S3.1c paveikslas) priklauso didZiulei daugia-
sieniy daleliy grupei. Daugiasienés dalelés yra sudétingos formos, turinfios tris
poras lygiagreciy sieny, kurios susijungdamos sudaro astrias briaunas ir kampus.



SUMMARY IN LITHUANIAN 105

PavirSiaus apraSymui taikomos keturios strategijos: lygiakampeé dalijimo stra-
tegija ¢ = 1, kai kampinis posritis padengiamas reguliaru tinkleliu; reguliarus vie-
nodo atstumo dalijimas ¢ = 2, kai naudojamas reguliarus vienodo atstumo pavir-
Siaus dalijimas, ta¢iau néra pastovus azimutinio kampo dalijimas; tre¢ioji strategija
q = 3 yra parinkta derinant globaliai adaptyvy smulkinima su lokaliu smulkinimu;
paskuting strategija ¢ = 4 taiko Gauso taskus.

a) b) ¢

S3.1 pav. Paprastos simetrinés nesferinés formos: a) elipsoidas; b) cilindras;
c) staCiakampis gretasienis

Taip pat naudojamas bazinis modelis, Zymimas thr, kuris laikomas tiksliausiu
skaitiniu modeliu. Toks modelis gaunamas generuojant reguliary sta¢iakampi tink-
la, degiantj 6—¢ sritj. Elipsoido atveju $is modelis turi Ny, = 16258 tasky, cilind-
10 — Nyp, = 16250 modeliavimo tasky, sta¢iakampio gretasienio — Ny, = 16380
tasky.

S3.2 pav. Cilindro aproksimacija naudojant sferines harmonikas: a) trimatis
vaizdas, kai skleidinio laipsnis yra L = 3; b) trimatis vaizdas, kai skleidinio
laipsnis L = 2

Paklaidy jverciai rodo, kad elipsoidui modeliuoti uZtenka pirmojo skleidinio
laipsnio L. = 1 ir geriausiai elipsoidas yra modeliuojamas naudojant adaptyvia
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strategija (¢ = 3), kur modelio paklaida yra lygi 0, 78 %. PavirSiaus plotas ir tiris
gaunami atitinkamai su 0, 15 % ir 0, 08 % paklaida.

Cilindro pavirsiaus tasky dalijimui taikomos tos pacios strategijos kaip ir elip-
soidui, ta¢iau skleidinio laipsnis parenkamas aukStesnis — L = 2 ir L = 3. Cilindro
aproksimacijos trimaciai vaizdai pateikiami S3.2 paveiksle. Aukstesniu skleidinio
laipsniu (L = 3) cilindras modeliuojamas su 2 % paklaida, kai pavirSiaus plotas
ir tiris gaunamas atitinkamai 3,7 % ir 0,004 % tikslumu. Zemesniam laipsniui
(L = 2) globalios paklaidos labai iSauga, nors pavirSiaus ploto ir tiirio paklaidos
iSlieka nedidelés — atitinkamai 2, 8 % ir 0,9 %. Pagal gautus rezultatus matyti, kad
skleidinio laipsnis L = 2 néra pakankamas geram cilindrinés formos apraSymui.

S3.3 pav. Staciakampio gretasienio sferiniy harmoniky aproksimacijos
trimaciai vaizdai: a) L = 3;b) L = 2

PrieSingai negu elipsoido ar cilindro formos dalelés, stac¢iakampio gretasie-
nio atveju sukimo simetrijos néra ir naudojamas dvimatis srities diskretizavimas
abiejomis kampy kryptimis. Remiantis cilindro modeliavimo rezultatais, dvi azi-
mutinés krypties dalijimo strategijos (lygiakampio dalijimo strategija ¢ = 2 ir
adaptyvi strategija ¢ = 3), kuriomis gautos minimalios aproksimavimo paklaidos,
yra naudojamas tolesniems tyrimams. Sios dvi strategijos buvo naudojamos tiek
azimutinio kampo, tiek polinio kampo dalijimams. Siy dviejy strategijy kombina-
cijos leidzia sudaryti keturias naujas strategijas, kurios taikytos dviem skleidinio
laipsniams — L = 2 ir L = 3 (S3.3 paveikslas). Gauti modeliavimo rezultatai rodo,
kad staciakampio gretasienio sferiniy harmoniky modelis, kai skleidinio laipsnis
yra L = 3, yra gaunamas 2 % tikslumu, o pavirSiaus plotas ir tiris — atitinkamai
2,4 % ir 0, 18 %. Kai skleidinio laipsnis yra L = 2, paklaidos iSauga gana stipriai.
PavirSiaus plotas gaunamas su 8 % paklaida, o taris — su 0, 35 % paklaida. Kaip ir
cilindro atveju, skleidinio laipsnis L = 2 néra pakankamas tiksliam stac¢iakampés
formos dalelei modeliavimui.
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4. Sferiniy harmoniky taikymas sudétingoms
daleléms

Sferiniy harmoniky modelj galima pritaikyti ir sudétingy formy daleléms aprasyti,
pavyzdZiui, naudojamoms maisto pramonéje. Identifikuojant grudy kokybe (nu-
statant, ar jis pazeistas, ligotas, nesubrendes ar per daug subrendgs) taip pat kaip ir
klasifikuojant juos, reikalingas tikslus grido geometrijos apraSymas. Biitent dél to-
kiy priezasciy sukurta metodologija pritaikyta Siame skyriuje pateikiamiems grudy
(pupelés, avinzirnio bei kukuriizo griido) pavyzdZiams modeliuoti.

Modeliavimo idéja tokia pati kaip ir paprastoms daleléms, taciau esant sudé-
tingai formai, reikia naudoti daugiau sferiniy harmoniky. Dél to gali iSaugti skai-
¢iavimy apimtis ir sudétingumas, todél ivedamas pavirSiaus dalijimas i smulkes-
nius segmentus. Pradiniai dalelés pavirSiaus taSkai yra apraSomi sferinémis ko-
ordinatémis, kurios yra i$sidés¢iusios intervale ¢ x § = [0,27) x [0, 7]. Sie du
intervalai yra dalijami i smulkesnius, taip apimdami skirtingas pavirSiaus dalis,
kuriy kiekviena gali biiti modeliuojama nepriklausomai nuo kity.

Pirmoji i pasirinkty modeliuoti gridy formy buvo pupelés forma, kuri iSgaub-
ta ir lygaus pavirSiaus, salyginai paprasciausia i§ visy griidy formy. Pradinis tasky
skaicius, apraSantis Sios formos pavirsiy, buvo 1538.

Kadangi sferinés harmonikos suteikia galimybe hierarchiSkai aproksimuoti
pavir$iy, tai pradinis metodo etapas — sfera, kurios spindulys yra vidutinis viso
modeliuojamo pavirsiaus spindulys. Pridedant daugiau sferiniy harmoniky ir/arba
dalijant pavirSiy i daugiau segmenty yra gaunamas tikslesnis pupelés formos mo-
delis.

Geriausias rezultatas buvo pasiektas, kai visas dalelés pavirSius buvo suskai-
dytas i 9 segmentus ir kiekvienas i ju buvo modeliuojamas atskirai. Atlikus skai-
¢iavimus gaunamos 9 atskiros funkcijos, aprasSancios kiekvieng i segmenty, ku-
rios yra sumuojamos kartu norint gauti visa formos pavirSiy. Geriausias pupelés
formos modelis pateiktas S4.1a paveiksle. Tirio ir pavirSiaus ploto jverciai yra
atitinkamai 0, 22 % ir 0, 40 %.

Antroji pasirinkta forma yra Siek tiek sudétingesné — tai avinzirnio forma. To-
kia forma yra igaubta ir turi specifinés geometrijos dali — smaily galiukg — biidinga
daugeliui griidiniy kulttry. Kadangi forma yra sudétingesné, jos pavirSiy aprasan-
¢iy pradiniy tasky skaicius irgi yra didesnis — 6146. Naudojant ta pacia strate-
gija kaip pupelés atveju, pavir§ius modeliuojamas parenkant sferiniy harmoniky
bei segmenty skaiciy. Geriausi rezultatai gauti, kai sferiniy harmoniky skleidinio
laipsnis yra L = 3, o segmenty skaicius — 25. Tokio modelio (S4.1b paveikslas)
pavirSiaus ploto ir tirio paklaidos atitinkamai lygios 0,19 % ir 0, 08 %.
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S4.1 pav. Skirtingy griidy sferiniy harmoniky modeliai: a) pupelés;
b) avinzirnio; ¢) kukuriizo

Trecioji pasirinkta forma buvo kukurtizo griido dalelés. Tai pati sudétingiau-

sia forma i$ visy trijy nagrinéty, turinti taip pat igaubta pavirSiy bei smaily galiu-
ka. Pradiniy pavirSiaus tasky skaicius buvo 6146. Naudojant ta pacia modeliavimo
strategija kaip ir pirmiems dviem pavyzdZiams, pavir§ius buvo modeliuojamas pa-
renkant sferiniy harmoniky bei segmenty skaiciy.

Geriausias kukurtizo griido modelis (S4.1c paveikslas) buvo gautas, kai pavir-

Sius buvo sudalytas i 36 dalis, o sferiniy harmoniky skleidinio laipsnis I. = 3. To-
kio modelio pavirSiaus ploto ir tiirio paklaidos atitinkamai yra 0,008 % ir 0, 01 %.

Bendrosios iSvados

1. Atlikta daleliy formos ir jos apraSymo metody literatiiros Saltiniy analizé

atskleidé, kad sunku rasti universaly analizini formos apraSymo metoda
nesferinés formos daleléms, o Zinomas pusiau analizinis sferiniy harmoni-
ky metodas yra potencialiai tinkamas bet kokios formos daleléms apraSyti,
kurio veikimas turi biiti pagristas tyrimy rezultatais.

. Nesferinés formos daleléms aprasyti sudarytas sferiniy harmoniky mode-

lis, skirtas Zvaigzdés pavidalo (radialiai iSkiliyjy) daleliy formai apraSy-
ti. Baidingas $io modelio iSskirtinumas — koeficienty nustatymas taikant
maZziausiy kvadraty metoda ir pseudo-atvirkstinés matricos skai¢iuojamaja
procediira. Atskiry formy tyrimas atskleidé, kad maziausiy kvadraty me-
todas leidzia tiksliau apraSyti lokalius formos poky¢ius.

. Sferiniy harmoniky skleidinio koeficienty skaic¢iavimo kokybei ivertinti

sudarytos ir iStirtos jvairios kontroliniy taSky pozicionavimo strategijos.
Nustatyta, kad racionalus tikslumo ir skai¢iavimy apimties kompromisas
pasiekiamas naudojant lokaliai prisitaikancias strategijas.
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4. Sferiniy harmoniky modeliui pritaikyti integravimas ir diferenciavimas.
Integravimas taikomas skaiciuojant integralines charakteristikas, pvz., pa-
virSiaus plota, tiiri ir inercijos momentus, kurios parodo sukurto mode-
lio tiksluma. Antrosios eilés iSvestinés naudojamos skaiciuojant kreivumo
spindulj ir kontakto jégas, kuriojs lyginamos su baigtiniy elementy metodu
iSsprestu uzdaviniu — rezultatai skiriasi 0, 3 %.

5. Sukurtas sferiniy harmoniky modelis iStirtas naudojant Zemo laipsnio sfe-
rines harmonikas. Universalus skleidinys, kurio laipsnis ribojamas iki L <
3, buvo pritaikytas modeliuojant paprastas ir daZnai taikomy formy da-
leles, tokias kaip elipsoidas, cilindras ir stac¢iakampis gretasienis. Atlik-
ti skaiCiavimai leidZia tvirtinti, kad maziausios paklaidos gaunamos esant
vienody matmeny daleléms — didéjant ar maZéjant matmeny santykiui mo-
delio tikslumas mazéja.

6. Pailgy formy, kuriy kraStiniy santykis yra 0,5, gauti rezultatai parodé,
kad modeliuojamo elipsoido tiris gaunamas su 0,8 % paklaida, cilindro
- 0,004 %, statiakampio gretasienio — 0, 18 %. MaZiausiy kvadraty pa-
klaidos norma elipsoidui gaunama iki 0, 25 % tikslumu, cilindrui ir stacia-
kampiui gretasieniui — atitinkamai iki 2,2 % ir 2,0 % tikslumu.

7. Pradiniy tasky tankinimas iki dviejy karty pagerina globaliy iverciy tiks-
luma, taciau kai kuriais atvejais iSauga lokalios paklaidos. Bet tai turi ne-
didelg arba tam tikru poZzitiriu net ir teigiamg reikSme. Lokalts vidiniai
nuokrypiai neturi itakos skai¢iavimams ir gali biiti nevertinami, o aStriy
kampy suapvalinimas aproksimuojant palengvina tolesnius skai¢iavimus,
pvz., modeliuojant kontakta.

8. Taip pat sukurtas sferiniy harmoniky modelis buvo pritaikytas sudétin-
gos formos griidinés daleléms: pupelés formos daleléms, apibréZiamoms
glotniu ir i8kiliu pavirS§iumi, avinZirniui, kuris yra sudétingos igaubtos for-
mos, ir kukuriizo grudui, kuris taip pat kaip ir avinZirnis turi igaubta forma
ir smaily galiuka.
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