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PREFACE

This book is a collection of works on grid generation. It brought together the results of
some resent outstanding investigations on this subject.

The book is addressed to researchers and specialists working in the area of grid gener-
ation and numerical simulation of physical field phenomena and processes.

The book is helpful for young researchers, undergraduate and postgraduate students,
and for practicing engineers working also in fields of computational and applied mathemat-
ics, mechanics and physics.

It can be interesting to the scientists of other branches of mathematics, since it concerns
large variety of general mathematical problems.

Olga V. Ushakova
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In memory of Sergey A. Ivanenko

A talented mathematician and specialist in mechanics, senior researcher, head of the
sector at the Dorodnitsyn Computing Center, Russian Academy of Sciences, Sergey Alexan-
drovich Ivanenko died suddenly on September 24, 2003, as a result of a fatal heart attack.
Science lost an outstanding researcher, who left a notable trace in computational fluid dy-
namics and numerical mathematics. His entire scientific career was tied with the Computing
Center, where he began working as an engineer, then a junior researcher, and finally became
a sector head, where he had many friends, colleagues, and followers. The untimely death of
Sergey in the prime of his creative talent has become a great grief for everyone who knew
him. A relatively new field in computational mathematics — the theory of curvilinear grid
generation — where Sergey was a prominent specialist, also suffered bereavement.

Sergey Ivanenko was born on June 11, 1954, in Feodosiya, Crimea. His farther, Alexan-
der Ivanovich Ivanenko, was a chief constructor at the shipbuilding plant, mother, Maria
Nikonovna, was a pharmaceutical chemist. In 1971 Sergey graduated from the school in
Feodosiya (he was awarded the gold medal for the excellent knowledge) and entered the
Department of Control and Applied Mathematics of the Moscow Institute of Physics and
Technology. In 1977 he graduated from the Institute and was assigned to the Computing
Center, USSR Academy of Sciences.

In the first years, his abilities were noted by Academician N.N. Moiseev (1917-2000),
who guided many scientific directions at the institution and entrusted various important re-
search studies to Sergey. Sergey focused on developing mathematical methods for model-
ing dynamics and water quality of inland water basins. He developed several mathematical
models and participated in their practical implementation. For practical developing these
models he applied the finite element method, a new technique at that time, which later be-
came his specialisation along with effective grid generation. Sergey was a leading world
specialist in the theory and practice of grid generation.
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In 1979 Sergey began his postgraduate studies at the Computing Center and in 1985
defended a candidate dissertation in physics and mathematics [1]. This rather long period
of work under the dissertation is explained by, first, the deep understanding the subject and
second, reluctance to compromise concerning the scientific problems. For the preprint [2],
based on the dissertation work, Sergey was awarded a yang scientist’s diploma of the USSR
Academy of Sciences in 1986. It is of interest that Sergey chose S.K.Godunov as a reviewer
when presenting this preprint to the competition. A year later he obtained the first very
important result, a variational barrier method, which now is known as a classical method in
grid generation. To understand what price a scholar must pay for the real scientific results
we asked Prof. Alexander Charakch’yan to confide his impressions on their shared work.
This is his story.

“I met Sergey Ivanenko in the mid of 1980s. Though we both graduated the Moscow
Institute of Physics and Technology and worked at the Computing Center (I since 1972,
he five years later), we were not acquainted, maybe due to the difference in age or maybe
because we worked in different departments on different floors, and were engaged in various
problems, far from each other. A common cause in our problems was that they had required
to generate regular meshes in planar domains with strongly crooked boundaries. I did not
want to penetrate into the problem of grid generation and, thus, worked in the following
manner. I took a paper on grid generation, found description of the algorithm, realized it
and observed whether it operated properly when solving my problem or did not. So, I tried
several known algorithms, which did not work with my problem.

Sergey also tried several known algorithms, which failed in his models. However, in
contrast to me, he recognized the importance of the grid generation problem, for both his
own modeling and as a self-maintained task of computational mathematics. At that time
he went deeply into this problem, understood the reason of why well-known algorithms
failed to work, and proposed a new direction in the methods of regular grid generation —
variational methods with restriction of the set of admissible grids. He realized this idea in
the form of an algorithm being close to the algorithm of constrained minimization for the
finite-dimensional function. The algebraic relations contain the Lagrange multipliers which
provide convexity of all quadrilateral grid cells provided that the mesh iterations converged.
Remained summands are approximations of the terms in the Euler-Lagrange equations for
the functional of smoothness. This algorithm operated properly in the problems, which
Sergey was solving at that time.

In connection with defending the dissertation work, Sergey gave a talk at the seminar
in our department. Therefore, the next grid algorithm, realized by me, was his method.
The result tumed out unsatisfactory. With time, the domain boundary distorted so much
that the iterations stopped to converge and my attempts to restrict the number of iterations
led, as in the case of all other mesh algorithms, the grid lines to overlap. I was sorry of
time spent on implementing his algorithm, and so decided to work with it a bit more time
before seeking in the literature other methods. It seemed one should apply the natural mod-
ification of his method, based on the classical problem of constrained minimization of the
finite-dimensional function, approximating the functional of smoothness. I went to Sergey,
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informed him of failure and my desire to modify his method. After listening to me, he
took from the table a sheet of paper, where it was written the finite-dimensional function
that further we suggested in many our papers. In couple of days, after realizing the algo-
rithm of constrained minimization of that function, to my surprise I found that my problem
had calculated thorough, since at every time moment the mesh consists of only convex
quadrilaterals. I was more surprised observing that the Lagrange multipliers nearly did not
change the initial value during iterations. And only then I saw the nice barrier property
of Ivanenko’s function which allows refusing the constrained minimization and introduc-
tion of the Lagrange multipliers. It is sufficient to realize the algorithm of unconstrained
minimization taking as an initial guess a mesh of convex quadrilaterals. Then, after every
iteration, a new mesh holds convexity of all quadrilateral cells.

The natural question appears: why did not Sergey himself see the barmrier property of
his function? The answer is in state of his health. Recently he defended the dissertation,
spending a lot of energy on his nervous system. Later he even went to a hospital (due to
overstrain), where I brought the manuscript of our first joint publication [3] so as he can
read it and make improvements. Obviously, if a temporary poor health after defending the
dissertationdid not occur, he would do everything without my participation. He needed only
to see carefully at his function or, at least, to observe the barrier property when constructing
the grids.”

By the time when (by virtue of age) Sergey linked to the problem of grid generation,
some achievements have been already reached. Nevertheless there was a field on applying
his talent. First of all, one should note the variational barrier method for curvilinear grid
construction in domains with complex boundaries. At the first stage of the scientific work
Sergey considered the problem of minimizing the finite difference function, approximating
the well-known functional (see [5]) for the harmonic mapping of the computational physical
domain onto a unit square

11
o+ yf + 22+ Y2
2% TeYn — YeTy

The Euler-Lagrange equations for the functional (1) have as a consequence the inverse
Laplace equations

922%¢e — 2912%¢n + 911Tmm =0,
922Y¢e — 2g12Yen + 911y =0, 2

where the coefficients g;; are the metric parameters of the mapping sought

g1 =1} + Y, G12=7TeTn+Yehn, Gu2=7To+U:. (3

The system (2) came into the grid numerical practice after appearing the paper [6].
However, soon it was found that the direct approximation of the equations (2), using the
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simple finite difference relations, does not guarantee producing an unfolded mesh, despite
it was substantiated in a differential formulation. Reasoning, that it is a consequence of an
insufficient number of grid nodes and will be eliminated at mesh refining, was not confirmed
and was refuted. Rather a simple example was suggested in the book [7], where the mesh
is constructed in the square domain with a backstep! when consequently doubling the grid
nodes number.

Note that this example does not exclude possibility that an approximation of the equa-
tions (2)—(3) with finite difference relations can guarantee that the produced mesh is nonde-
generate. This example only illustrates (and confirms) the fact that the way of discretization
is a substantial stage of the algorithm and is not reduced to formal changing the differen-
tial expressions by the finite difference relations. When performing a formal discretization,
some important properties of the differential model can be lost.

The warrantee of mesh non-degeneracy with an arbitrary grid nodes number can be ob-
tained by applying a special approximation of the variational functional (1), which uses the
grids of convex quadrilaterals as an admissible set of meshes. Then the requirement of grid
non-degeneracy is reduced to the condition of positivity for the area of four triangles into
which a quadrilateral cell is partitioned by its two diagonals. This is a correct finite differ-
ence implementation of the conditions providing positivity of the Jacobian of the mapping
sought.

On the boundary of admissible grid set, the integral sum, approximating (1), possesses
an infinite barrier that guarantees producing an unfolded mesh in the result of optimization.

First this idea was realized by Sergey as a problem of constrained minimization, where
the constrained for the set of admissible grids were introduced with the Lagrange multipli-
ers. Its solution was a part of Sergey’s candidate dissertation [1], defended in 1985, and
it was also described in the preprint [2]. Further, in joint papers with A.A.Charakch’yan
[3, 4] it was suggested an algorithm with using an unconstrained minimization of the dis-
crete variational functional.

Within many years the problem of constructing various equations and variational func-
tionals, allowing to produce unfolded grids, was of interest for many authors and stimulated
appearing a lot of publications on this subject. In 2000, Sergey suggested to minimize the
functional [9]

d&dn 4

V911922 — 925v/G11G22 — G2,

for grid construction. Here G711, G12, G2 are the elements of symmetric positive definite
matrices, defined at points of the unit square @ : (0<£,n<1). The functional is minimized
on the class of functions z(&,7), y(&, 1), being the smooth extension of the functions zy,
Yb, given on the boundary, inwards the square Q). The latter execute the smooth one-to-one
mapping of the square boundary 0Q onto the boundary of the domain §2, where the grid is
to be generated.

11
Fo 1 // 911G22 — 2g12G12 + 922G 11
2
00

!This example was independently and earlier considered in [8]
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When defining the coefficients as

Gi1 =911, Gi2=g12, Ga2=g2, )]

the functional (4) attains its absolute minimum. Consequently, defining (5) the minimizer
of the functional reproduces any invertible mapping. That is why it can be considered as an
universal grid generator.

From the practical standpoint the assignment (5) seems fruitless (if there is a mesh, why
does one need to make something else?). However, in the numerical practice of unsteady
problems it plays a fundamental role, since the mesh of the preceding time step is a base
for constructing the grid at the next time step (and these two meshes should differ only
slightly). One of the works in the present book (see chapter 5) realizes this idea.

Capabilities, provided by various algorithms defining the metric tensor G;;, are crucial
for this approach. The functional (1), serving for producing the harmonic meshes, is a
particular case of (4) when the metric G is Euclidean (G1;=G22=1, G12=0)

The method, suggested by Sergey, in general allows us to generate any mesh of a given
structure, if the objective shapes of the grid cells are defined. The maximal advantage of
this approach will appear when implementing in the interactive mode (dialogue system). It
is realistic and acceptable, when constructing the grids in the domains with a given fixed
boundary.

Some capabilities of controlling the mesh structure were suggested in [9]. For instance,
they allow us to produce the meshes, close to orthogonal near the boundary and with a
regulated cell size in the boundary cell layer, etc.

From the practical standpoint it is of importance that, when treating the set of admissible
grids with convex cells, an arbitrary definition of positive definite matrices of the metric
coefficients G;; allows us to obtain a nondegenerate mesh delivering the minimum of the
variational functional (4) at discrete implementation.

Thus, Sergey succeeded in selecting a complete class of invertible mappings of a square
onto a given domain with a given mapping between boundaries, and, at the discrete level,
in selecting a complete class of regular grids of convex quadrilaterals with given boundary
nodes. These results were published in [10, 11].

Along with regular (structured) grids, Sergey also considered irregular (unstructured)
meshes. His algorithms can be applied in this, more complicated, case as well. It is of
importance in practical calculations of real industrial problems.

When solving the problems of mathematical physics in domains with a complex shape,
there appears necessity to increase the accuracy of modeling owing to special grid con-
struction. With this purpose the grid nodes should be distributed in such a way that node
concentration corresponds to the subdomains where the solution sought undergoes great
changing. The grids, possessing such properties, are said to be adaptive.

Beginning with 1990s, Sergey was engaged in constructing adaptive mesh algorithms,
cf. [7]. The last result in this direction is an elegant solution, suggested in [9]. With purpose
of adapting by a given control function f the functional (4) is written on the surface of the
graph of this function. Initially, the idea to write the functional of smoothness on the graph
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of a monitor (or control) function f was suggested in [12], and as a matter of fact Sergey
extended this idea by applying the second metric G in the parametric domain, meanwhile
in [12] the metric G is Euclidean. Besides, in numerical implementation, like in grid gener-
ation problems, the method of dicretizing the differential expressions plays the crucial role.
To adapt, in the functional (4) instead of metric (3) it is introduced the new metric given on
the surface of graph of f as follows

g11 = f + yE + (foze + fyve)®
912 = TeTy + Yeyn + (foe + fyye) (fon + fyyn) ©)
922 = x% + y12, + (fzzn + fyyn)2 .

After selecting the control function f (that is a subject of a special discussion and depends
on a concrete problem to be solved, cf. [13, 14]) and calculating its values in the grid nodes,
the procedure of obtaining the adaptive mesh goes in the same mannerthat is defined in the
course of the simple (without adaptation) grid generation algorithm. This is a significant
advantage of this method over the methods, suggested by other authors. They, for exam-
ple, suggest to include special terms (summands) into the variational functionals. These
terms are responsible for adaptation. From the point of view of automation of modeling, in
general, it is very difficult to define the weight coefficients of these additional terms. Un-
fortunate definition of the weight coefficients leads to failure in modeling. These terms can
cause the resulting functional to lose ellipticity.

One more interesting result of Sergey’s is the method of grid construction on surfaces
[7]. Initially this work related to extension of the variational functional (1), then to the
functional (4) with the second metric G, and to its adaptive variant (6) [15].

Since the mid 1990s, Sergey was engaged in developing variational barrier methods
for constructing three-dimensional grids [7, 16]. This problem is always actual, because it
allows us to solve real industrial problems (without idealizing, applied in the approximate
2D approach). This problem is of particular interest due to the modem powerful computers
help the users to implement spatial modeling of physical problems.

First, it seemed that the scientific experience, gained when solving 2D grid generation
problems, allowed to proceed immediately to 3D grid construction. However, situation
proved not to be simple. Sergey’s works on this subject as well as other authors have
revealed the number of difficulties. In the papers [9, 15] and his last monograph [17] the
matter of extending the variational method of grid generation for the n-dimensional and, in
particular, three-dimensional case is considered.

Sergey referred the integrand in the functional (4) as the energy density of the mapping
(whose discrete implementation delivers the mesh sought). He extended the conception of
the energy density of the mapping to the case of a linear mapping of 3D Euclidean space
(see also chapter 4 in this book). It turns out that, in contrast to the 2D case, in the 3D case
the energy densities of the direct and inverse mapping are not equal. This causes various
ways to formulate the variational barrier functionals for grid generation in the 3D case. In
the paper [15] it revealed some more features which distinguish the multidimensional case
(n>2) from the two-dimensional one.
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The pass to the discrete variant of the 3D functional is difficult due to the following.
Formulation of the mesh non-degeneracy criteria, which in the 2D case are very simple and
graceful, is very complicated in the 3D case. Sergey was one of the first to execute some
steps on formulating such criteria in [7]. In the present book this matter is considered in
details in chapter 9.

Sergey approached the problem of constructing robust 3D grid generation methods and,
undoubtedly, his ideas will be further developed.

Besides grid generation problems, since beginning his scientific career, Sergey was en-
gaged in incompressible flow modeling, in particular in basins, lakes, rivers, sea gulfs,
etc. One of the difficulties encountered in such problems is that they are characterized by
complex morphometry exhibited in both bottom-shape irregularities and heavily indented
coastlines. Fluids flows in geographical applications are described by nonlinear hyperbolic
equations (shallow-water equations), and their solution in domains with complex geometry
is a difficult task. In the 1980s, only a few attempts were made in the world to apply the
finite element method (FEM) on nonuniform meshes to the unsteady problems in geophys-
ical fluid dynamics, and Sergey was one of the pioneers in this field. First, the methods,
developed by him, were applied to the simulation of tidal flows in Onega Bay, and then
the were extended to other basins and applications. He faced a variety of complicated
problems, such as FEM approximations of equations on curvilinear grids, the stability of
approximations in time, etc. Sergey managed to overcome these difficulties in modeling the
real problem of tidal flow. This made it possible to calculate and construct cotidal maps of
Onega Bay, southeast Barents Sea, Chaivo and Pultin Bays in Sakhalin Island, Azov sea,
etc., cf. [18, 19].

Flow simulation and pollution transport in reservoirs are another application, where
Ivanenko’s methods have been proved to be effective. In cooperation with Mosvodokanal
(“Moscow Water Channel”) Enterprise, Sergey simulated pollutant transport in the Ucha
and Mozhaisk reservoir, which are important elements of the Moscow water supply sys-
tem, a sophisticated hydraulic structure. Ivanenko’s computational methods with a reduced
numerical diffusion were applied to calculate accurately pollutant dispersion and pollutant
conservations at water supply points under normal conditions and in the case of abnormally
high discharges caused by malfunctions at sewage treatment plants. For solving nonlinear
equations governing free-surface flows with large elevation heads. Sergey applied meth-
ods with moving curvilinear grids. He solved the complicated problem of flow through the
spillway of the Rublev Dam and computed discharge ratings for various modes of Rublev
reservoir operation, cf. [20, 21].

Sergey worked hard as a scientist and was a world-renowned specialist. His works are
acknowledged in Russia and abroad. He was invited to lecture on grid generation at many
foreign universities in USA, Finland, Mexico. Shortly before death, he gave a course of
lectures at the Moscow Institute of Physics and Technology. Sergey participated in many
international conferences, including those on grid generation. For example, since 1988 he
was a member of the organizing committee and a constant participant of All-Union (later
All-Russia) Biennial Conference on Problems of Grid Generation for Solving the Prob-
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lems of Mathematical Physics. In 2001, 2002 Sergey organized and held the international
seminar “Grid Generation: Theory and Applications”. He was the heart of the specialists
on grid generation in Russia and was in touch with many foreign scientists. Sergey could
gather like-minded persons in any area of activity in which he was engaged. He initiated
many studies in grid generation. For example, in the theory of mappings, Sergey stimulated
a study on seeking the conditions provided that the mapping is a global homeomorphism,
and attracted to this work Prof. N.A. Bobylev, see [22, 23].

He published more than 50 papers.

After Sergey’s death, his last monograph was found in the electronic form on the home
computer and published at the Computing Center [17].

The authors would like to thank Prof. A.A. Charakhch’an for his contribution to this
text. We also used the material of the paper [24].
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Grid generation tools play an extremely important role in computational technology.
K. I. Babenko in his fundamental monograph Principles of Numerical Analysis (Nauka,
Moscow, 1986) indicates that the methods of grid construction and node enumeration can
be central and more important than error estimation methods.

Now, grid generation is undoubtedly an independent area of science, young and very
fast developing. Already some monographs, concerning the questions of grid generation
as a part of numerical modeling, and monographs devoted directly to grid generation as
a subject, have appeared, e.g. Numerical Solution of Multi-Dimensional Problems in Gas
Dynamics by S. K. Godunov (Ed.), A. V. Zabrodin, M. Ya. Ivanov, A. N. Kraiko, and
G. P. Prokopov, (Nauka Press, Moscow, 1976) (French translation: Résolution Numérique
des Problémes Multidimensionnels de la Dynamique des Gaz) (Mir, Moscou, 1979)), Nu-
merical Grid Generation: Foundation and Applications by J. F. Thompson, Z. U. A. Warsi,
C. W. Mastine (North Holland, 1985), Fundamentals of Grid Generation by P. M. Knupp
and S. Steinberg (Springer, 1994), Adaptive-harmonic Grid Generation by S. A. Ivanenko
(CC RAS, Moscow, 1997), Grid Generation Methods (Springer, 1999), and A Computa-
tional Differential Geometry Approach to Grid Generation (Springer, 2003) by V. D. Li-
seikin, Selected Chapters on Grid Generation and Applications by S. A. Ivanenko (CC
RAS, Moscow, 2004), and some others (more full list of literature on grid generation see in
the cite: http://www-users.informatik.rwth-aachen.de/roberts/literature.html).

There has appeared also the Handbook of Grid Generation by the edition of J. F. Thomp-
son, B. K. Soni, and N. P. Weatherill (CRC Press, 1999), which has become the concentra-
tion of up-to-date technologies of grid generation.

This book gives the descriptions and examples of further development of some tech-
nologies presented in Handbook of Grid Generation. These are approaches by S. A. Iva-
nenko, and by A. F. Sidorov, O. B. Khairullinaand O. V. Ushakova. The development of the
ideas of these approaches one can find in chapter 4 by S. A. Ivanenko and B. N. Azarenok,
in chapter 6 by A. F. Khairullin, O. B. Khairullina, and N. A. Artyomova, in chapter 10 by
T. N. Bronina and O. V. Ushakova, and in chapter 11 by I. A. Gasilova.

Here, other approaches and methods of grid generation are also presented . These
are chapter 1 by A. A. Charakch’yan, chapter 2 by S. K. Godunov, O. B. Feodoritova,
and V. T. Zhukov, chapter 5 by G. P. Prokopov and chapter 7 by A. M. Sorokin and
N. A. Vladimirova.

Two chapters are especially devoted to some general questions of grid generation. These
are chapter 3 by V. M. Miklyukov and A. V. Lygin and chapter 9 by O. V. Ushakova.

There are also another two chapters: chapter 8 by N. N. Anuchina, V. 1. Volkov, V. A.
Gordeychuk, N. S. Es’kov, O. S. Ilyutina, and O. M. Kozyrev which gives brief descrip-
tion of a computer code for a three-dimensional simulation of the problems of the multi-
material hydrodynamics for which the grid generation algorithms described in chapter 10
were developed, and chapter 12 by B. N. Azarenok which represents the algorithm of a
conservative three-dimensional interpolation of gas dynamics fields on a curvilinear grids.
This algorithm and corresponding computer code represent also very important tool for a
three-dimensional simulation, for examples, also just for that described in chapter 8.
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The main attention of this book is paid to the problems of structured grid generation
where grid nodes are organized into a regular structure (structured grids, regular grids),
however two chapters concern to problems of unstructured grid generation where grid nodes
do not form the regular structure and the connectivity between nodes can be particular for
each node (unstructured grids, irregular grids). These are chapter 7 which considers the
problems of anisotropic grid adaption for unstructured grids, and chapter 9 which considers
the problem of nondegeneracy of all computational grids and, in particular, of unstructured
grids.

The book is divided into two parts. The first part contains the description of different
two-dimensional algorithms, and the second part three-dimensional algorithms.

Chapter 1 is devoted to a new grid generator based on minimization of a barrier-type fi-
nite difference function and its application in simulation of hydrodynamic flows with mov-
ing internal and external boundaries. The function combined a modified function of the
known method by S. A. Ivanenko and A. A. Charakhch’yan with a variational form of a
simple quasi-one-dimensional grid in which the grid lines of one family are straight, and
the node distribution along these grid lines is prescribed.

First, both advantages and disadvantages of the method by Ivanenko and the author of
this chapter are discussed, which is illustrated by numerical examples. Then, a special case
of barrier-type functions considered earlier by Ivanenko is derived from another considera-
tions. A minimization problem of quasi-one-dimensional grids and its regularization by the
function are derived. Numerical examples illustrating advantages of the proposed method
in comparison with the method by Ivanenko and the author for domains with deep protru-
sions at their boundaries are presented. The iteration procedure of the method based on a
selection of an iteration parameter and of a subdomain of grid nodes for each iteration step
is described. A numerical example demonstrating essential decrease in the computational
cost for proposed iterations on subdomains of nodes is presented. The last section of this
chapter is devoted to computations of shock wave flows in condensed matter with strong
deformation of boundaries. An application package is described briefly. The considered
problems are the instability of an interface between two media, which is interacted with
a shock wave, shock compression of graphite in conical experimental assemblies and of a
plate resting on a wedge of finite dimensions.

In chapter 2, an approach for quasi-isometric grid generation is presented. The main
attention directs towards numerical features of the approach. A prime goal is to awake
theoretical and computational interests to the problem of quasi-isometric parametrization
of curvilinear regions. A few natural mathematical formulations of the extreme problems
might be discovered and solved by using some modifications of the suggested parametriza-
tion. This parametrization is based on the fact, that under defined conditions a quadrangle
on a smooth surface can be conformally mapped onto a quadrangle on a constant curvature
surface.

The quasi-isometric mapping of a region (curvilinear quadrangle) onto the index unit
square is introduced as inverse of the superposition of two mappings. The first mapping
is quasi-isometric and conformal with respect to the metric chosen from a five-parameter
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family of metrics defined in the parametric unit square. This metric represents the natural
metric on the constant curvature surface (the Lobachevskian or Euclidean sphere or plane)
such that geodesics in the parametric square are straight line segments. The second mapping
maps the index unit square onto the parametric square. The superposition of these mappings
is a unique solution of the variational problem given by a functional. The minimal value of
the functional is the area the considered region.

The implementation of the quasi-isometric mapping technique is described. For min-
imization, it is used an iterative process consisting of three stages in according to three
groups of functional parameters (unknowns).

A few numerical examples are given. To evaluate quality of the quasi-isometric grids
and compare a few grids it is introduced a coefficient of quasi-isometry and a simple pro-
cedure for its computation is given.

Next chapter 3 is closely connected with the previous one. Authors give angle estimates
under quasi-isometries of triangles in R2, study the distortion of a surface and the quasi-
convexity of a domain.

Chapter 4 presents a variational approach of grid generation, based on the principle
of the minimal energy density of a mapping, being an extension of the equidistribution
principle from the one-dimensional case to two-dimensional. It is formulated in the both
continuum and discrete approaches, and a complete proof is executed only for the discrete
mapping.

This principle leads to a variational formulation of the elliptic grid generator. The main
idea is the following. In every cell, it is introduced a local mapping of this cell onto another
cell with a shape given in some manner or obtained using an algorithm by introducing
additional information. In particular, as an objective shape one can use a shape of the
corresponding grid cell, generated at the first stage. Thus, for every cell, the parameters,
defining the shape which the cell should tend to, are given. For instance, in the triangle there
are two parameters: two sides length ratio and angle between them. The shape measure is
a quantity inverse to the energy density. Maximum of such a shape measure corresponds to
the minimum of the energy density and it is attained if and only if the shape of the element
is the same as that of in the corresponding objective shape. It is formulated a local objective
function (i.e. energy density) and its minimization allows us to obtain a cell shape being
homothetic to a given one. A global objective function (or energy density) is obtained by
summing the local shapes over all grid cells. Grid correction is defined by minimizing
the global energy density. This user-defined grid quality measure is implemented in the
optimization-based method of grid generation and improvement. At the discrete level, this
approach gives a guarantee that the mapping sought is invertible.

The energy density of grid deformation is a discrete functional with an infinite barrier
at the boundary of the set of unfolded grids. The barrier property is very important in
problems with moving boundaries and in moving adaptive grid technology, because such
methods ensure generation of unfolded grids at every time step. The direct control of the cell
shape is used to provide mesh orthogonality with a prescribed cell width near the boundary.
Adaptation to the solution of the host equations can be realized as in the adaptive-harmonic
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grid generator. In the 3D case, the well-known tetrahedron shape measure, such as the
mean ratio, can be obtained from the energy density of the deformation of the equilateral
tetrahedron.

In the chapter 5, the variational functionals for calculating two-dimensional differ-
ence grids, applied when solving unsteady problems of mathematical physics with moving
boundaries, are suggested. Their coefficients are defined by the metric parameters of the
grid, obtained at the preceding time step, and corrected additionally using other variational
functionals taken with weight coefficients, being proportional to the time step. Discretiza-
tion of the functionals and iteration procedures to the obtained system of equations are
considered.

Grid generation problem is not a final purpose and only a means of solving complex
physical problems. Hence, the choice of correcting variational functionals should be exe-
cuted so as to produce meshes suitable for solving the main flow problem.

When solving unsteady problems, some difficulties can arise due to the high grid node
velocity. This can be caused by necessity, when modeling, to vary grid generation al-
gorithms and rather a slow convergence rate of the iteration procedures, used in solving
complicated nonlinear system of equations. The present approach allows us regulating the
grid node velocity.

Chapter 6 is a continuation of a part of work presented in Variational methods of con-
struction of optimal grids by O. B. Khairullina, A. F. Sidorov, and O. V. Ushakova of Hand-
book of Grid Generation ed. by J. F. Thompson, B. K. Soni, and N. P. Weatherill (CRC
Press, Boca Raton etc.,1999, pp. 36-1 - 36-25). In this chapter, authors consider ques-
tions related to constructing optimal block-structured curvilinear grids in two- and three-
dimensional simply and multiply connected domains of complex geometries. Optimality
criteria are criteria of closeness of grids to uniform ones with respect to the distance be-
tween nodes and to orthogonal ones at the intersection points of coordinate lines.

A survey of the authors works on the automatic generation of optimal multiblock curvi-
lineargrids (dividing of domain into blocks, generation of the initial approximation without
self-intersecting cells, organization of block overlapping, grid optimization) of large size
(about hundreds of millions of nodes) in two-dimensional domains of an arbitrary connec-
tivity and configuration is presented. Sequential and parallel algorithms are described and
compared. Methods of the automatic grid quality control and improvement are also de-
scribed. Method presented in this chapter permit to construct grid of good quality with a
large number of nodes under maximal automation of calculation and using minimum ini-
tial information. The experience in using optimal two-dimensional grids shows that the
grids constructed have high computational and approximative advantages. Their applica-
tion allows to solve a number of complicated gas dynamics problems with high degree of
accuracy.

In this chapter, new algorithm of automatic generation of three-dimensional curvilin-
ear block-structured grids in a wide class of axisymmetric domains of any connectivity is
also described in the case when the rotation angle of the directrix around the axis is equal
to 360 degrees. A three-dimensional grid is constructed by rotation of an optimal grid in
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two-dimensional radial section of the domain about the symmetry axis and further recon-
struction of the grid in blocks adjacent to the symmetry axis. The constructed grids do not
have singularities. When solving problems on these grids, connections between blocks are
automatically organized. The results of three-dimensional grid generation and its using for
calculation of the flows around a body by subsonic and supersonic flow are presented.

Since this chapter contains the material concerning both the problems of two and three-
dimensional grid generation, it placed at the and of part I.

Chapter 7 transfers the reader into the area of unstructured grid generation. It contains
two methods of anisotropic grid adaptation. Anisotropic grids consist of cells with arbi-
trary stretchings in different directions. This feature enables to produce the optimal grids
adaptive to solutions with large gradients. The adaptive grid cell stretching in different di-
rections is relied on the solution changes in these directions. The first method constructs the
constrained Delaunay triangulations with specified cell stretching in the regions with large
gradients of flow parameters. The other algorithm employs the edge refinement technique
govemed by interpolation based error indicators.

Next part is devoted to the problems of three-dimensional grid generation. It starts with
the description of the computer coder MAH-3 for three-dimentional numerical simulation
of multi-component vortex flows (chapter 8). This chapter gives an examples of mathemat-
ical modelling in which grid generation methods and their tools plays very important role.
Examples of such methods and special tools were presented in next four chapters.

The area of investigation of chapter 8 is dynamics of multi-component media with
strong interface deformations. This field is very important field of applied researches in
many scientific areas. Strong interface deformations, which are caused by vortex, stream
flows and large transfer of matters, appear in different practical problems. Limited possibil-
ities of analytical treatment for such problems make necessary to use numerical simulation
in researches.

In modern computational gas dynamics, there are several directions to develop numer-
ical methods for calculations of multi-component flows in which the interfaces may be
strong distorted up to destruction. The most perspective approach for effective mathemat-
ical modelling is a development of adaptive, i.e. adjusting to flows, computational algo-
rithms.

The difference method implemented in the MAH-3 code allows to calculate compli-
cated non-stationary hydrodynamic flows from wide range, in particular, multi-component
vortex flows with strong interface deformations, their damage, loss of topological struc-
ture of the physical fields, and mixing of substances. In the adaptive algorithms, the grid
generation must take in account of the domain geometry and character of processes there.
Algorithms of the grid generationand program tools for the geometrical domain description
are widely used in mathematical modelling of various mathematical physics problems. The
adaptive computational method using a priori information about the studied flows, can ap-
ply algorithms of MAH-3 code in various combinations and at different stages of modelling
for effective solution with the accuracy needed.

To elaborate grid generation algorithms for three-dimensional simulation, one need to
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have methods for estimating quality of three-dimensional grids. The main requirement to
a grid is its nondegeneracy. How to estimate the nondegeneracy of computational grids of
different types and given in different ways, is considered in chapter 9. In this chapter, the
concept of grid nondegeneracy is strictly formulated. Formulation of three special theorems
guaranteeing nondegeneracy of grids are given. Investigations with the purpose to obtained
such theorems were initiated by S. A. Ivanenko and he was one of the co-authors of the
corresponding papers containing the proof of such theorems. In this chapter, we formu-
late only the most important theorems for the theory and practice of grid generation. On
the basis of such theorems, nondegeneracy conditions are found for hexahedral grids, for
grids composed of pyramids and prism. Nondegeneracy conditions are obtained also for
cells given by Bernstein—Bezier polynomials. Since in some cases (especially for compli-
cated configurations of the domains), degenerate cells are admissible, this question is also
discussed. In this chapter, one can find new formulas of the volume for hexahedral cells,
pyramids and prisms with ruled faces. The distinctive feature of such formulas is that the
volume of complicated by their forms cells having in general case non-planar faces is calcu-
lated in terms of the volumes of tetrahedrons with planar faces. This gives the opportunity
of the essential simplifications of the numerical algorithms on grids composed of such cells.
A concrete example of such simplification, one can find in chapter 12.

Examples of three-dimensional grid generation algorithms used while modelling the
phenomena, for which MAH-3 code was developed, are described in chapter 10. Presented
investigations are also the continuation of work Variational methods of construction of opti-
mal grids by O. B. Khairullina, A. F. Sidorov, and O. V. Ushakova of the book Handbook of
Grid Generation. In chapter 10, the new algorithms for construction of three-dimensional
optimal curvilinear grids are described. One can find there the variational continuous and
discrete functionals for construction of three-dimensional optimal grids, the distinctive fea-
ture of the method which consists in a special way of formalization of such optimality
criteria as a uniformity of a grid, the description of the numerical algorithms and examples
of application of a method to the calculation of grids in the volumes of revolutions.

In chapter 11, the algorithm for generating grids in the pipeline domains is consid-
ered. The cross section of a pipeline is a simply connected domain of a star type. The
plane directrix curve consists of straight line segments and arcs of circles. The idea of
the algorithm consists in generating optimal grid in cross section which uniformly moves
along directrix and rotates through an angle depending of the geometry of a directrix. In
constructing three-dimensional grids, geometrical approach with using special R-functions
and variational approaches are employed.

Next, chapter 12 is closely connected with the previous four chapters. While simulating
on different hexahedral grids, one need to interpolate the gas dynamics parameters from
one grid onto another. The first-order conservative remapping algorithm is described in this
chapter. Conservative remapping is reduced to determining the volume of the overlapping
figure between the old mesh cells and new mesh cells. A hex cell with ruled faces is sub-
stituted for two dodecahedrons with planar facets, and, thus, the problem of constructing
the overlapping figure between the dodecahedrons is considered. The overlapping figure of
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two dodecahedrons is reduced to constructing the polygonal intersection line £,,, between
the boundaries of these 12-faceted cells. The polygonal line £,, is a closed contour, every
segment of which is the intersection line of two triangle facets. The overlapping figure is a
polyhedron with planar facets. Every its facet is the polygon, carved by L£,, on a triangle
facet of the dodecahedron. A union of all such polygons is the overlapping figure boundary.
The overlapping figure volume is calculated through the surface integral over its boundary.
For the particular cell of the new mesh, it applied the optimal filtering algorithm for the old
grid cells so as to proceed only the old cells with nontrivial intersection.






Part1

TWO-DIMENSIONAL ALGORITHMS






Chapter 1

AN ELLIPTIC BARRIER-TYPE GRID GENERATOR
FOR PROBLEMS WITH MOVING BOUNDARIES

Aleksandr A. Charakhch’yan
Dorodnicyn Computing Center of the Russian Academy of Sciences

A new grid generator based on minimization of a barrier-type finite difference func-
tion and its application to simulation of hydrodynamic flows with moving internal and
external boundaries are considered. The function combines a modified function of the
known method by Ivanenko and the author with a variational form of a simple quasi-one-
dimensional grid in which the grid lines of one family are straight, and the node distribution
along these grid lines is prescribed. Numerical examples illustrating advantages of the pro-
posed method in comparison with the method by Ivanenko and the author for domains with
deep protrusions at their boundaries are presented. An iteration procedure of the method
based on a selection of an iteration parameter and of a subdomain of grid nodes for each
iteration step is also described. A numerical example demonstrating an essential decrease
in the computational cost for proposed iterations on subdomains of nodes is presented. An
application package for computing shock wave flows in condensed matter with strong de-
formation of boundaries is described briefly, and some recent computations of such sort of
problems are discussed.

1.1 Introduction

Elliptic problems are often used as leading considerations for generating grids in domains
with given boundary nodes. Only the two-dimensional case will be considered in this paper.
Apart from the (z, y) plane where a connected domain (2 is given, the ancillary plane (¢, 7)
with a rectangle

0<¢<a 0<n<b, (0.1)

and an elliptic problem for the map z (¢, ), y(&, ) from the rectangle onto 2 with the given
one-to-one map of boundaries are considered. The desired grid (z,y);; is an approximate
numerical solution of the problem on the rectangular grid (&;, ;).

31
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Most simple elliptic equations which are Laplace’s ones

Tee + Ty =0, yee +yny =0,

are unsuitable for grid generation since the map z(¢, 1), (£, n) is non-one-to-one even for
simple domains €2 (see [1]). As a result, degenerate grids with self-intersecting cells are
generated. This is not the case for Laplace’s equations in z, y variables

Ezz + fyy =0, Mgz + Myy = 0, (0'2)

which take a quasilinear form after transforming to independent variables &, 7, and for
which the map z(¢&, ), y(§,n) is always one-to-one. A grid generator based on (0.2) was
developed by Winslow [2]. Then a set of grid generators based on elliptic problems ensur-
ing the one-to-one map was developed [3,4]. Nevertheless, if the given configuration of the

boundary nodes is such that coordinate lines of the grid have to be bent strongly to generate
a satisfactory grid, even the methods [3,4] give degenerate grids unsuitable for computa-
tions. The reason is that the grid is a solution of the system of algebraic equations which
properties are determined by the elliptic problem only in the limit of infinitely many nodes.

In 1985 Ivanenko suggested to bound the set of available grids by the set of grids con-
sisting of only convex quadrangles. At first his idea had the form of a constrained minimiza-
tion of a finite - difference function with Lagrangian multipliers as additional independent
variables [5]. Later this idea was transformed in the barrier-type grid generator [6] based on
an unconstrained minimization of a function dependent only on the coordinates of the grid
nodes. This method guarantees the convexity of all quadrilateral grid cells (with the natural
exception of “corner” cells that cannot be convex because of the position of the boundary
nodes) at each iteration step, practically for any realistic distortion of boundary lines while
the number of grid nodes and the structure of the grid remain fixed.

Time-dependent hydrodynamic problems with strong deformation of boundaries be-
tween media are a natural field of application of the method [6]. Currently, problems of this
kind are most often solved by “’particle-in-cell” methods or by free-Lagrangian methods
based on irregular grids with variable difference scheme patterns. The grid generator [6]
significantly extended the possibilities of applying methods [3], which are based on reg-
ular grids with an explicit specification of boundaries between media as some of the grid
lines, to the problems mentioned above. All three approaches have certain advantages and
shortcomings, which are not discussed in this paper.

As an example of applying the method [6], consider simulation of a collision of a thin
foil with a cone target. Fig. 1.1a shows the initial shape of the foil in cylindrical coordinates,
and Fig. 1.1b shows its shape at some time after the collision. The method [6] enables one
to construct, for the domain shown in Fig. 1.1b, a grid of convex quadrangles that has the
same structure as the natural grid for the domain shown in Fig. 1.1a, i.e., a grid whose
corner nodes are the vertices A, B, C, and D. Fig. 1.2 shows a fragment of this grid in the
vicinity of the node E, where the grid lines bent most sharply. The accuracy of the solution
obtained on such a grid is beyond the scope of this paper. We only mention that the very
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Figure 1.1: Initial (a) and typical (b) domains in simulating collision of a thin foil with a
cone target.

possibility to obtain a numerical solution implies the possibility to analyze its accuracy by
comparing results obtained on grids with various number of nodes.

Let us consider the possibility to use block grids for the above problem. Apparently,
for the first time, block grids were described in [3]. A domain is decomposed into blocks
by several lines specified a priori. In each block, a grid of its own structure determined
by the indexing of boundary nodes is constructed. At present, block grids are widely used
(see, e.g., papers on program packages for construction of structured grids in [7]). In con-
structing a block grid for the domain shown in Fig. 1.1b, it is natural to use the three blocks
corresponding to both “’tongues” and the central part. The grid lines then bend not too
sharply inside each block, and not only the method [6], but also methods described in [3,4]
can be used to construct the block grid. For numerical solution of a problem with unmoving
boundaries in the domain from Fig. 1.1b, the block grid is possibly more suitable then the
grid from Fig. 1.2. However, for the considered problem, implementation of computations
on the block grid involves serious difficulties. Indeed, the number of boundary nodes inside
a tongue must increase with extending the tongue extends. For this reason, the grid line
that separates the blocks cannot pass through the same boundary node during the compu-
tation. This leads to the necessity of designing an algorithm for periodically changing the
structure of the blocks. This algorithm involves cumbersome remap procedures between
grids of different structures. At the same time, it is not clear, whether this method can
give a more accurate numerical solution then that on the grid shown in Fig. 1.2, because
the accuracy can be lowered by frequent use of the remap procedure. We also remind the
reader of the strong competition with the free-Lagrangian methods in solving problems of
this class. These considerations make us regard the prospects of applying block grids in
situations where the problem requires frequently changing the structure of blocks with pru-
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Figure 1.2: The fragment of the grid obtained by [6].

dent pessimism. This is confirmed by an analysis of papers from [7]: among all the papers
dealing with block grids, this author could not find a single one where moving boundary
problems were mentioned as a possible field of application.

The method [6] has disadvantages which have stimulated development of a new grid
generator based on [6] and presented in this paper. One disadvantage is as follows. Inside a
protrusion of the domain boundary, the nodes lying on the grid line closest to the boundary
may be separated from it by a considerable distance. Accordingly, the cells generated inside
the protrusion may be too large. This disadvantage played a minor role in problems such
as shown in Fig. 1.1, because the protrusion (the tongue in Fig. 1.1) is bounded by two
grid lines belonging to different families (with ¢ = const and j = const). In this case,
the cell size inside the protrusion is primarily determined by the distribution of nodes along
the boundary lines. In problems of a different type, such as the instability of an interface
between media, the protrusion is bounded by a grid line belonging to a particular family,
and the disadvantage appears. This is demonstrated in Fig. 1.3 where a domain with a
protrusion and a fragment of the grid are presented. One can easily see very large cells in
the protrusion.

As to the procedure recommended in [6] for eliminating this disadvantage, in which the
value of a certain monitor function is specified in each cell, it was found to be inefficient,
because the choice of such a monitor function for every new problem requires a substantial
effort increasing with the number of grid nodes.

In 1996 V.M.Us’kov [8] noted one more disadvantage of [6] connected with grids



An Elliptic Barrier-Type Grid Generator ... 35

(2) (b)

\ Nt
s
N\

U

Figure 1.3: A domain (a) and the fragment of the grid (b) computed with [6].

of elongated quadrangles and suggested a new, more suitable for such grids, barrier-type
method.

Another disadvantage of [6] is the law rate of convergence of the iterative procedure.
As was noted in [3], this disadvantage manifests itself most explicitly in computing time-
dependent problems with moving boundaries, when a grid must be generated at each time
step, and a reasonable limit has to be imposed on the number of steps in an iterative grid
generation cycle. On the other hand, the inner nodes of a substantially "underiterated”
grid tend to lag behind the motion of flow boundaries. Very large cells may be generated
near some boundary segments, in which case the numerical accuracy deteriorates. Near
other boundaries, very small cells can appear, and the corresponding time step becomes
unreasonably small.

We illustrate this disadvantage by the following simple example. Consider a rectangular
domain with grid nodes uniformly distributed along all its boundaries, as shown in Fig. 1.4.
The most suitable for such a domain is, as a rule, a rectangular grid consisting of straight
lines parallel to the boundaries. Such a grid is a solution of the algebraic equations of the
method [6]). Suppose that all the boundary grid nodes are moved downward by some step,
while the inner grid notes remain fixed. Then the vertical grid lines do not change, while
the horizontal lines move upward, and kinks arise on them near the lateral boundaries, as
shownin Fig. 1.4a. This grid is taken as the initial one in the method of [6]. Fig. 1.4b shows
horizontal lines of the grid after 50 iterations. It is evident that the effect of moving bound-
aries is still considerable, which may lead to a noticeable loss of accuracy as compared to
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Figure 1.4: Horizontal lines of the initial grid (a) and of the grid after 50 iterations with the
method [6].

computations on the rectangular grid.

In this paper we present a new grid generator based on minimization of a finite dif-
ference function. The function combined a modified function of the method [6] with a
variational form of a simple quasi-one-dimensional grid in which the grid lines of one fam-
ily are straight, and the node distribution along these grid lines is prescribed. Section 1.2 is
devoted to a modification of the function [6] which is a special case of functions considered
earlier by Ivanenko [9]. In Section 1.3, we derive algebraic equations of the method and
present some numerical examples. An iteration procedure is considered in Section 1.4. In
Section 1.5, we discuss some recent computations of shock wave flows in condensed matter.

1.2 Barrier-Type Function
The considered problem of grid generation is as follows. The grid
G={(z,9)y, i=0,...,N; j=0,...,M} (1.1)

is to be constructed in the domain §) with given coordinates (x, y)o, (2, y)inm, (z, y)o; and
(z, y) nj of the boundary notes. Consider the cell i + 1/2, j + 1/2 consisting of the nodes
(@, 9)igs (2, Y)ij+15 (T, ¥)it1,541, (€, Y)it1,5- The cell vertices are numbered from 1 to 4
in the clockwise direction. The node (%, j) corresponds to the vertex 1, node (,j + 1) to
vertex 2 and so on. Each vertex is associated with a triangle: vertex 1 with Ay, vertex 2
with Aj23 and so on. The doubled area Ji, k = 1, 2, 3, 4, of these triangles is introduced
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as follows
Jk = Az 1Ayk — AzkAYk41, (1.2a)

Az = zk — Tk-1, DYk = Yk — Yk-1, (1.2b)
where one should put (z, y)o = (z,¥)4, (z,y)s = (z, y)1- The system of inequalities

[Jk]i+l/2,j+l/2>0’ k=1,2,3,4;i=1,...,n—1; j=l,...,m—1

defines a grid consisting of only convex quadrangles. The set of such grids is called a
convex grid set and denoted by D.

Return to the elliptic problem (0.2) on the parameter rectangle (0.1). After transforming
to independent variables £, 7, its variational form is as follows

a b

2 2 2 2
z; +y; +xp+
/ / €Y% T I T W hedn = min. (1.3)
) TeYn — TolYe

0

We puta = N, b = M and introduce the rectangle grid §; = 4, n; = j. Then, at each
triangle k of the grid G, the integrand in (1.3) is evaluated as

_ Azl + Ay + Az%_H + Ay,2c+1
- )

o (1.4)

Pk

where the factor 1/2 introduced to simplify formulas for derivatives of k. The discrete
analog of the doubled integral in (1.3) takes the form

N-1M-1 4

Ig) = Z Z Z [Pkliva2,541/2- (1.5)

In the method (6], the grid G is generated from an iteration process for solving the problem
I(G)(G) = min.

The function /() has the following disadvantage. Suppose that (2 is a rectangle and the
distributions of nodes along its opposite sides are the same. Then, arectangulargrid G, can
be generated. Normally, this grid is best suited for such a domain. However, I(5)(G1) =
min only when the nodes are distributed uniformly along the all domain boundaries.

We modify function (1.5) as follows. One can consider the grid G as two families
of vectors Arj; = (ZTit1,j = Tigs Yit1,j — Yij)s BT = (Tijr1 — Tigs Yij+1 — Yirj)-
Introduce two families of the parameters of the method d{ ;jand dzj having the meaning of
the desirable length of the corresponding vector. The parameters of the boundary lines df), o

diy o d{,o and dZ u are computed. Other values are determined by the interpolation
di; = (N —i)dp; +idiy;)/N, d;=((M—j)dly+jd /M.

Using the correspondence between the indexes i, j of the grid nodes and the index k£ num-
bering the vertexes of the cell i+ 1/2, j + 1/2, one can define the parameter dj, for the each
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side of the cell as equal to one of the values dJ i, Of di : ;- The function I(G) is defined by
(1.5), (1.4), (1.2a), but, instead of Axy and Ay from (1.2b), we use

AZy = Axy/di, AGk = Ayx/dk.

Let us return to the example with the rectangle domain 2. In contrast to the function
Iy, I(G 1) = min forany G . Indeed, as pointed out by Ivanenko, i > 1 for Ji > 0.
On the other hand, ¢x = 1 for G since the numerator in (1.4) is the sum of two moduli
squared of unit vectors, and the denominator is the doubled vector product of two unit
orthogonal vectors.

Finally, in the terms of Azy and Ay from (1.2b), the function I(G) takes the form
(1.5) where

ar(Az? + Ay2) + oM (Az2, , + Ay}
T AV SR S R T

So as the function [(5)(G), I(G) possesses the following barrier property. If G — 8D
for G € D, where 0D is the boundary of the set of convex grids D, i.e. if at least one of
the quantities Ji tends to zero for some cell while remaining positive, then 1(G) — +oo.
Therefore, if the set D is not empty, the problem I(G) = min has at least one solution
which is a convex grid. To find it, one must first obtain a certain initial grid Go € D,
and then use some method of unconstrained minimization. Due to the infinite barrier on
the boundary of the set D, each step of the method can be chosen so that the grid always
remains convex.

For the following (see Section 1.4), we are required the derivatives 01/0x;;, 01 /0y;;,
0%1/0z2, 78 o1/ 8yi2j, 0°1/0z; 035, and also an evaluation of the value of magnitude of the
terms involved in 01 /0x;; and 01 /Qy;;. The latter is denoted by g;;. Each of the derivatives
is the sum of twelve terms, in accordance with the number of triangles containing the given
node as a vertex. Arrays storing the derivatives and the quantity g;; are first cleared, and then
all grid triangles are scanned and the appropriate derivatives of (1.6) and a contribution in
9gij add to the relevant elements of the arrays. To compute the derivatives, we use recurrent
formulas, for example

vk _ O = _ o Azk + oRAyk Px _ Ok = 20ka DAYkt
OTk—1 Jx T 0z, Jx ’
i, —op Ay + ATy 020k | g + 20k ATk
a—yk_—l = Pky = Tk ) 3%%_1 = A ;
3290k _ PreDTry1 — <PkyAyk+1
0zk-10Yk-1 Jk .

Basing on the form of dpy/dxk—1 and Opy/dyk—1, We use the expression

o/ Az2 + Ay + apk\/Axiﬂ +Ay2,,
Ji ’
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which is invariant under rotations in the plain (z,y), as the corresponding contribution in
9ij-

In practical implementation, an arbitrary set of grid nodes can be marked as movable
during iterations, while all other nodes are considered as stationary. All the terms in the
function (1.5) which become independent on movable nodes are excluded from compu-
tations. Since the boundary nodes are always marked as stationary, four terms in (1.5)
corresponding to “corner” triangles are always excluded from computations. As a result,
the method becomes applicable to those domains for which the angle between two inter-
secting boundaries is greater than or equal to , despite the fact that the corresponding grid
cell becomes non-convex independently on the inner nodes positions.

One is led to a natural question: does the function I(G) remove the aforementioned
“expulsion” of the grid out of a protrusion due to minimization of I()? The answer to this
question is negative, because this effect takes also place for domains with boundary seg-
ments of equal length, in which case the functions I and I(6) are identical since dy. = const.
Let us return to the example presented in Fig. 1.3. The dots in Fig. 1.3a correspond to the
comernodes (0, 0), (0, M), (N, 0), and (N, M). Boundary nodes are distributed uniformly
along each of four boundaries, and the lengths of segments lying on the left, right and bot-
tom boundaries are equal. Thus, the difference between I and (g is due only to the top
boundary. By this reason, the difference between the grids obtained by minimization of the
functions I and () near the protrusion located far from the top boundary is insignificant,
and the fragment of the grid shown in Fig. 1.3b is also related to the function I.

1.3 New Grid Generator

Here we use the symbol 7; ; = (z, y); ; for notational brevity, and the formulas are written
in the vector notation.

The simplest way to construct the grid (1.1) is as follows (see [3]). Consider a family
of lines, for definiteness, those corresponding to fixed values of the index j. The lines of
this family are taken to be straight lines, with grid nodes distributed along them in some
reasonable way. First, the quantities s? in the boundary j = 0 are computed:

0_ 0 — 04 = = ;_
$0=0, siy3 =sit |fixi0—Tiol, i=1,...,N—-1.
The monotonically increasing sequence
0_ 0/0 . _
t;=sy/s%, i=0,...,N, 83=0, t% =1

is called the arrangement law. The arrangement law tf’-’ along the boundary line j = M is
defined analogously. The arrangement law along the other lines of the family is determined
by the linear interpolation t! = [t9(M — j) + tMj]/M. Then, the inner grid nodes are
determined as follows:

Fij=7o;+B(FN;—Foj),i=1,...,N—=1, j=1,...,M - 1. (2.1)
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We call such grids quasi-one-dimensional. Their obvious advantage is that no iteration
is required for their construction, while their obvious disadvantage is a narrow range of ap-
plicability. At the same, for many problems of practical importance, quasi-one-dimensional
grids fail only in relatively small subdomains. This occurs, in particular, for the domain
shown in Fig. 1.3. Thus, it seems reasonable to construct elliptic grid generators that correct
quasi-one-dimensional grids only (when possible) in the subdomains where the quasi-one-
dimensional grid fails. Moreover, running ahead, it is worth noting the high quality of the
resulting grid in the subdomains where the grid lines become curvilinear, because the given
arrangement law is approximately satisfied in these subdomains.

The possibility of using quasi-one-dimensional grids in the construction of elliptic grid
generators is based on the following minimization problem, which is equivalent to equations
(2.1). Subtracting equations (2.1) pairwise for each two nearest values of index 7 yields

Ui = ¢i,j(Ti,j — Tit1,5) + €i-1,5(Thj — Tim1,5) = 0, (2.2)
i=1,...,.N—1, j=1,...,M —1,

where ¢;; = 1/[N (tf 1 tf )]- Here, it was taken into account that (2.1) formally holds
even on the boundary, when i = 0 and i = N. The coefficients g; ; are determined up
to a constant factor, which is taken so that g; ; = 1 under the uniform arrangement law
) =i/N.
Consider the function
N-1M-1
QG =D aijlfirr;— 75 12 /2, (2.3)
=0 j=1
which depends on the coordinates of all inner grid nodes. Taking the first and second deriva-
tives of this function, it is possible to demonstrate that equations (2.2) and, consequently,
(2.1) are a solution of the problem Q(G) = min for g; ; > 0.
Consider the function

J(G) = Q(G) + ecI(G), (2.4)

where ¢ is a parameter, o is the average area grid of a grid cell equal to the domain area
divided by the number of cells, I(G) is defined in Section 1.2. The constant factor o was in-
troduce into (2.4) to obtain a dimensionless parameter ¢, since Q(G) has the dimensionality
of length squared, and I(G) is dimensionless.

Recall thatthe function /(G) has the infinite barrier on the boundary of the set of convex
grids. Clearly, the function J(G) defined by (2.4) also has the barrier for any € > 0. This
allows one to construct a grid generator as reliable as that constructed by the minimization
of I(G). By analogy with the well-known approach to the solution of ill-posed problems
in mathematical physics, formula (2.4) is naturally called a regularization of Q(G), and ¢,
the regularization parameter.

A local minimum of function (2.4) is reached on a solution of the algebraic system

3]/81‘1‘]' = - 3]/31‘1‘]’
—R.. =47 = 2.
<8J/8yij> Rij=1;j+¢eo (Bl/ayij 0, (2.5)
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i=1,...,.N—1, j=1,....M—1,

where ; ; is defined in (2.2).
An iteration procedure for solving (2.5) will be described in the following section. Here
we present some examples of grids obtained by solving (2.5).

8 s

|t—t—1
L1
N
- -

Figure 1.5: A fragment of the grid obtained by the proposed method for the domain from
Fig. 1.3.

First we retumn to the domain with one protrusion presented in Fig. 1.3. A fragment
of the grid obtained by solving (2.5) for ¢ = 1072 is shown in Fig. 1.5. The grid lines
Jj = const are directed from the lower to the upper boundaries of the domain. Comparing
Fig. 1.5 with Fig. 1.3b where the same fragment of the grid obtained by the method [6] (or
by minimization of I(G), see Section 1.2), one can see that the grid in Fig. 1.5 becomes
involved in the protrusion, and large cells presented in Fig. 1.3b are absent in Fig. 1.5. The
reason is that the node distribution along the lines with j = const prescribed in Q(G)
(uniform distribution in the present case) is approximately preserved when the grid lines
are curved.

Our second example is the domain with many protrusions shown in Fig. 1.6. Here the
grid lines j = const are also directed from the lower to the upper boundaries of the domain.
For the grid obtained by the method [6] (see Fig. 1.6b), very large grid cells are presented
in the all protrusions. The proposed method gives for this domain a much more suitable
grid which fragment is shown in Fig. 1.7 for ¢ = 10~2 and 10~3. A decrease in ¢ leads,
as expected, to a straightening of the lines j = const. In the case under consideration, this
causes a deterioration in the quality of the grid, since the sizes of the smallest cells become
smaller. We do not expect the choice of ¢ in a particular case to be a hard problem.

1.4 Iteration Procedure

The initial grid G in the iteration procedure for (2.5) must be convex. It is not difficult to
construct initial convex grids in solving moving boundary problems, because it can always
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(a)

(b
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Figure 1.6: A domain with many protrusions (a) and a fragment of the grid obtained by [6]
(b).

be taken from the previous time layer. The inner nodes of the initial grid are either taken
directly from the grid of the previous time layer or obtained from the displacements of the
boundary nodes at the current time step with the use of some interpolation procedure. As a
result, the initial grid is, at worst, close to a convex one, which can be easily corrected by
minimizing the function

n—1m-1

3

4 2
Z <[€1 - Jk]i+1/2,j+l/2)+’ (f)+ = max(0, f),

i=1 1 k=1

.
I

with an appropriate value of £, > 0.

Let us introduce the vector A7; = (ﬁ;s“) P (s )/7ij, where s is the iteration number,
7i; is the iteration parameter. The vector A7; is determmed by solving the following linear
system, obtained by simplifying Newton’s method:

EE;) + Aij ATy — i ATiy1 5 — Gi-1;8T5-1; = 0, (3.1)
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Figure 1.7: A fragment of the grid obtained by the proposed method for € = 10~2 (a) and
1073 (b).

A= ( % + ¢i—1j + 08?1/ 82:?1- £00%1 |00y
K €001 /0x;;0y;j ij + gi-1j + €001 /0y% )

Here we took into account all the second derivatives of Q(G) and those of I(G) that were
taken into account in the quasi-Newtonian iteration procedure for the method [6]. The
equations (3.1) are solved by one-dimensional Gaussian elimination for two-dimensional
vectors along the lines j =const.

It follows from the derivation of (3.1), if € = 0 and 7;; = 1, the iteration process stops
after the first iteration and yields the quasi-one-dimensional grid defined by (2.1). Clearly,
if 0 < € < 1, even the first iteration yields a grid that is close to a quasi-one-dimensional
one in the subdomains where small distortions of lines of the selected family are enough to
preserve the convexity of cells.

To reduce the computational cost we use a special choice of the iteration parameter 7;;
and iterations on subsets of grid nodes.

The iteration parameter is defined as 7;; = 'riojr. The parameter Tioj is chosen so as
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to prevent going beyond the set D. Clearly, such an event is fatal to the iterative process
because of the above infinite barrier of the minimized function on the boundary of D. First,
Tioj = 1 is set at all grid nodes. Then, the cells are checked for convexity. If the area of any
of the cell’s triangles is negative, then Tg- is reduced by half at the three corresponding grid
nodes. The reduction process terminates if the next check shows that all cells are convex.
In practice, 7’8 is decreased only at the first iteration steps if the initial grid Gy is close to
the boundary of the set D.

The scalar parameter 7 is setto 1 at the first several iteration steps in order to ensure fast
convergence in the subdomains where Q(G) > eaI(G). As aresult, the described lower
method of iterations on subsets of grid nodes, in general, substantially reduces the number
of grid nodes of the subset involved in the iteration. Then, 7 is determined from a version
of the method of parabolas with the squared residual of the equations (2.5)

1,J

as the controlling quantity. The parabola W (7) is constructed from the grids obtained for
7 = 0, 1/2 and 1. The parameter 7 is then chosen so that W(7) = min in the interval
0 < 7 < 1.0 where the parameter § ~ 0.1 is given a priori and bounds the value of 7 away
from zero.
Now we consider a method of iterations on subsets of nodes. The selection of a subset
is based on the analysis of the local relative residual of the equations (2.5) -
85 =| Ri | /(g3 | Torrg — 7o | +6imr | 5 — Fimrj | +e06i5),

where g;; is defined in Section 1.2 and is of the same order of magnitude as the terms
involved in 0I/0z;; and OI/0y;;. Let us denote the set of all inner grid nodes by €

The computational expenditures are reduced as follows. At each iteration step s, we
select a subset €2° and perform calculations on nodes from this subset, while all nodes
(7,7) € p \ Q° are assumed fixed. A maximum admissible value of the relative residual §
and an integer [V are assigned. After each sth iteration, starting with the /Vth one, the subset
§2° is selected so that, at the previous iteration step, d;; < ¢ for (, j) € € \ Q°. To do
this, we must take into account that the sth iteration changes the value of the J;; parameter
not only at nodes from 2°. Let +;; denote the set of nine nodes in the neighborhood of
(4,5): (7', 3") € 5, if |i — | < Land|j — j'| < 1. Let Q° be a set such that §;; < é for
(i,7) € Qo \ ©9°. Letus find a set 2°*! that has the same property after the sth iteration
step whenever all nodes except for those from 2° are fixed at this step. For every node
(4,7), equations (2.5) include only the coordinates of nodes (', j') € ~;;; therefore, d;; can
change only at nodes from the set

Qs = U (’Y‘U mﬂo) .
ijeqQs
during the sth iteration. To obtain 25! , we must evaluate §;; for (,5) € Q° using the

coordinates computed at the sth iteration step. Although € can be much larger than Q°,
2° canremain small in comparison with € if the grid has a large number of nodes.
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The set 2°+1 can be obtained from Q¢ by removing all nodes for which &;; < 8. For the
example on which the algorithm was tested, it was more expedient to leave some nodes with
8ij < 8in Q°*!, namely, (3, j) € Q° such that 8;:; > § for at least one node (¥/, j') € vi;.

Here we present a test of the algorithm described above in reference to the grid generator
[6], which corresponds to &€ = 0o and changing I for /(). Retum to the problem of a high-
speed collision of a thin foil with a cone target shown in Fig. 1.1. The shape of the test
domain is shown in Fig. 1.1b. The grid in the undistorted left-hand part of the domain can
easily be constructed from straight lines. For this reason, the method was only applied for
constructing the inner grid points in the right-hand part, which included about 4000 nodes.
The inner nodes of the initial grid were computed with the use of an interpolation procedure
according to the displacements of the boundary nodes at the current time step.

As a characteristic of the computational cost, the value

p= Y N@)/N(@),

is selected, where NV ((2) is the number of nodes in 2 . If iterations are performed on the
set §1p, p coincides with the number of iterations. Fig. 1.8 shows the dependencies of the
quadratic residual W (3.2) on the computational cost p for § = 0.01, 0.02, and 0.03 and
for iterations on the set {29, which corresponds to the case § = 0. The dots mark the data
for values close to integer p. We can see that, for all three values of J, the algorithm yields
much more completely iterated” grids than the original version of the method on the set
o, while the computational cost is the same. For § = 0.03, the iterative process converges
very rapidly, and the expenditures are moderate. Computation with § = 0.02 takes more
time but makes the grid less underiterated”. For § = 0.01, the performance is worse, but
still better than that of the original version of the method. The computational cost p of the
original method in comparison with the computational cost p of the modified method for
the same values of W are tabulated below:

§ 0.01 0.02 0.03
W 45 32 92
p 20 16 3
po 50 71 18

The ratio between the computational costs of the original and modified methods varies
from 2.5 for § = 0.01 to 6 for § = 0.03. As for the computational expenditures required
for the original method to give the same values of the maximum local residual

D= max 0
as the modified version, we were unable to determine them at all, because, even for py =
100, the D values obtained by the original method did not go below 0.04. We made an
attempt to further reduce the computational cost by using purely Newton iterations that take
into account all the second derivatives of I(g). As expected, this considerably decreased the
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Figure 1.8: The quadratic residual W against the computational cost p for 6 = 0.01 (the
curve 1), 0.02(2), 0.03(3) and 0(0).

residuals in the domains €2° at all iteration steps. However, the rate of decrease of the
residual in Q% changed insignificantly. As a result, the computational cost even increased
to some extent because of the increased expenditures at the stage of solving the system of
linear equations.

1.5 Applications

The grid generator presented above was integrated into an application package designed to
compute flows with moving interior and exterior boundaries. We split the algorithm into
a Lagrangian stage and a stage of remeshing from the Lagrangian grid to the grid used at
the current time step [10]. Second-order accurate quasi-monotone schemes were used at
each stage. The scheme employed at the Lagrangian stage was the variant of the scheme
proposed in [11] that was formulated in [12] and modified in accordance with [13]. The
algorithms used to compute the Riemann problem were described in [14]. At the remeshing
stage, we used a variant of the method developed in [15]. When the necessary condition of
stability for the method was violated, we applied the multistep algorithms discussed in [16].
In addition to the interior grid generator, we used a package of procedures for computing
the motion of specific grid lines (typically, interfaces between media). The package deals
with the motion of a line, the distribution of nodes along it, and the calculation of the points
where the specific lines intersect. The corresponding procedures were borrowed mainly
from [3] and extended in the course of the practical application of the package.

The first example was taken from computations of the instability of an interface in-
teracting with a shock wave (see [17]). Fig. 1.9 shows an overall view of the rectangular
computational domain and a fragment of the grid near the interface. The problem was posed
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Figure 1.9: Theinstability of the interface between aluminum (Al) and deuterium ice (DD):
the computational domain (a) and a fragment of the grid (b) near the interface (dots).

for a weakly perturbed initial interface in the middle of the rectangle shown by an arrow in
Fig. 1.9. Since short-wave disturbances had to be computed, the rectangles aspect ratio was
about 100, whereas the aspect ratios of grid cells lying near the interface should be closed
to unity. Along the interface the grid nodes are placed uniformly. Along the lateral bound-
aries the distribution of the grid nodes is nonuniform. Near the interface, the grid points are
located almost uniformly with a step of the same order as that along the interface. Away
from the interface, the grid step along the side boundaries is gradually increased, so that the
maximal ratio of the neighboring grid intervals is about 1.1, while the largest-to-smallest
grid interval was about 50.

Far from the interface, the flow was almost one-dimensional, and strong deviation of
the grid from a one-dimensional one would lead to a significant computational error. It was
found that the function g, (G) significantly contributes to (2.4) far from the interface, even
if the function is multiplied by a small parameter, which makes the grid essentially nonuni-
form. This disadvantage was eliminated by using the function I(G), since the regularizing
function would not affect the grid generation far from the interface.

The grid depicted in Fig. 1.9 consists of convex quadrilaterals only. It is clear that
the grid is very fine inside the protrusion (which represents an aluminum droplet in this
example). In time, the droplet may detach from the bulk of the aluminum. It is obviously
impossible to compute the detachment of a droplet by tracking its boundary on a grid having
an invariant structure. The areas of cells inside the bridge between the droplet and the
bulk tend to zero. Since the time step determined by the stability criterion for the scheme
in Lagrangian stage (see [3]) should also tend to zero, the computation would terminate.
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Computation on a grid of varying structure would be a cumbersome but feasible task (cf.
computations of a collapsing annular cumulative jet described in [18,19]). In the present
study, it was not necessary to compute the detachment of a droplet.

(b)

(a)
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Figure 1.10: Compression of graphite in conical experimental assemblies: the aluminum
striker (Al), the steel shell (St), the lead target (Pb) and the carbon volume (C); a: t = 0; b
and c (a vicinity of the carbon volume): ¢ = 5us.

Some difficulties of a different nature have encountered in computations of experimen-
tal assemblies for shock compression of graphite in conical targets with strikers. A math-
ematical model taking into account the kinetics of graphite-to-diamond transition was pre-
sented in [20]. Fig. 1.10 shows the interface geometry in cylindrical coordinates at ¢ = 0
and t = 5us after the impact between the striker and the assembly. Each grid block rep-
resents a certain material. The main difficulty lies in the computation of the point where
the interfaces separating carbon, steel, and lead intersect. The grid generator worked well
at the nonlinear stage of the evolution of an unstable carbon-lead interface, as illustrated in
Fig. 1.10c. Computations of a more fully developed instability can be found in [20].

The last example discussed here simulates an experiment on a shock compression of
a plate resting on a wedge. A problem of this kind was solved in [21]. The results of
particular computations are illustrated by Fig. 1.11, where the plate and wedge boundaries
corresponding to various instants are shown. A shock wave was initiated in a plate initially
resting on a wedge (Fig. 1.11a). The lower free boundary of the plate began to move into the
wedge. At the point of contact A moving with the plate boundary (Fig. 1.11b), an attached
shock wave developed, preventing the formation of a cumulative jet. The compression
continued without any jet formation until the plate’s free boundary reached the wedge base.
As a result, a narrow jet developed (Figs. 1.11c and 1.11d).

The computations were organized as follows. Both plate and wedge were discretized as
independent grid blocks. The grids could slip along the boundary between the plate and the
wedge. The point of contact A was represented by the same node in the plate grid block.
After node A reached node B representing the base corner of the wedge, the computation
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Figure 1.11: Shock compression of a plate on a wedge; a: t = 0; b: t = 2us; c,d: t = 4us;
A: agridnode in the plate; B: in the wedge.

of the motion of A was stopped, and both nodes were treated as a single one. Note that
the grid generator worked well in the computation of the narrow jet shown in Fig. 1.11c
without any additional adjustment of parameters.

1.6 Concluding Remarks

We note the obvious circumstance that the suggested method is not universal. Indeed, the
quasi-one- dimensional grid (2.1) is virtually insensitive to deformations of the boundary
lines 7 = 0 and j = M, but sensitive to deformations of the other two boundary lines, ¢ = 0
and i = N. Therefore, it is reasonable to apply this method to problems where considerable
deformations take place on either one boundary or two opposite boundaries. Moreover, the
lines 7 = const must start from the deformed boundaries.

As a prospect for the construction of an universal grid generator, we point out the fol-
lowing approach. It is possible to supplement the function J(G) (2.4) with a function of
quasi-one-dimensional grids along lines of the family i = const. However, it should be
noted that, for many problems such an universal generator will be less efficient than that
suggested in this paper, because it will require a larger amount of computations, while
the grid quality will not be noticeably improved. The increase in computational costs is
explained by an increase in the number of iteration steps when e < 1, rather than the com-
putational complexity of J(G), because the resulting grid generator requires an iteration
procedure even if € = 0.
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Chapter 2

ON ONE CLASS OF QUASI-ISOMETRIC GRIDS

Sergei K. Godunov', Olga B. Feodoritova? and Victor T. Zhukov?
! Sobolev Institute of Mathematics
2 Keldysh Institute of Applied Mathematics

There is a number of publications devoted to grid construction in different engineering
applications. A presented paper describes one approach for constructing quasi-isometric
grids. The main attention directs towards numerical features of the suggested approach.
Our basic goal is to awake theoretical and computational interest to the problem of quasi-
isometric grid generation.

2.1 Introduction. On One New Extreme Problem

At that moment many researches are interested in the problem of parametrizations of var-
ious multidimensional domains. Such parametrizations are naturally used to solve partial
differential equations boundary problems. Numerous, often very witty, procedures are sug-
gested to implement such parametrizations in regions of different dimensions.

Numerical grids constructed on the basis of selected parametrizations are widely uti-
lized in the modern computational practice. At the same time the discussions about advan-
tages (disadvantages) of the different variants take place. This is natural for the numerous
practical situations. But, it makes sense to discover the rigorous mathematical formulations
of the extreme problems, which can be solved by using some modifications of the suggested
parametrizations.

During many years, the authors being in various groups worked on different specific
problems and solved the problem of the parametrization of the two-dimension domains,
namely, the curvilinear quadrangles with the smooth arcs. These quadrangles should be
subordinated to one additional, but not very strict, constrain. The minimal angle ¢nin =
min{(, @2, ¥3, 4} among apical angles needs to satisfy the inequality @min > %(cpl +
w2 + @3 + w4 — 2m). For this condition, a quadrangle defined on some smooth surface
can be mapped conformally into the interior of a quadrangle restricted by geodesics on

53
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some constant curvature surface (the Lobachevskian or Euclidean sphere). As the parame-
ters, the quantities that are constant along some geodesics on a surface should be selected
[4, 5]. It is shown that such parametrization provides the quasi-isometry of parametric and
parametrized quadrangles. But, there is no procedure to find the geodesics and to link the
specific parameters for them to ensure the parametrization extremeness. Does the best and
unique parametrization exist? Even, if the positive answer exists, there is possibility to
select other constructions with less metric distortion. The solution of the pointed extreme
problem gives the best quasi-isometric parametrization and is the classical P.L.Chebychev
problem formulated in 1856 [1]. This problem is devoted to selection of a conformal
parametrization on the sphere (of the globe) to draw the geographical maps. The Cheby-
chev problem was completely solved by D.A.Grave in his papers [2, 3]. To provoke the
interest to the problem described, we give below the review of statements and algorithms
elaborated for quasi-isometric parametrizations and illustrate them by a few examples.

One emphasizes thatthe solution of the problem about quasi-isometricmappings should
be obtained by specialists in geometry and mathematical analysis but not in numerical math-
ematics. On the other hand, this solution gives the criterion to evaluate the quality of the
specific algorithm and is useful for engineers.

2.2 Problem Setting. Basic Principles

We describe the quasi-isometric mapping technique for a curvilinear quadrangle 2 C R2
with four sides and apical angles 1, @2, @3, @4 (Fig.2.1). Let us mention some definitions
and results from [4, 5].

A curvilinear quadrangle €2 is called smooth if each of its sides is sufficiently smooth
(Liapunov arc with Holder exponent p). A mapping u = u(s,t),v = v(s,t) of the unit
square Ko = {(s,t) : 0 < s,t < 1} onto Q is called quasi-isometric if the ration between
two (sufficiently close) points (s1,%1) and (s2,t2) to the distance between their images
(u1,v1) and (ug, v2) is bounded:

v/ (ug —u1)? + (v — v1)?
s \/(82—81)2+(t2—t1)2 < 02

A mapping u(s, t), v(s, t) of the domain {2 is called the Cﬁ(Q)-mapping if the partial
derivatives ug, u¢, vs, v; are continuous and satisfy the Holder condition with exponent .
We can also say that a mapping is called a quasi-isometric one if |us|, |uq|, |vs, |vs| < H,
usvy — upvg > h > 0.

Note that a quasi-isometric mapping is a quasi-conformal one, i.e. being conformal
with respect to some metric. A conformal mapping may not be quasi-isometric. A mapping
of a smooth quadrangle onto another one is conformal and quasi-isometric if and only if
the corresponding angles and conformal modules of these quadrangles are equal. The main
result of [4] is the following:

O<o

Theorem 1. Let @ C R? be a smooth quadrangle with boundary 9§ and angles
P1, P2, 3, pasuch that 0 < ; < 7, § = 1+ o+ p3+ps—21 < 295, (5 =1,2,3,4).
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y, (t

Figure 2.1: a. curvilinear quadrangle €2; indices 1,2,3,4 denote apical angles 1, @2, 3,
©4; b. unit square K = {(z,y) : 0 < z,y < 1},z = z(s,t),y = y(s, t); c. unit square
Ko={(s,t):0< 5,t <1}

Then any quasi-isometric C}L-mapping of the boundary 0K of the unit square K onto OS2
can be extended to quasi-isometric C}L (K o)-mapping of K onto 2.

The quality of a quasi-isometric mapping is defined by theratio o} /o2 and a mapping is
optimal if this ratio is maximal among all quasi-isometric mappings. There is a hypothesis
that the mapping is close to optimal one under the assumption that a curvature of any image
of a straight line segment is bounded [4, 5].

The considered quasi-isometric mapping u = u(s,t),v = v(s,t) of Ko onto Q is
constructed as the superposition of two mappings (see Fig.2.1): u = u(z,y),v = v(z,y)
maps the rectangle K = {(z,y): 0 <z < /7,0 < z < {/1/v} onto &y z = z(s,t),y =
y(s,t) maps Ko onto K !. The first mapping u, v is quasi-isometric and conformal with
respect to the metric g;; chosen from a five-parameter family of metrics defined in the unit

'We follow papers [4, 5] in our description and suppose ¥ = 1, i.e. u = u(z, y), v = v(z, y) maps the unit
square K onto 2. The transition to rectangle bases on the identity

11
/ /[A(uﬁ +v2) — 2B(usuy + vzvy) + C(ul + v2)|dzdy =
00
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square K by:

g11(y) =1+ k+ (p1 +p2 — p3 — pa)§ — (p1 + P2 + P3 + pa) P>,
922(z) =1 —k+ (p1 — p2 — p3 + Pa)T — (p1 + P2 + p3 + pa)z?,
912(2,9) = §(p1 — P2 +p3 — ps) — §(p1+ P2 — P3 — Pa)Z—
—%(pl —p2 —p3+pa)y + (p1 + p2 + p3 + pa) TP,

@2.1)

(herez =z — % andy =y — % ), and g;; satisfy the following relations at the vertices of
K:

pi = cos i/ g11(Ts, Yi)g22(Ti i), 1=1,4
(IL'], yl) = (07 0), (1"27 y2) = (17 0)7 (22)
(z3,y3) = (1,1), (z4,y4) = (0,1).

The metrics (2.1) depends on five parameters p = (p1, P2, P3, P4, k). The desired metric
gi; represents the natural metric on the constant curvature surface (the Lobachevskian or
Euclidean sphere or plane) such that geodesics in K are straight line segments; the general
form of such metrics is described in [6].

The mapping u(z, y), v(z, y) can be constructed by the minimization of the functional

P / / {922(u? +v2) — 2912(usuy + vavy) + g11(u? +v2)}
2

V911922 — 9%2

with respect to u, v and the metric parameters p under the conditions (2.2) and the free
boundary condition.

The second mapping = z(s, t), y = y(s, t) of K¢ onto K is defined by four functions
zo(s), 21(s), o(t), 11 (), 0 < 5 < 1,0 < t < 1, 33(0) = 1:(0) = 0, zs(1) = wi(1) = L,
i = 1, 2. The mapping of the lower and upper sides of the square K| are defined by the
functions zo(s) and z;(s), and the mapping of the left and right sides are defined by the
functions yo(t) and y; (¢). The functions x, z1, Yo, ¥1 are called the control functions, they
are assumed to be smooth (C}L) and strictly monotonically increasing, and their derivatives
are bounded:

dzdy, 2.3)
K

0< 8 < ab(s), z4(s), vo(t), ¥i(t) < A, (§ < 1).
The mapping of Ky onto K is the algebraic mapping given by the formulas:

= w H{[1 - yo(t)]zo(s) + yo(t)z1(s)},

y = w H{[1 — zo(s)]wo(t) + zo(s)y1(2)},

n=yTe=yw
= / / [(VA) (up + v§) — 2B(ucun + vgvn) + (%C) (un + vf’;)] déd.
n=0 £=0
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where
w = 1—[z1(s) — zo(8)][v1(t) — o(t)],

This mapping transforms the rectangular grid on K into the grid on K consisting of the
straight line segments connecting the images of the corresponding boundary points of K,
which lie on the opposite sides of K.

The superposition of the mappings u(z, y), v(z,y) and z(s, t), y(s, t) is the resulting
mapping u(s, t), v(s, t) of Ko onto 2, which is defined in [4, 5] as a unique solution of the
variational problem given by the functional:

1 1
1 // h22(u§ + ’03) - 2h12(usut + ’Us’Ut) + hll(u% + ’Utz)

F=_2
AV hllh22 - h12

where hi; = hij(s, t, p, Zo, z1, Yo, 1) satisfy the condition H = Q*GQ,

hi1  hi2 } [ Ts Tt ] [ 911 912 ]
H= , = , G= .
[ hi2  ha2 Q Ys Yt g12 922
The minimal value F' = S, where S is the area of (1, is achieved at the quasi-isometric
mapping u, v.
A presented metric is obtained from the Beltrami metric by means of a projective trans-
formation (see [4] for details)

dsdt,  (2.4)

N

0 0

o2 = (Lt kon®)d€? — 2kotndédn + (1 + ko®)dn’
[1 + ko(€% +n?)?]

Let us consider one more approach to find the numerical characteristics of mapping
regions that should evidence of “unremovable defects” of these regions. If there are more
such defects, it is more difficult to opt for a region parametrization. Again we restrict
ourself by the problem of a parametrization of “’curvilinear quadrangles”. As was already
marked, each such quadrangle along with some restrictions on its boundary smoothness and
on apical angles can be mapped conformally and quasi-isometrically on constant curvature
surface with geodesic boundaries. Such a mapping can be normalized and provides an
invariability of the whole quadrangle area. If a sign of a curvature surface is defined only
by angle values, then a numerical value of a curvature is defined uniquely with the pointed
normalization. The geodesic quadrangle on a constant curvature surface is also uniquely
defined accurate to movement in this surface. Obviously, the one characteristic of an origin
curvilinear quadrangle is the isometry coefficient with its conformal mapping on a constant
curvature surface, i.e. a mapping is not changed its area.

If we want to map a quadrangle onto a plane quadrangle with straightforward bound-
aries, we need to map geodesic quadrangles from a constant curvature surface onto a plane.
Applying the Kely—Klein model for constant curvature surfaces with plane geodesics, we
implement a projective mapping which gives us some metric distortion. As a result, the
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Beltrami metric will be obtained on a parametrical plane. This fact was mentioned above.
For a mapping of a constant curvature surface onto a final parametrical plane, a distortion
(isometry coefficient) is closer to unit if this point is closer to a coordinate origin. The most
distortion is attained in that quadrangle vertex which is the most removed from the origin of
a coordinate system. The extreme mapping with the least quadrangle distortion from a con-
stant curvature surface onto the parametrical Beltrami plane is constructed by the following
way. At first, a circle with the minimal area is constructed on a constant curvature surface,
which contains all points of a geodesic quadrangle. At least two quadrangle vertices lie on
the boundary circle but others are removed from the origin on the same or least distance.

The projection mapping on the Beltrami plane should be selected in such a way that a
boundary circle is a circle again but its origin maps into the origin of a coordinate system.
Having such mapping, the largest and smallest distance will be obtained at image points of
boundary circle, i.e. at some quadrangle vertices and at quadrangle points nearest to the
origin of a coordinate system (or coincides with it). A relation of these extreme stretchings
is an isometry coefficient of a constant projective transformation (this coefficient is the least
from possible one).

So, our parametrization type of curvilinear quadrangles is characterized by two invari-
ants: an isometry coefficient for a parametrization on a constant curvature surface and an
isometry coefficient of the projective mapping of this surface onto the Beltrami plane. Ob-
viously, that the resultant transformation is evaluated from above as multiplication of these
coefficients.

One more important fact should be remarked. The quadrangle obtained after all de-
scribed constructions can be very unlike a parallelogram. In that case, a coordinate system
with noncrossing straight lines can be inconvenient and leads to big distortion isometry.
Therefore, it is natural to point out one more invariant — a shape of this of rectilinear
quadrangle on the Beltrami plane.

2.3 General Computational Scheme

The implementation of the quasi-isometric mapping technique requires some special efforts
described in this section.

For minimization (2.3), it is used an iterative process consisting of three stages accord-
ing to three groups of unknowns. Each stage is a minimization procedure with respect to
one of these groups provided that the others are fixed at this stage; in general, a described
scheme presents the Seidel iterative process (coordinate descent).

e Calculation of p; a grid (u, v) and control functions are known;

¢ Calculation of control functions and (or) movement of points along boundaries; a
grid (u, v) and parameters p are known; 2

2At each side of K the Dirichlet or free (natural) boundary condition for u, v must be specified; in the case
of a free boundary condition the corresponding control function must be given and the point distribution is to
be found in the minimization process.
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e Calculationofa grid (u, v); control functions and parameters p are known.

Computation of the metric parameters p. To provide a robustness of the computational
procedure one needs to modify the original functional (2.3), since there is no guarantee
that the functional is convex far from an unknown solution. The modification and the local
regularization gives a researcher a possibility not to care about an initial guess of a solution
and start, for instance, from zero values. Let us denote G1; = ug + vﬁ, Gog = ug +
vg, G12 = uguy + vzvy. One writes out the functional for calculating of the metric para-
meters in the modified form:

_ 911G22 + 922G11 — 2612612 — 24/911922 — 9%51/G11G22 — G5,
F= dzdy.
2,/911922v/G11G22 )
@5

At each point, g;; and G;; can be rewritten in the form
gu =pe’, gn=pe?, gi2=psing,

Gi1= RCP, Gog = Re_P, G = Rsin®.

So, the integrand in (2.5) may be written as
f =ch(p— P) — cos(p — ®)

or

f= 2sh2p——2£ + 2sin? ‘P;

and it is nonnegative and convex under the additional condition | — ®| < F.
This condition can be destroyed through the initial stage of a computational procedure,
therefore the following regularization is implemented at each grid point (u, v)

maz{sin®, —|cosp|} , if sinp >0,
sin® = maz{sin®,|cosp|} , if sinp <O0.

The minimization of this modified nonlinear functional is based on the quadratic approxi-
mation:

£ = fo+ (T, 69) + 5 (HGB, 65). @26)

The local Jacobian T and Hessian H contain the complete information about all utilized
transformations:

(6, ) 2 (8911, 691, 6g23) > (Ip).
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Denoting the sums of the expression (2.6) over all grid cells

F=>f, Fo=)Y foo Go=)_ T, Hy=) H,

we may write the quadratic approximation of the functional (2.5) in the form:
- 1

Formally, the problem of minimization may be solved easily: ép = —H ldo and the
new set of parameters is p"*! = p™ + §p. However, (p1, p2, p3, P4, k)-parametrization of
the metric g;; is not successful for solving the problem of minimization. There are such
situations when the great metric disturbances correspond to the small disturbance of Jp
(possibly, at some points only, for instance, at region comers). It leads up to very small step
along the Newton direction, otherwise the metric degenerates, i.e. 0 = g11922 — gfz <0.
Hence, the new parametrization is chosen: the vector of variations E = (&1,£2,&3,84,&5)
instead of dp, where & = §(@y), | = T, 4, and @, is the relative deviation of I-th angle from
the right one

o = w; — 0.57
Y o5
cosw; = (-1 1912 , 1=1,4,
V911922 (z1,9)

922 a11
= 1/——(5 1/—~ .
& gn ( g22) (z* %)

The point (z*, y*) is the point of a minimum ofthe function § = g11g22 — g%,. Therefore,
the final relations are the following:

bl

(Ih yl)

(-1)" 912 912
S Gule? ) QA2 PN -2 2 P
& 057d | 201, g11 29225922+ 912

bl

(z*, y*)

here d = v/g11g22 — 9%, The final quadratic form of the functional used in the computa-
tional practice is

_ < dg11  Ogo2 )
g = (L - 22
2911 292

F = Fo+ (grad F, ) + %(F"é &),

where F" is an approximation of the Hesse matrix.
This quadratic form is used for the minimization of the original functional with respect
to the metric parameters. Solving the system of linear equations

F'"¢€ = —grad F 2.7
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with conditions
§l = (151 -y, l= 1)4) (28)

one can found dp, and the new iteration p = p + dp.

The linear system (2.7) can be solved without conditions (2.8); they are satisfied (with
an accuracy of approximation) in the process of minimization of the functional with respect
to all variables.

Calculation of control functions x,x1,yo,y1 begins with the proper modification of
original functional (2.4) as well:

= 1 hoaHiy — 2h12H1a + hi1Hag — 24/hirhag — h2,Hp
= 5 dsdt,

v Hi11Ha2v/hi1hoo

where
2 2 — .2 2
H11=us+vs, H22—-'U/t +Ut,

Hyz = usus +vsv, Ho = usVp — utvs.

The considered functional is modified and regularized in a manner similar to above
presented to provide a nonnegativity and convexity of the functional integrand

P ~3
f= 2h2p2 +2sm2‘p2

Ateach cell (s, t), the function f(p, ¢) is approximated by three first terms of Taylor se-
ries. The arguments p, ¢ are complicated functions of independent quantities o, zg, =1, T}
3

To write the quadratic form of the functional, the following superposition of transfor-
mations is used

(pa <p) &’ (hll’ h22, h12) '92') (.’l), Y, Tsy Tty Ys, yt) &’ (an 1136, X1, xll)

and it is slightly changed for vertical boundaries

(p, <P) > (h11, haz, h12) 2, (v, s, T¢, Ys, Yt) O, (%0, Y0, Y1, ¥1)-

As a result of calculations at each point (s, t), a quadratic approximation of function f is
found

f = fo+ (grad f,02) + = (Héz 02), Z = (21,22,23,24) = (mo,zf,,xl,z'l).

After summation by argument ¢, the following relation is obtained for each argument s

f = fo+ (grad 1,62) + 5(Ad%, 52),

3Calculating each pair of functions (zo,z1) and (yo, v1) is performed independently. So, only the pair of
horizontal functions is considered in this study.
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where f denotes a sum by ¢ ( over vertical set of cells).

Searching functions zo(s) and z;(s) are defined on the grid {s; = (i — 1)h,i =
1,...,N+1,h = 1/N}. Their variations 6z = (dxo, dzf, 6z1, 0z}) is defined in the mid-
point of each interval (7, + 1) of a grid

_ dzo(i + 1) + dzo(7)

dzo(i + 1) — dzp (1)
5 .

5$0 h

/
,(5.’1:0=

This transformation is linear, so the quadratic form is not changed. The minimum
condition of a quadratic functional relative to unknown functions &; = (dzo(z), dz1(%),
i=1,..., N + 1) has the form of the vector equations

—

Aig;—l + B’LS; + CA"L'S;+1 = Gia i= 2a 31 ey N

with uniform boundary conditions 5 =0, 4 N+1 = 0, where A4;, B;, C; are (2 x 2)-
matrices. These equations are solved by the matrix sweep method.

A described algorithm is the Newton method for a minimization with respect to a pair
of functions xg, x; (or Yo, ¥1)-

If the position of boundary points is unknown *, the alternating algorithm of point move-
ment along boundaries should be utilized by the following procedure.

Let I(s) be the distance from the initial point at the boundary of the region {2, normalized
to the boundary length, where s is the coordinate on the boundary of the unit square K,
0<s<1,0<t<1.

Our goal is to find a small variation from a minimization of functional (2.5) dzo(s) =
z§™(s) — xo(s) with the help of the algorithm given above (zo(s) is known). Then, 6l =
() ) = l;o 6z, I¥) is an iterative approximation. Take into account the following
relations for a point with the coordinate s:

() = @) 4 L gmew _ 5y

2o
where
Vo l(s+ As) — l(s— As)
s 2As ’
; _ xo(s+ As) — zo(s — As)
To= 2As ’

So, a new position [(*+1) of boundary points is found.

The final stage of the presented algorithm is the calculation of the functions u(s, t),
v(s, t). The algorithm is based on solving the system of difference elliptic equations by the
multigrid method. The generation of a quasi-isometric coordinate system is based on the
solution of variational problem (2.3). The grid is obtained as a solution of Euler-Lagrange
variational equations:

4Control functions are known and functional (2.4) is minimized
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9 (20u 0 (ndu 0 (0 9 (~Ouy _
95(48s) + 36Bat) ~ 55(Car) ~ 5:(Cas) = 0,
0 [ 420V O pduy _ 8 (~0uy_ O rOvy _
9s(48s) + 52(B'ag) ~ 55(Cap) — 51(C55) =0
Here A, B, C are the coefficients of equations given as functions with respectto s, ¢:

A_hzz B_hu C:E,

T d PN d
d=1/g11922 — 9%,
2.4 Numerical Experiments

Firstly, we show the dependence of the functional from metric parameters. One considers a
region showed in Figure 2.2.

1T

-4
HHH-

Figure 2.2: Region and quasi-isometric grid

As a result of computation of a quasi-isometric mapping, the metric parameters s} =
sy = 0,53 = s3 = —0.893, k* = 0.551 are found. Let other parameters (grid and control
function) be optimal and fixed. We study the functional as the function f(s2, k) in a small
vicinity of the minimum by a variation of the parameters s, and k. An exact minimal value
is f = 0. The profiles f(s3, k) and f(s2,k*) are shown in Figure 2.3. In 2.4, the plot of
f(s2, k) in the vicinity of a minimum is given. One can see that near the minimum the
metric is degenerated (at any point (s, k), where the metric does not exist, we put f = 10).
These pictures give a hint on computational difficulties that we collide with in the process
of the algorithm development for the solution of the minimization problem.
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Figure 2.3: Functional behavior versus parameter variation: a). f(s%, k);b). f(s2,k*)
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Figure 2.4: Isolines of f
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Figure 2.5 presents an example of computations: a region with quasi-isometric grid and
their images on a constant curvature surface (in the Poincare model) and in the parametric

square K.
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T
AR
annRmE

Figure 2.5: a). region (1 = 0.457, @2 = 0.677, 3 = 0.217, @4 = 0.327 ) and grid; b).
image on constant curvature surface; c). image in parametric region K

To evaluate quality of quasi-isometric mapping and compare a few mappings we intro-
duce the coefficient of isometry @ that can be computed by a few procedures.

There is a simple geometric procedure to compute the isometry coefficient distribution
by a grid, constructed in a region. It is naturally for each grid cell to construct an approx-
imation mapping of parametrization gridding rectangle with the help of an affine mapping
and find isometry coefficients as singular values of matrix, defining this mapping.

Let a grid cell in the parametric rectangle be a rectangle with sides a and b, see Figure
2.6; and the ratio of its sides denotes v = a/b. Let it be mapped onto a quadrangle on phys-
ical plane with vertices x1, y1; 2, ¥2; T3, Y3; 4, Y4. We construct in each these cells new
quadrangle restricted by lengths connecting the midpoints of boundary edges, see Figure
2.7.

It is easy to verify that both these quadrangles (these are shaded in the pictures) are
parallelograms and the mapping of the first one onto the second one is affine. This affine
transformation is defined by the matrix

2a 2b

A A A (2t 23) — (1 +24) (2T3+24) — (T2 + 1)
= - £y2 + y3) - (yl + y4) (y3 + y4) - (y2 + yl)
2a 2b

Axr Az

The singular values \,,45, Amin Of matrix A are the needed approximation of isometry
coefficient in a cell under investigation. The coefficient of isometry is
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XY
XY,

XY,

Figure 2.6: Parametric cell (left) and its image (right)

Figure 2.7: Affine equivalent parallelograms

_ maxXz ) Arrm:l:
min(z y) Amin

For each ratio v = a/b, the isometry coefficient Q(») can be computed easily and, there-
fore, the extremal value v can be evaluated by a numerical minimization of Q(v). The plot
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Q(v) is given in Figure 2.8 for a region shown in Figure 2.9. For extreme value » = 5 in
Figure 2.9 the isolines of the ratio A\;,4; \ Amin (local distortion) is presented.

5 ~

4 =

3 -

2 |

1 n L
o} 10 20

Figure 2.8: Isometry coefficient Q(v) versus v
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Figure 2.9: Grid and local isometry coefficient
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2.5 Conclusion

The quasi-isometric mapping technique presents an approach based on the rigorous math-
ematical formulation. Numerical validation in geometrically complex regions is performed
and demonstrated the possibility to construct efficient tools for quasi-isometric grid genera-
tion. This technique can be extended for multi-block grids. There are a few open questions
and future investigations in geometry and mathematical analysis are needed to obtain for-
mulation and solution of the problem of optimal quasi-isometric mapping.
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Chapter 3

TRIANGLE DISTORTION UNDER QUASIISOMETRIES

Andrew V. Lygin and Viadimir M. Miklyukov
Volgograd State University

We bring some estimates of a triangle distortion under quasiisometric mappings be-
tween subdomains of R? with given Riemannian metrics.

3.1 Introduction

Below we consider a problem that is appeared in the well-known Godunov method to con-

struct two-dimensional grids on surfaces [1]. Namely, we decompose a standard domain in

the w-plane with a Riemannian metric and form a grid in a given subdomain of the z-plane
by an auxiliary quasiconformal mapping z = ¢(w) (see also [2], [3]). The existence and
quality of the grid are connected with the angle distortions under quasiconformal mappings

 and, in particular, with the orientation preservation of triples of points.

One of the quality characteristics is the smallest angle among the triangle grid. It is
clear that too sharp angles can be obstructions for the numerical solution of the physical
problem on the considered grid with the necessary accuracy. Thus it is important to evaluate
distortion of angles under different mappings.

The following statement is the key for this approach [4, Section D, Chapter III]): Let ¢
be a K -quasiconformal mapping of R? to itselfwith K < /3. Then the vertices of each
equilateral triangle are transformed to the vertices of some triangle of the same orientation.

The most difficulty in the test of these conditions is evoked by the assumption that the
map o must by of R? to R2. In the general case the map is given on a proper subdomain of
R? and the problem of its K-quasiconformal extentions up to R?> — R? with K < /3 is
highly complicated

This paper is concerned with a direct approach based on estimates of a triangle under .
However, we essentially reduce the class of mappings . Namely, we study angle distortion
under quasiisometries of quasiconvex subdomains of R2.

In particular, we give an estimate of triangle angles, prove some criteria of the preser-
vation of their angles, and employ some conditions for mappings from surfaces to R™ to

71
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satisfy the bilipschitz condition.

3.2 Surfaces

We start with the terminology. By [11], we shall use the following conception.

Definition 1.  The dilatation of a mapping f between metric spaces X, Y is the
(possibly infinite) number

dil(f) = sup "L 1))

z,x’ €X T(x’ xl)
z#z!

b

where ”r” denotes the metrics (distances) distx in X and disty inY'.

A mapping f is called Lipschitz if dil (f) < oo.

Ifevery point € X has a neighbourhood U such that the restriction f* = f|i; satisfies
dil (f*) < oo, then f is called locally Lipschitz.

Let D C R? be a domain and let Q be a surface in R™, m > 2, given by a locally
Lipschitz vector-function

z = f(u,v) = (fi(w,v),..., fm(uw,v)) : D> R™, z=(z1,...,ZTm)- 3.1

In the general case the surface {2 can have self-intersections. We shall say that a surface
 is embedded in R™ if the vector function f realizes a homeomorphic mapping from a
domain D onto a set f(D) with a metric (and hence a topology !) induced by R™. A
surface (2 is immersedin R™ if a vector-function f has the described property locally in D.

Because the vector-function f is locally Lipschitz, then by Rademacher Theorem [12,
3.1.6] almost everywhere on D there exists a total differential df (u, v).

Let (u, v) € D be a point in which f has the differential. By the symbol

f{uféu "'f;nu

P= ot

we denote the derivative of f at the point (u,v) in which such derivative exists. Using
standard designations

2

of

ov

7

2
__/of of _
> g12~—921—<au,av>, g22 =

we define the first quadratic form of the surface €2 on the domain D

_|9f
g11 = 9

ds?, =491 du® + 2g12dudv + goo dv?.
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The simplest view of the first quadratic form of the surface 2 is in isothermal coordi-
nates. However, the question — what are isothermal coordinates on a non-smooth surface —
has no a sufficiently good answer today. We shall use the following definition.

Definition 2. Let Q be a surface given over a domain D C R? by a locally Lipschitz
vector-function (3.1). The variables (u, v) are called isothermal coordinates on the surface
Q if

g911(u,v) = g22(u,v), g12(u,v)=0 aeon D. (3.2)

Moreover, if (u, v) are isothermal coordinates on the surface §2, we have
ds3 = A(u, v) (du? + dv?)

almost everywhere on the domain D. Here, A = g;; = g22.

The first among the conditions (3.2) means that the tensions of f along lines u, v =
const coincide at points in which df exists. The second condition implies the mutually
orthogonality of the images of these lines at the corresponding points z = f(u,v). Thus,
at every point (u,v) € D in which the total differential df exists and simultaneously the
relations (3.2) hold, the mapping f : D — € is conformal, that is, it conserves angles
between curves. The existence of isothermal coordinates on non-smooth surfaces is studied
incompletely. For surfaces of the class W% with I > 3 and p > 2, the existence of
isothermal coordinates can be obtained from well-known results of Bojarski and Vekua
(see. [6, §6, Chapter II]). Similar results for Lipschitz graphs belong Morrey [5], and for
locally Lipschitz graphs can be obtained ( under different assumptions on domains of graph
definitions ) from results Bers [7], Belinski [8, Theorem 9], Martio and Miklyukov [9].

The general case of non-parametric locally Lipschitz surfaces was considered in the
recent article of Miklyukov [10].

3.3 Quasiisometry

A mapping f : D — R™ is called (q, Q)-quasiisometric if there exist constants ¢ > 0 and
Q > 0 such that for arbitrary points w = (u,v) and w’ = (u/,v’) in D, we have

glw—w'| <|f(w) - f(w')| < Qw—w'|. (3.3)

Here and below, the quantity |f(w) — f(w’)| means the Euclidean distance between points
f(w), f(w') € R™.

The following condition is useful in the testing of the assumption that (3.3) holds. We
follow [13].

Denote M5 ,, the linear space of the 2 x m—matrices with natural coefficients.

Let f(u,v) be a locally Lipschitz vector-function defined on a domain D C R2 and let
(u, v) be a point of the differentiability of f.
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For an arbitrary matrix C' € Mj ,,,, we set

C|= hC h = (h1,hsy).
|||r,§1|fl<| | (h1, ho)

In particular, for the derivative f’ of the vector-function f : D — R™, it is easy to see that

[fl=vm max |Vfj,

1=1,2,....,m

where the symbol V f; means the formal gradient ( f;,, f7,)-

If C(u,v) : D C R? - My, is a matrix-function, then let

”C“D = esssup(u,v)eDIC(ua ’U)l :

Theorem 1. Let D C R? be a convex domain and let f : D — R™ be a locally
Lipschitz mapping, m > 2. Suppose that there exists a (q, Q)—quasiisometry h : U — R™
such that

If' = Klp< A< oo (3.4)

Then for arbitrary points w = (u',v'), w” = (u”,v") € D we have
|(f(w") = h(w")) = (f(w) = h(w")| < (Q + 4) [w" — ' (3.5
Moreover, if A < q then f is homeomorphic on D and

(g — A) [w" —w'| < |f(w") = f(W)] <(Q + A) [w" —w'|. (3.6)

Proof. Denote P the set of the points w = (u,v) € D, in which the vector-function
f — h is non-differentiable. By the Rademacher theorem, the two-dimensional measure
H?(P) =0.

The relation (3.4) implies the estimate

|f'(w) = F'(w)] < 4, G.7)

which holds almost everywhere on D.

Fix arbitrarily points w’, w” € D and denote !(w’, w”) the line segment joining w’ and
w”. Since the domain D is convex then !(w’, w”) lies in D. Let [(w’, w") be a line segment
with the endpoints ' and @ achieved by a parallel translation of the segment [(w', w").
For almost everywhere such line segments which are sufficiently close to I(w', w”), we

have
H'(I(@w',%") \ P) = 0. (338)

Let I(w;,, W) ) be a sequence of segments satisfying (3.8) and such that

~/ / ~// /!
wp D w, We—w .
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Because f and h are locally Lipschitz, then the vector-function f — h is absolutely continu-
ous along ! (i}, wy,) and almost everywhere on I(1;,, w,) there exists the derivative f' — h’.
Integrating, we have

|(f (wk) — h(w)) — (F(w) — A(w}))l

1
- \ ] k=) 7+t = ) = B+ = )

1
< [ 15k + bl = B+ o — ) o — il .
0

Using (3.7), we obtain
|(f (wi) — h(wk)) — (f(wi) — h(wh))| < A |wy — wi.
Setting k — oo, we arrive at the estimate
(f (") = h(w")) = (f(w') = h(w"))| S Alw" —w'| (W, w"€D). (39
Let ¢(w) = f(w) — h(w). For an arbitrary pair of points w’, w” € D we have
f") = f(w') = ($(w") = p(w')) + (R(w") = h(w')) .

Thus,
|£(2") = £(2")| < I(w") — p(w')| + |R(w") — h(w')] .

Using (3.9) and the (g, Q)-quasiisometry of h, we obtain
|f(w") = f(')| < (Q + 4) [w" —w'|.

Analogously,

|f (") = f(w')] 2 [h(w") = h(w)] = Y (w") - $(w)|

and further,
|f(w") = f(w')| 2 (g - A) |w" —w'|.
Thus the estimates (3.5), (3.6) are proved.

In the case h = w this statement is proved in [13].
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3.4 Distortion and Quasiconvexity

Let D be a subdomain of R? and let @ C R™ be a locally Lipschitz surface given by a
vector-function (3.1) realizing an enclosure.

Define an inner distance rqo(z’, z”’) between points z’ and z” on the surface €. Since
the surface €2 is embedded in R™, then by the unique way in the domain D, there exist
points w’ = (v, v) and w” = (u”,v"), for whichz’ = f(w’) and 2/ = f(w"). We put

ro(z’, 2") = ir;f/dsn,

where the infimum is taken over the rectifiable arcs 4 C D joining points w’ and w".
Because the surface (2 is locally Lipschitz, then the distance rq(z’, ") < oo for all
', 2" e Q.
Definition 3. [11, Section 1.14] The distortion of a surface 2 C R™ is the quantity

/" /
distort (2) = sup Z—Q(—?——f—% .
;I#’;II x

It is clear, that for every non-parametric surface {2 C R™ we have distort () > 1.

If the surface  is a domain D C R? with the Euclidean metric |dw/|, then the quan-
tity 7p(w’, w”) is the well-known Mazurkiewicz distance between w’ and w” in D. The
assumption distort (2) < oo implies that

rp(w”,w') < Clw”" —w'|, C = distort(Q).

Such domains D C R? are called C— quasiconvex (see [11, p. 393 ).
It is easy to see, that every convex domain is 1-quasiconvex.

Theorem 2. If a domain D C R? is convex and a mapping o : D — R? satisfies the
property ||’ — I|| = A < 1, where I € M 2 is a unit matrix, then the set D' = p(D) isa
quasiconvex domain with the constant C = (1 + A)/(1 — A).

Proof. Indeed, consider a pair of mappings
z = p(w) : D — R? and the identity mapping z =w.

Since the identity mapping is a (1, 1)-quasiisimetry and its derivative I differs from ¢’
neither more then A < 1, then by Theorem 1 we conclude that ¢ is homeomorphic and
D' = ¢(D) is a domain.

Let 2/, " be a pair of points in the domain D’ and let w’, w" be a pair of their preimages.
According to Theorem 1, we may write

" — | = | f(w") — f(W)] £ 1+ A) [w" - w|.
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Let {(w’, w") be a segment joining the points w’ and w”. The domain D is convex
and hence I(w’, w") C D. Suppose that the points w’, wy, w, . . ., wk, w” follow one after
another along the segment !(w’, w”). Then

lp(w) — @(wn)] + - + [p(wr) — p(w")] <

<A+ A) | —w|+...+ 1+ A) |wg—w"| = 1+ A) o' —w"|.

Choosing the partition w’, wy, wo, . . ., wk, w” of the segment I(w’, w”) arbitrarily small
and observing that the left side of this relation can be arbitrarily close to length f(I(w’, w")),
we obtain

length f(I(w', w")) < (1 + A) [v’' —w"].

Thus,
rp(z’,z") < (14 A) Jw' —w”|.

However by the relation (3.6) we have
(1 _ A) |wl_wlll S lzl_xlll ,

and hence,
1+A
1-A

It means the quasiconvexity of D’ and the theorem is proved.

T‘D/(x',:v") < |-7"I _ x//I

The following statement is useful for applications.

Theorem 3. Suppose that a domain D C R? is C -quasiconvex.
If amapping f : D — R™ is (q, Q)-quasiisometric, then the surface Q = f(D) has a
finite distortion, moreover
distort (2) < C% . (3.10)

In particular, we have:

i) if the surface S is given in some isothermal coordinates such that the relations (3.2)
hold and moreover

0 < X = essinf(,)epA(u, v) < ess SUP(y,p)e DM U, V) = N < o0,

then N
distort () < C v (3.11)

ii) if the domain D is convex and there exists a (g, Q)-quasiisometry h : D — R™, for
which the assumption (3.4) holds with A < q, then

Q+A

distort (2) < C - A

(3.12)
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Proof. For arbitrary pair of points z’, z” € Q by the assumption of f to be Lipschitz
with the constant (), we may write

T'Q(.’L',, (L'”) S QTD(’U)I, wl/) ,

where w’ = f~1(2), w” = f71(z').
Indeed, let v C D be an arbitrary rectifiable arc joining the points w’, w” € D. Fix
€ > 0 and choose an arbitrary broken line w/w; . . . wxw” lying in D such that

[length (w'w; . . . wxw”) — rp(w’, w”)| <e.
Then

|f (w') = flw)l+ £ (w1) — flw2)| +. ..+ |f(wi) — f(w")] < Qlength (w'w; ... wrw").

Approximating v by broken lines, we easily obtain the necessary statement.

Now we use the property f~! to be é-Lipschitz and the C-quasiconvexity of the domain
D. We have
o/ = o] = |f(w) — f)| 2 gl — w'| >

> &rp(w,w") > gy ra(e,a").

From this inequality, it follows (3.10).
In the case i), if the surface {2 is given in some isothermal coordinates by a vector-
function f : D — R™, then for every arc v C D it is realized that

A length (v) < / dsq < N'length (v) .
Y

Thus, for every pair of points w’, w” € D we obtain
Nrp(w',w") < ra(f(w'), f(w")) < N'rp(w, w").

The estimate (3.11) follows now from the relation (3.10), which was proved above.
In the case ii), for the proof of (3.12) it is sufficient to combine the estimates (3.10) and
(3.6).

3.5 Distortion of Triangles

Let A be a triangle in a domain U of the Eucliadean plane R? with the coordinates { =
(&¢,m). Let A’ C D be a triangle in the w = (u, v)-plane with a metric dsq, the vertices of
which are the preimages of the vertices of the triangle A underamapping ¢ : U — D.
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Theorem 4.  Suppose that a mapping ¢ : U — D is a (q, Q)-quasiisometry. Let
D = ¢(U) be a quasiconvex domain and let o be the smallest angle of the triangle A C U,
and let o/ be the correspondent angle of the triangle A’. Let

p= %, L= %, Ry =p !, ro=psina.
Then the following statements hold:
Difri+ro>1and Ry — ry < 1, then
4 2 _ (2 _ 2 1)2 4 2 _ 2 _ 2 2
tana' > min \/ "1 . (T12 T2+ ) , \/ Rl 2(R12 T2 + 1) : (3.13)
ri—ry+1 R{—r5+1

i) ifry + ro < 1or Ry — r9 > 1, then the quantity o’ can equal to 0;
iii) for an arbitrary another angle 3 of the triangle A we have

sing' _ g¢sind

sin@ = Q sina’

(3.14)

Proof. We may write

q1¢1 — G2l < lp(G1) — p(C)l < QG — (2l - (3.15)

Denote the length of the largest side of the triangle A by E. We denote the length of
the suitable side of the triangle A’ by E'.

We locate the triangle A such that the vertex of the angle « lies in the origin and the
side with length E lies on the axis 0. Because the angle o is minimal and, hence, the
opposite side is minimal, then we may define the set, in which the third vertex can lie. (We
denote this set by A ). It will be a segment of the straight line 7 = £ tan « in the interval
& € [E/2, E cos o). The distance from the point (0, 0) to the vertex A will be in the bounds
between (E/2) cosa and E (this is not the best estimate but it is sufficient for our aims),
and the distance from the point (E, 0) will be in the bounds between E'sina and E.

Locatethe triangle A’ in the Euclidean plane such thatthe angle o’ liesinthe origin and
the side of the length E’ lies on the axis 0¢. By (3.15), the distance from the point (0, 0) to
the point A’ = (A) will lie in the bounds between ] = q(E/2) cosa and R] = QF and
the distance from the point (E’, 0) lies in the bounds between r4 = ¢F sin o and R}, = R].

A L A

a /\

0 E ¢ 0 E' u
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As the result, we obtain the following system of inequalities described the set, in which
the point A’ can lie:

(40?27
§2+772SRI1
(E-E+n>>r)
- EV+n*<R)
£E>0

L n=0.

(3.16)

The similarity transformations preserve magnitude of the angles. We decrease then the
triangle A’ for the E’ times. Then we obtain

_rn__49 4 _RB _QE_Q
"n=— = = ) 1__—_S_7
E' 2FE'cosa ~ 2Qcosa E/ E q
/ : : ’
ry = Ty _ qF sin o > qsma, Ry = Ry _ @ < Q
E' E Q E' FE q
Now (3.16) implies the system
E+n*>n
€+ <R
E-12+n*>r
3.17
(E-12+mP <R, G179
£§>0
. 720.

Under done assumptions, the minimum of the quantity o’ can be reached only at two
points, first, at the point of the intersection of the circle R, (0,0) and the circle R,,(1,0),
or at the point of the intersection of the circles Rg,(0,0) and R;,(1,0). The values

VIR B s i £V
r% — r% +1

and

tana/ = VART — (Rf —r3 +1)°
- R?2-r2+1
1 2

are corresponding to these points, respectively.

If these circles are not intersecting (it is possible in the case, if r1+72 < lor Rj—r2 > 1
), then the point A’ can lie on the axis O, and hence, the angle o’ can equal to 0.

The statement iii) follows from the sine theorem for triangles and (3.15).
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3.6 Orientation

As above, let U be a domain in the {-plane and let w = ¢({) be a homeomorphic mapping
from the domain U onto the domain D.

The quasiisometry does not guarantee that the mapping ¢ preserves the orientation of
the triples of points. We will also need an information on a deviation between ¢(¢) and (.

Theorem 5. Suppose that there exists a constant P > 0 such that for all points { € U

lp(¢) — ¢l < g, (3.18)

where T is length of the largest side of the triangle.
If a triangle A C U has angles not less, than o. and

a> arctani,—I:, (3.19)

then the triple of the vertices of A preserves the orientation under the mapping .
In particular, suppose thatthe domain U is convex, 0 € U, andthe mapping o preserves
the fixed point { = 0 and satisfies the condition

¥’ = Il < A, (320)

where I € Mj ; is the unit matrix. Suppose, in addition, thatthe triangle A has one of the
vertices at the point { = 0 and its angles are greater than arctan(4(1 + A)/T). Then the
triple of the vertices of A preserves its orientation.

Proof. Denote A’ the triangle which is formed by the images of the triple of the vertices
of A. Locate the triangle A in the w-plane as on the drawing. Let M be a set in which the
third vertex C can lie.

v M

C
A B u

If (C) lies higher than the base of A’, then ¢ preserves the orientation of the triangle.
Thus in the worst case, vertices A and B are displaced up at the distance P/T’, and the
vertex C lies in the down part of M and is displaced at the distance P/T. If the distance
from the axis Ou to the set M greater that 2P/T, then (C) does not intersect the base. It
follows from (3.19).

The second part of the theorem follows from its first part and Theorem 1. Here it is
sufficient to observe that assumptions (3.20) and ¢(0) = 0 imply

lo(€) =<l < 1+ A)T
everywhere in A’.
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3.7 Conclusion

We pointed to a few of distortion estimates under qusiisometric mappings useful for the
construction of grids on surfaces. The set of such estimates does not become exhausted
by them. Clearly, that there are many other helpful estimates connected with distortion
triangles on surfaces. The construction of the geometric theory of quasiisometric mappings
on surfaces in R3 is a certain primary task. Unconditionally, tests for mappings between
surfaces to be quasiisometries are also valuable.
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Chapter 4

GRID OPTIMIZATION AND ADAPTATION

Sergey A. Ivanenko and Boris N. Azarenok!
Dorodnicyn Computing Center of the Russian Academy of Sciences

A variational approach of two-dimensional grid generation, based on the principle of
minimal energy density of a mapping, is presented. Cell shape control allows us to construct
grids, being orthogonal near the boundary with prescribed spacing, as it can be done by a
hyperbolic grid generator. At the same time the method is elliptic with immanent guarantee
to produce grids free of folding. To adapt the mesh towards singularities in the solution of
a flow problem, the energy density functional, written on the surface of graph of control
function, is used. The problem of the boundary nodes redistribution is considered. A vari-
ational principle, allowing for determining classes of one-to-one mappings, is formulated.
A consequence is that there exist equations describing all possible one-to-one mappings. A
discrete analogue of this variational principle is formulated and proved. Method capabilities
are illustrated in a number of examples. The energy density in the 3D case is introduced.

4.1 Introduction
In a one dimension space for grid generation, it was developed the equidistribution prin-
ciple, cf. [25]. The idea is that the Jacobian of the mapping, multiplied by some positive
weight function, is set equal to a positive constant

wzg =const >0, w(§) >0, £€(0,1), 4.1)

and the mapping z(§) satisfies the boundary conditions

z(0)=0, =z(1)=1. 4.2)

!This paper was planed by the both authors. After Sergey Ivanenko’s death the second author wrote it on
the basis of the material in hand.
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Instead of (4.1) we may consider the minimization problem for the functional

1
F= [ wzfdt, 4.3)
/

on the class of the functions z (), satisfying the boundary conditions (4.2). Differentiating
(4.1) with respect to £, we get the Euler-Lagrange equation for the functional (4.3)

(wzeg)e =0. (4.4)

In general all one-dimensional adaptive methods are reduced to the equidistribution princi-
ple. This is dueto the function z(£), being the solution of (4.4) with the boundary conditions
(4.2), is the one-to-one mapping { —z, since from (4.1) it follows that the Jacobian is posi-
tive. On the other hand, for any smooth one-to-one mapping z*(¢) with a positive Jacobian
we can define the weight function w=con3t(a:z)‘l and then z*(¢) will satisfy the equation
(4.4). Therefore, both the variation formulation of minimizing the functional (4.3) and the
Euler-Lagrange equation (4.4) include, as solutions, all smooth one-to-one mappings with a
positive Jacobian. A mapping, being not one-to-one, can not satisfy the equation (4.4) with
a positive weight function w(&).

Simplicity and geometrical clearness of the equidistribution principle have simulated
numerous attempts to extend it in the multidimensional case (cf. [10], Chapts. 1,34). An
analogous reasoning with purpose to obtain a mapping of the unit square in plane (&,17)
onto the domain 2 in plane (z,y) suggests to apply linear elliptic equations, where the
coefficients are defined as that in the one-dimensional case, for instance, in the following
way

(wlxg)g + (wgmn)n =0,

(w1ye) + (wayy), =0.

However, the class of all solutions of these equations with positive w; and wy contains
functions z(¢,n), y(&,n) which cannot execute a one-to-one mapping of the unit square
onto 2. A similar result is observed to many other differential and variational formulations,

employed at present time.

In this work we present a variational approach, based on the principle of the minimal en-
ergy density of amapping[15, 16], being a generalizationof the equidistribution principle in
the 2D case. It is formulated in the both continuum and discrete case in Sections4.10,4.11.
A complete proof is executed only for the discrete mapping in Section4.11.

This principle leads to a variational formulation of the elliptic grid generator. The main
idea is the following. In every cell, it is introduced a local mapping of this cell onto an-
other cell with a shape given in some manner or obtained using an algorithm by introducing
additional information. In particular, as an objective shape one can use a shape of the corre-
sponding grid cell, generated at the first stage. Thus, for every cell the parameters, defining
the shape which the cell should tend to, are given. For instance, in the triangle there are two
parameters: two sides length ratio and angle between them. The shape measure is a quantity
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inverse to the energy density. Maximum of such a shape measure corresponds to the min-
imum of the energy density and it is attained if and only if the shape of the element is the
same as that in the corresponding objective shape. We formulate a local objective function
(i.e. energy density) and its minimization allows us to obtain a cell shape being homothetic
to a given one. A global objective function (or energy density) is obtained by summing the
local shapes over all grid cells. Grid correction is defined by minimizing the global energy
density. This user-defined grid quality measure is implemented in the optimization-based
method of grid generation and improvement. The approach can be considered as extension
of methods, based on constructing a mapping being a composition of the algebraic map-
ping and inverse to the harmonic one (see [8, 23] and chapter 5), giving a guarantee that the
composite mapping is invertible in the continuous approach. The present approach gives
such a guarantee at the discrete level.

The energy density of grid deformation is a discrete functional with an infinite barrier
at the boundary of the set of unfolded grids and is an extension of the barrier function,
introduced in [11] (see also [S]). Barrier functions for grid generation and optimization
have been also considered in [24], [19]. The barrier property is very important in problems
with moving boundaries and in moving adaptive grid technology [1, 2, 3] because such
methods ensure generation of unfolded grids at every time step. The direct control of the cell
shape is used to provide mesh orthogonality with a prescribed cell width near the boundary.
Adaptation to the solution of the host equations can be realized as in the adaptive-harmonic
grid generator [14]. In the 3D case the well known tetrahedron shape measure, such as the
mean ratio, can be obtained from the energy density of the deformation of the equilateral
tetrahedron. The condition number of the Jacobian matrix, measured in the Frobenius norm
[18], can be obtained as well.

4.2 Energy Density of a Linear Transformation in 2D

The energy density of a mapping is introduced for the linear transformations of a plane.
This quantity characterizes the underlying linear mapping and is an orthogonal invariant,
i.e., it does not change under orthogonal transformations. Consider a linear transformation
of the coordinates

z=cnf+cm+c, y=cal+cantce. 4.5)

This transformation is defined uniquely by the mapping of three points, not located along
a straight line, in plane (&,7) into three points, not located along a straight line, in plane
(x,y), see Fig.4.1. The matrix c=(c;;) is the Jacobi matrix of the mapping (4.5). If the
Jacobian of the mapping, equal to the determinant of the Jacobi matrix, is not equal to zero,
ie.
J =cncp —cc2 #0,

then this mapping is invertible (nondegenerate).

Consider in what way the distance squared between two points changes under the trans-
formation (4.5). First, the coordinates are shifted so that ¢;=0 and c;=0. Then, under



88 Sergey A. Ivanenko and Boris N. Azarenok

3
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L,
P
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Yy 4 n 1 I 9
I 9
x 1
(a) (b)

Figure 4.1: Correspondence of vertices under the mapping of a triangle in plane (£, n) into
a triangle in plane (z, y).

the invertible mapping, the radius vector r=(z, y) length squared can be represented as a
positive definite quadratic form

2% +y% = 112 + 2g12€n + goan® > 0. (4.6)

The elements of the symmetric and positive definite matrix g=(g;;)=c'c (c' is a trans-
posed matrix) are given by formulas

2 2 2 2
g11 =¢€11+ 31, 912 =921 = C11€12 +€21C22, G292 = Cig + Coq .

One can readily check that
11922 — gty = J° . 47

In analytical geometry, there is a theorem stating that by rotating the &, n-coordinates through
some angle o
E=¢cosa—n'sina, n=¢sina+n cosa,

the quadratic form (4.6) can be reduced to the canonical form
22+ 9 = 91187 + goun’” (48)
where the coefficients g7, and g5, are the roots of the quadratic equation
X — (911 + g22)A + 911922 — 912 = 0. (49)

The equation (4.9) is a characteristic equation of the quadratic form (4.6). Its roots are
always real, since the discriminant is positive

(911 + g22)° — 4(g11922 — 933) = (911 — 922)% + 493, > 0. (4.10)
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Since the matrix g=(g;;) is positive definite, the roots are positive: Aj, A > 0.
Let A1, A2 be two solutions of the equation (4.9). The coefficients of this equation

tr(g) = (911 + g22) = M1 + A2, det(g) = g11g22 — 9% = JZ = M),

are said to be the orthogonal invariants of the quadratic form (4.6), since they do not change
under the orthogonal transformations of plane (£, 7), i.e., under the superposition of a rota-
tion, reflection, and shift.

The discriminant of (4.9) depends only on invariants and equals zero if and only if

gnn =92, g12=0. (4.11)

If the conditions (4.11) are satisfied, the linear transformation (4.5) is conformal, i.e., it is
a superposition of the orthogonal transformation and dilatation with the same coefficient
along the both axes. From (4.10) it follows that

1 gu+gx
2 /911922 — 97>

moreover it turns into the equality if and only if the conditions (4.11) are satisfied.

Accordingly to the theorem on reducing the quadratic form (4.6) to the canonical form
(4.8) it follows that any invertible linear mapping is a superposition of an orthogonal trans-
formation and dilatation along the ¢’,7/-axes with the coefficients v/X; and v/)z, respec-
tively. Under this mapping the unit square is transformed into the rectangle with the sides
VA1 and V).

In the physical sense the expressionin the left-hand side of (4.12) is the (internal) energy
density. Actually, the numerator in (4.12), equal A\;+ Mo, is the sum of the lengths squared of
the rectangle sides, i.e., proportional to the elastic deformation energy of two springs with
zero length oriented along the ¢, 7’-axes. The denominator is the rectangle area /A1 As.
Thus, this expression (in the left-hand side of (4.12)) is the orthogonal invariant of the
mapping (4.5) and can be written in the form

1 tr(g) 1N _ Ao
e(z,y)(f,n)—§ det(g)—§ = <\/; \/;) (4.13)

We refer the function e(z,y) to as the (internal) energy density of the mapping
(&,m)—(z, y). Its minimum is achieved under the mapping, satisfying the condition A\;=\s,
which is equivalentto (4.11). Note thatin the 2D case the energy density is also a conformal
invariant, since it does not change under a linear conformal transformation (&, 7)—(¢’, 7).

We extend the formula (4.13) to the case of a linear mapping between two planes,
defined by different linear transformations of the same plane (£,7). Consider a mapping
(X,Y)—>(z,y), where (&, n), y(&,n) and X (§,7), Y (&, n) are two linear transformations
with the matrices c and C, respectively. The vector length squared z2+y? and X2+Y?2 is
calculated using positive definite quadratic forms with matrices

g= (gij) = CTCa and G = (Gij) =C'C.

>1, (4.12)
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The quadratic form, corresponding to the mapping (X,Y)—(z,y), is defined by the
matrix (C~1)TcTcC~1. The characteristic equation is of the form

det[(C™1)TcTeC™! — M| = det(C) 2det(c'c— ACTC) =0,

where I is the identity matrix. Hence, subject to the matrix C is invertible, the character-
istic equation for the matrix (C~1)T¢cTcC~! possesses the same solutions Aj, Ao as the
characteristic equation of the pair of quadratic forms

det(g — \G) = det(G)det(G™1g—\I)=0. 4.14)

The orthogonal invariants of the mapping (X, Y)—(z, y) depend upon the eigenvalues
A1,2 of the matrix (G~ 1g)

911G22 — 2912G12 + 922G 11

— i (Glg) = 1,4 12 22 _
A+ X =tr(G7g) = gnG + 2912G * + 922G det(C) ,

_ —1., _ det(g)
Mg =det(Gg) = det(G) .

Here G% are the elements of the matrix G~! inverse to G. Substituting them in (4.13), we
obtain

tr(G~! 1 -2
r(G7g9) _ 19uGn—2012G12 + 922G @.15)

1
2\ /det(G-1g) 2  \/det(g)/det(G)

Note that the formula (4.15) is symmetric with respect to g and G, and, consequently,

e(z, y)(X,Y) =

e(z,y)(X,Y) = e(X,Y)(z,y) .
We formulate the properties of the energy density of the linear mapping.

1. The energy density is an orthogonal invariant, which remains unchanged under
orthogonal transformations of planes (X,Y) and (z,y). Moreover, it is also a confor-
mal invariant, since e(z,y)(X,Y)=e(az, ay)(8X, BY) with any a,3 > 0. In the 2D
case the energy density is identical to the direct and inverse linear transformations, i.e.,
e(z,y)(X,Y)=e(X,Y)(z, y).

2. If a mapping z(X,Y),y(X,Y) becomes singular, i.e., J — 0, and if at least one
of the quantities A1 or 3 does not tend to 0, then the energy density e—oo. If the energy
density does not tend to 0o while J — 0, the transformation degenerates into a point:
(X,Y)—(0, 0), and in this case A\1 — 0 and Ay — 0 simultaneously.

3. Optimality principle. Minimum of the energy density e(x,y)(X,Y) of a linear trans-
Jormation (X,Y)—(z, y) is equal to 1 and is attained if and only if \1=M\o, i.e., provided
that the transformation is conformal.
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4.3 Shape Measure for Triangular and Quadrilateral Cells

Consider a linear transformation of a given triangle in plane (£, 7) into a triangle in plane
(z, y). The sides and angles Ly, Lo, ® and [,, l2, ¢ of the triangles are shown in Fig. 4.1. A
correspondence between the vertices of the triangles defines a unique linear transformation
(4.5). The Jacobian of the transformation is equal to the areas ratio

lilssing

J = det(c) = crica — crgem = 22228 ¢,
et(c) = c11c22 — c12€21 I.I,5n8 >

(4.16)

Note that the conformality condition is the similitude conditions for the triangles

h L

lo, Ly’
In the 1D case, the shape measure has no sense, since any two segments are homothetic.
We aim to construct a shape measure et(ly, l2, @, L1, L2, ®) so that its minimum pro-

vides the conditions (4.17) to be fulfilled. Clearly that it should be ”dimensionless”, i.e.,
not change at substitution

p=2. (4.17)

(13,12, L1, L2) = (Bly, Bla, BL1, BL2) ,

where $7#0 is a real number. The shape measure is a characteristic of a linear transforma-
tion, induced by a mapping of a given triangle in plane (¢, ) into a triangle in plane (z, y).
Hence, it should not change under an orthogonal transformation of plane (£, 77), and, there-
fore, depend only on the orthogonal invariants of the quadratic form (4.17). For instance,
the function

L L

2
F= (E_ L—z) + (p— ®)2, (4.18)

is not invariant under the orthogonal transformations, and, consequently, can not be used as
a shape measure. We demonstrate it in the case depicted in Fig. 4.2, where it is presented the
linear transformation of the figure (grid cell), consisting of two triangles: equilateral and
right-angled isosceles. The linear transformation is a dilatation along the &-axis: z=pg¢,
y=1. Let l;; be a length of the side joining the points with numbers 1,7, and ;;x be the
angle between the sides I;; and /. Similarly, we introduce L;; and ®;;;. Note that the
shape measure for the equilateral triangle should not depend upon numeration, i.e., the
following equality is to be hold

m ™ ™
e'(las, 124, 324, 1, 1, g) = e'(l34, l23, 0432, 1, 1, §) = €*(lag, I3, p243, 1, 1, §) .

This equality does not hold for the function (4.18), since it is not invariant under the or-
thogonal transformations. Actually, the shape measures of the right-angled and equilateral
triangles are known and used in smoothing irregular grids (cf. [13])
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i3, + 13
o 1.1 5y _hatlia
e (li2, lia, 214, 1, ’2) 2119014 8in 914

2 2 2
t m ly3 + 154+ 134
lys, | 1,1,-) = : , .
€ ( 23, 124, P324; 3 ) 4l23l24 SIN Y324 sm(7r/3)

It may be of interest to note that in this example the above functions take the same value
for the both triangles, equal to the energy density of the mapping.

y’ 1 2 nll 5
z £

Figure 4.2: Dilatation of figure consisting of two triangles.

So as to derive the shape measure in a general case we rewrite (4.13) in terms of the
sides length and angles of the triangle. Since the energy density (4.13) does not change
under a coordinate system rotation in plane (£, 7n), we assume that the side L; is parallel to
the -axis. Draw a perpendicular from vertex 3 to this side. Point 4 is intersection of them,
see Fig. 4.1 b. Due to linearity of the mapping it follows that the image of this point divides
the side [; with the same ratio as that for the side L; as for the side L;. It follows that

dz\? (8;1;)2 9 (Lg cos<I>>2 o 12
(&) +(Z) = Lycos®)~2 = -1 |
a1 <8§> 8§ 1 Ll ( 2CO ) L%
_ (9=, (%Y
g22 = an an

2
= [l% <Lzzos<1>) +12 — 201l, (ngos (I)> COS(p] (Lysin®)~2.
1 1

Recalling (4.16) the function (4.13) takes the form
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ot — _l_l%Lg + lgL% — 2419 L1 Ly cos pcos ® (4.19)
- 2 lll2 sin (,DL1L2 sin ® ) )

This function is said to be a triangle shape measure. Note, when deriving (4.19), we as-
sumethat [y, I, Ly, Ly#0, ¢, ®#0, and ¢, P#x. The formula (4.19) can be obtained from
(4.15) if to define the mappings with g11=1%, goo=12, g12=l1l cos p, G11=L%, G22=L3},
G12=L1 L2 cos ®. The shape measure can be also interpreted as the energy density.

To check whether the conditions (4.17) are satisfied, we introduce notations from [9]
(see also chapter 2)

1} = pexp(a), L} = Rexp(A), 15 = pexp(—a), L§ = Rexp(—A).
With these notations the expression (4.19) takes the form independent on p and R
. .sh?85B ysin2 €2

= . 4.
¢ =2 sin ¢ sin ® +1 (4.20)

It is clear that the minimum of (4.20) is attained if =B and =9, i.e., the conditions
(4.17) are satisfied. Note that 1/e! is a triangular shape measure according to the definition
given in [7] and applied for triangles. Note that in [9] (see also chapter 2) it was suggested
a functional with an integrand equal to the numerator in (4.20). Below we will show that
it is the denominator sin ¢ sin ® that provides the “barrier property” guaranteeing unfolded
grid generation. The barrier property satisfies the conditions of invertibility for the global
mapping.

From (4.20) and property 3 of the energy density (see Section4.2) it follows

Property 1. If two triangle vertices are fixed in plane (x,y), then the function e pos-
sesses a unique minimum being attainable if and only if a=A and p=9, i.e., when the
conditions (4.17) are satisfied.

Consider the shape measure (4.19) when the mapping degenerates, i.e.,at J — 0. We
assume that the triangle in plane (&, 77) does not degenerate.

Since J=l;lysin /(L1 L4 sin ), there are possible two cases:

a) The triangle in plane (z,y) degenerates into a segment. It is possible subject to
sinyp — 0 or only one of values I3, I3 tends to zero.

b) The triangle degenerates into a point and then [, [ — 0 simultaneously.

From property 2 of the energy density (see Section 4.2) it follows a local barrier property
of the triangle shape measure.

Property 2. If the triangle in plane (x,y) degenerates, i.e., J — 0, and at least one of
the values l,, l5 does not tend to zero, then e — +oo.

Note that if J — 0 at J<0 and at least one of the values [;, I3 does not tend to zero,
then et — —oo0.

The sign of the Jacobian coincides with the sign of the term sin ¢ sin ® in the denomi-
nator of (4.20). Hence, the Jacobian can be positive (J>0) in two cases:
a)0<p,P<m, and b) -1 < p, P <0.
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The energy density of a quadrilateral element can be expressed as

1

el = Z(ei +eb+ei+é), 4.21)

where, for example, et is the function (4.20) for the triangle corresponding to vertex 1 of
the quadrilateral element (see Fig. 4.2)

t_ ll%2L%4 + 1%414%2 — 2l19l14L12L14 cospa14cos o1y

el (4.22)

2 li2l14sin po14L12L14 sin 214

The quantities €%, e, e’ for the remain vertices are calculated similarly.

If to join the quadrilateral vertices with its center (centroid), we can define another
quadrilateral shape measure, based on dividing the quadrilateral into four triangles. It is
possible to define another shape measures, as a sum of triangle shape measures at some
partitioning of the quadrilateral.

The minimum of €9, equal to 1, is attained for a quadrilateral, being homothetic to a
given one. The properties of e? outflow from that of e, set forth above.

4.4 Energy Density of Grid Deformation

Consider an unstructured grid, formed by quadrilateral elements. A correspondence be-
tween local and global enumerations is defined as

n=n(N,k),n=1,2,...,Np, N=1,2,...,Ne, k=0,1,2,3,

where n is the global node number, N, is the total number of grid nodes, N is an element
number, N, is the number of elements, & is the local node number in the element.

The energy density of the grid deformation e” is obtained by averaging over all grid
cells

HEI 4.23)

where €, are calculated via (4.22).

There is an interesting property of the function (4.23). Consider a hypothetical case
when the grid structure and objective shape for every cell, identical to the shapes of an
existing grid, are known. If we specify positions of two arbitrary neighboring nodes of the
grid, then the positions of all other nodes can be obtained sequentially from the condition
eh=1. Similarly, if the positions of the internal boundary nodes are specified, then all other
nodes can be obtained layer by layer as that in a hyperbolic method, meantime the present
method is elliptic.

Obviously that any grid perturbation, when at least two nodes are fixed, leads e” to
increase, if the shape measure in the cells corresponds to the one in the initial grid.
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The main property of the energy density of grid deformation, resulting from local prop-
erties of the shape measure (see Section4.3), can be formulated as

Theorem. Every unfolded mesh, constructed in the domain by defined coordinates of the
boundary nodes, generates a class of grids with the same structure and with the same values
of sin y in the corresponding internal cell angles. Thus, the set of all grids with identical
structure and coordinates of the boundary nodes can be divided into classes, separated by
the infinite barrier of functions e", where the cell objective shape corresponds to a cell ofa
grid belonging to this class.

4.5 Specification of Objective Shapes near the Boundary

By virtue of the above theorem on the barrier property of the energy density, it follows that
a deformation of a grid, belonging to some class (e.g. to a class of convex grids, i.e., grids
consisting of convex quadrilaterals), can be executed by defining a cell objective shape so
that minimization of e” produces a mesh from this class. Meanwhile, a grid with the shape
in every cell equal identically to the objective shape may not exist. As an example we
specify a harmonic mesh, whose objective shape in every cell is a square.

To achieve grid orthogonality near the boundary we should specify the corresponding
cell objective shape. First, an “orthogonal” direction is to be specified in every boundary
node. With this purpose one determines an intersection point of two lines, parallel to the
boundary segments (i—1, ) and (¢,i+1) (see Fig. 4.3 a). The vector 1, orthogonal to the
interval (i—1, 7), is given by

z1 = do(—yi + ¥i-1)/V (wic1 — 7i)% + (yim1 — 1i)?,
y1 = do(zi — zic1) /v (ic1 — €)% + (yic1 — 4:)2

Here d is the width of the boundary cell layer. Coordinates of 7, are computed similarly.
The vector 7 is determined from the conditions

ri(r—r1)=0, ror—rz)=0.
Solving this system of linear equations, we obtain

- yolr1]? — y|ref? ’ _ _zmf? —zra®
T1Y2 — T2y T1Y2 — T2Y1

The cell shapes in the next layer can be obtained similarly. To provide a smooth trans-
formation of the cell shape from the boundary cell layer to the internal cell layer, a linear
interpolation of the objective shape is used along the corresponding curvilinear coordinate
lines. The shape of two cells at the ends of the interpolation layer is known. These cells
are scaled and rotated in such a way that their bottom sides coincide and interpolation is
performed along lines, connecting two top vertices of the cells (see Fig. 4.3 b)

73(J) = (1—s)rz+sra, #4(J)=(1—s)rs+sry.
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Figure 4.3:

The interpolation coefficient s is determined by a cell location in the interpolation layer

s=0—-1/(N;=1),

where N is the total number of cells in the interpolation layer along the j-direction, j is
the cell number in the layer. If necessary a polynomial (quadratic, etc.) interpolation can
be used here.

Coordinates of the objective cell vertices (X, Yx), k=1, 2, 3, 4 are specified as follows

(X17Y1) (0 0) (Xz, Y2) = (1’0)7 (X3,Y3) = (573> ?,73)7 (X4,Y21) = (574ag4)'

Note that many other algorithms can be formulated to specify the objective shape. The con-
ception “orthogonality near the boundary” can be introduced by the user himself. Besides,
the objective cell can be a non-planar quadrilateral. It may be of use to apply an arbitrary
quadrilateral in space R3. For instance, if we want that all four triangles, into which the ob-
jective cell is divided by every of two diagonals, to be equilateral triangles, then the regular
tetrahedron should be used as the objective cell.

4.6 Energy Density Functional

Consider a mapping (M, G)—(m, g) of two-dimensional manifolds M and m with metrics
G and g, respectively. We work with the same local system of coordinate &, 7 to the both
manifolds. The problem of minimizing the energy density functional is formulated as

tr(G™1g // (g71G)

d 424

// Vdet(G- 1 Vdet(g—1G) dtdn (424
_1 // 911G22 — 2912G12 + 922G 11

déd
Vdet(g)+/det(G) Lan

Note that the harmonic functional is

// 911G22 — 2g12G12 + g22G11 dedn
\/det(g)
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Consequently, the mapping, delivering a minimum for the functional I, will be harmonic if
instead of the metric G;; the “’scaled” metric

G'ij = ij/\/ det(G)

is used. In this case det(G)=1. The Euler-Lagrange equations for the functional (4.24) are
elliptic and, besides, subject to a non-positive curvature of M and convexity of its boundary
(with respect to the metric G; ;) the theorem on existence and uniqueness of the one-to-one
harmonic mapping (m, g) — (M, G) is correct (cf. [22]).

When adapting to a control (in other words monitor) function f(z,y) the metric g is
defined as follows (for details see [3, 5])

g11 = -’Eg +y§ + (fxxé + fyy§)2 y 922 = z?; + 3112; + (fa:xn + fyyn)2 ,

g12 = TeZy + Yeyn + (fa:xf + fyyf)(fmxn + fyyn) .
Substituting them in (4.24) we have

I= l// Di(1+ f2)+ Dy(1 + £3) + 2D3fo fy
2 (xeyn — Tnye)y/1+ f2 + f24/G11Gaz — GT,

dédn , (4.25)

where
Dy = z}G3s — 22¢x,G12 + 22G11, D2 = y¢Ga2 — 2ygyyG12 + ¥2Gu1

D3 = z¢yeGaa — (Teyn + Tnye)G12 + TnynGa -

The minimization problem for the functional (4.25) is equivalent to the problem of con-
structing such a curvilinear coordinate system (i.e. structured grid) on the surface z=f(z, y)
that the averaged energy density of the mapping (X, Y)—(z, y, f(z, y)) is minimized. The
mapping (§,7) — (X,Y) is assumed to be known, and the metric tensor components G;;
are calculated as

Gu=X{+Y?, Guu=XX,+YY,, Gu=X2+Y?. (4.26)

In the case of an unstructured grid, the problem is posed for the energy density of the
mapping of a target cell in plane (X, Y) onto the corresponding cell on the surface. Finally,
a minimization problem is posed to the sum of functionals written for every cell, i.e., for
the averaged energy density.

To control the number of cells contained in a subdomain of high gradient of f, it was
previously proposed to replace the function f(z,y) (cf. [10], Chapt. 8) by the function
caf(z,y), where ¢, is the coefficient of adaptation. The function f(z, y) is scaled so that the
difference of the maximal and minimal values of f equals to the diagonal of the rectangle
circumscribed about the domain in plane (z, y)

fma:c - fmin = \/(-Tma:c - -717min)2 + (ymaz - ymin)2 .
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The relative number of grid points, contained in a steep-gradient layer, increases with rise
of the coefficient of adaptation c,, whose value is usually set within the interval (0.05, 0.5).
In the case of an elliptic problem, the relative number of grid points, contained in the layer,
is approximately equal to c,/(c,+1) [13], i.e., about one-third of the points belongs to the
steep-gradient layer when c,=0.5.

Practical computations show that when a grid is adapted to a smooth function, an in-
crease in ¢, makes the resulting grid “sensitive” to a larger domain of a sufficiently steep
gradient. Furthermore, as ¢, — oo the grid, adapted to a continuously differentiable func-
tion f of one variable, is optimal in the C norm in the sense that the C-norm error of
piecewise constant interpolation is minimized. Indeed, with f replaced by c,f(x), the one-
dimensional functional (with G;;=4;;) has the form

1
I=/—-—-—d§,
:1:5\/1+C(21f3

and the corresponding Euler-Lagrange equation, which determines the asymptotic behavior
of the Jacobian of the adaptive harmonic grid, can be written as

ze = const(1/c2 + f2)71/2.
At the same time, a grid, being optimal in the C' norm under a piecewise constant interpo-

lation, is characterized by a Jacobian asymptotically expressed as
Te = const|f| 7L .
Therefore, the adaptive harmonic grid is optimal in the C norm as ¢, — 0.
When an adaptive grid is to be generated for a vector-valued control function with
components f;(z,y), rather than for a scalar f(z,y), one can write the functional I in the
following generalized form:

1 ] 23g g
7= 5// 01911~+~,3912j2‘ V922 _ dedn,
(Igyn - xnyé)\/gng:zz - 912\/G11G22 - G12

where
Gu=1+> c(f)2, Gr2=Y (fi)a(fi)y, G2=1+) c(f)2.

The minimization problem for this functional is equivalent to the problem of construct-
ing such a coordinate system on the surface, described by the vector function

r(z,y) = (c1f1, c2f2...)(z, )

that the averaged energy density for the mapping (X, Y)—(z,y, 7(z,y)) is minimized. As
a result one obtains a surface parametrization in the form (z, y, ¢1f1, c2f2...) (€, n), which
corresponds to a structured grid. In the case of an unstructured grid, the problem is posed for
the energy density of the mapping of a given cell in plane (X,Y") onto the corresponding
surface cell. When a problem of computational fluid dynamics is to be solved, fi(z,y)
denote either the flow parameters u, v, p, p or their functions, e.g. |V| = V42 + v2 (cf.
(1,2)).
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Figure 4.4: The cell in plane (£, 7) is a unitsquare. Solid lines indicate the underlying cell,
dash lines show the adjacent cells. The underlying cell is split into two triangles by the
diagonal 24 (and analogously by the diagonal 13).

4.7 Discretization

A finite-difference analogue of the functional I can be derived as follows. A square cell
(with the side equal to 1) in plane (&, i) is splitinto triangles by the diagonals 24 and 13, see
Fig. 4.4. The mapping of the square onto a quadrilateral cell in plane (z, y) is approximated
by the half-sum of two functions, each is a linear function in the corresponding triangle.

Denote the half-sum of these functions by z"(¢,7) and y"(¢, 7). They define a piecewise
linear mapping of the parametric square onto a quadrilateral cell. Unlike a bilinear map-

ping, the inverse mapping of the quadrilateral onto the parametric square has derivatives,

being discontinuous across the diagonals. Furthermore, the mapping of the square onto

the quadrilateral cell in plane (X,Y) with vertices X1, Y1, X2, Y2, X3, Y3, X4, Yy is also
approximated by the half-sum of two functions, being linear in the corresponding triangle.

All derivatives in the integrand of I are readily calculated, and the integral over the square
cell in plane (£, n) is approximated by the half-sum of the integrals of piecewise linear ap-

proximations for the underlying functions. As a result one obtains an approximation of the

integral (4.25) in the form

ho 1SS
"=2% % By, (427)

N=1k=1

where N; is the number of grid cells, k specifies the vertex number in the cell, see Fig. 4.4,
and the integrand is
_ aD; + D2 + vD3

Fy 7

(4.28)
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For brevity we omit the subscript & in the right-hand side of (4.28). These quantities are
defined as

1+f§ _ 1+f5 _ 2fzfy

a = ) - 77_ I
B\/1+ f2+ f2 B/1+ f2+ f2 B\/1+ f2+ f2

D1 = (Tk41 — k)2 Ga2 — 2(xx41 — k) (2k—1 — Tk)G12 + (k-1 — 2£)2G11 ,

Dy = (yk+1 — ¥x)°G22 — 2(¥k+1 — Yk) k-1 — Yk)G12 + (Yk-1 — )°G11
Ds=(xk+1— k) (Yr+1 — Yk) G22— [(Tk+1 — Tk ) (Yk-1 — Yk) H(zk-1 — k) (Yk+1 — ¥k)] G12
+ (@k-1 — k) (Ye-1 — y)G11
J = (Tk+1 — k) (Yk-1 — Yk) — (Tk—1 — k) (Yk+1 — Yk) »

and approximation of (4.26) gives
Gi1 = (Xps1 — Xi)? + (Y1 — Ya)?, G2 = (Xp—1 — Xi)? + (Yao1 — V2)%,

Gi2 = (Xk41 — X&) (X1 — Xk) + (Y1 — Ye) (Y1 — Yi) ,
B=4/GuGa - G%, = (Xk+1 — Xik) (Y1 — Yi) — (Xk—1 — X&) (Ye41 — Yi) -

4.8 Minimization Procedure

Recall that under a convex mesh we mean the grid, every cell of which is a convex quadri-
lateral. If the set of convex meshes is not empty, the system of algebraic equations written
for every interior node (here 4 is a global node number)

oIt oIt

Fe=m =0 M=y

has at least one solution being a convex mesh. To find it one should have an initial convex
mesh and then to use a method of unconstrained minimization.

The discrete functional I” is minimized by applying a quasi-Newton procedure. As-
suming the grid to be convex at the pth step of the iteration procedure we find the coordi-
nates of the ith node at the p+4-1st step using the quasi-Newton method in the sense that the
Hessian is a diagonal matrix

=0, (4.29)

)

o w,.,_T<RzaRy _ OB ) (BRZ OR, _OR, OR,

-1
3
oY; 4 y; ox; 8y,~ ox; Oy; ) 8 0

OR; , ORy\ (OR, OR, OR, OR, \ ™'
WoT <Ry oz; fa Ox; ) (52%' Oyi  Oz; Oy ’

p+1
Y

here the iteration parameter 7 is within the interval 0 < 7 < 1.
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To demonstrate, how to find R;, R, and their derivatives, we consider one of four tri-
angles, into which the cell is partitioned by two diagonals, e.g., with vertices 1,2 and 4, see
Fig. 4.4. The integrand (4.28) does not depend on rotation of the coordinates &, 77, and as a
result the formulas below hold for the remaining three triangles. For the triangle 124 setting
k=1, k+1=2, k—1=4 in (4.28) gives (we omit the subscript of F})

aD; + 8Dy + vD3
J b

F= 4.31)

where

__ 1+72 = 1+ 52 o ety
B aT A B A B AR
Dy = (z2 — £1)°G22 — 2(z2 — 21) (24 — 71)G12 + (x4 — 21)°G11,
Dy = (z2 — z1)(y2 — y1)G22 — [(z2 — 21) (ya — 1) + (T4 — 1) (32 — 91)]|G12
+ (z4 — z1)(ya — 41)G11,
D3 = (y2 — %1)°Ga2 — 2(v2 — 1) (¥4 — ¥1)G12 + (¥4 — 91)’Gu1,

Gu = (X2~ X))’ + (Y2 - 11)?, Gu=(X4-X1)’+ (Ya-Y1)?,
G2 = (X2 - X1)(Xs— X1) + (Y2 - 1) (Ya - 1),
B=(X2-X1)(Ya - Y1) - (X4 - X1)(Y2 - 1),

J = (z2 — 1) (ya — y1) — (T4 — 21)(v2 — 1) -

Here the derivatives f;, f, are calculated at point 1.
For the sake of convenience we introduce new variables

U=aDy+pDy+~D3, V=1J,

and by virtue of (4.31) obtain
F =

<I<

Using the chain rule gives

Fo= (U, - FV,)/V, F,=(U,-FV,)|V,
Fag = (Usg — 2FsVa — FVg) |V, Fyy = Uy — 2F,V,— FV,,)/V,  (432)

where
Ur = a(Di)x + B(D2)z + ¥(D3)z , Uy = a(Dl)y + ﬂ(D2)y + 'Y(D3)y , etc.

When differentiating, we assume f;, f, are independent on the variables z, y (frozen metric,
see [3]).
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When varying triangle vertex 1, the variables are x1,y;. Substituting them instead of
x,y, we have

(D3)z, = (y1 — 32)(G22 — G12) + (y4 — 1)(G11 — G12)
(D3)y, = (z1 — 22)(G22 — G12) + (x4 — 21)(G11 — G12) ,
(D1)z; =2(D3)y, ; (D1)y, =0, (D2)y, =2(D3)e, , (D2)e, =0,
(D3)z121 = (D3)y1yy =0, (D3)zyy, = G2 —2G12+ Gy,
(D1)erz1 = (D2)yiyy = 2(D3)eryy s (D) = (D1)zryy = (D2)zray = (D2)ayyy, =0,
Vo, =vo—ya, Voy =2a— 22, Viygy = Viyyy = Viyyy =0,

and via the formulas (4.32) we find the derivatives of F'.
When varying vertex 2, the variables are z3, y2. Analogously we have

(D3)z, = (Y2 — y1)Ga22 ~ (Y4 — 11)G12, (D3)y, = (2 — 21)G22 — (x4 — 21)G12,
(Dl)-’lrz = 2(D3)y2 ’ (Dl)y2 =0, (D2)y2 = 2(D3)22 ) (D2):€2 =0,
(Dl).’lzgzz = (Dz)yzyz = 2622 ) (D3)$2y2 = G22 )

(Dl)yzyz = (Dl):vzyz = (D2)$2x2 = (D2):c2y2 = (D3)$2$2 = (D3)y2y2 =0,

Ve, =y — 1, ‘/y2=.’131—.’134, szzzzvzzyzzv‘yzw:o'

When varying vertex 4, the variables are x4, y4. We have
(D3)zy = (ya — y1)G11 — (Y2 — 11)G12, (D3)y, = (24 — 1)G11 — (2 — 21)G12,
(Dl)m = 2(D3)y4 ) (Dl)y4 =0, (DZ)y4 = 2(D3)24 ) (D2)$4 =0,
(D1)zazs = (D2)yays = 2G11, (D3)zgy, = G115
(Dl)y4y4 = (Dl)x4y4 = (D2)$41‘4 = (D2)$4y4 = (D3)$4$4 = (D3)y4y4 =0,
Vea =91 - 92, Vy4 =221, Vimy = V$4y4 = Vy4y4 =0.

If vertex 1 corresponds to the ith node of global numeration, then the contributions of
four adjacent cells (see Fig. 4.4) are summarized by

4 4 4
[Reli = [Feli, [Ryli= Y [Fylis [Resli=D [Fuolt,
=1 =1 =1

4 4
[ny]i = Z[Fzy]l ) [Ryy]i = Z[Fyy]l :
=1 =1
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Here =1 corresponds to the triangle 124 of the underlying cell, /=2 corresponds to the
triangle 231 of the left cell, /=3 corresponds to the triangle 342 of the left-down cell, I=4
corresponds to the triangle 413 of the down cell.

To find the derivatives (f;); and (fy):, we discretize the following relations

fz= (ynfE - yﬁfn)/Ja fy = ("xnfﬁ + x{fn)/tL

and calculate them as average values over the four adjacent cells attached to the ith node

4 4 4 4
= SRl / S5 =Sl / S

Here the index ! corresponds to the same triangles as described above. For example, if /=1
then for the underlying cell we have

[fz)1 = [(ya—y1)(fa—f1) — (v2—v1) (fa—F1)]
[fyl1 = [(x2—21)(fa—f2) — (za—x1)(fa— 1)],

and J; is equalto J in the formula (4.31).

If a flow solver gives the values of the control function in the cell center, it is required
to update them to the nodes. Since every ith node (except boundary nodes) is surrounded
by four cells, it can be done by

4 4
fim caszJ,/zn,
=1 =1

where i is a global node number, ff is the value in the cell center, c, is the coefficient of
adaptation which may depend on the node position, i.e., c,=c,(z, y).

Remark 1. The method of untangling the initially prepared folded mesh was suggested
in [12] (see also [11] p. 389). When treating a folded mesh the computational formulas are
modified so that the initial greed need not belong to the set of convex grids. The quantities
Jx, in the denominator of (4.31),(4.32) are replaced with new quantities

G 0 J>e,
T 1le if J<e,

where £>0 is a small quantity.

Remark 2. Numerical experiments have shown that employing the standard Newton
procedure, when it is used the full matrix of the second derivatives (it consists of seven
blocks, each block is a three-diagonal matrix), does not provide gainings when executing
the iteration procedure analogous to (4.30). This is because the gainings in decreasing
the mesh iterations are insignificant and additional computational operations (necessary to
invert this matrix) reduce these gainings to zero and even leads to increasing the running
time.
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4.9 Boundary Nodes Redistribution

The algorithm of redistributing the boundary nodes, consisting of using constrained min-
imization, has been suggested in [3]. Such an approach leads to consistent redistribution
of the grid nodes inside the countable domain €2 and on its boundary 02, which increases
the reliability of grid generation and modeling the main flow problem. In this approach, we
minimize the following discrete functional

N. 4
:%ZZ%[F"]N+Z’\1HI=I"+ZMH¢, (4.33)

N=1k=1 lel lel

where the constraints H;=H (z;, y;)=0 define 052, ); are the Lagrange multipliers, £ is the
set of the boundary nodes. The function H(z, y) is assumed piecewise differentiable.

If the set of convex grids is not empty, the system of algebraic equations has at least one
solution being the convex mesh

Ih ; Ih H,
O 2\ _y, Ry=g—y_ a2 o, m=o0. (4.34)
(]

R = 5 9z; Ay;

Here )\;=0, if 7 ¢ £ and constraints are defined for the boundary nodes i € L.

Consider the method of minimizing the functional (4.33) assuming the grid to be convex
at the pth step of the iteration procedure. We use the quasi-Newton procedure to find the
coordinates z’i’ + v *1 of the ith node from the system (4.34)

OR, OR, OR,
TRz_i_% (xg-f-l p)+ yz (yfz-f-l P)+ 3)\ ()‘p+1 )\f) = 0,
TR aaf%’ (P! —2f) + 88]; yPt! yi")+ YR _ NP = 0, (4.39)
rHy+ S (@ - ) + y:"“ W) = 0,
where
OR, %I +)‘.<92Hi OR; o2 Yy 0%H; OR,  OH;
81131' - 3:1712 ¢ c‘)zf ’ Byi N az‘iayi ’Bxiayi ’ 3/\1' N az‘i ’
OR, 0" gy 9°H;  OR, _0I" N A.5'2H,~ OR, _ OH;
or;  0x0u ‘0z0y; T Oyi  OyP “oy? T 0N Oy

Resolving the last equation of (4.35) about y? o y? and substituting it in the two
remaining equations, we get the system

+1
a1 a2 wp $p _{ a3

1 =
a1 a2 /\f+ /\p azs /)’
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where

_ OR, OR, 0H; /O0H; _ oH; _ [6R, . /oH,
oz = Oz; Oy; Ozx; Oy; ’ 922 = Oy, ’ =T [ Oy; H,/ Oy; Ry}

Since H; = 0, the terms a3, aq3 are simplified. Denoting

A = ajja — a12a21, ADi = aizax —azza1z, ANz =ajjaz —azai3,

we obtain
=+ A /A, N =N AN, (4.36)

and y? *+1 is determined from the third equation of (4.35). If the constraints are resolved

about y in the form H(z,y) = y — h(z) = 0, then
OH; _  0Oh OH;
Bx,- - Bzi ’ 8y,-

=1,

andabove formulas are simplified. Constraints can be resolved about z in the form H(z, y) =
z — h(y) = 0 and then (here it is better to resolve the third equation of (4.35) about
+1 _ 1’{)

% =1 OH; _ _%

0z; " Oy 7
These two forms of H (z, y) can substitute for each other. For example, on the part of 952
" that is nearly parallel to the axis z the boundary should be defined in the form y = h(z),
and where 01 is nearly parallel to the axis y it should be defined as = = ﬁ(y).

If 99 is given by parametric functions z=z(t), y=y(t) or tabular values (z, y);, the
following algorithm can be used. When calculating the coordinates of the ith node, in
the interval (z;_1, z;+1) We construct an interpolating parabola t=t(z) using the values in
three nodes i—1, , i+1. From (4.36) we compute an intermediate value Z7 *+1 further from
the interpolation formula we determine t;=t(Z*') and final values z?*", y?*! from the
parametric formulas.

Another way of redistributing the nodes along 0f2, given as parametric functions or
by tabular values, employs an unconstrained minimization of the functional in parametric
form and is based on solving the following system of algebraic equations, referred to as
parametric minimization,

azz ayz _
at, TRy, =0

via the quasi-Newton procedure

aRt (t’H’l £)=0. 4.37)
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Here
OR, _ OR; (9z:i\> OR, (3w 2+ OR. _ ORy'\ 0z; Oy
ot; - oz; ot; ovy; ot; oy; ox; ot; Ot;
32.'131; Bzyi 31 h 31 h
+RI8t§ +Ry8t? , RI_Bxi , Ry—é—y—i.

Remark 1. For the analytical control function f, constrained and parametric minimiza-
tion provide similar results. Real-world 2D flow computationshave shown that it is better to
perform adaptation along the boundary using constrained minimization (4.35), (4.36) since
the procedure (4.37) does not always ensure consistent redistribution of the nodes in 2 and
on 0N

Remark 2. Using the constrained minimization without adaptation (in (4.25) we set
f=const.) and with Euclidean metric G (G11=G22=1, G12=0) implies that we seek the
conformal mapping z(&, 1), y(£, n) of the parametric square onto the domain (2 with an ad-
ditional parameter, so-called conformal modulus. This is because according to the Riemann
theorem under the conformal mapping we can define correspondence only between three
points on the boundary contour of the physical and parametric domains, and in our case
there is a correspondence between four comer points on the boundary. That is why such
a mesh is said to be rather a quasi-conformal grid, and, therefore, the mapping is quasi-
conformal. For the first time the quasi-conformal mapping in grid generation was applied
in [8].

To demonstrate it we write the Dirichlet functional for the direct mapping z(¢,7),
y(&,m)

I(z,y) = / (22 + 92 + 22 + y2) dedn, 4.38)
for which the Euler-Lagrange equations are the system of the Laplace equations
Azx=0, Ay=0,
where the Laplace operator is expressed in terms of the variables &, . Applying the identity
g + Y+ 2h +yh = (26 — yn)* + (@0 + v6)? + 2aeyy — z%e)
we have
I@,9) = [l(ac = uo)? + (3 +ve)ldedn + 24,

where A is the area of the domain (2. Hence, the minimum of the functional (4.38), equal to
the double area of (), is attained under the conf ormal mapping obeying the Cauchy-Riemann
relations

Te=Yp, Typ=—"Y¢,
when it is defined the correspondence between three boundary points on the parametric
square contour (three corner points) and three points on 0f2. That is why, in general case,
the Diriclet functional is the measure of non-conformality of the mapping.
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Before proceeding to numerical examples, in the next two sections we will present a
variational principle, being an extension of the equidistribution principle in the 2D case. It
is formulated in the both continuum and discrete case. Complete proof is executed only
for the discrete mapping. The reader, interested in practical applications, may omit these
sections.

4.10 Formulation of Variational Principle

Consider the problem of constructing a smooth mapping of the parametric square Q={(¢,7)
0<¢,n<1} onto an arbitrary domain €2 with given transformation between the boundaries
(zb,yp) : OQ — ON, where v, y1, are given functions, so that the resulting mapping

z(&,m), y(&,n) is invertible.
With the metric g defined in the domain §2 as

g =71+, 912 =921 = TeTy + Yeln, 922 =T2+ Y2, (4.39)
the energy density functional (4.24) takes the form

11, 5, o 2,2
+ y£)Gog — 2(xexy + G2 + (z2 + y2)G
I=1// (@ + y£)Gaz — 2(zexy + Yeyn)Grz + (27 + ¥;)Gu dedn. (440)

(Teyn — Tnye)v/G11Go2 — G2,
Here {Gim, I, m=1,2} are the elements of the symmetric and positive definite matrix

G(&n)=GT >0.
The integrand in (4.40) can be written as

-1
1 tr(G"g) 1A1+A221’ (4.41)
det(G~lg) 2 VA1Xe

where \; and ), are the eigenvalues of the matrix G~!g. The equality is attained if and
only if A\;=A;. Then it follows that 7>1 and /=1 if and only if

Glm = a(£7 ﬂ)glm 9

where a(&, ) is an arbitrary smooth function defined in the unit square. Hence, for every
one-to-one mapping with a positive Jacobian there exists a matrix G(&,7)=G" > 0 so that
the minimum of the functional (4.40) is attained under this mapping.

Instead of G it is convenient to introduce the matrix G with the elements

élm=Glm/\/ det(G) .

Then the functional takes the form

dédn.  (442)

lotv-l

l ~ ~
/ + yg G22 (:1:52:,, + yﬁyn)Gw + (1312, + y?,)Gll
s TeYn — Inle
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Since det(é’)zl, the elements of the matrix G are not independent. They are defined by
two smooth functions f1(&,n) and f2(&,n)

Gu=fi, G2=Gu=Vhf-1, Gu="f. (4.43)
The Euler-Lagrange equations for the functional (4.42) are

al‘& - 2[31135" + ’yx,,,, = :Bg(—Péz2 + Qélz) + iL‘n(Pélz — Qéu) s (444)
ayee — 2BYen + YYnn = Ye(—PGaz + QG12) + yn(PG12 — QG11) ,

where
a=z2+yd, B=TcTy+ yeyn, 7 =2 +4¢,
1 3@11 3@12 3@22 _1 8611 3@12 3622
P‘z(a 5 P TV ) ’ Q_z(a o ey T |-

Consider the class of all homeomorphisms from the unit square onto the domain (2,
satisfying the same boundary conditions as (zp, yb) : 0Q — 9. Recall that (zp, yb) :
0Q — 0N is a homeomorphism between the boundaries. Above we have shown that for
every mapping from this class there exists a matrix G (&, n) = GT > 0 so that the minimum
of the functional (4.42) is attained under this mapping.

It may be conjectured that the class of all smooth two-dimensional homeomorphisms is
equivalent to the class of all smooth symmetric and positive definite 2x2 matrices with a
determinant equal to a unity at every point of the square.

To substantiate this conjecture, it remains to show that for any smooth symmetric and
positive definite matrix G(&, n) there exists a homeomorphism, under which the minimum
of F' is attained. The class of such homeomorphisms is defined by all possible pairs of
smooth functions f1(§,n) and f(&, n) satisfying the conditions (4.43).

We formulate the conjecture in the form of the variational principle, allowing to single
out a class of homeomorphisms among all possible mappings of the square onto (2 with a
defined one-to-one mapping between the boundaries.

Optimality principle. 4 smooth mapping of the unit square Q onto a domain S is a
homeomorphism if and only if it delivers the minimum of the functional (4.42) with some
symmetric and positive definite matrix-function G.

If this hypothesis holds true, then the following proposition is correct. A mapping, being
not a homeomorphism, cannot minimize the functional F with any matrix G(¢, 7)=G ' >0
and thereby satisfy the Euler-Lagrange equations (4.44).

4.11 Variational Principle at Discrete Level

The grid generation problem is considered in the following formulation. In a simply con-
nected domain € in plane (z,y) a grid {(z, y)i;,1=1, ...,4* j=1,...,5*} must be con-
structed with given coordinates of boundary nodes (z, y)i1, (, ¥)ij*» (Z, ¥)1j> (T, Y)i=j-
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This problem is a discrete analog of the problem on seeking the functions z(§,7),
y(&,n), providing an one-to-one mapping of the square Q onto the domain §2 with a given
correspondence between the boundaries (zp, ) : 0Q — 0S2.

Consider the cell with number i+1/2, j+1/2 and enumerate its vertices as shown in
Fig. 4.4, i.e., the grid node (i, j) corresponds to vertex 1, node (i+1, j) to vertex 2, etc.
Each vertex corresponds to a triangle as follows: vertex 1 corresponds to A\4;2, vertex 2
corresponds to Ajo3, etc. Denote by Ji the doubled area of the corresponding triangle
(k=1, 2, 3, 4); for example,

Ji=(xz—z1)(ya— ) — (Y2 —n)(za — 1) =

(Tit1,5 — Ti5) (Wi 541 — Yi5) — (Wiv1,5 — Yi5) (T j+1 — Tij) -

A discrete analog of Jacobian positiveness may be written in the form of the inequalities
[Jk]i+l/2,j+1/2 >0, k=1,2,3,4; i = 1,.. .,'i* -1;,57=1,.. .,j* -1, (445)

where Ji=(Zk+1 — Tk)(Yk—1 — Yk) — (Yk+1 — Yk)(Tk—1 — k), the index k is cyclic, and
when calculating J; we set k—1=4 if k=1 and k+1=1 if k=4. When the conditions (4.45)
are fulfilled, every cell is a convex quadrilateral.

The set of grids, satisfying the inequalities (4.45), we denote as Wp. This set belongs
to Euclidean space R™i» where the total number Ny, = 2(i* — 2)(5* — 2) of degrees of
freedom is the doubled number of the interior grid nodes. In this space, Wp is an open
bounded set. Its boundary OW)p is the set of grids for which at least one inequality turns
into equality. Henceforth, the set W, is assumed to be nonempty.

Thus, any admissible set of coordinates of the boundary nodes defines a class of un-
folded (convex) grids satisfying the inequalities (4.45). With the purpose to characterize
this class it is naturally to use a discrete analogue of the variational principle, formulated in
Section4.10.

The discrete analogue of the functional (4.40) is

*—1j5*-1

4
1
I*= (i* — 1) Z Zl ; 72 [Frlivyzi1/2 5 (4.46)

(rr+1—76) 2(C22)k=2(rk+1= k) (Tk—1—7k) (C12)k+ (Tk-1—7k)2(G11)k
Be= 2((zk+1 — k) (Yk—-1 — k) — (Yk+1 — &) (Tk—1 — k)]  (447)

where
rk= @e o), (Tke1 — k)2 = (@41 — 26)% + (k41 — ve)2 s

(kg1 — 7k)(Th=1 — Tk) = (Tk+1 — Zk) (Th=1 — Tk) + (Yr+1 — Yk ) (Yk—1 — ¥k)
(rk—1—1%)% = (Tp—1 — k)2 + (o1 — &)*,
(Gim)r, are the elements of the matrix

Ge=Gl >0, det(Gy)=1,
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referred to the triangle with the local number & of the (i+1/2, j+1/2)th cell.
Consider a symmetric and positive definite matrix (g)x with elements

(911)k = (Tk+1 —78)%, (912)k = (921)k = (k1 — 7k) (Tk—1 — Tk) , (4.48)
(922)k = (Tk—1 — T)% .

Substituting (4.48) in (4.47), we obtain

5—1
Fo=TGegy) Mt (4.49)

2\/det(Gilgr)  ZVMA2

where \; and ), are the eigenvalues of the matrix é;l gk- The equality in (4.49) is attained
if and only if A\;=M\,. Therefore, we have Fi>1, and F;=1 if and only if

(Gim)k = (9im)k//det(gr) -

The function I* posses the barrier property, which is established by the following
lemma.

Lemma. For any set of symmetric and positive definite matrices at every cell {é k(17),
k=1,2,3,4;i=1,...,i*~1; j=1,..., j*—1} such that det(ék)=1, the function I" has an
infinite barrier on the boundary of the class of unfolded grids W p, i.e., ifin a cell the area
of one of the triangles tends to zero, at the same time remaining positive, then I" — +oo0.

Proof. Assume that J, — 0 in some cell while I* does not tend to +00. Then the
numerator in (4.47) must tend to zero as well. From this and inequality

(k41 — 78)%(Ga2)k — 2(rk+1 — 7k) (rk—1 — 1) (G12)k + (k-1 — )% (G11)k
\/(Gu)k(Gzz)k —(G12)?

)\min(Gk)
>, Zmni R
- /\maz(Gk)

it follows that the lengths of two corresponding sides of the cell tend to zero, and, conse-
quently, the areas of all triangles, including these sides, tend to zero as well. Reiterating
this argumentation as many as necessary one finds that the lengths of all sides of all cells
must tend to zero. In other words the grid will shrink to a point, and this contradicts the
boundary conditions (the boundary grid nodes belong to the domain boundary). O

((re1 —7a)* + (k-1 — 72)?)

Now we prove the discrete analogue of the variational principle formulated in Sec-
tion 4.10.

Theorem. A structured grid {(z,vy)i;j, 1=1,...,%% j=1,...,j*}, constructed in a
domain ) by the given coordinates of the boundary nodes, is an element of the class of
unfolded grids Wp if and only if it delivers the minimum of the functional I" for some
set of symmetric and positive definite matrices {Gy(ij), k=1,2,3,4; i = 1,...,1*—1;
j=1,...,5*—1}.
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Proof of the necessity. Let a grid, satisfying the inequalities (4.47), be given. In every
cell, we introduce four matrices Gy=aygr, ar>0, k=1, 2, 3, 4, where the elements of the
matrix gx are given by (4.48). Instead of G we define the matrices G, with the elements
(Gim)k=(gtm)x/+/det(gr), determined uniquely by the elements of g, and det(Gy)=1. It
is easily seen that in this case every summand in (4.45) is equal to 1

t’"(Gk 9k) . t" gk gk)

2\/ledet(gk 2\/det(gk gk)

Consequently, for every grid from Wp there exists such a set of matrices ék(z’ 4) that I™
takes a minimal value equal to 1. Let us show that the grid, which corresponds to the
minimum /=1 for the defined set of matrices G (i5), is unique.

Really, if I"=1, then each term in (4.45) takes the minimal possible value equal to
Fi.=1. Considering the sum of four terms for some cell, we can see that if the coordinates of
two adjacent vertices are specified, the lasttwo are determined uniquely from the conditions
Fr=1, k=1,2,3,4. Thus, if I*=1, the mesh can be constructed sequentially, beginning
from the boundary. Initially, by the coordinates of two boundary vertices of a boundary cell
we determine the coordinates of two remaining vertices. Next this procedure is repeated for
the neighboring cell, etc. As a result the grid sought will be constructed. The constructed
grid is unique.

Proof of the sufficiency. Let the set of symmetric and positive definite matrices
{Gk(ij), k=1,2,3,4; i=1,...,i*~1; j=1,...,j*—1} be given. The function I* pos-
sesses an infinite barrier on the boundary of the class of unfolded meshes Wp according to
the Lemma of the barrier property. From (4.48) it follows that I” is bounded from below
by 1. Since I'* is a continuous function of coordinates of internal grid nodes, there exists at
least one grid from Wp, which delivers the minimum of I"* and the equations (the necessary
conditions of minimum)

61"/6z,-,- =0 , c’)I"/c’)y,-,- =0 ,

have at least one solution from the class of unfolded grids Wp. This completes the proof.
a

Remark 1. From this principle it follows that the class of nondegenerate grids Wp is
equivalent to the class of all sets of symmetric and positive definite matrices
{Gk(i7), k=1,2,3,4; i=1,...,i*—1; j=1,...,5*—1}, so that det(Gx) = 1.

Remark 2. The theorem can be extended to the case when the triangle areas in the
inequality (4.45) may be both positive and negative. It is possible, for instance, for the
triangles corresponding to the corners of the square @), if the angle at the corner point in the
domain §2 is greater than 7.

Remark 3. The problem canbe formulated for a block-regular grid consisting of several
regular grids. This is the case when the parametric domain, consisting of several rectangles
(rather than a parametric square), is mapped onto the physical domain. The principle can
be also extended to the case of an arbitrary irregular grid.
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4.12 Numerical Results

4.12.1. Horseshoe domain. We begin with grid generation in the horseshoe domain, shown
in Fig.4.5. Its bottom boundary is a half-circle with radius R=1 and top is a half-ellipse

with the semi-axes a=2 and b=2R, R=4.5. Two other sides are the straight-line segments.
This domain is of interest, because the Winslow’s method [26] produces a folded mesh and
besides all interior grid nodes are located near the bottom boundary. Meanwhile, a suitable
mesh is constructed by drawing the straight-lines joining the opposite sides, see Fig.4.5 a.

The variational barrier method [11] (functional (4.40) with the Euclidean second met-
ric G: G11=Gy2=1, G12=0) delivers the mesh presented in Fig.4.5 b. Some grid cells,
attached to the top boundary, are very stretched and this mesh is unfit to calculation.

The presented method allow to obtain both the mesh from Fig.4.5 a and 4.5b. For
instance, if as an initial guess to define the mesh from Fig. 4.5 b and as an objective shape to
prescribe the shape of corresponding grid cells from Fig. 4.5 a, then minimizing the energy
density functional we get the mesh from Fig. 4.5 a in several tenths of mesh iterations.

If as an initial guess to define the mesh from Fig.4.5 a and as an objective shape to
prescribe the square for every cell, then, minimizing the energy density functional, we get
the mesh from Fig.4.5 b with maximum value of the energy density (over all cells) equal
to 7.9 and average equal to 1.9. By this values one can judge how far the produced mesh
from the square grid. Note that the minimum value of the energy density, equal to 1, is
not attained, however the minimization problem possesses the unique solution. For more
complicated domains the uniqueness of the solution can be lost.

There are possible different ways to define the cell objective shape to attain mesh or-
thogonality near the boundary. In Section4.5, it was presented a simple way to define the
boundary cell shape and the mesh, constructed using this method of orthogonalization, is
shown in Fig. 4.5¢c. The width of the objective boundary cell is equal to 0.1. The width of
the interpolation layer along j (number of cell layers) is equal to 5. For remaining cells, as
an objective shape, we define the cell shapes of the mesh depicted in Fig. 4.5 a. The maxi-
mum value of the energy density over all cells is equal to 1.4 and averageequal to 1.07. The
mesh is “more orthogonal” near the top boundary than the mesh of Fig. 4.5 a. However, the
shape of the boundary cells is insufficiently close to the objective shape.

Analogous results are obtained when using the square as the objective cell shape ev-
erywhere except the boundary cell layer and interpolation layer. This mesh is shown in
Fig. 4.5d. Here the width of the objective boundary cell is equal to 0.1 and interpolation
is executed along five cell layers. The maximum value of the energy density over all cells
is equal to 6.1 and average equal to 2.48. In toto the mesh differs substantially from the
grid of Fig. 4.5 ¢, however, the shape of some boundary cells is rather far from the objective
ones.
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(9)

Figure 4.5: Examples of grids in the horseshoe domain.



114 Sergey A. Ivanenko and Boris N. Azarenok

Hence, there is a necessity to obtain such a boundary cell shape which is exactly equal
to the objective shape. It can be attained as follows. Besides the objective shape of the
boundary cells we define an initial mesh, and cell shape of this grid is defined to be an
objective shape outside the boundary layer. Next the function of the average energy den-
sity deformation of the initial grid is minimized. The resulting mesh is considered as the
objective one (except the boundary cell layer, for which the cell shapes are defined from
the beginning). Next again the energy density is minimized, etc. Solving sequentially the
minimization problems, in the end we obtain the mesh with cell shapes exactly equal to the
objective ones. Actually, both the cell shape and size are equal to the objective ones, re-
spectively. However, one may expect that if this procedure treats some (not a large) part of
grid cells, the cells, located far from treated cells, will not be deformed. This is confirmed
by the example depicted in Fig. 4.5 e. The mesh is produced for one layer of the boundary
cells with the prescribed width of the boundary cell equal to 0.1. As initial it is used the
mesh of Fig. 4.5 a. Both the maximum and average value of the energy density is equal to 1
(within 7 figures after the decimal point). Consequently, the shape and size of the boundary
cells are equal to prescribed. ’

Fig. 4.5 f, g demonstrates the grids obtained using the above procedure for two and four
layers of boundary cells, respectively. The width of all layers are equal to 0.1. Accuracy of
the solution is the same as that of Fig. 4.5 e. The last case demonstrates that, if the number
of boundary layers is equal to 4, the number of grid nodes is insufficient for precise approx-
imation of the domain and there appears too stretched cells in the center of the domain and
near the bottom boundary.

The mesh, presented in Fig. 4.5 h, has four layers of boundary cells with the layer width
equal to 0.01. We see that the presented method can condense significantly the grid lines
to the boundary. We also performed computations up to the case when the width of the
first boundary layer is equal to 1075, This mesh is similar to presented in Fig.4.5 h, and
boundary cell layer is so narrow that can not be seen (that is why we do not present it here).

4.12.2. Grid in the external aerodynamics problem. When solving external aerody-
namics problems there are specific requirements for the grid generation methods. This is
because the countable domain on one side is bounded by the streamline contour, whose
shape is described rather precisely and requirements for nodes location are stiff, and on the
other side by the outer shock wave (if supersonic flow) or by a far outer boundary (if sub-
sonic flow) where requirements for nodes location are weak. Especially stiff conditions are
imposed when modeling the viscous flow near an airplane. Here the width of the boundary
layer is about 103 — 10> of the typical linear size. Models of turbulence require that the
mesh to be orthogonal near the body surface. The actual problem is construction of a grid
of a simple structure, e.g., O-type mesh in the 2D case, being orthogonal near the boundary
with prescribed number of boundary cell layers of a necessary width.

An example of the O-type 111x37 mesh is presented in Fig. 4.6 a. The internal bound-
ary of the domain is the airplane contour (due to symmetry we demonstrate only the right-
half of the domain). The boundary layer has the width about 1073 of the typical line size
and consists of 7 cell layers. Fragments of the mesh are presented in Fig. 4.6 b, c. The mesh
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Figure 4.6: O-type 111x 37 mesh around airplane contour (a) and close-up (b), (c). Due to
symmetry only the right-half of the domain is shown.
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Figure 4.7: O-type 101 x51 mesh with fixed boundary nodes (a) and quasi-conformal grid
(b) generated with constrained minimization of boundary nodes.
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is orthogonal (in the sense defined in Section 4.5) near the body.

4.12.3. Quasi-conformal mesh. We demonstrate the quasi-conformal mesh generation
in the sense stated in Remark 2 of Section4.9. Fig.4.7 a presents the mesh constructed
around a triangle with the variational barrier method. On the outer boundary (left and right
outer boundary is a half-circle) the grid nodes are fixed. Next we employ the unconstrained
minimization for the boundary nodes and obtain the mesh shown in Fig. 4.7 b, which is a
discrete realization of the quasi-conformal mapping. Here the boundary nodes move along
the axis of symmetry (boundary from the left grid end to the triangle left vertex) as well.
The boundary nodes along the triangle contour are fixed, since in general, the conformal
mapping near the internal boundary produces the mesh which may not be applicable for
modeling. Meanwhile, in addition we can execute the mesh orthogonalization (with con-
densing if necessary) near the triangle contour as in the example of item 4.12.2.

4.12.4. Modeling detonation wave motion. Note that simultaneous employing the adap-
tation and Riemann metric G in the parametric square, i.e., using the functional (4.25), is
possible only if when adapting the direction of grid nodes motion to the singularity of the
solution (shock waves, slip lines, boundary layers, etc.) coincides (or nearly) with the di-
rection into which we move the nodes using the second metric G. If these two mechanisms
employ the nodes motion in different directions, the mesh distorts (remaining unfolded) and
is not fit for modeling. This occurs due to the following. In [3], for the model example, it
was shown that, when adapting to the discontinuity of the flow problem solution (without
the second metric G), the discrete functional has no minimum and the nodes travel back and
forth along the discontinuity providing grid lines condensing towards the singularity. If to
apply an additional constrain by “switching on” the second metric G, this a “weak-stable”
state is disrupted that causes distortion of the mesh. It does not mean that one method can
substitute the other. For instance, to adapt the mesh to the boundary layer with width being
smaller than the cell size, first, we should “catch” it by significant condensing the grid lines
to this narrow zone, and to do it we use the functional (4.40). After several cells have been
placed into the boundary layer, we “switch off”” the second metric and “switch on” adapta-
tion, i.e., employ the functional (4.25) with the Euclidean second metric G. Note that the
latter turns into the functional of smoothness written on the surface of the control function
f suggested in [20].

Example of the adaptive mesh, obtained when modeling the unstable detonation wave
motion (for details see [4]), is presented in Fig.4.8. The pressure is used as a control func-
tion f in the functional (4.25) with the Euclidean metric G. To execute a stable mesh
adaptation we employ the constrained minimization for the boundary nodes redistribution,
i.e., minimize the functional (4.33).

In the second case, presented in Fig.4.9, we employ the shock-tracking procedure for
the heating shock wave and apply the functional (4.40) to condense the grid lines towards
the right moving boundary (being the heating shock) so as to resolve accurately the zone
behind the wave. The height-to-width ratio in the boundary cells is achieved 10. Here we
distribute the nodes along the moving right boundary employing the functional (4.33).
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Figure 4.8: Adapted mesh (a) of 100 cells in height and close-up (b), (c). Pressure is a

control function f.
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Figure 4.9: Shock-tracking and condensing the grid lines to the shock using the metric G.
Mesh (a) and close-up (b).

4.13 Energy Density in Three-Dimensional Case

Consider an extension of the energy density for the case of a linear mapping of 3D Eucle-
dian spaces defined by different linear transformations of space (&, 7, ). Thus, we discuss
the mapping (X, Y, Z)—(z, y, z), where z(§,n, u), y(&,m, 1), (&, n, 1) and X (&, n, ),
Y(&m, 1), Z(&,n, 1) are two linear transformations with matrices ¢ and C, respectively.
The vector length squared 22+y2 and X 2+Y? is calculated using positive definite quadratic
forms with the matrices g=(g;;)=c' ¢ and G=(G;;)=C" C, respectively. The quadratic
form, corresponding to the mapping (X, Y)—(z, y), is defined by the matrix (C~1)T¢cTcC~1.
The characteristic equation is of the form

det[(C™1)TcTecC™! — M| = det(C) 2det(c'c— ACTC) = 0.
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Hence, subject to the matrix C is invertible, the characteristic equation for the matrix
(C‘I)TcTcC"1 possesses the same solutions \;, Ay as the characteristic equation of the
pair of quadratic forms

det(g — A\G) = det(G)det(G g — M) =0.

The orthogonal invariants d;, d2, and d3 are written in terms of the eigenvalues A; 23
of the matrix (G~1g)

di = M+ A2+ 3=tr(G 1 g)=g11GM +2912G*?+2913G 3+ g20G*2 +2923G?3 + 933G,
dg = M2+ A1 A3+ A3 = det(G‘lg)tr(g‘lG) ,

_ det(g)
d3 = MAods = det(G™1g) = —= .
3 1Aeds = det(G"g) det(G)
Here G¥ are the elements of the matrix G~!, inverse to G. The energy density of the
mapping (X, Y, Z)—(z,y, z) is written in the form
1 tr(G1g)

3/det(G-1g)

_ 1gnG" +2912G™ + 2913G™ + 922G** + 223G + g33G™®
3 Vdet(g)/+/det(G) .

1

e(z,y,2)(X,Y, Z) =

Here g% are the elements of the matrix g~!, inverse to g. In contrast to the 2D case, the
energy densities of the direct and inverse 3D mappings are not equal each other

e(z,y,2)(X,Y,Z) # e(X,Y, Z)(x,y, 2) -
We write these values in terms of the eigenvalues A 2 3 of the matrix (G —1g)
l/\1+/\2+/\3___1d1
3 VAddads  3vds'
_ 1 A2 + M3 + A2)s 1 do
= X, Y, Z , Y, = - =3 .
e” = ¢( )z,y,2) = 2 SN W

It is easily seen that the inverse quantities 1/e* and 1/e™ are the tetrahedron shape mea-
sures according to the definition in [21, 7].

In [18] it was suggested to use the condition number k of the matrix cC~!, defined to
be

et =e(z,y,2)(X,Y,2) =

k2 = cCHPCeH? = tr(G Y g)tr(97IG) = f%siz
3

1 1 1
= (A1 + A2+ A3) (XI+)\_2+)\_3) .
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One can see that the condition number & is proportional to the geometric mean of the energy
densities of the direct and inverse transformations, i.e., k2=9e¢*e~. Using the inequality

3(AtA2 + Az + A2dz) < (A + g+ A3)?,
we can obtain the following estimates for the condition number

\/g(/\y\g + A3+ /\2/\3)3/2 <2< A+ X+ /\3)3 _
A1A2)A3 - - 3A1 223 -

9(e™)?¥/2 = 9(et).

Consider the energy densities for tetrahedrons. Let a tetrahedron in space (z, y, z) be
given such that one of the vertices ro=0, the other vertices be defined by three vectors r;,
79, and r3. Similarly a tetrahedron in space (X, Y, Z) is defined by Ry=0, R;, R, and R3.
If the tetrahedron in (X,Y, Z) is formed by the unit orthogonal vectors, then the energy
densities for the direct and inverse transformations are the following

(r1x r2)® + (rg X r3)% 4 (r3 x 11)?

ri+ri+rf  __1
3 V4/3 ’

1
+ - —
3 V2/3 » € =

e’ =
where V' = r3-(r1xr?2) is the triple tetrahedron volume. For the equilateral objective tetra-
hedron in space (X, Y, Z) it is easy to obtain that the energy density of the direct transfor-
mation is inverse to the mean ratio, defined in [7]

ot = (ri—rg)®+ (ra—r3)®+ (r1—r3)2+rf+r3 4+ r3
- 12V2/3 )

The energy density of the inverse transformation e~ is proportional to the ratio of the
sum of areas squared of all faces over the volume in the corresponding power.

The energy density of a hexahedron can be defined similarly to the 2D case as a sum of
8 energy densities et of the corner tetrahedrons. In this case, the procedure of minimizing
the corresponding functional is analogous to that in 2D, only the expressions are more
cumbersome [17]. This functional possesses a barrier property, associated with conditions
of positive volumes of all corner tetrahedrons for all hexahedral grid cells.

4.14 Conclusion

The presented method allows us to obtain any mesh of a given structure. One only needs
to know the shape of all grid cells. The variational principle, determining classes of one-
to-one mappings, is formulated. This principle can be extended to the three-dimensional
grids. However, to substantiate it in the continuous level, in a variational formulation one
should prove existence of the class of one-to-one mappings of the cube onto an arbitrary
3D domain. Note, that in the 3D case it is unknown yet whether a harmonic map of an arbi-
trary domain onto a convex domain (unit cube) with a given one-to-one mapping between
the boundaries is always a homeomorphism. There is an example (see [6]), when, subject
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to some conditions imposed on the boundaries, the harmonic mapping is not a homeomor-
phism.

The method allows generating the mesh and its adapting to the solution of the flow
problem.

It is of interest to extend this method to the 3D case. The way of its realization on
the irregular tetrahedral grids is clearly seen. However, on the hexahedral mesh its direct
application leads to rather cumbersome expressions for the functional and its derivatives.
An additional study is required here.

Acknowledgment

This work was supported by the Russian Foundation for Basic Research, project 02—-01-
00236.



Bibliography

[1] Azarenok B.N. and Ivanenko S.A., Application of adaptive grids in numerical analy-
sis of time-dependent problems in gas dynamics. Comput. Math. Math. Phys., 40(9),
2000, pp. 1330-1349.

[2] Azarenok B.N. and Ivanenko S.A. Application of moving adaptive grids for numerical
solution of nonstationary problems in gas dynamics. Intern. J. for Numer. Meth. in
Fluids., 39(1), 2002, pp. 1-22.

[3] Azarenok B.N. Variational barrier method of adaptive grid generation in hyperbolic
problems of gas dynamics. SIAM J. Numer. Anal., 40(2), 2002, pp. 651-682.

[4] Azarenok B.N. and Tang T. Second-order Godunov-type scheme for reactive flow
calculations on moving meshes. Submitted to J. Comp. Phys., 206(2005), pp. 48—80.

[5] Charakhch’yan A.A. and Ivanenko S.A. A Variational form of the Winslow grid gen-
erator. J. Comp. Phys., 136(2), 1997, pp. 385-398.

[6] Farrell F.T. and Jones L.E. Some non-homeomorphic harmonic homotopy equiva-
lences. Bull. London Math. Soc., 28, 1996, pp. 177-182.

[7] Dompierre J., Labbe P., GuibaultF. and Camarero R. Proposals of Banchmarks for 3D
Unstructured Tetrahedral Mesh Optimization. /n Proceedings of the 7th International
Meshing RoundTable’98, 1998, pp. 459—478.

[8] Godunov S.K. and Prokopov G.P. On computation of conformal transformations and
construction of difference meshes. USSR Comput. Maths. Math. Phys., 5(5), 1967, pp.
1031-1059.

[9] Godunov S.K., Zhukov V.T. and Feodoritova O.V. An algorithm for construction of
quasi-isometric grids in curvilinear quadrangular regions. In: Proceedings of the 16th
Int. Conf. on Numerical Methods in Fluid Dynamics, Arcachon, France, July 6-10,
1998, pp. 49-54.

[10] Handbook of Grid Generation. Eds. Thompson J.F., Soni B.K., and Weatherill N.P.
CRC Press, Boca Raton, Fl., 1999.

123



124 Sergey A. Ivanenko and Boris N. Azarenok

[11] Ivanenko S.A. and Charakhch’yan A.A. Curvilinear grids of convex quadrilaterals.
USSR Comput. Maths. Math. Phys., 28(2), 1988, pp. 126—133.

[12] Ivanenko S.A. Generation of non-degenerate meshes. USSR Comput. Maths. Math.
Phys. 28(5), pp. 141-146, 1988.

[13] Ivanenko S.A. Adaptive-Harmonic Grid Generation. Moscow, Computing Center of
Russian Academy of Sciences, 1997, 182 p. (in Russian).

[14] Ivanenko S.A. Harmonic Mappings, Chapt. 8 in Handbook of Grid Generation. CRC
Press, Boca Raton, F1, 1999.

[15] Ivanenko S.A. Control of cell shape in the construction of a grid. Comp. Math Math.
Phys. 40(11), 2000, pp. 1662—-1684.

[16] Ivanenko S.A. Existence of equations describing the classes of nondegenerate curvi-
linear coordinates in arbitrary domains. Comp. Math Math. Phys. 42(1), 2002, pp.
43-48.

[17] Ivanenko S.A. Selected Chapters on Grid Generation and Applications. Moscow,
Computing Center of Russian Academy of Sciences, 2004, 238 p.

[18] Knupp P.M. Matrix Norms and the Condition Number. A General Framework to Im-
prove Mesh Quality via Node-Movement. In: Proceedings of 8th International Mesh-
ing Roundtable, South Lake Tahoe, CA, USA, 1999, pp. 13-22.

[19] Knupp P., Margolin L., and Shashkov M. Reference Jacobian optimization-based re-
zone strategies for arbitrary Lagrangian Eulerian methods, J Comput. Phys., 176,
2002, pp. 93-128.

[20] Liseikin V.D. On generation of regular grids on n-dimensional surfaces, USSR Com-
put. Maths. Math. Phys., 31(11), 1991, pp. 47-57.

[21] Liu A. and Joe B. Relationship Between Tetrahedron Shape Measures, Bit, 34, 1994,
pp- 268-287.

[22] Shoen R. and Yay S.T. On univalent harmonic maps between surfaces. Invent. Math.
44, £. 3, 1978, pp. 265-278.

[23] Spekreijse S.P. Elliptic grid generation based on Laplace equations and algebraic
transformations. J. Comp. Phys., 118, pp. 28-61, 1995.

[24] Tiniko-Ruiz J.G. and Barrera-Sanchez P. Area Functionals in Plane Grid Generation.
In: Proceedings of the 6th International Conference on Numerical Grid Generation
in Computational Field Simulation , University of Greenwich, July 6-9, pp. 293-302,
1998.



Grid Optimization and Adaptation 125

[25] Thompson J.F., Warsi Z.U.A., and Mastin C.W. Numerical grid generation. North-
Holland, N.Y. etc. 1985.

[26] Winslow A. Numerical solution of the quasi-linear Poisson equation in a nonuniform
triangle mesh, J. Comput. Phys., 1(2), 1966, pp. 149-172.






Chapter 5

MOVING MESH CALCULATION IN UNSTEADY
TWO-DIMENSIONAL PROBLEMS

Genadii P. Prokopov
Keldysh Institute of Applied Mathematics

Variational functionals for calculating two-dimensional difference grids, applied when
solving unsteady problems of mathematical physics with moving boundaries, are suggested.
Their coefficients are defined by the metric parameters of the grid, obtained at the preceding
time step, and corrected additionally using other variational functionals taken with weight
coefficients, being proportional to the time step. Discretization of the functionals and itera-
tion procedures for the obtained system of equations are considered.

5.1 Introduction

We accentuate that major scientific results of the present paper was published in [1, 2].
Nevertheless, this publication is of interest since readers, not knowing Russian, may not be
informed of it. Besides, the present work includes additional information and gives more
clear accents to some peculiarities of the problem. The present paper does not pretend to a
review and contains only the references required by the essence of the questions discussed.

5.1.1. Our interest to the grid generation problems arose many years ago during the
work headed by S.K. Godunov (at present Academician) on developing algorithms for
solving two-dimensional unsteady gas dynamics problems. One result of that work was
the monograph [3]. In the introduction of [3] they noted the substantial role of applying
moving and deforming grids, what was connected with contact (slip) boundaries, shock
waves, etc. tracked when modeling.

Since grid generation is not a final purpose and only a means for subsequent solving
rather complicated physical problems, we were eager towards the simplest mesh structure
in the point of view of arranging the grid cells. When computing a problem in a domain
with complex geometry, it is divided into several subdomains. Next, in every subdomain we
generate a regular mesh consisting of quadrilateral cells, which (mesh) looks like a crooked
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rectangular (or rather like a parallelogram) mesh. Under such an approach, cell numeration
is quite simple (like numeration of matrix elements by strings and columns). Such grids we
refer to as regular.

5.1.2. In the simplest realization (cf. [3], § 23) one family of the grid lines can be
the system of the straight-line segments, being fixed when modeling, and the mesh move-
ment is provided by motion of the second family of the grid lines (nodes on the domain
boundaries along those straight-line segments). In every segment of the first family the
node coordinates are obtained by some distribution laws. These distribution laws can be
either conserved invariable (e.g. when using the simplest uniform nodes redistribution) or
controlled via some parameters (including dependence on time). Joining the adjacent nodes
(by numbers of the first family segments), we generate the second family of the grid lines.

In unsteady gas dynamics problems the domain boundary moves by virtue of physical
laws and concrete distribution of the physical parameters near the boundary at the underly-
ing time. Thus, in general the boundary nodes redistribution is performed within separated
stage (usually before interior nodes redistribution).

5.1.3. One more simplest and effective grid generation algorithm is based on apply-
ing explicit formulas, like interpolation ones, which allow for computing the interior node
coordinates using known coordinates of the boundary nodes (see details in Section 5.7).

In the case of arbitrary domains these formulas can give unsatisfactory results, because
we can not cut the domain without folds and self-intersection of the grid cells. Violation of
such a regular structure we refer to as grid degeneration.

5.1.4. A regular grid generation problem can be considered as a discrete realization of
an invertible (univalent) mapping of the parametric domain onto the physical (countable)
domain defined by its boundaries at the underlying time.

Within long time many authors were suggesting approaches and algorithms for solving
this problem. Unfortunately, rather seldom their substantiation was brought to the level of a
clear formulated mathematical problem assuming existence and uniqueness of the solution.

5.1.5. It may be of interest that the matter on existence of such algorithms was always
beyond any doubt. Really, we know from the theory of functions of complex variables that
the Riemann theorem states: “There is a conformal mapping of an arbitrary planar simply
connected domain, bounded by a piecewise smooth curve, onto another analogous domain.
This mapping is defined uniquely if to specify a correspondence between three arbitrary
boundary points (observing the bypass direction to the boundaries)”.

Let us assign four “corner” points on the boundary of the simply connected domain, i.e.
we define it as a curvilinear quadrilateral. Then there is (and undoubtedly unique) a confor-
mal mapping of a rectangular with some sides ratio onto this domain. Under this mapping
four comers of the rectangular correspond to four “comers” of the domain. The sides ratio
is a conformal invariant of the curvilinear quadrilateral, it is unknown beforehand and is to
be determined during calculation. Besides, it must be defined a one-to-one correspondence
between given points on the domain boundary and strictly given points on the contour of
the parametric rectangular.

We introduce an additional dilatation of the coordinates so as to make consistent dimen-
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sions of the conformal rectangular and parametric one, defined by number of intervals along
two space variables (or so as to transform it into the canonical unit square). Superposition
of two mappings is one of possible solutions of the underlying problem in the differential
form.

Images of the straight-line segments in the parametric rectangular, joining mentioned
points at the opposite sides and corresponding to the given points on the physical domain
boundary, can be taken as the grid lines. Intersection points between the lines of two fami-
lies are the grid nodes sought (more precisely, one of possible examples of the grid).

5.1.6. Direct realization of the above idea was described in [4]. Its main advantage is
the theoretical substantiation. Unfortunately, in the point of view of practical applications
there were found two substantial drawbacks. The first is complexity of the numerical algo-
rithm and large number of numerical operations when realizing. It was rather serious with a
weak power of computers. Secondly, at discrete realization, with a concretely defined num-
ber of nodes in the case of “strongly bent” domain boundaries, the generated mesh may be
unfit to simulation. In general the grid is not orthogonal. This is because, when fixing the
boundary nodes, the corresponding grid in the parametric rectangular is not orthogonal, and
the conformal mapping preserves the angles between the grid lines. Meanwhile, generation
of the orthogonal or maximal close to them (i.e. “quasi-orthogonal”) grids was users’ re-
quirement. First of all it concerned the grids closed to polar, especially with nonuniform
redistribution by the angle and radius.

Users’ requirement could be realized in this algorithm as well if to allow node “free
flow” along two boundaries of the domain (the algorithm is significantly simplified if to al-
low node “free flow” along all four boundaries). However, for the sake of the main problem
we refused of such a formulation in grid generation.

5.1.7. In some sense the publication of [4] was stimulated by appearing of [5], where
with the purpose of grid construction it was used a nonlinear system of elliptic equations,
being the invertible Laplace equations.

Our attempts, preceding the work [4], to avoid complexity, connected with nonlinear-
ity of the equations, by using the direct Laplace equations and their generalization failed.
Later, the respective analytical examples were suggested (of course, it does not prevent such
algorithms from applying in simple cases).

Ata later time the idea that in grid construction we can use the mapping, sought as a so-
lution of the system of elliptic equations, was widely extended. The most natural realization
of the variational approach is the use of the finite element method.

5.1.8. In one Russian folk fairy tale the hero is ordered: “Go there nobody knows where
and bring that nobody lenows what”. In grid problems we meet an analogy with that case.
Uncertainty of requirements imposed upon the grid, except one, that is nondegeneracy,
gives an illusion that the generation algorithms can be rather arbitrary. Indeed, the user
make a choice within his restricted possibilities. The selected method must provide with
an unique solution. Otherwise there is no a chance that it will succeed when realizing on a
computer.

Indeed, for solving the main problem it is of interest the mesh providing the minimal
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error of the solution sought in a flow problem. These meshes are referred to as adaptive (or
adapted), and there is a lot of works where these grids are obtained. However, in the case
of the domain with a complex boundary, the problem of regular grid generation is rather
difficult. Adaptation towards the solution of a concrete problem can be partially achieved
by a special boundary nodes redistribution. Thus, as noted above, we refuse of freedom in
boundary nodes redistribution for the sake of the grid generation algorithms.

5.1.9. If we consider the grid generation problem in a given domain with fixed bound-
aries, there are several attempts (if necessary) to obtain the mesh. Looking at the mesh even
at the level “I like it or don’t” and having the set of grid algorithms, the user may hope that
a suitable mesh can be produced. This way does not work when solving unsteady prob-
lems with moving boundaries, where the mesh should be generated at every time step and
number of time steps can achieve several hundred thousand and even millions.

Deformation of the moving boundaries is hardly predictable beforehand. Even if we
can foresee (i.e., using preliminary rough calculations), then the initially successfully se-
lected mesh algorithm can lead to undesirable or even catastrophic (“break’) results during
modeling,

This results in necessity to change something. Even if a new solution is successful, the
transition process is very complicated due to the high speed of the grid nodes, which should
switch from one grid equations to others (even if the equations remain the same and we
only vary their parameters).

One more difficulty, connected with a high grid node velocity, is that in general the
iteration processes do not attain convergence, because it is not realistic and not necessary.
This means that the residual of the grid equations is not small enough. Meanwhile, the node
velocity depends (directly or indirectly) on the residual value. Hence, if in the main flow
problem the time step is significantly reduced (independently by a physical reason or it is
“grid’s” fault), the node velocity is steeply increased and next it follows the “chain reaction”
of failures causing a break of modeling.

The presented approach should solve the above problems connected with regulation of
the grid node velocity.

The concrete form of the coefficients to the variational functional, suggested in [6],
plays the substantial role in our study. It is of universal character, since any unfolded grid
can be produced if to specify properly these parameters. Foundation of the discrete model
to this functional is presented in [7] (see also chapter 4).

To describe algorithms we use the simplest variant of the regular mesh, specified by two
indices, in an isolated domain which can be considered as a quadrilateral with curvilinear
boundaries. Since the described algorithms are applied in local subdomains, obviously, they
can be used in an arbitrary domain (or “map”) consisting of these subdomains.

5.2 Variational Functionals

5.2.1. In the above sense the grid generation problem can be performed as a discrete real-
ization of the invertible mapping of the unit square Q: (0<¢,7<1) onto a given domain 2
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in the plane of the variables (z, y).
With this purpose we use the Ivanenko’s functional [6]

F= /l/lEdgdn, (5.1)
00

where the integrand E, referred to as the energy density of the mapping, is
E— 911G22 — 2912G12 + 922G

(5.2)
2901/G11G22 — G2,
The elements of the symmetric and positive defined matrix
g= gn 912
912 G922
are the metric parameters of the mapping
o= o b, o= 5+ Ukl (53)

922 =ZTp+Yp, 9o = TgYn— YeIn -

Invertibility of the mapping and positive definiteness of the matrix g are interconnected
by virtue of the identity
911922 — 932 = g - (54)
value G11, G129, G2 are the elements of the analogous symmetric and positive defined
matrix G, given at every point of the unit square Q.

The functional is minimized in the class of the functions z(¢,7), y(§,n), being the
smooth extension of the functions z,y, given on the boundary, inwards the square ). The
latter execute the smooth one-to-one mapping of the square ) boundary onto the boundary
of the domain €2, where the grid is to be generated.

One can readily prove that E>1. The proofis presented in [6] and below in Section 5.8.
Therefore, the absolute minimum of the functional is F,,;,, = 1.

5.2.2. Let z(&,n), y(&,n) be an arbitrary smooth invertible mapping of the square Q
onto the domain §2 and

Gu =911, Ga=g2, Gi2=g2. (5.5)

Then, by virtue of the identity (5.4), we obtain E=1, F'=1. Hence, this arbitrary mapping
is realized as a minimization problem for the functional (5.1)-(5.2) with matrix (5.5).
It is convenient to introduce a matrix G with normalized elements

G11=G11/Go, Gia=G12/G,, Goy=G2/G,, (5.6)

where the normalizing factor G, is

Go=1/G11Gaz — G2,. G.7)
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Consider a variational functional differing from (5.1) by the integration domain. Here,
instead of the parametric square, we integrate over the countable domain {2

F*= / / Edzdy = / / E*d¢dn . (5.8)
Q Q

Since dzdy = (z¢yn — yexn)dédn = go,dédn, we obtain the energy density of the mapping
E*

1 3 _ _
E* = 5(911022 —2g12G12 + 922G11) - (5.9

Thus, the functional (5.8)-(5.9) differs from (5.1)-(5.2) by absence of the Jacobian of the
mapping in the denominator. This decision was made by the authors in [4], where the
functional (5.8)-(5.9) was suggested intentionally so as to simplify the problem of solving
the Euler-Lagrange equations.

If to define the metric parameters G according to (5.5), then minimizing the functional
(5.8)-(5.9) we obtain the absolute minimum of F™* equal to the domain 2 area.

Consequently, defining (5.5) and applying the functional (5.8)-(5.9) we can construct
any mapping as well. Thus, the functionals F' and F™* are the universal grid generators.

5.2.3. In particular, if to set

Gu=Gxn=1, G;2=0, (5.10)

then the harmonic mappings and corresponding harmonic grids are realized. In the func-
tional F' the energy density of the mapping is

E= g11 + 922
29,
and in the functional F™* it is
=91 + g22
-

As variational Euler-Lagrange equations for the functional F™* we obtain the Laplace equa-
tions
Tee+ Ty =0, yee+ym=0. (5.11)

After transformation, we obtain the inverse Laplace equations as variational Euler-Lagrange
equations for the functional F'

922T¢e — 2912Ten + 91Ty = 0, go2Yee — 2912Yen + 911y = 0. (5.12)

It is agreed that the equations (5.12) were used in [S] in grid generation for the first
time.

We constructed an example to the equations (5.11), where in the simple domain they
produce a degenerate mapping, see Section 5.8. Thus, at arbitrary definition of the matrix
G (&, n) the functional (5.8)-(5.9) does not guarantee invertibility of the mapping.
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In turn, in [7] (see also chapter 4) it is proved in the discrete form that the functional
(5.1)-(5.2) provides an invertible mapping with arbitrary positive defined matrices G(¢, 7).
It is a substantial advantage of this functional. However, the functional (5.8)-(5.9) possesses
a number of advantages over the functional (5.1)-(5.2). Thus, it is worth considering the
both functionals.

For the sake of cleamess we will refer (5.1)-(5.2) to as the functional with the Jacobian
and (5.8)-(5.9) to as the functional without the Jacobian.

5.2.4. The variational Euler-Lagrange equations for the functional without the Jacobian
are

9 (ézz?ﬁ - é12’6£ ) + 9 (éugZ - élzg—z ) =0, (513)

o€ o€ on On on
9 (6,2 6,2 )V+2 (6,2 —6 @)_
e (st =Gy ) + 3y (GnGy -Gy ) =0

We will denote it as the system S*[G]. It is a linear system with given G=G(&, ). Anal-
ogous and more cumbersome nonlinear system can be derived for the functional with the
Jacobian. As its consequence in [7], it was derived nonlinear equations generalized (5.12) to
the arbitrary matrices G(&, n7). For the completeness, we write them as well in our notations

922%¢e — 2912%¢n + 911 %y = A-x¢ + B-zp (5.14)
922Y¢e — 2912Yen + 911y = A-ye + By,
where
o A 1 aé11 6é12 8@22
A = —PG G y P=- -2 ,
22 + QG112 5 (922 € 912 3¢ +g11 3

- - 1 oG G oG
B=-PGi12+QG11, Q= 3 (gzz 67;1 — 2912 67712 + 911 6;2 ) .

We will denote it as the system S[G].
Relative simplicity and linearity of the variational equations (5.13) in comparison with
(5.14) is an substantial advantage of the functional without the Jacobian.

3.3 Unsteady Grid Problem

5.3.1. Now we tumn to the matter of grid generation when solving unsteady problems with
moving boundary.

We introduce the following notations: N is the time step number, 7 = 7(V) is the time
step, 7(V—1) is the grid, generated at the preceding time step. The vector r includes the
coordinates (z, y) of all grid nodes.

For the sake of definiteness consider a gas dynamics problem. Accordingly to the split-
ting scheme, calculation of the next time step includes several stages.
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At the 1st stage the boundary of the countable domains is shifted. Its motion is caused
by the physical laws and distribution of the physical quantities in the boundary vicinity at

the underlying time. Suppose that the sequences r,()N_l) define the boundary location at

the preceding time step and tum into the sequences rl()N) at the present time step. We can

assume that
IrM — V1) = (7). (5.15)
Let us agree that (5.15) and analogous equalities are fulfilled to each coordinate of the

vector 7.
By reasons, stated in [8], at the 2nd stage we determine the shift of the boundary nodes

ArN) = p ) _p (V=1 (5.16)

and then, by interpolation formulas, compute the shift of the internal nodes, and obtain an
initial guess

7ON) = p(N=1) 4 A (V) (5.17)
to the nodes at the N'th time step. Boundary nodes take a correct location, which does not

change at the next stages of this time step.
Interpolation formulas will be presented in Section 5.7 and it will be clear that

ITO(N_l) — r(N“l)l = IAT(N)I =0(1). (5.18)

5.3.2. Now consider the 3d stage, definition of the matrix G coefficients to the above
functionals. We suggest to use the metric parameters of the grid from the preceding time
step

G =GW) = gppiN-1]. (5.19)

As noted in Section 1, this definition reproduces the grid of the preceding step, i.e.

S[GM)(@WN-D) =0 for the functional (5.1)-(5.2) , (5.20)
S*[GM)(#N-1)) =0 for the functional (5.8)-(5.9) .

By virtue of (5.18), we may assume that
S[GM) (M) = (), (5.21)

and similarly to the second functional.

Strictly speaking one needs to formulate requirements to be imposed upon smoothness
of the domain boundary and grid, etc. We omit it, more over that these requirements should
be formulated to the discrete variant, which will be described in Section 5.4.

Under well-conditionality of the system of equations we assume that the sought grids
(V) determined from the equations

S G rM) =0 or SIGM)(r) =0,
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to satisfy the condition
[rN) — ¢ (N-1)| = O(7). (522)

This would solve completely the grid generation problem. Unfortunately, in practical
calculations it is not so. When defining the coefficients by (5.19), the functionals exhibit
“indifference” to the “gird fate”, because to any grid the functional value is close to the ab-
solute minimum, differing from it only by a value of O(7) due to deflection of the boundary
conditions (5.15). If there is no a feedback, deterioration of the grid quality can lead to ir-
reversible consequences, including break. Therefore, definition (5.19) should be corrected.

5.3.3. One way of correction reflects the eagerness to make the grid closer to “quasi-
orthogonal”.

We suggest a substitution for the functional (5.1)-(5.2) with the Jacobian

1+ po7)(911G22 + g22G11) — 2912G12

I (
E =
29,Go

=FE+p,TE,,

911G22 + g22G11
E, = . 5.23
o 20,Go (5.23)

For the functional (5.8)-(5.9) without the Jacobian, the analogous substitution is

B*=E*4psrE*, El= 911G22 + 922G11

o 5C, (5.24)

Here p, > 0 is the control parameter.
To realize (5.23) or (5.24) it is sufficient to change the normalization formulas (5.6)-
5.7

= Gu(l+ ~ Gao(1+ = G
Gy = 11(G PoT)’ G = 22(G PoT), G = Gl2’

holding G, = v/G11G22 — G§12 and definition (5.19).
It may be of interest to note that, when defining the correcting functionals by (5.5), the

energy densities E, and E} take the form

(5.25)

E,= 911.;122 ’ E,’,* _ 911922 ) (5.26)

9o 9o

The first was suggested in [9] as a functional of “orthogonality” and the second in [10] as
a variant for obtaining “quasi-orthogonal” grids. Both cases produce incorrectness when
realizing, which was overcame by introducing “regularizing” means. In the suggested vari-
ant as such means we use the “support” functionals (5.1)-(5.2) or (5.8)-(5.9) which they are
added to with the coefficient p,7.

In general, for correcting the support functionals we suggest to apply arbitrary “good
functionals” with control coefficients pr.  The term “good functionals” means
well-conditionality of the corrected functional and influence upon the mesh to provide its
quality suitable for solving the main problem. We pay attention to concordance of the
functionals dimensionality with respect to the variables (z, y), see details in Section 5.8.
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Note that, considering dimensionality of the variable t, instead of pr it is convenient to
define the weight coefficients as

(1) = pro(1+p)

2
1+p0 ° (5-27)

where § = 7(N) /7(N=1),
In particular, the use of the functional, producing the harmonic meshes, with the coeffi-
cient py (7) is executed by applying

~ G11(1 + po = G
G = J‘L—G—M +ph(7') R Gia = G12 , (5.28)
= G22(1 + po
Gn = Gzl 1 po(7) G Po(7)) +pr(7), Go=1/GnGay — Gy,
instead of (5.25).

5.4 Discretization

5.4.1. The next stage in the grid generation algorithm is transition from the differential form
of the variational functional to discrete. The simplest and efficient way is to change the
differential Euler-Lagrange equations (5.13) of the functional (5.8)-(5.9) and consequences
(5.14) of the functional (5.1)-(5.2) by difference ones. However, opinion that this stage is
reduced to mechanical (formal) substitution of the differential expressions by difference is
incorrect. When approximating, some important properties of the differential model can be
lost.

In the problemconsidered, it is very important that the discrete model provides the con-
ditions (5.20), i.e. the residual of the difference equations (appeared after the coefficients
G have been defined via (5.19), when substituting the grid of the preceding step into these
equations) must be identically equal to zero. Violation of this requirement, in the hope
that an approximation error will be rather small, can lead to uncontrolled value of the node
velocity. A special procedure, well-known as a variational barrier method, guarantees that
this purpose can be achieved. It was suggested in [11] for constructing the harmonic grids.
We will set forth it for completeness with additional remarks.

The discrete analog of the functional (5.1)-(5.2) is written in the following form

F = Z ZEn+1/2,m+l/2 ) (5.29)
n m

where summation is performed over all grid cells of the countable domain. In general,
one uses half-integer indices n+1/2, m+1/2. The normalizing factor, number of cells, is
omitted in (5.29), since it does not influence upon the result.

The difference equations to the grid node with number (n, m) are

oFh 0 OFh
- ayn,m

T~ =0. (5.30)
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Equations (5.30) can be derived if we consider the “stencil” of four cells, attached to
this node. It is depicted in Fig. 5.1. For simplicity of the formulas, we introduce a short
notation to the node and cell number, see Fig. 5.1. The cells are enumeratedas L=1,...,4.
Then, the equations (5.30) are written as follows

OFE _ OEL _
(z%l) m_0, (Zaw) m_o. (5.31)

n—1 n n+1

— m+l

6 2(10) m

m—1

Figure 5.1: Stencil for derivation of equations in node (n, m).

In tumn, every Lth cell, with vertices (1,2L,2L+1, 2L+2), is divided into two pairs of
triangles by drawing the diagonals (1,2L+1) and (2L, 2L+2). The obtained triangles are
enumerated as k=1, ..., 4, see Fig. 5.2, with correspondence to the cell vertices. Vertices
of the kth triangle are enumerated as k—1, k, k+1, see Fig. 5.3a. The other vertices are
enumerated by analogy. Next we can write

Ey=- ; E By = 5.32

L—ZZ k,L 1 = kL (5.32)
1 ~ ~ -

Ef,= 3 [(gll)k(Gzz)k —2(912)k(G12)k + (922)k(G11)k]L : (5.33)

Hereinafter the index (k, L) denotes that the corresponding value relates to the kth
triangle of the Lth cell.
It is important to note that in (5.29) we assume that

(9o)k,L >0 forall k, L. (5.34)
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1 2 1 2
Figure 5.2: Cell partitioning into two pairs of triangles.

Further it will be clear that the value (g,)«, 1, is the double area of the corresponding triangle.
Therefore, the requirement (5.34) means that all grid cells should be convex quadrilaterals.
In practical calculations this requirement is weakened, see discussion in Section 5.6. Now
we assume the condition (5.34) to be satisfied.

(z, y)k+1

(:L‘, y)k

k k+1 (.'I?, y) k—1
(a) ()

Figure 5.3: Node numeration in triangle.

5.4.2. To determine the metric parametersin the kth triangle we use the formulas, which
after introducing notations

Ukl = Thtl — Tk,  Vksl = Ykt1 — Yk » (5.35)
Uk—-1 = Tk—1 — Tk, Vk-1=Yk-1— Yk,
are of the form
2 2
(911)k = Uy + Vg1 (912)k = Uk41Uk—1 + Vs1Vk—1 (5.36)
2 2
(922)k = U—1 + Vk—1,  (9o)k = Uk41Vk—1 — Vk1Uk—1 -

The formulas (5.36) satisfy the discrete analog of (5.4)
(911)k(g22)k — (912)% = (90)% - (5.37)
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Besides, we can write the following equalities

(912)k = V(911)k(922)k co0s vk,  (go)k = V/(g11)k(g22)k sin ok , (5.38)

where @y is the angle at the kth vertex of the triangle, see Fig. 5.3b.

The quantities (G11)k, (G12)k, (G22)k, (Go)k are defined via similar formulas using the
node coordinates of the preceding time step, and further they are corrected, e.g. by formulas
(5.28).

The difference equations (5.31) for the functional (5.8)-(5.9) without the Jacobian can
be written in node 1 of the stencil in the form

4

CL(.’II1 - 1?2L) + Z bL(:lI1 - 172L+l) =0, (5.39)
L=1

M=

)
|
—

1
co(y1 —y2L) + D br(y1 — yar41) =0,

NIE

L=1 L=1
where the coefficients cy,, by, are
cr = (Ga1L— (Gua)rL+ (Go2)oL — (Gra)o,L + (5.40)

(G11)1,L-1 — (G12)1,L-1 + (G11)a,L-1 — (G12)4,L-1

by = (Giz)ar + (Gi2)aL - (541)

Note that the above formulas do not include the quantities with index (3, L), corresponding
to the triangle with number k=3. It is not occasionally, since “contribution” of this triangle
to the sum (5.29) does not change when varying the node (z;,y;). Therefore, we need not
treat the triangle with number k=3.

5.4.3. Next, if G 1270, then, in general, the negative coefficients arise in the formulas
(5.40)-(5.41). Therefore, the principle of maximum is not satisfied to the resulting system of
linear equations. This is one more reason of constructing carefully the system of difference
equations based on using the functional without the Jacobian.

When obtaining the coefficients G, we use (G,)x to normalize them. By virtue of
(5.38) they depend on sin g, i.e. on the angles between grid lines at the preceding time
step. Therefore, the system of difference equations “responds” to small values of these
angles or if they approach 7, and, in tumn, it should prevent the cells from degeneration.
This is rather a serious reason to sophisticate the algorithm by cutting the cell into triangles.
If not, in formulas (5.40)-(5.41) we have “average” values G, and area of the whole cell
that “smears” the effect of degeneracy.

Consider the case when G12=0. Then b;,=0 and the system (5.39) is reduced to more
simple

4 4
Y oer(@i—z) =0, Y cr(yi—yer) =0, (5.42)
L=1 L=1
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Next from (5.40) we obtain

cr = (Ga)1L + (Gaa)ar + (Gi)1p1 + (G11)ar1 - (5.43)

Therefore, this system satisfies the principle of maximum. Meanwhile in the formulas (5.6),

we obtain
G111 =VG11/Go, Gaoo=+/G2/G, .

Consequently, it is not necessary to cut the cells into triangles.

That is why the algorithms of constructing “quasi-orthogonal” grids are attractive in the
domains with a fixed boundary. Unfortunately, in the unsteady problem definition G12=0
conflicts with the ideology, set forth in Section 5.3, where it is allowed only variation of the
coefficients O(7). Consequently, it will not be discussed, though, these algorithms can be
used for steady grid generation.

Now we tumn for the functional (5.1)-(5.2) with the Jacobian. The corresponding system
of grid equations (5.31) is nonlinear due to presence of the denominator in (5.32) and it is
of more complicated form. It is described together with the iteration procedure in [6] and
chapter 4. Corresponding formulas will be presented in Section 5.5.

5.5 Iteration Procedures

5.5.1. We begin with the method of solving the system of difference equations (5.39) for
the functional without the Jacobian. Note that there is a good initial guess 7°(V) to the
solution sought, defined by formula (5.17), and, by virtue of (5.18) and (5.22), it differs
from the solution by a value of O(7). Keeping it in mind and considering the structure of
the equations (5.39), we suggest to use the simplest iteration procedure

4
M =af) - 25 (@l - ) + bl ~ 2 )], 4
© L=1
w 4
yf ) = - 23 oo - ol + e - i) -

Co

h
Il

1
Here the coefficients cy,, by, are constant at iterations and
4
co=» (cL+bL). (5.45)

L=1

The iteration parameter w=w; can be changed during iterations and it will be considered
below. To provide the stability of the iteration procedure it should be 0 < w; < 1.
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5.5.2. According to ideas stated in the end of Section 5.4, for the functional (5.1)-(5.2)
with the Jacobian the formulas of the iteration procedure are

. I3 (i) (i)
ol (- 52) / (- 52 52) e

y(i+1) =y(i) s (Ry B R, .Rzy)(i) (1 B Ryy .h>(i)
! ' "\Ryy Ruz Ry Rzz Ry

Here R;, Ry, Rz, Rzy, Ryy are the first and second derivatives of the discrete functional
Fh, respectively, at the central point (1, y1) of the stencil, described in Section 5.4. These
derivatives are calculated on the grid of the preceding iteration. In F* we use the matrix
coefficients (:'11, élg, G4 obtained on the grid of the preceding time step with correc-
tion (5.28). These matrix coefficients are constant within all iterations. Every quantity
Rz, Ry, Rzzy Ry, Ryy is the sum of 12 summands, corresponding in every of four cells
withnumbers L=1, ..., 4 to three triangles with numbers k=1, 2, 4. It is a cumbersome and
simple exercise on differentiation and the user himself can execute it. Note that these for-

mulas will be different for the triangles k=1, 2, 4 due to different role of the node (x1, y1).

In practical computations, two variants are possible. In the first, we select all the quan-
tities from the stencil of an internal node and perform calculations up to obtaining the result -
of (x1,11)+1). In the second variant we reserve a special array for gaining the quantities
Rz, Ry, Rzs, Ry, Ry, by consequent treating all grid cells, as described in [11, 6] and
chapter 4. The second variant is preferable by number of operations. However, if to calcu-
late on a multi-processor computer an additional check is required to make a final choice.

In Section 5.4 we began to describe the algorithm in conformity with the first variant
so as to present its essence and structure of the coefficients (5.40)-(5.41) in the equations
(5.39).

5.5.3. As noted in [11, 6], other papers, and chapter 4, the iteration process is the
variant of the quasi-Newton procedure, differing from the standard method by using only
the block-diagonal in the matrix of the second derivatives. This allows us to execute the
explicit iterations and eliminating solution of a complex nonlinear system of equations.
This procedure was applied in harmonic mesh generation.

It may be of interest to note the following. Since for the functional (5.8)-(5.9) without
the Jacobian we have

oy

R;,=0, R, =R, = G2 at k=2, (5.47)

511—2£~;12+C~v'22 at k=1,
éll at k=4,

then the formulas (5.46) take the form

_ , . . ; R
o) = o) —wig= ) =y —wint (5.48)
Tz vy
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Taking into account (5.47) one can readily check that the formulas (5.48) are identical to
(5.44), since R}, = R}, = co.

Therefore, the iteration procedure (5.44) is also a variant of the quasi-Newton procedure
for the functional without the Jacobian. In the discrete form, this functional is a positive-
defined quadric form of the grid node coordinates. Note that the sum ¢, of the coefficients
in (5.45) is positive, since according to (5.47) every of twelve triangles gives a positive
“contribution” into it. Actually,

G11 —2G12+ Gy >0,

since
|G12| < vV G11Ga2 < (G11 + G22) /2.

5.5.4. Now we turn to definition of the iteration parameter w;. Specific is that one
should care for providing nondegeneracy of the mesh, i.e. the grid lines must not overlap.
For the functional (5.1)-(5.2) with the Jacobian in the denominator this requirement is more
stiff: we must hold convexity of all grid cells. As noted in Section 5.4, we assume that the
requirement (5.34) to be satisfied on the initial mesh.

Consequently, after every iteration the mesh (z, y)g,}';f) is checked for convexity of the
cells. In every cell, we compute four values (g,)x using the formulas (5.35)-(5.36) by the
vertex coordinates. If (g,)x>0 for all k=1, .. ., 4, then the cell is convex.

Violation of this condition at least in one cell leads the whole grid to be updated again
with a smaller parameter w;. If to reduce w; by half, the necessary result is obtained if to

take a half-sum of the grids

gD = (2D + 2 /2, gD = @D +y0,) /2. (5.49)
(i+1)

The updated mesh (Z, §)n.m ' is checkedagainand, if necessary, the parameter w; is reduced
by half again, etc. (To avoid recycling of this procedure, one should stipulate the number
of such “cuttings” of w;).

The stiff procedure of updating the whole grid, when appearing at least one “bad” cell,
serves to hold mesh smoothness. Practical calculations have shown that improving the grid
by treating only “bad” cells leads to undesirable consequences.

When performing the next iteration it is useful to begin with w;, taken from the pre-
ceding iteration or this value multiplied by a coefficient ( > 1). It is caused by desire “not
to delay the procedure” which should improve at convergence of iterations with decreasing
the residual of the equations.

The matter of the initial guess w, in the first iteration is not simple, since it can depend
on the countable domain shape at this time. One of possible solutions is using the last w;
from the preceding time step or this value multiplied by a coefficient ( > 1) (then these val-
ues should be kept as “regional” control parameters), and this matter is reduced to definition
of w at the first time step.

5.5.5. Now consider the convergence rate of the iteration procedures. Despite encour-
aging words that these procedures are the modified variants of the quasi-Newton procedure,
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in practical computations the convergence rate is extremely slow. Two circumstances res-
cue the situation. Firstly, at the next step the system of equations is constructed so that if the
correcting parameters equal to zero, the grid of the preceding time step satisfies them with
the residual equal to O (in the discrete form). Thus, in accordance with (5.18) and (5.22),
iterations should extinguish the residual of O(7). This is a distinction of the suggested al-
gorithms from another which produces “underiterated” equations which can not be driven
to convergence. Secondly, along with extinguishing the residual of O(7), the iteration pro-
cedure should provide grid smoothness with the deformed boundary and direct change of
the grid in the proper way (desirably in necessary) not allowing for degrading mesh qual-
ity, suitable for solving the main flow problem. This is achieved by using corresponding
correcting functionals. If above two purposes are achieved, the matter, whether the residual
O(7) will be extinguished completely, is not of importance. The next step begins from
the “clean sheet”, i.e. constructing a new system of difference equations. Hence, we can
hope that the required number of iterations (even slowly converging) will not be too large.
Naturally, the domain shape plays the substantial role. Besides, the value of the control
parameters p(7) in the correcting functionals, is of importance.

Is there an alternative, allowing for improving the matter of convergence ? In the mono-
graph [12] (page 263) we read: “In the general theory of the iteration methods, it is consid-
ered the methods of two kinds: 1) methods which use a-priory information about operators,
and 2) methods which do not use it (variational methods). The first methods do not use
closeness of the initial guess to the solution. In the variational methods the iteration pa-
rameters are selected under condition of minimum of some functionals connected with the
original equation. In this case the iteration parameters possess the property to take into
account the quality of the initial guess”.

Thus, recommendations incline to the variational methods. In point of view of devel-
oping automatical computer codes on grid generation, this approach can be perspective.
However, by virtue of the above specific of the problem, it may happen that the iteration
parameter is unfit and leads to a “bad” grid. Besides, numerical experiments have shown
that employing more sophisticated procedures (e.g. as the standard Newton procedure, see
chapter 4), taking into account additional numerical operations, does not provide significant
gainings in running time.

5.6 On Mesh Degeneracy and Nonconvex Cells

5.6.1. Hitherto, when discussing the grid generation algorithms, we assumed that all mesh
cells were convex, as stipulated by the condition (5.34) in Section 5.4. Unfortunately, the
practical calculations require that this restriction to be weakened.

In Fig. 5.4 we presentillustrations, when in the countable domain it is required to admit
presence of quadrilateral cells degenerating (or nearly) into triangles, see the cells attached
to the point O (or 0;,0,) in Fig. 5.4a-c. Moreover, in the case, presented in Fig. 5.4d,
one cell in the initial formulation is nonconvex. Degeneracy (or nearly degeneracy) of the
quadrilateral cells into triangles may occur when computing an unsteady problem and the
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boundary is becoming more complicated with time, while it is approximated by a restricted
number of grid nodes, stipulated in initial data.

To execute the algorithm, when degenerating the cell into a triangle, we stipulate a
correction of the algorithm.

As noted, the value (g, )k, given by the formulas (5.35)-(5.36), is the double area of the
kth triangle. Then in this cell, we have

(90)c = (90)1 + (90)3 = (90)2 + (9o)4 - (5.50)

Correction of the algorithm is of the following, Let
|(90)kl < €*(90)c» Where &* < 1. (5.51)

Then the kth triangle is excluded from calculation.

Actually it means that in the discrete variant of the formulas (5.1) and (5.8) we exclude
an insignificant part of the integration domain, corresponding to degenerated triangles.
(This integration domain is covered by the other pair of triangles). Note that “break-free”
modifications (e.g. change of the degenerated Jacobian (equal to 0) in the denominator by
something other), generally suggested by authors, which works when treating steady grids,
lead to uncontrolled node velocity values when employing unsteady meshes.

The above technique (5.51) exhausts the measures connected with degenerating the
quadrilateral cells into triangles.

5.6.2. The case of appearing nonconvex cells is more complicated. They can be revealed
if in a “bad” triangle we get

(9o)k < —€™(go)c - (5.52)

Hypothetically there are the following altemnative variants to resolve this case.

a) Not to pay attention (nothing should be changed in formulas). For instance, in the
case, depicted in Fig. 5.4d, the only “bad” (nonconvex) cell is the ”comer” one (the point
O is one of its vertices) in the countable domain. Corresponding “bad” triangle is of the
number k=3 and it is not treated as noted in Section 5.4. Here we need to take care that
the computer code admits this “bad” cell, meanwhile not allowing for appearing another
nonconvex cell.

b) The “bad” triangle is excluded from treating. This variant is admissible. For exam-
ple, when constructing the harmonic meshes in [13], it is considered the algorithm where
nonconvex cells are cut only with one “good” diagonal (i.e. passing inside the triangle),
and even in the convex cells only one diagonal is drawn (realizing the minimal value of the
functional). Validity of this algorithm has been confirmed by practical calculations.

¢) In formula (5.2), the value g, is replaced by |g,| = v/ 911922 — gf2. Obviously, that
positive definiteness of the matrices G will be hold. For the functional with the Jacobian,
according to the above mentioned theorem from [7], existence of an unfolded grid for this
set of the matrices G is guaranteed. The problem is how to overcome the variational
barrier, if some grid node(s) jumps over it, and what a node velocity will be developed.

d) To take measures on preventing from appearing nonconvex cells. The following
technique can be used. In the case of (5.52), the kth node is projected onto the segment
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Figure 5.4: Examples of grid with triangle (a), (b), (c) and nonconvex (d) cells.
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attached to the (k—1)th and (k+1)th nodes, and obtained point (Z, §k) is entered into
the list instead of (zk, yx). Then the nonconvex cell tums into the triangle. We give the
corresponding formulas. Denote

AT =Tpy1 — Th—1, DY =Yks1 — Y1 -

Using the equation of the line, passing through the points (z,y)x—1 and (z, y)x+1, wWe can
write
Ty =1 +tDx, Gr=1yk—1 +tly. (5.53)

According to the equation of the perpendicular, passing through the points (Z, 7)x and
(z,y)k, we have
(T —ze) Dz + (Jx — yu) Dy =0,

and readily obtain that

(zx — Tk_1) Az + (Y — Yk—1) Dy

t =
Azx? + Ny?

(5.54)

Next we calculate (Z, §)x via the formulas (5.53).

One should remember that this volitional transformation of the nonconvex cell into the
triangle can lead to uncontrolled increase of the node velocity.

Nevertheless, practical calculations have shown that admission of appearing nonconvex
cells can lead to failure, since their shape may be very “bad”. On such a mesh the ap-
proximation of even the first derivatives, needed for consequent solving the main problem,
deteriorates.

Thus, from the above variants in the case of appearing nonconvex cells, probably, the
latter is preferable. That is one should ge rid of nonconvex cells in the initial mesh (e.g.
using the above technique), and further not allow for their appearing . Corresponding tech-
nique, based on selecting the iteration parameter w;, was described in Section 5.5.

Note that the recommended solution originates from the interest of calculating gas dy-
namics problems on the quadrilateral grids. It can be another one if, for instance, we calcu-
late on the triangle grids or in the cases b and ¢, when nonconvex cells are admitted.

5.7 Problem of Nodes Velocity Control

5.7.1. As noted in [14] (page 15) “... calculation of fitted shock waves, whose motion
induces the movement of the two-dimensional or three-dimensional grid nodes, has not
been thoroughly studied yet, neither theoretically nor experimentally. A feed-back of the
nodes movement upon the shock wave traveling is not studied yet, and it is not clear what
effects this feed-back gives rise to.” .

!Cited by the Russian issue: Godunov S.K. Reminiscenses about difference schemes. Report at the In-
ternational Symposium “Godunov’s method in gas dynamics”, Michigan Univ., May 1997, Nauchnaya kniga,
Novosibirsk, 1997.
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In support of the above words we can say that a negative experience gained, first of all,
relates to an inadmissible node velocity, appearing when modeling due to imperfection of
the grid generation algorithms. Indeed, the grid node velocity influences substantially upon
computing the main flow problem. It can be seen even by the example of the elementary
Riemann problem, being the key item in the method of calculating gas dynamics problems
(see [3)).

When the boundary moves, the grid generation algorithm should continuously provide
adequate change of the nodes location inside the domain. The requirement, that the velocity
of the “interior” nodes should be within the limits of changing the velocity of the “bound-
ary” nodes, seems natural. (This is analogously to the principle of maximum to the elliptic
equations). However, in spite of its naturalness, one can readily suggest examples when this
requirement is not fulfilled, for instance, when applying the interpolation formulas in grid
construction.

5.7.2. Now we will give the answer to this question, as promised in Section 5.3. The
results of comparison to several variants of generating two-dimensional meshes using inter-
polation formulas are presented in [15].

One of the algorithms, proved to be suitable in the real-world calculations, is a transfi-
nite interpolation which can be recommended for using. In the simplest two-dimensional
variant the interpolation formula for the function f(£,7) in the unit square 0 < { ,m<1,
with given boundary values, is

f(§,77) = (1 - ao)f(oa 77) + a’lf(la "7) + (1 - bo)f(é.a O) + blf(f’ 1) -
(1= ao)(1 = bo) £(0,0) — aby £(1,1) — (1 — ao)by £(0,1) — ay (1 — be) £(1,0) . (5.55)

Here ap,=a,(£), a1=a1(&), bo=bo(n), by=b1(n) are the monotone increasing functions with
respect to their arguments in the segment [0, 1], and

a5(0) = a1(0) = bo(0) = b1(0) = 0, ao(1) = as(1) = bo(1) = by(1) = 1.

One can readily check that to the arbitrary functions a,, a1, b,, b1, satisfying the above
conditions, the interpolant f(&,n) equals the boundary values at the boundary points.

Considering the sequences of grid node coordinates, defined at the boundary points, as
values of some continuous functions at the points £,=n/n*, n,,=m/m*, and using the for-
mula (5.55) independently for each spatial coordinate = and y, we obtain the interpolation
formulas for calculating the interior node coordinates.

To define the control functions a,(£),a1(£),bo(7),b1(n) one successfully uses so-called
laws of boundary nodes redistribution, described in the monograph [3] (pp. 180-182)

bot qt . qlft ht —
SR, SR, (n=0,...,n%); Sy, S;g™, (m=0,...,m*).

In [15] in the simple example, when constructing a mesh in the convex quadrilateral
with direct-line boundaries and specially imposed nonuniform boundary nodes redistribu-
tion, unexpected results have been obtained. We present those results with an insignificant
modification, concerning the domain shape. The underlying domain is very simple, a unit



148 Genadii P. Prokopov

0.9+

NS

~

ki

0.

T

0.4

77
7/

0.31

w

0.2+

0.1

Figure 5.5: Grid generation in the unit square with transfinite interpolation (5.55) when
coefficients are defined via (5.56).
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Figure 5.6: Grid generation with transfinite interpolation (5.55) when coefficients are de-
fined via (5.57).
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square 0 < z,y < 1. The boundary nodes redistribution is defined as recommended in
[15]. For the sake of clarity the number of grid nodes 11x9 (n*=10, m*=8) is not large.
The distribution laws are the following

Sbet — (0,16, 24, 28, 30, 31, 32, 33, 34, 36, 40}, St = {0, 16, 24, 28, 30, 31, 32, 34, 38},
and normalized values are determined as
Sbot — S"vbot/gbot Slft _ S'rlft/glft
n n n* m — Ym m* *
Two other distribution laws are

Srtlop =1— Sbot S;—'%ht =1-— Slft

n*—n» m*—m *
For example, definition of the control functions in the form of
ap = ap = (Sp + S;P) /2, b), = b}, = (S + SrE™)/2 (5.56)

provides unfolded mesh generation in the square, see Fig. 5.5. When using the formulas
(5.56), unfolded mesh generation is hold with an arbitrary boundary nodes redistribution.
Recall that in [15] a more general case (domain is a quadrilateral with direct-line bound-
aries) was considered. If we define

ag, =S, a, =8P, by, =Sy, by, =SE", (5.57)

ie. as it seems in a more natural way than that of in (5.56), the above boundary nodes
redistribution causes a folded mesh in the domain, see Fig. 5.6. The formulas

al = al =n/n*, b, = b, = m/m*, (5.58)

can lead to more unsatisfactory result, see Fig. 5.7. Enlarging the number of nodes on the
boundary (holding already located points), we do not change the position of the interior
nodes.

As noted in [20], the transfinite interpolation is widely used when solving various prob-
lems of mathematical physics with the finite element method. Thus, in our opinion, the
results, presented in Figs. 5.5-5.7, is of interest as a methodical example of applying the
formulas (5.56)-(5.58) in the discreterealization of (5.55).

5.7.3. Note, that in the case of arbitrary domains, even the formulas (5.56) can give un-
satisfactory results (that is why we need to invent sophisticated grid generation algorithms).
However, “viability” of the interpolation formulas, applying (5.56), is higher than that of
using (5.57) and (5.58).

Concerning the grid node velocity, calculated by interpolation formulas using (5.55),
we can note the following. In (5.55) presence of the both positive and negative weight
coefficients at the corner points allows us to suggest examples, when the interior node
velocity is out of the interval, within which the boundary node velocity is changed. It
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Figure 5.7: Grid generation with transfinite interpolation (5.55) when coefficients are de-
fined via (5.58).

can occur to each of the coordinates x and y, and moreover to the total node velocity. In
Section 5.4, we noted the analogous case for the system of linear equations (5.39).

This impedes automatization of the control for the node velocity in the practical calcu-
lations. For example, when generating, one can calculate W4, the maximal node velocity
on the domain boundary, and Wj,;, the maximal node velocity inside the domain. The
question is what a deviation of Wiy, from Wh,nq can be considered as admissible.

Note that the present algorithms can be also used to grid reconstruction with a fixed
boundary (so as to have the grid, more suitable for modeling the flow problem). When
reconstructing the grid, we have Wy,nq=0 and Wiy, #0.

5.8 On Correcting Functionals

The suggested grid technology uses the universal variational functionals (5.1)-(5.2) or (5.8)-
(5.9). Their coefficients are defined by the metric parameters of the grid already produced.
For the sake of brevity, they are referred to as the support functionals. However, as noted in
Section 5.3, they should be corrected by another functionals with rather small weight coef-
ficients. The choice of these functionals by the user is directed towards achieving necessary
purposes.
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5.8.1. As noted the meshes, generated by the orthogonal mapping, are of particular
interest to the practical calculations. They should satisfy the condition

912 = ZeZn + Yeyy = 0. (5.59)

Taking into account the Euler-Lagrange equations (5.13) or (5.14), we have the case when
two functions z(&,n) and y(&,n) sought should satisfy three equations with correspond-
ing boundary conditions. The matter on existence of this solution is not clear. Consider
possibilities of the algorithms presented.

In [4], suggesting the functional (5.8)-(5.9), the authors accompanied it by the following
identity

1 = ~ ~ 1
5(022911 ~ 2G12912 + G11922) = TeYy — Toye + '2'(1‘12 + B?), (5.60)
where
~ LW w /= LW w
A=1/Gy (:cg sin o) + y¢ cos 5) +1v/Gn (a:,, smE — Yy COS 5) ,
w

B=14/Gyp (—-(Eg cos%) + yg sin %) + \/é-u (m,, cos% + yp sin 2) . (5.61)

The value of w (0<w<7) is defined as

COSWw = é12/ éuézz .

From (5.60) it follows that the inequality E'>1 is fulfilled for the energy density E of the
invertible mapping, given by (5.2).

5.8.2. Consider the case, when minimizing the functional (5.1)-(5.2) or (5.8)-(5.9) we
attain its absolute minimum. Then the functions z(&, ), y(&, 17) sought, realizing this min-
imum, should satisfy the equations

A=0, B=0,

where A, B are defined by the formulas (5.61). By an immediate check one can see that the
following consequence is correct

ze = Gy — Giaye , Ty = Gy — Gogye - (5.62)

In the theory of the quasi-conformal mappings they are known as Beltrami equations.

Suppose that the sought orthogonal mapping exists and is invertible. If the absolute
minimum of the functional is attainable, this mapping should satisfy the equations (5.62).
Substitute the equations (5.62) into (5.59) and after a simple derivation we get

912 = (G119 — G12ve) (Grayy — Gaave) + Yy = G12(G11v2 — 2G1ayeyn + Ga2yd) -



152 Genadii P. Prokopov

Since the matrix G is positive defined, then
élly'rz] - 2@12y§y,, + @22y§2 >0,

except the trivial case of y¢=y,=0. Therefore, to satisfy the condition g12=0 it is necessary
that G 1~2=0.
If G12=0, then the equations (5.62) take the form

1:5 = élly,, y 1:»,, = —ézzyg . (5.63)

Since in this case éuézz = 1, the condition of orthogonality (5.59) is satisfied.

Thus, if the absolute minimum of the functional (5.1)-(5.2) or (5.8)-(5.9) is attained, the
functional provides the orthogonal grid if and only if G12 = 0.

5.8.3. For the functional (5.8)-(5.9) without the Jacobian we suggested the following
example, cf. [1]. Consider the mapping, defined by

1 2
2(6,m) = 3(€ 1P~ 36, y(Em)=En+ € zn. (5.64

in the unit square @ : {0<¢,7n<1}. Obviously, the mapping (5.64) satisfies the Laplace
equations (5.11) and, consequently, minimizes the functional (5.8)-(5.9) when

Gnn=Gx=1, Gi2=0.

The Jacobian of the mapping (5.64) is

I m) = zeyn — Tyye = <€—§) (5—%) +n<n+%> :

Since J(&,0)=(¢6—2/3)(£—1/3)<0 in the domain n=0, 1/3<€<2/3, the mapping has
the fold in the vicinity of the image of the square bottom boundary 7=0, see Fig. 5.8. This
example is of interest, because the shape of the domain (2, enclosed within the image of the
square (, is rather simple.

The maximal deepness of fold penetration into the square @ is at £=1/2 and achieves
the coordinate n=n,, defined by the condition 7,(n,+1/2)=1/36. From it we get
no=(v/13—3)/12=0.0505. Therefore, the mapping (5.64) is invertible in the rectangle
Q, : {0<&<1, 1,<n<1} and the fold occupies a zone 0<7n<n,. In (5.64), n can be sub-
stituted for (p—7,)/(1—n,). Then we get the unfolded mapping in the entire square @, and
folded one in the rectangle 0<¢<1, —n,/(1-7,)<n<1.

5.8.4. The above example attests, firstly, when defining an arbitrary positive defined ma-
trix G(, n), the functional (5.8)-(5.9) without the Jacobian does not guarantee invertibility
of the mapping, as already noted in Section 5.2.

Secondly, definition G12=0 is insufficient so as to provide orthogonality of the mesh. A
serious reason, caused by the mathematical formulation of the problem, is that the absolute
minimum of the functional may be not attainable. If it is attainable, then with G1;=Gq=1



Moving Mesh Calculation in Unsteady Two-dimensional Problems 153

0. 1 1 1

0.38+ =
0.36+ =
0.34+ -
0.32- o
0.30+ -
0261 !
0.26- -

0.24+ o

0.
080 040 020 000 026 024 022 020 -0.18
(a) ()

Figure 5.8: Folded 16 x 16 mesh is obtained by using the mapping (5.64).

the equations (5.63) would be the equations of the conformal mapping. Meanwhile, they are
not satisfied to the mapping (5.64). Why? According to the Riemann theorem (mentioned in
Introduction) under the conformal mapping one can define a correspondence only between
three points at the boundary contour, and not to the all boundary points. Consequently,
when minimizing the functional, the set of acceptable functions is very narrow and does
not contain the conformal mapping. Meanwhile, it is the conformal mapping that would
provide the absolute minimum of the functional.

Thus, a prudent stipulation that we can only hope that the orthogonal mapping exists,
has every reason. Actually, when realizing a discrete mapping, we can only expect to
produce a mesh being close (in some sense) to orthogonal. We refer it conditionally to as a
quasi-orthogonal mapping.

Exceptions can be only in the favorable cases of lucky correspondence between the
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boundary nodes.

We can conclude that, when minimizing the functional, there is a principal difference
between the cases when the absolute minimum of the functional is attainable or not. In
particular, note that in [7] for the discrete variant of the functional (5.1)-(5.2) it is proved
that the unique solution exists only if the metric parameters provide its absolute minimum.
The matter of uniqueness of the solution, when the absolute minimum is not attainable, is
still open, and moreover, we call doubt on it.

5.8.5. Tendency to extract a special class of quasi-conformal mappings, which one can
substantiate existence and uniqueness to, was realized for the functional (5.8)-(5.9) in [16].
The corresponding numerical algorithm was published in the monograph [3] (pp. 237-
241). Extension of this trend was executed in number of works, where the quasi-isometric
mappings are studied.

The mapping z(&, 17),y(&, n) is referred to as quasi-isometric, if the ratio of the distance
between any two (rather close) points to the distance between their images is limited from
the top and bottom:

V(z2 — 21)% + (y2 — y1)?
0
SN G man)y

Quasi-isometric mesh generation is outside the present study. For detail information we
refer the reader to [17] and chapter 2.

5.8.6. One more interesting example of the variational functional, used in grid genera-
tion, is considered in the works by Academician A'F. Sidorov and his followers, cf. [9, 18],
chapter 10. Its two-dimensional variant in the discrete formulation is

Fp = ZZ [('rn+l,m - 'I‘n—l,m)2 (7‘2 ! + = ! ) + (5.65)

n+lm Tn—l,m

o f 1 1
('rn,m-}-l - Tn,m—l) 3 + =3 ’
Tn,m-}-l Tn,m—l

here

Tn+l,m = \/($n+1,m - In,m)z + (yn+1,m - y'n,m)2

is the distance between the central node of the stencil (z,y)nm and neighbouring node
(2, ¥)n+1,m- The other values are defined similarly. In contrast to (5.29), summation is
executed by grid nodes, and not by cells.

Minimization of the functional is directed towards obtaining uniform meshes. That is
why it is referred to as a criterion of uniformity.

5.8.7. The author believes that instead of (5.65) one can use another formula as the
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criterion of uniformity

FR Z Z [ n+1,m n— ,m) (1‘2 ! - 2 . ) + (566)

n—1lm Th+1 m

(Tn,m+ 1 Tn,m— 1 ) 2 2 .
Tn,m— 1 Tn,m+ 1

Note thatto any a, b > 0 the equality

(a—b)%(1/a® +1/b%)  a®+b?
(a2 —b2)(1/a2—1/b%)  (a+b)?’

and inequality
(a+b)%/2 < a? +b% < (a+b)? < 2(a® + b?)

are correct. Applying these estimates to every summand in the sums (5.65) and (5.66), we
can see that the criteria (5.65) and (5.66) are energetic equivalent

Therefore, they are equivalent in the point of view of the variational approach. The form
(5.66), not including the square root, is preferable in computing the first and second deriva-
tives when iterating, as described in Section 5.5.

Note that in contrast to that ofin Section 5.4, to derive the difference equations for the
functional of uniformity in the (n, m)th node, the nine-point stencil (see Fig. 5.1) should be
added by four nodes more with numbers (n+2,m), (n, m+2), (n—2,m), and (n, m—2).
It requires a special consideration, when deriving the equations in the neighboring nodes to
the boundary, so as to exclude non-existent summands in the functional.

It is quite natural, since the formula (5.65) is the discrete model of the variational func-
tional suggested in [9]. This functional includes both the first and second derivatives of the
functions sought. A consequence is that the Euler-Lagrange equations to this functional are
the fourth-order PDEs, and not second-order ones as the equations (5.13) or (5.14).

5.8.8. We could continue the list of the functionals suggested by various authors. In
particular, it is of interest the variational functionals, mentioned in Introduction, oriented to
obtaining adaptive meshes. One such a functional was suggested in [6] (see also chapter 4)
as generalization of (5.1)-(5.2) and is applied with the purpose to adapt the mesh towards
a control function, obtained when modeling the unsteady flow problem. This function can
be vector-valued one [19], i.e. include several quantities (density, pressure, components of
velocity, etc.). Once the control function has been selected, they compute its derivatives
in the grid nodes and use a bit more complicated formulas to calculate the first and sec-
ond derivatives of the discrete functional needed in the iteration procedure, described in
Section 5.5.
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Every functional can be used as correcting one to the support functionals (5.1)-(5.2) or
(5.8)-(5.9). As described in Section 5.3, it can be done, for instance, defining the energy of
the mapping as

E =F +pk(T)Ek s

where Ey, is the energy of the correcting functional.

Dimensions of FE and E}, should be matched. Dimensionless formulas (5.65) or (5.66)
can be used for correcting the support functional (5.1)-(5.2). In the functional (5.8)-(5.9)
we should enter an additional co-factor of Jacobian dimensionality, e.g. the sum of areas of
four cells, attached to the underlying mesh node.

With the purpose to accelerate the convergence rate of the iteration procedures, when
constructing the meshes in the domains with fixed boundary (for example, when preparing
the initial data at initial time of the unsteady problem), the correcting functionals can be
used independently, as implied by the authors. The functionals can be used either individ-
ually or in combination with weight coefficients. In the latter case the author recall one
proverb: “If to run simultaneously after two hares, no one will be caught”. Discussion on
these questions is beyond the scope of the present work.

5.9 Conclusion

1. It is suggested to use (5.1)-(5.2) or (5.8)-(5.9) as the support functionals when con-
structing the meshes in unsteady problems. Their coefficients are the metric parameters of
the mesh, obtained at the preceding time step of unsteady simulation.

2. If discretization of these functionals is performed carefully, it is obtained the system
of equations, substituting into which the grid of the preceding step, we get the residual
identically equal to zero. Hence, with the boundary conditions, corresponding to the next
time step, the residuals are of O(7) (7 is the time step). Therefore, one can expect that the
node velocity will be within the reasonable interval relative to the velocity of the boundary.
By virtue of set forth in Section 5.7, a more clear statement can hardly be declared.

3. The study of the support functionals, when there is no a feed-back, may lead the
mesh to spoil irreversibly during unsteady modeling, and it becomes unsuitable to the main
flow problem. To prevent it, one should add another functionals with weight coefficients
p(7) to the support functionals.

In the simplest variant it can be realized via the formula (5.28) so as to correct the
coefficients G 11, Ggg, G12. One can conditionally say that the use of the coefficient p,
connects up the functional of “orthogonality”, and the coefficient pj, is harmonic. The other
cases have been discussed in Section 5.8.

4. In the case of the functional (5.8)-(5.9) without the Jacobian the system of difference
equations (5.39) with coefficients (5.40)-(5.41) is realized. From this formulas one can see
that correction (5.28) is reduced to increasing the coefficients c;, in the system of equa-
tions (5.39). The matter, conceming the choice of the correcting functionals and weight
coefficients, should be the subject of a special experimental study.
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5. Now we discuss which of two functionals (with the Jacobian or without) one should
prefer. As noted, the functional with the Jacobian guarantees the unfolded mesh genera-
tion with any positive-defined symmetric matrices of the coefficients G, and the functional
without the Jacobian does not. However, one should note that with small coefficients in the
correcting functionals we calculate in the vicinity of the support functionals. Both of them
provides nearly identical results, reproducing the grid from the preceding time step (if the
boundary is taken at this time step as well), which is implied to be unfolded. Therefore,
with rather small parameters p* one can hope that the functional without the Jacobian will
provide an unfolded mesh as well.

Presence of the Jacobian for the mesh G, from the preceding time step in the denomi-
nator of the coefficients (5.6)-(5.7) of the functional (5.8)-(5.9) is of importance. Besides,
when calculating, we verify that mesh is unfolded.

The above argumentation is added by advantages of the functional without the Jacobian.
First of all, it is a linearity of the equations (5.39), and, therefore, the coefficients (5.40) are
constant during iterations. The matrix of these coefficients (8 numbers in every internal grid
node) can be determined only once at every time step, and then it is used at all iterations.
The iteration is reduced to simple formulas (5.44) and control for mesh convexity. Thus, if
necessary a large number of iterations is not burdensome. The computational formulas for
the functional with the Jacobian are substantially more complicated, and, therefore, running
time significantly increases.

Probably, in practical computations one need to have the codes, realizing the both func-
tionals. The use of the functional with the Jacobian should be executed if we have exhausted
all possibilities of the functional without the Jacobian.

6. Note that in practical computations at the first stage one calculates the mesh by
interpolation formulas. This stage is executed till it provides with a suitable mesh.

It is important that transition from the interpolation stage to using the functionals is
“painless” (without appearing an uncontrolled node velocity) due to the ideology of one
functional, set forth above. The same concerns change of the control parameters in the
functionals.

However, practical calculations have shown that this is realized only if such a recon-
struction begins “in advance” so as to have sufficient “time reserve” not causing the break
in modeling the flow problem.

7. In view of “survivability” of the grid generation algorithm and suitability of the pro-
duced meshes to the flow problem it is of importance whether to admit or not nonconvexity
of the cells. This matter was discussed in Section 5.6. It is preferable to dispose of the
nonconvex cells in initial data (if possible) and not to admit their appearance (stipulating
this requirement in the code on mesh quality control). Realization of this requirement was
considered in Section 5.5 by automatical selection of the iteration parameter w;.

8. In spite of above, the author does not pretend to developing completely automatic
grid generation algorithms, allowing for modeling unsteady problems without user’s con-.
trol. Assume that we could experimentally develop a technology of switching on the cor-
recting functionals, described above. It should be realized in the form of concrete rec-
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ommendations, allowing the user for working with the code. (It would be ideal to define
automatically the control parameters at every time step based on a concrete situation).

There still remains the cases when the modeling can not be completed due to necessity
to change the topological map of the problem (to change “cutting” into countable subdo-
mains), to change the number of grid nodes so as to reflect adequately appearing singulari-
ties (e.g. distortion of the boundary shape), etc. Automation of solving these questions was
and is an actual problem, have not quite solved in practical applications.
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Chapter 6

GENERATION OF CURVILINEAR GRIDS
IN MULTIPLY CONNECTED DOMAINS
OF COMPLEX TOPOLOGY

Nataliya A. Artyomova, Aleksey F. Khairullin, and Olga B. Khairullina
Institute of Mathematics and Mechanics
Ural Branch of the Russian Academy of Sciences

A survey of the authors works on the automatic generation of optimal multiblock curvi-
linear grids of large size (about hundreds of millions of nodes) in two-dimensional domains
of an arbitrary connectivity and configuration using minimum input data is presented. Ba-
sic features of the proposed approach are: a special way of formalization of the criterion
of closeness of grids to a uniform ones, smoothness of grids at block boundaries, autom-
atization of generation of arbitrary topology grids in multiply connected domains, and the
use of combined iterations, which include both discrete and variational interpretations, re-
sulting in an effective computational process. An algorithm of the automatic generation
of three-dimensional block-structured grids is described for a wide class of axisymmetric
three-dimensional simply and multiply connected domains.

6.1 Introduction

The construction of grids of high quality (sufficiently smooth, close to uniform and orthog-
onal ones [1, 2], with a large number of nodes) is an important step in solving problems
of mathematical physics. This construction should be maximally automated and use min-
imum input information. The calculating time of a grid must be much less than the total
calculating time of the problem.

A vast survey of the literature on constructing grids is given in [3, 4]. The methods of
construction of grids are rather different: with the help of conformal and quasiconformal
mappings, solutions of the Euler equations of elliptic type obtained from variational prob-
lems, and so on. Some algorithms take into account only geometry of the domain, other
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algorithms consider, besides geometry, singularities of the solutions of a concrete problem
in this domain. The constructed grids may have a regular and irregular structure. In the
case of regular (structured) grids, most of the works are devoted to constructing curvilinear
grids in two- and three-dimensional domains topologically equivalent to a rectangle and
parallelepiped, respectively. Smaller part of works are devoted to designing block-regular
(composed or block-structured) grids. Very few works describe grid generation in multiply
connected domains of complex topology (with elements of basis types of the topologies
H, O, C [3] of grids or non-one-sheeted mapping).

In this paper, we consider questions related to constructing optimal block-structured
curvilinear grids in two- and three-dimensional simply and multiply connected domains of
complex geometries in the class of coordinate grids. In this case, parts of the boundary I' of
a given domain D are considered to be coordinate lines or coordinate surfaces in the plane
of curvilinear coordinates (p, g) (the plane of node numbers). A two-dimensional domain
is represented as a rectangle or a union of rectangles and a three-dimensional domain is
represented as a parallelepiped or a union of parallelepipeds (blocks) in which a regular
uniform orthogonal grid is introduced.

6.2 Optimal Two-Dimensional Grids

6.2.1 Optimality Criteria

We consider a grid in a domain D to be optimal if the functions
z=x(p, q), y=y(p, 9)

mapping the grid from the plain (p, ¢) in the physical plane (z,y) under a prescribed ar-
rangement of nodes on the boundary I" minimize the functional [1, 2]

2 2 (1.2 + y2) (:1,'2 + y2)
o= 1 2492) + (1 2442) AR TPV "}dd.&l
//D{(n\/wp+yp)p (n\/wq yq)q 5 pdg. (6.1)

(Tq¥p — TpYq)

The functional & formalizes the optimality criteria, i.e., criteria of closeness of grids to
uniform ones with respect to the distance between nodes and to orthogonal ones at the
intersection points of coordinate lines. We can control the quality of a grid by changing
the weight A > 0. The subscripts in (6.1) denote the differentiation of the corresponding
function with respect to variables p, q.

Let 7;+1,; denote the Euclidean distance between the grid nodes with coordinates (z; j, ¥; ;)
and (11,5, Yi+1,5)> T4 j+1 denote the distance between nodes (z; 5, ¥; ;) and (s j+1, ¥i,j+1)s
and ag). (I=1, 2, 3, 4) denote the angles between the rays connecting the node (3, j) and the
nodes (i+1, j), (4,5+1), (i—1, j), and (3, j—1). Then the functional (6.1) is a continuous
analog of the discrete functional [1]

F =Fr+ AFg, (6.2)
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The functional Fr enables us to minimize in the average the relative difference of the
distances between adjacent nodes, and the functional Fg enables us to construct nondegen-

erate grids (afg # 0, m) which are close to orthogonal ones.

A distinctive feature of the variational method used in the algorithm is a special way
of formalization of the criterion of closeness of grids to uniform ones with respect to the
areas of adjacent cells in combination with the criterion of closeness of grids to orthogonal
ones. Formalization of the unif ormity criterion of the arrangement of grid nodes tumed out
to be crucial for constructing economical and stable procedures of calculation of grids. The
functional corresponding to this formalization yields a system of the Euler—Ostrogradsky
equations, hyperbolic in a broad sense. It has allowed us to consider new wider types of
boundary conditions and to develop effective algorithms and programs of grid generation
for rather complicated domains. Economical and efficient procedures of calculation of grids
are connected with the application of iterative processes, which use both a special nonsta-
tionary modification of the Euler-Ostrogradsky equations and direct geometrical methods
of minimization of discrete functionals formalizing the optimality criteria.

A formulation of the problem of constructing such grids and corresponding iterative
calculating methods for domains of complex geometry are described in [1, 2]. In detail, an
economical successive algorithm of designing optimal grids in multiply connected domains
is described in [5, 6].

The grids constructed can contain elements of basic grids of the type O, C, H [3], for
which the mappings of grids from the physical plane (z,y) into the plane (p, ¢) and in-
versely are not one-valued. Namely, they are multivalued along the splits in the plane (z,y)
(grids of the H type, marked lines) and along slits (grids of the O and C type, bold lines)
in the plane of curvilinear coordinates (Fig. 6.1). The image of the prescribed domain in
the plane (p, g) can be non-one-sheeted (Fig. 6.1c). The use of the subdomain overlapping
method [2] enabled one to construct grids which are smooth on the boundaries of adjacent
blocks.

6.2.2 Sequential and Parallel Algorithms

To reduce the computation time for multiblock optimal grids of large size (dozens or hun-
dreds of millions of nodes), a parallel algorithm [7]-[10] is elaborated on the basis of the
sequential algorithm for a multiprocessor computational systems (MCS) [11].  The use of
distributed memory of the system essentially reduced both the memory necessary for stor-
age of the matrices of coordinates of grid points, densely packing them independently of
dividing the domain into blocks, and the calculation time of a grid.
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Memorizing the coordinates of grid points. A multiblock grid is formed as a result
of joining regular grids in the blocks covering this domain. In the sequential algorithm, the
structure of the matrix of coordinates of grid points is determined, using a special numera-
tion [2, 5], by the geometry of the topological image (Fig. 6.1 c¢) of a grid in the plane (p, q).
This image is inscribed into a rectangle of the size M x N. The matrix is filled by the “flag”
method. If a point does not belong to the domain, then “a flag”, i.e., the number 1018, is
transferred into the corresponding element of the matrix. In this case, the memory is used
uneconomically. The matrix can be filled more densely if we divide the domain into blocks
in another fashion. To memorize the ambiguity of the coordinates of a split, we introduce
two columns in the matrix if this line is vertical (marked lines in Figs. 6.1 a and 6.1c) or
two rows if the line is horizontal. To each point of a slit in the plane (z,y), at least two
elements of the matrix correspond, since the slit in the plane (p, ¢) has two images (bold
lines in Figs. 6.1a and 6.1¢). If more than one slit emerge from a point, then from two up
to four elements of the matrix can correspond to the endpoints of the slits.
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Figure 6.1: @ anoptimalgrid; b boundaries of given fragments of the domain; ¢
the topological image of the grid.

In the parallel algorithm, a block structure is suggested for memorizing the coordinates
of grid points. The coordinates of the block grid points form one-dimensional arrays. The
points are numbered from the bottom on vertical lines and from the left on horizontal lines
and written one after the other. As a result, the array of the coordinates of grid points is
densely packed independently of the way of dividing the domain into blocks. The matrix
requires no extension to memorize the ambiguity of the coordinates of splits.

Each block k in the plane (p, ¢) can be described by coordinates pix, g1k, P2k, and gok
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of its vertices, which are used to arrange connections between blocks. Knowing the number
K of a block and the number of the element in the common array, which is the beginning
of the one-dimensional array for this block, enables us to restore the structure of the image
of the constructed grid. On the other hand, for solving problems on large grids we may not
recover the structure of the image but solve problems block by block on several processors,
using the distributed memory of MCS and information on the neighboring blocks. As each
block has at most 8 adjacent blocks (one at each side and one at each angle), relations
between the problems being solved on different processors are easily organized.

Constructing grids with smooth coordinate lines. If we construct grids in blocks
independently of coordinates of grid points of the adjacent blocks, then the grid lines on the
common boundaries may not be smooth. When solving problems, such grids are poor if the
unknown quantities have large gradients in a neighborhood of lines of block junctions [12].
In this case, we use the block overlapping method for calculation of smooth grid lines.

In the sequential algorithm, each block whose boundary has a common part with the
boundary of another block (inner boundary) is extended beyond this boundary by the addi-
tion of one coordinate strip. Respectively, a horizontal or vertical line of the adjacent block
are taken as the boundary of the extended block. After that, the grid is calculated at each
iteration in all blocks successively. Since blocks are overlapping, points of the grid on the
inner boundaries of the domain are calculated in correspondence with the given optimality
criteria. When calculating grids in multiply connected domains of complex topology, the
movement of nodes on slits and splits is organized in a similar way, but in these cases the
analysis of geometrical possibilities of block junctions is much more complicated [5, 6].

To organize the block overlapping in the parallel algorithm, we consider indications
cr (I = 1,2, 3,4)of sides of each block k. They characterize the type of the block boundary
and can take the value cj = 0 for the given boundary of the domain, c;; = 1 for an internal
boundary, cj = 31 for an intermal boundary belonging to a split, and c; > 40 for slits.
Each block is considered as a given simply connected domain with a given arrangement of
nodes on the boundary.

In the parallel algorithm, each block is extended, by the addition one coordinate strip,
beyond all sides independently of the type of the boundary. Hence, every block will consist
of two interconnected parts: internal and external. The external part is referred to as “a
border” (the shaded strip in Fig. 6.2).

Figure 6.2: The structure of a block and the arrangement of the block overlapping.

If ¢;x=1 or c;x=31 on some side of the block, then the block border overlaps the adja-
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cent block and the coordinates of points of the external line of the block border are defined
to equal the values of the coordinates of points of this line in contiguous block. For calcula-
tion of the grid in the block k with a slit c;z=m (m>40), we seek the block ! one of whose
sides is a slit with the same number c;;=m. The coordinates of points of an internal line of
the border of the block k, corresponding to this slit, and its external line as well, are defined
to equal the values of the coordinates of points of the boundary and near-boundary lines of
the block (. If the border is adjoined to the boundary of the domain, then the coordinates of
points of its external line are labeled by the corresponding “flag”.

Distributing blocks into groups. To provide smooth grids, the blocks whose borders
are not completely labeled cannot be simultaneously calculated on different processors in
an arbitrary order.
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Figure 6.3: Principal scheme of parallelizaton.

Let us consider, for example, the block A; (Fig. 6.3), which is a part of the image of
some domain. Its sides bc and cd has the indications c; = c3 = 1. When using several
processors, the grid in the adjacent blocks B; and C; must be calculated in different time
in order to transfer information about the boundary, obtained when calculating the grid in
one of the blocks, to block A;. The coordinates of a point laying on the intersection of bc
and cd must be calculated also in correspondence with the given optimality criteria. For
this purpose, the calculation of the grid in the block D; should be separated in time from
calculation of the grid in A;, B;, and C;. The other sides of this block and the remain-
ing blocks should be similarly analyzed. As a result of such analysis, we obtain blocks
A; (1=1...,1,), B; (i=1...,I), C; (i=1...,I;), and D; (i=1...,I;), which are combined
into four corresponding groups. Distributing the blocks into groups allows us to gener-
ate the grid in blocks of one group simultaneously on different processors and by tums in
blocks of different groups.

The use of the border enabled us to arrange the overlapping more universally and to
calculate the grid in blocks with several slits. In the case when the grid is generated by
the sequential algorithm, the block being calculated cannot have more than one slit [5, 6].
Otherwise, since a block may have up to four slits in the general case, this problem was
solved by duplicating the block into several (depending on the number of slits) blocks, and
a particular slit is assigned to each of them.

For calculation of an optimal curvilinear grid in a given domain by the iterative method,
we should specify the initial allocation of grid nodes and the coordinates of block vertices.
Using these data, the indications of block sides are determined, the external line of borders
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is filled, and the blocks are divided into groups. All these operations are performed by the
program.

Loading of processors. The calculation time of an optimal grid on a multiprocessor
computer consists mainly of the calculation time on processors for the grid in blocks and
the time of exchange of information between these processors. A uniform loading of the
processors used and minimum amount of information to be transmitted are basic criteria of
the calculation time minimization.

We suppose that the calculation time of coordinates of each node of a block is approx-
imately the same. The calculation time of the grid in a block k is determined by its weight
Ly — the number of nodes of the block. We introduce a parameter By, which initially
equals Lg. If blocks k and ! have the same slit and are in one group, then, to reduce the
amount of information to be transferred between processors, they are sent to one processor,
the parameter By, is defined to equal the sum of weights of these blocks ( By = Ly + L;),
and the parameter B; is defined to equal zero. In the group under consideration, the block
k can generally have common slits with several “neighbors * (for example, the block & has
common slits with blocks /; and /5 and the block {;, besides the block k, has a common slit
with the block {3, and all of them are in one group). Then

By=Ly+ ) Ly, By=0for j=1,2,...
J

Blocks of a group are numbered in decreasing order of parameter By, and information
on them is written in an array M;. The number of blocks with By, # 0 determines the
maximal number of processors P, that are necessary for calculation of this group of blocks.
There arise two situations, depending on the relation between a prescribed number P and
the required number P; of processors.

If P > P, then blocks with By # 0 are distributedamong processors, and blocks with
B; = 0 are sent to processors on which blocks with the same slits must be calculated. In
this case, processors work unevenly and some of them either stand idle or work for a short
space of time.

If P < Py, it is possible to load processors more uniformly. For each group, we form
a matrix M, with the number of columns corresponding to the given number of processors
and the number of rows equal to the number of blocks in the group. Elements of a column
m; of the matrix M5 are the numbers of blocks calculated on the ith processor. The average
value S of parameters By of all the blocks of the group is determined. If By > S for
some blocks, then their numbers are immediately transferred from M, to the array Mo,
and the sum of quantities By for every ith processor is accumulated in S;. The remaining
blocks are distributed in accordance with the decrease in the weight By. If the condition
S;+ By < S is satisfied, then the block number k£ with the maximal value By is transferred
from the array M, to M>, and S; changes accordingly. If, after such distribution of blocks
among P processors, the array M; contains the block numbers for which By # 0, then
the procedure above is iterated and the value S is increased by 1% in comparison with the
value S on the previous iteration. Each iteration increases the unevenness in the loading of
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processors. After distributing all blocks with By # 0 among processors, the block numbers
with B; = 0 are added to the array M5 in columns which contain the block numbers with
the same slits.

Toreduce the exchange of information, we unite blocks which are on the same processor
and have a common side with indication ¢;, = 1. It takes few seconds of the counting time
to completely analyze blocks and distribute them among processors.

After distributing blocks among processors, we send to each processor the coordinates
of grid points of the initial approximation of blocks which are assigned to this processor.
Secondary information about these blocks (size, the number in line, overlappings to be
transferred) is also sent to the processor.

The iteration is completed if the grid has been calculated in blocks of the four groups.
The last processor, as the least loaded, gathers the values of the functional in blocks from
the remaining processors, summarize them, decides whether one should calculate the next
iteration or finish the grid generation, and then informs the remaining processors about its
decision. After ending the calculation, each processor writes its part of the grid in the file
in which the coordinates of grid points of all blocks are stored in a packed form.

Results of grid generation. For completeness of the investigation, the grids were cal-
culated in different domains with the number of nodes about 600000 and 900000. We
measured the calculation time, the delay of calculations start (the work of MCS on rout-
ing), the time of reading input data and writing calculation results, the time of transferring
overlappings and waiting for reception of them. Coefficients K, of acceleration of compu-
tations (the ratio of the calculation time on one processor to the time on N processors) and
coefficients K = K,/ P of the effectiveness of utilization of processors depending on the
number of processors are calculated.

The dependence, on the number P of processors, of the grid calculation time with
taking (total) and without taking (pure) the time of reading the initial approximation into
account and as well as the dependence of the time of recording the results and start delay
of calculations were studied. These investigations have shown that using two or three pro-
cessors sharply decreases the time expenditure. Beginning with six or eight processors, the
computation time varies little. This is explained by the fact that, for specified divisions of
domains into blocks, processors are loaded non-uniformly when increasing the number P.
The total computation time determines the computation time on the first processor on which
the block with the largest weight By is located. A more uniform load can be obtained if we
split this block into two or more parts.

Overhead expenses (the time expenditure on start delay, reading data, and writing the
computation results) for different numbers P of the given processors are approximately
the same, though their shares in the total time expenditure increases as P increases, but
inessentially. So, the overhead expense share on 10 processors increases about twice in
comparison with two processors. It consists of the start delay ~ 2.5%, reading data ~ 12%,
and writing results ~ 15%.

The greatest coefficient of acceleration Ky, = 5.2 ( without account of the overhead
expenses, which corresponds to the pure computing time) in the case of a grid of 600000
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nodes is obtained on P = 10 processors. Actually, with taking the overhead expenses
into account, K, = 4.2. The effectiveness coefficient of the load of processors is K; =
0.51 (K = 0.42),thatis, when calculating this grid, processors were practically halfloaded.
For a grid of 900000 nodes, we obtain K, = 7 on 14 processors.

The investigations show that the time spent on sending and receiving overlappings es-
sentially depend on the uniformity of the loading of processors. The time spent on opening
buffers and passage to a new group is inessential.

For comparison, we give an average time of one iteration for a grid with 600000 (900000)
nodes:

¢ using the sequential algorithm, 19 min. 11 sec. (21 min. 28 sec.) on PC Pentium 100
MHz (150 MHz);

e using the parallel algorithm, 6 min. 7 sec. (10 min. 6 sec.) on one processor of MCS,
49 sec. (2 min. 57 sec.) on four processors, and 36 sec. (1 min. 49 sec.) on eight
processors.

The time on PC is much greater than that on MCS, which is explained by another way
of organization of computations. Depending on the weight, the initial approximation, and
the splitting into blocks, 5 < 15 iterations are required to complete the grid generation.

The parallel algorithm enables us to construct optimal block-regular two-dimensional
grids of large size (about hundreds of millions of nodes).

6.2.3 Automatic Generation of the Initial Approximation of a Grid

To construct an optimal grid by an iterative method, it is necessary to specify or calculate
some initial approximation of it without self-intersecting cells. In [2, 5, 6] an initial approx-
imation was constructed semi-automatically, i.e., to a great extent by hand. This requires
the user to possess some practical skills.

In [13] an algorithm was elaborated for the automatic dividing of domains of complex
configuration into blocks—simply connected curvilinear quadrangles. In this case, the do-
main boundary in the physical plane and its topological image in the curvilinear coordinates
are given. The criterion of the choice of a topological image is often either the conditions of
the problem being solved in the domain (for example, heterogeneity of physical processes)
or the required directions of coordinate lines of the curvilinear grid (for example, the coin-
cidence of one of the families of grid lines with the streamlines estimated). Specifying the
location of nodes on the boundary, we can take into account peculiarities of the problem.

In [14] a geometrical method was elaborated for automatic generation of the initial ap-
proximation of a regular grid in simply connected domains of an arbitrary geometry using
minimum input information, namely, the description of the domain boundary and the loca-
tion of nodes on it.

The problems of automatic organization of the block overlapping when constructing a
multiblock grid and automatic determination of lines that may be mapped ambiguously in
domains of complex topology are solved in [2, 5, 6].
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Using these methods, we managed to automate the optimal grid generation in two-
dimensional domains of any connectivity and configuration. As a result, a universal package
of programs MOPS-2A [15] was composed.

Let us consider these algorithms in detail, taking the grid constructed in the domain in
Fig. 6.4 as an example.

Automatic dividing of a domain into blocks.
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Figure 6.4: Optimal grid.

The boundary I" of a given domain D in the physical plane (z, y) and in the curvilinear
coordinates (p, q) is represented in the form of one (Fig. 6.5a) or several (Fig. 6.1b) lines,
which can be both closed and non-closed. The program package MOPS-2A applies the
operations “Symmetry”, “Turn”, and “Shift”, which essentially reduces the information
processing in the cases when the domain or some of its parts are symmetric, respectively,
about a line or a point, or coordinates of points of one of subdomains can be obtained by
shifting another subdomain along some vector. Then the boundary is described only for

Figure 6.5: @  the boundary of a fragment of the domain; b its topological image;
¢ the grid initial approximation.
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an initial fragment of the domain (Figs. 6.1 and 6.5a) and the grid in the whole domain
(Figs. 6.1a and 6.4) is automatically constructed by the program using minimum infor-
mation. For example, for the operation “Symmetry” this is the coordinates of two points
through which the symmetry line of this fragment passes.

The user describes lines in input data by sets of nodal points A (13 points in Fig. 6.5a),
each of which is determined by four numbers x, yx, Pk, and gx — the coordinates in the
physical plane and the curvilinear coordinates. We may go around the boundary starting
from any point and moving in any direction. The program connects nodal points in the
physical plane by segments of straight lines or arcs of circles of prescribed radii in a pre-
scribed direction (clockwise or counter clockwise). The images of points Ay in the curvi-
linear coordinates are connected by segments of the straight lines p = px or ¢ = gx. As a
result, the topological image of the given domain D in the curvilinear coordinates is repre-
sented as a quadrangle, polygon, or a union of them (§2) with sides parallel to the coordinate
axes p = 0 and ¢ = 0 (Fig. 6.5b).

To automatically divide the domain into blocks, information on the boundary is ana-
lyzed and the geometry of the image in the plane of curvilinear coordinates and the di-
rection in which we should go around its boundary are determined. From nodal points of
the boundary, the supporting points of its image are selected (the vertices of the polygon
§?) in which, when moving along the boundary, the passage from a grid coordinate line
of one family to a coordinate line of another family is realized. From supporting points,
the concavity points of the image of the boundary are selected and subdividedinto 5 types

(Fig. 6.6).

Figure 6.6: a, ¢ types of concavity points; b, d  examples of selected blocks.

The fifth type of points is the endpoints of the given non-closed curves or turning points
on splits. The segment marked by the bold line can be both horizontal and vertical, and the
considered point can be on either side of the segment.

Through the found points, depending on their type, the lines dividing the domain into
blocks are drawn in the directions pointed by arrows. Near each point of the type 1-4, three
blocks (Fig. 6.6b) can be selected and two of them are adjoined to the domain boundaries.
Two sides of the third block are dividing lines and one of the vertices, as well as in the case
of the first two blocks, is a concavity point of the boundary. Four blocks (Fig. 6.6 d) can be
similarly chosen near points of the type S.
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The blocks are selected at the instance when the coordinates of points of three sides
of the block are already known. The lengths of the block sides are determined so that the
opposite sides of the block have the same length in the plane of curvilinear coordinates.
Viewing all supporting points of the boundary by tums allows us to completely divide the
domain into blocks and then to form a data array for the blocks obtained (coordinates of
their vertices).

In the case of multiply connected domains, it is necessary to know where the grid must
be constructed: inside the closed boundary curve or outside. This information is written in
the input data. If the grid must be calculated outside this curve, then the direction of moving
along the boundary curve is taken to be opposite.

The boundary curve of the image §2 of the given domain D of complex configuration
and complex topology consists mostly of several closed curves (2 curves in Fig. 6.5 b). They
are automatically selected and considered in the sequel as independent boundary curves.

In the plane of curvilinear coordinates (Fig. 6.5 ) and in the physical plane (bold lines
in Fig. 6.5¢), the dividing lines are segments of straight lines and points on them are placed
uniformly by the linear interpolation method. Whether or not a dividing line intersects the
domain boundary in the plane (z, y) is checked by the program. If there are intersections,
additional dividing lines are drawn.

When dividing the domain into blocks is completed, the coordinates of grid points on
the block boundaries become known. In every block it is necessary to construct a regular
grid of the initial approximation without self-intersections. '

Constructing a regular grid in a block. The method of automatic construction of a
structured grid without self-intersections in the block consists in analyzing the boundary
curve with the purpose to find its convexity and concavity points, to arrange grid points in
the domain, and to control and improve the quality of the grid.

As in dividing the domain into blocks, a key moment of this method is to know con-
vexity and concavity points of the boundary, but these points must here be determined in
the plane of physical coordinates (z, y). To find these points, the following equation of an
oriented straight line is used in the work [16]:

fe(z,y) = (e — ye—1)2 + (k-1 — )y + (TYk—1 — T—1¥%) = 0.

If the condition fx(xk+1,yk+1) < O is satisfied, then the vertex Ax+1 (Fig. 6.7a)

lies on the left of the straight line Ax_; A, the inner angle ZAy_1 Ax A1 is greater
than 7, the point Ay is a concavity point of the boundary. If fx(zk+1,yx+1) > 0, then
the point Ay is a convexity point. However, when using this method, we are to go around
the boundary in a certain direction, namely, clockwise. This is an essential shortcoming in
constructing a multiblock grid.

The convexity and concavity points can be found using the condition that these points
belong to the closed domain, which does not depend in which direction we go around
the boundary. If we connect points Ax_; and Axy; by the segment of the straight line
(Fig. 6.7b), we obtain a new domain whose boundary does not contain point Ay. For each
point Ax(zk, yx), the number n of the intersection points of the straight line z = zj and



Generation of Curvilinear Grids 173

Figure 6.7: Determining the convexity and concavity points.

the domain boundary with y > yj is determined. All parts A;A;4+; (i=1,2,...) of the
boundary are checked whether they intersect or not. If n is odd, the point Ay, lies inside the
bounded domain and it is a concavity point; otherwise, it is a convexity point. The time of
determination of points by this method increases as the number of the specified points on
the boundary increases.

In the algorithm under consideration, points of the boundary are analyzed by a method,
which combines the speed of the first method and universality of the second. Using the
oriented straight line equation, we determine the indication of each specified point, i.e., we
check whether the boundary at this point is convex or concave. This indication is searched
for any point of the boundary by the second method. If the indications of a point obtained
by the two methods coincide, then the boundary is described clockwise and the indications
of points are defined correctly. Otherwise, the boundary is described counter clockwise, the
indications of all of its points are taken to be opposite.

We use the priority principle in arranging grid points inside the block. For this purpose,
a particular quantitative indication ¢ is assigned to each of the grid points of the block. The
concavity points of the boundary have the highest priority (¢ = 31), the priority of the points
of its convexity is lower (¢ = 21), and the remaining points of the boundary have ¢ = 1.
The grid points inside the block with coordinates z, y unknown for the present have ¢ = 0.

Grid lines are sequentially drawn first from the concavity points of the boundary and
then from the convexity points. As a result, the domain is divided mostly into convex
polygons, in which the grid is generated by the linear interpolation method.

Suppose that it is required to draw a grid line from the point T; (Fig. 6.8a).

Intheplane (p, q), we search its nearest neighboring point T with the indication ¢t = 0.
The coordinates of this point in the plane (z, y) are not defined yet. The position of the point
T; coincides with one of eight positions, which are outlined in Fig. 6.8 a, and depends on the
position of the point 7', on the boundary or in the domain. If such a point exists, then from
T) in the direction of the found point T% we search a point 7’3 with an indication ¢ > 1 and
the lmown coordinates z, y. An intersection of the segment 773 and the boundary curve is
checked. If T71T3 does not intersect the boundary curve, then the grid points are placed on
the segment by the linear interpolation method and the indication ¢ = 1 is assigned to them.
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Figure 6.8: a  scheme of choosing the calculation direction of grid points; b  scheme
of choosing the calculation direction of a temporary grid node.

If there is an intersection, then no grid points are placed in this direction, since otherwise
they will be beyond the computation domain. We attempt to place the grid points in another
direction, choosing the following point 75 with unknown z, y.

Figure 6.9: Grid for different ways of determining the intersection points of diagonals.

When placing the points in the diagonal direction, the intersection point of diagonals
may not belong to the grid as the straight line 773 in the plane of curvilinear coordinates
passes between points Ty and T5 (Fig. 6.8b) with indications ¢ # 0. This results in an
incorrect computation of the step of arrangement of points on the diagonal, and the grid can
have self-intersecting cells (Fig. 6.9a). Introducing a temporary node 73 with fractional
coordinates allows us to calculate a grid without self-intersections (Fig. 6.9 b).

After calculation of a grid line, whose image is 7773, the following boundary point is
selected. Such a point is also chosen in the case when all points 7% surrounding 77 have
the indication ¢ = 1 or the segments 7773 intersect the block boundary. Processing of the
arrays of the concavity and convexity points of the boundary is continued till the complete
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determination of the point coordinates in the computation domain.

The grid quality control and improvement. When constructing the initial approxi-
mation of the grid is completed, an automatic control of its quality is carried out.

A number of criteria of the quality of a grid are suggested in the work [17] and are
broadened in [14]. A criterion based on the analysis of the areas of cells is used for the
quality control of the grid initial approximation.

Each cell is determined by the coordinates of four its vertices (Fig. 6.10).

1) i+1,j+1

W i1
Figure 6.10: Numeration of the cell vertices.

Assigning numbers k=1, 2, 3, 4 to vertices, we calculate the areas [17]

20 = (Tk — Tk—1)(Yk+1 — Y&) — (Y — Yk—-1)(Th41 — Tk)

of four triangles obtained when the diagonals of the quadrangle are drawn. In this case,
(20, %0) = (x4, y4) and (x5, y5) = (1, %1).

For each cell, the signs of o are checked, which determine the type of the cell. The
following five types of cells are possible:

¢ convex cell (Fig. 6.10) if all areas o > 0;

¢ nonconvex cell (Fig. 6.11a) or triangular cell if three areas ox > 0 and one area
or < 0;

o self-intersecting cell (Fig. 6.11b) if two areas o > 0 and two areas o, < 0;

¢ nonconvex inverted cell (Fig. 6.11c¢) or triangular cell if three areas ox < 0 and one
area oy > 0;

o convex inverted cell (Fig. 6.11d) if all areas oy < 0.

When constructing grids in practice, convex and nonconvex cells are admissible for
solving problems. We will call them nondegenerate. The grids containing self-intersecting
and inverted cells are unsuitable for calculations. We will call such cells degenerate [14, 15].

When constructing the grid initial approximation, sometimes there arise a situation
when the grid generation in a domain of complex configuration cannot be completed or
the constructed grid is of poor quality, i.e., the grid contains self-intersecting or inverted
cells or, because going out of the domain is strictly prohibited, coordinates of some nodes
are not defined in the plane (z, y) (we will call them “empty” cells) (Fig. 6.12a).
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Figure 6.12: The grid initial approximation before and after improvement.

When checking the quality of a grid, information on such cells is written in the indi-
cation ¢ of the corresponding nodes. Several methods were elaborated for improvement of
these cells.

It was found that the quality of the grid initial approximation in domains of complex
configurations essentially depends on the order of choosing the boundary points which are
used at the first stage of calculation. To construct a qualitative initial approximation, it is
required to examine several different versions of sequences of points. The following four
versions are stipulated in the program: nodal points of the boundary are scanned clockwise,
counter clockwise, on vertical and then horizontal lines of the boundary, and, conversely,
first on horizontal and then vertical lines. From these four versions, the grid with the best
quality parameters is taken.

In the case when the constructed grid is of low quality, some subdomain is chosen that
contains degenerate and empty cells but has a boundary consisting only of nondegenerate
cells. Indications ¢ of all nodes lying inside this boundary are set to be zero, the convexity
and concavity points are selected on the subdomain boundary, the repeated calculation of
the coordinates of internal points is implemented by the algorithm above. This process is
iterated under increase in the size of the subdomain till the quality of the grid becomes
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satisfactory or the specified number of attempts of improving the grid is exhausted.

The presence of empty cells can result in degenerate cells, which are concentrated
mainly near nodal points of the boundary concavity. A horizontal or vertical line is drawn
through such boundary points, which splits the block into two blocks. The grid is anew
constructed in each of the new blocks. Passing from the block to the block, the grid initial
approximation is constructed in the whole domain.

The designed procedure of dividing a domain of complex geometry into blocks and
constructing the initial approximation of a structured grid in blocks in combination with
overlapping of blocks [2, S, 6] enabled us to solve the problem of automatic generation
of both the grid initial approximation and an optimal multiblock curvilinear grid in two-
dimensional domains of any connectivity and configuration. Minimum input information is
used in this construction; namely, specification of the boundary, arrangement of nodes on it
in the physical plane, and the image of the boundary in the plane of curvilinear coordinates.

The time of self-dividing the domain into blocks and constructing a multiblock grid of
the initial approximation with the number of nodes about one million on a computer of the
type Pentium-100 does not exceeded 1 min.

6.3 Block-Structured Grids in Axisymmetric
Three-Dimensional Multiply Connected Domains

In the work [18] algorithms are designed for constructing three-dimensional curvilinear
structured grids in simply connected domains, obtained by rotation of a directrix about an
axis through an angle ¢ (99 < ¢ < w). The grids are constructed without singularities
(there are no degeneration on the axis and self-intersections in the domain) [19].

In this work, three-dimensional block-structured grids are constructed in axisymmetric
domains of any connectivity in the case when the rotation angle ¢ of the directrix around
the axis is equal to 360°. Such grids are required when solving problems of mathemati-
cal physics in three-dimensional axisymmetric domain with nonsymmetric boundary con-
ditions (for example, gasdynamic flow around axisymmetric bodies at nonzero angle of
attack).

A curvilinear grid in a domain is proposed to be constructed by rotation of a two-
dimensional radial section of the domain about the symmetry axis. This section can be sim-
ply or multiply connected with one-valued or multivalued mapping into the plane of curvi-
linear coordinates. A two-dimensional structured or block-structured optimal grid should
be generated in the section by the use of algorithm MOPS-2A.

For automatic generation of a three-dimensional grid it is necessary to set the number
K, of sectors into which the domain of rotation should be divided.

If a three-dimensional grid is constructed using only rotation of a section, then on the
symmetry axis we obtain an ambiguity of the mapping like O and C grids (Fig. 6.13a). To
eliminate this, we must change the grid in blocks or parts of blocks adjacent to the symmetry
axis (Fig. 6.13b).
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Figure 6.13: Grid in the cross section of the central part of a three-dimensional domain with
a singularity and after elimination of it.

Figure 6.14: Radial section of a three-dimensional domain.

The lateral faces of blocks can be represented as conical (bd) and cylindrical (gh) sur-
faces or their combination (rs). Each of the bases can be a circle (cd), spherical (ab) or
conic surface (ed), or more complicated surface whose directrix of rotation is a broken line
(combination of the lateral faces of truncated cones) (g f) (Fig. 6.14).

Let us first consider a rather simple structure ofthe block—a truncated cone with circle
bases. To reconstruct the grid, we “cut out” a part of the block adjacent to the symmetry
axis. In the remaining part of the block, if such a part exists, the grid is constructed by
rotation of the segment of the original section of the domain that belongs to this part of the
block.

When constructing the grid in the central part of the block, we renumber the boundary
points of its bases so that this boundary in the plane of curvilinear coordinates is represented
as a curvilinear square (Fig. 6.13b). To maintain the symmetry in the grid reconstructed,
the number K of given sectors for generation of a three-dimensional grid, determining the
number of the boundary points of the block base in which the grid is reconstructed, must be
multiple of 8. Otherwise, in handling input data the nearest K, > K multiple of 8 will be
automatically chosen. A grid close to a uniform one is constructed in the base of the central
block by linear interpolation. Points are placed first on the vertical and horizontal symmetry
axes of the circle and then in the left top quadrant. For maintaining the symmetry, the grid in
the top of this quadrant is symmetrically mapped with respect to the diagonal to its bottom.
Then the grid obtained in this quadrant is symmetrically mapped to other quadrants. As a
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result, we get a symmetric grid of size L = (K./4 + 1) x (K./4 + 1) in the base of the
central block.

Having performed analogous constructions in cross sections of the block for specified
z = 2k, we obtain in the central part a grid close to a uniform one and without singularities.

Let now the block base is the lateral face of a right circular cone ( de in Fig. 6.14). We
will generate a grid on such surface as follows. We represent the base dc of this cone in
the plane curvilinear coordinates (pq) as a square in which a uniform orthogonal grid will
be generated. In the plane of physical coordinates, we construct a circle of radius dc and
project the grid points of the generator de to the axes z = 0 and y = 0. In the general
case, we can obtain a nonuniform grid on the axes. Then, on lines ¢ = const in the left
top quadrant, we arrange points so that the ratios of the distances between grid points are
the same as on the axes. To ensure the symmetry, the grid in the top of this quadrant is
symmetrically mapped with respect to the diagonal to its bottom. The grid obtained in this
quadrant is symmetrically mapped to other quadrants. As a result, we get a symmetric grid
in the cone base, which is projected to the lateral face of the cone.

The composed surface of the cone base (for example, ab in Fig. 6.14) can be represented
as a combination of the lateral faces of truncated cones (K = ) K;) with heights h; =
zi—zi-1 (1=1,2,...).

To construct a grid on such surface, we project the grid points of the section line (ab),
corresponding to this surface, to the ordinate axis (ak). In the plane (zy), we construct a
circle of radius ak and a grid in it by the method described above. To project the obtained
grid to the base face, it is necessary to take into account that this surface is a combination
of the lateral faces of truncated cones and to rightly choose the required cone.

Having performed analogous constructions for the section lines inside the block for
specified z = zi, we obtain in the central part of the domain a grid close to uniform one
and without singularities.

The coordinates of the grid points are stored in a block form. When solving problems

a b

Figure 6.15: Three-dimensional grids in domains with simply connected radial sections.
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Figure 6.16: A three-dimensional grid in a multiply connected domain.

on these grids, connections between blocks are automatically organized.

A three-dimensional grid in a simply connected domain is presented in Fig. 6.15 a and
in multiply connected domains of simple and complex topologies in Figs. 6.15 b and 6.16.
The radial section in Fig. 6.14 was used for designing the grid presented in Fig. 6.15 b. To
make the grids more viewable, we cut a quarter out of each domain. The bold lines in
Figs. 6.14-6.16 mark the block boundaries.

6.4 Using Optimal Grids

A non-orthogonal optimal two-dimensional curvilinear grids were used to solve compli-
cated gas dynamics problems. Using these grids, a method of calculating parameters of sta-
tionary vortical flows of compressible and incompressible fluid in axisymmetric and plane
parallel simply connected channels of complex configuration is elaborated [2, 12, 20]. The
method is realized by the program package SOKOL. It enables us to reliably diagnose zones
of the subsonic part of channels in which vortices are formed, to determine how the gas-
dynamic parameters and peculiarities of the channel design influence the formation of the
pressure and velocity field and the formation of stationary large scale vortices in the flow.
As a result, using various constructive techniques, we can exclude, even at the stage of
designing, the vortices giving rise to acoustic oscillations of pressure in these channels.
The methods designed and the program SPECTR for calculation of parameters of acous-
tic oscillations propagating in a moving media in these channels enabled us to calculate
enough effectively acoustic parameters of combustion chambers [20]-[22]. The effect was
revealed that frequencies perceptibly decrease when vortical zones are present in the flow.
It is precisely the use of optimal curvilinear grids that enabled us to free ourselves of
the essential restrictions on the class of the considered geometries of channels, and the
high approximative quality ensured a success in constructing rapid iterative processes for
calculating flows and acoustic oscillations in channels of complex configuration. The grid
generation time is 5-10% of the computation time of the problem. The more complicated
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structure of the gas flow the less percentage.

The grids constructed by this technique were successfully used for solving problems
of the gas flow around axisymmetric spatial bodies, in particular, for calculating counter
and overtaking diffraction on a sphere [23]. A three-dimensional grid was designed as a
union of two-dimensional optimal grids. These grids are constructed on the evolvent of the
lateral face of circular cones which are one of the families of coordinate surfaces in the
given domain.

The three-dimensional grids described in Section 6.3 were used for solving problems
of stationary flows of an ideal gas around axisymmetric bodies at a nonzero angle of attack.
As an example, the results of calculation of the flows around a body composed of cones and
acylinder are given. A three-dimensional grid in the domain was constructed by rotation of
the section presented in

~ S errrrryo o2
BT WA W W W W W W

Figure 6.17: @  athree-dimensional grid in the computationdomain; b the original
two-dimensional grid in its radial section.

Fig. 6.17b. To make the grid viewable, a quarter of the domain in Fig. 6.17 a was cut
out. Below, the results of calculations are presented for the cases when the flow was both
subsonic with the Mach number My = 0.5 and supersonic with the Mach number M, = 2.
The velocity vector of the flow lies in the plane zz at the angle of attack a = 15°.

Figures 6.18 and 6.19 show isobars in sections zoz and zoy obtained for the subsonic
flow around a body. The sections zoz and zoy are symmetry planes of the streamlined
body. Since the velocity vector of the flow lies in the plane zz, the pattern of the gas flow
in the section zoz is symmetric. ‘

Figure 6.20 shows isolines of the Mach numbers in the section zoz obtained for a su-
personic flow around a body.



182 Nataliya A. Artyomova, Aleksey F. Khairullin, and Olga B. Khairullina

Mo =05
z
Level P
15 1113
14 1.097
13 1.081
12 1.065
11 1.049
10 1.033
9 1017
o X 8 1.001
7 0985
6 0969
\, - 5 0953
K wox 4 0937
3 0921
\ 2 0905
1 0889
),\

Figure 6.18: Isobars in section xoz for the subsonic flow.

Mo =05

Level P

15 1113
14 1.097
13 1081
12 1065
" 1.049
10 1.033
1.017
1.001
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Figure 6.19: Isobars in section zoy for the subsonic flow.

The numbers at lines denote the numbers of isolines. The corresponding values of
pressure P and the Mach numbers are given in the tables.

Calculations of gasdynamic flows were carried out by programs elaborated in the Keldysh
Institute of Applied Mathematics of Russian Academy of Sciences.
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Figure 6.20: Isolines of the Mach numbers in section zoz for the supersonic flow.

6.5 Conclusion

The numerous calculations show that the hyperbolicity of the system of equations solved
does not give rise to discontinuities. No additional singularities appear when passing to
anew system of coordinates, though the general theorems on smoothness, existence, and
uniqueness of the solution of the system of Euler-Ostrogradsky equations are not derived
[2]. However, the experience in using optimal grids based on the approach proposed shows
that the grids constructed have high computational and approximative advantages. Their
application allows us to solve complicated gas dynamics problems with high degree of
accuracy.

Automatization of constructing both two-dimensional and three-dimensional grids in
specified domains makes it possible to use MOPS-2A for solving nonstationary problems.
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Chapter 7

ANISOTROPIC GRID ADAPTATION APPLIED
TO AERODYNAMIC PROBLEMS

Alexander M. Sorokin and Natalia A. Vladimirova
Central Aerohydrodynamic Institute (TsAGI)

Two anisotropic grid adaptation methods are considered. The first one is the algorithm
of constrained Delaunay triangulation with specified stretching of triangular cells adjacent
to the boundary applied in multiply connected regions. The grid generation procedure in-
crementally inserts the nodes to make the distribution of circum-circles around triangular
elements smooth and meet the requirement imposed on the cells stretching adjacent to spec-
ified curves. The generated grids were used in Navier-Stokes numerical simulation of high
Reynolds number turbulent viscous flows around isolated and multi-element airfoils.

The second method is anisotropic edge refinement adaptation technique of
three-dimensional unstructured grids. The adaptation procedure identifies three directions
of adaptation at each grid node, performs the refinement of grid edges aligned to these direc-
tions and reconnects edges. The interpolation based error indicator at an edge is determined
as a weighted sum of the first and second order derivatives of monitor function along an
edge direction. The edge refinement utilizes this error indicator. The developed adaptation
algorithm was applied to convection-diffusion problems. The solutions to these problems
simulate three-dimensional curved viscous wakes with large gradients of flow parameters.
The explored dependencies of numerical errors via the number of grid nodes showed good
correlations with theoretical predictions. The industrial application to the Euler transonic
flow over a wing with winglets is considered.

7.1 Introduction
The accuracy of the numerical solution with large gradients calculated on the uniform grid
can be significantly improved with the optimal placement of grid nodes. The tessellation

of the given set of nodes is not unique and nodes connectivity signi-ficantly influences
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the accuracy of the numerical scheme. If the problem parameters vary differently in the
different directions, the optimal grid should comprise the anisotropic grid elements.

Two different anisotropic grid adaptation techniques are presented in this paper. The
first one constructs the constrained Delaunay triangulations with specified cell stretching in
the regions with large gradients of flow parameters. This algorithm does not rely on flexible
push button technology, but it produces high quality grids that meet all the requirements
imposed by employed numerical Navier-Stokes schemes. These requirements are:

o the Delaunay grid property

o the grid steps small enough to resolve the flow parameters in viscous dominated flow
regions

e the control of maximal angle in triangular cells
o the smooth transition between isotropic and anisotropic parts of grid
e reasonable grid quality

The other method utilizes the edge refinement technique and can be the base for auto-
matic grid generation technology. The grid is generated through iterations consisting in the
following steps:

e computation of flow parameters on the current wing
e calculation of edge-based error indicators

¢ refinementand derefinementgrid adaptation according to the values of error indicator

7.2 Generation of Constrained Delaunay Triangulations
with Specified Cells Stretching near the Boundaries

The Navier-Stokes numerical simulation of high Reynolds number turbulent viscous flows
needs the regular tessellations with extremely high cell aspect ratio in viscous dominated
flow regions. Moreover, most of the numerical schemes prefer the Delaunay triangulation
because the Delaunay property improves and for some problems even ensures the stability
of numerical schemes. The triangular tessellation of the given region is considered to be De-
launay if interior of the circum-circle of each triangle contains no points of the triangulation.
Everywhere in this paper the boundary constrained Deluanay triangulations are considered,
i.e. points that are occluded by boundary edges are not taken into account in the in-circle
test. The aspect ratio of the cell is the ratio of its circum-radius to in-radius.The Delaunay
property in highly stretched grids imposes tough requirements on the grid generation tech-
nique. Although the Delaunay criteria can be easily met with the edge reconnection, this
procedure generally seriously corrupts the quality of the highly stretched grids. The angles
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in triangular elements may be arbitrary increased and the high connectivity at isolated nodes
may appear.

Generally the viscous dominated flow regions close to the boundary are the crucial re-
gions in calculations on Navier-Stokes flows. The straightforward approach to this problem
is to use the triangulated rectangular grid near boundaries and isotropic grid in the rest part
of the flow field [1]. Generally this tactics introduces sudden and considerable discrepan-
cies in the cells shape and size on the boundary of the isotropic and anisotropic parts of
the computational region. Two alternate strategies of isotropic grid generation can be out-
lined. One of them incrementally inserts nodes in the centers of circum-circles of mesh
triangles to improve the grid quality. The grid quality is defined with the size and shape
of grid cells [2]-[S]. The other technique starting from the region boundaries incrementally
cuts off the triangles from the computational regions, until the region is exhausted [6]. One
of the possible approaches to generation of anisotropic grids is to apply the isotropic grid
generation technique in locally transformed space with specified metric of Euclidean space
[7]. Unfortunately, this approach does not control the grid quality.

The developed approach specifies the cells stretching near boundaries of the region and
adjacent to the cuts inside it. The initial triangulation of the region based on the boundary
nodes is incrementally enriched with the nodes to meet the requirement on the stretching of
adjacent to the boundary triangular cells and to produce the smooth distribution of radii of
circum-circles of mesh triangles. The developed technique does not employ the tactics of
node insertion in the centers of circum-circles with maximal normalized radius [7]. In the
developed algorithm the gradient vectors of circum-circle radii are calculated numerically
at the grid nodes and new nodes are injected in the gradient direction from the nodes with
maximal module of the gradient vector. The new node is injected from the old one at the step
that assured the smooth distribution of circum-circle radii. The same algorithm was used
in the isotropic and anisotropic parts of the mesh. The notable feature of this algorithm is
that it may produce the highly stretched grid structures close to the triangulated orthogonal
rectangular grids in viscous dominated flow regions. The algorithm controls the maximal
angle value of in the grid triangles.

7.3 The Algorithm of Anisotropic Grid Generation

The algorithm of the anisotropic grid generation is based on the following steps:

e The computational region boundaries and the cuts defined by the streamlines starting
from the sharp ends of the bodies are discretized.

e The aspect ratio of the cells close to the bodies and the cuts is specified; actually the
length of the edges entering the body and the cuts are prescribed.

e The initial tessellation of the region is produced. The tessellation contains only the
nodes on the boundaries and the cuts.



192 Alexander M. Sorokin and Natalia A. Vladimirova

o The gradient of circum-circles radii (P, P,) is calculated integrating over the Voronoi
control volume. The gradient of circum-circles radii at node i = (x;, y;) is obtained
by integrating over the appropriate Voronoi control volume

N N !
P, = <2 CinRinAxin> [Z Cm(Ax?'n. + Ayzzn)]

n=1 n=1
N -1
Z Cm(A‘T?n + Ayz?n)

n=1

)

N
P, = <Z CinRinAyin>
n=1

the node i shares the edges (i,n),n = 1, N. The value of R;, is equal to half of the
sum of circum-circles radii around triangles sharing the edge connecting the nodes %
and n, Azin = Tp — Tiy AYin = Yn — Y . Cin = Ly/Le , where the value of Ly, is
equal to the length of the side of Voronoi cell, corresponding to the edge (i,n), and
the value of L. being equal to the length of the edge (i, n).

e Some number of nodes (the parameter of the algorithm), where the module of the
gradient of circum-circle radius is the largest is chosen. The new nodes are inserted
near the chosen nodes. The location of the new nodes is defined at the step along the
gradient direction from the old ones. This tactic means the mesh enrichment in the
regions where it is mostly rarefied. The step is equal to the normalized length of the
edge entering the node and aligned to the direction opposite the gradient vector. The
normalizing value defines the ratio of grid stretching, If the node with large gradient
of circum-circle radii locates on the boundary or on the cut, then the step value is
chosen to produce the specified cell stretching on this boundary or the cut.

o Before insertion of the new node the check is made whether the presence of this node
would cause the illegal grid structures such as grid overlapping, when the new node
locates outside the region or lies too close to the old nodes. If it is so, the insertion of
new node is forbidden.

e The edge reconnection is fulfilled to meet the Delaunay property.

o If all nodes that are candidates for insertion are rejected, the grid generation is con-
sidered to be finished. If not so, the gradient of the circum-circle radii is calculated
at the nodes, where it was changed by the node insertion and edge reconnection, and
the next iteration step is made.

7.4 Computational Results

The developed grid generation technique was used in Navier-Stokes numerical si-mulation
of high Reynolds number turbulent viscous flows around isolated and multi-elementairfoils.



Anisotropic Grid Adaptation Applied to Aerodynamic Problems 193

Figure 7.1: Grid around RAE-2822 airfoil, 5138 nodes

7.4.1 RAE 2822 Airfoil

The Navier-Stokes grid generated around RAE-2822 airfoil is shown in Figure 7.1. The
cell aspect ratio, being equal to 1000, was specified only at the airfoil surface. The grid
comprised 5138 nodes. The maximal angle in triangular cells did not exceed 160°. The
Navier-Stokes calculation with incorporated Spalart-Allmaras turbulence model [8] was
performed with FLUENT package on this grid at M = 0.725, o = 2.92°, Re = 6.5-106.
Figure 7.2 displays good correlation of pressure distribution on the airfoil surface between
numerically predicted values and experimentally determined data [9].

74.2 Two-Element Airfoil GA(W)-1

The important feature of the developed algorithm is the ability to create highly stretched

Delaunay grid not only adjacent to the boundaries of the computational domain but to curves

inside the region. The illustration of this feature is the case of Navier-Stokes grid around
airfoil GA(W)-1. The cell aspect ratio equal to 1000 was specified both on airfoil surface
and on the wakes. The flow at M = 0.21, a = 0, Re = 2.2 - 108 was considered. At first
the grid with specified density only near airfoil boundaries was generated (see Figure 7.3)
and the Navier-Stokes code was run on it at the considered flow regime. After that the cuts
were generated as a stream lines in the calculated flow field going from the sharp corers
of the body. Then the grid with grid density near body and defined cuts was produced. This
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Figure 7.2: Comparison of pressure distribution on the RAE-2822 airfoil surface between
numerically predicted values and experimentally determined data (M = 0.725, a =
2.92° Re = 6.5-10°)

grid is depicted in Figure 7.4. It consists of 15463 nodes. The cells adjacent to the body
have the aspect ratio equal to 1000. The maximal angle in triangular elements does not
exceed 160°. Figure 7.5 presents the fragment of this grid near flap. Figure 7.6 shows the
Mach number distribution around this airfoil obtained with FLUENT package on this grid
at M = 0.21, a = 18°, Re = 2.2 - 10°. The algorithm produces grids of poor quality
when fronts of dissimilar scales are encountered. That is why the grid density on the closely
placed curves should be fitted to each other.

7.4.3 Four-Element Airfoil

This example demonstrates the capabilities of the algorithm for complex multiply connected
geometries. The flow parameters were equal M = 0.2, a = 8.09°, Re = 2.85 - 10°.
Besides gaps between close surfaces, close locations of multiple boundaries and wakes,
some elements of this airfoil have blunt trailing edges. The wake from such blunt trailing
edge is modeled with two streamlines going from its sharp ends. At first the grid with
prescribed density only near airfoil boundaries was generated and Navier-Stokes calculation
at the considered flow parameters were performed. After that, the streamlines going from
the body sharp ends were constructed according to computational flow fields. Then the gird
with cell aspect ratio equal to 1000 near body surface and wakes was generated. The grid
comprised 41813 nodes. The maximal angle in grid triangles does not exceed 175°. The
general view of the grid is shown in Figure 7.7. The grid fragments are depicted in Figure
7.8, Figure 7.9 and Figure 7.10.
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Figure 7.3: Grid around GA(W)-1 airfoil without adaptation to the wake, 3091 nodes
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Figure 7.4: Grid around GA(W)-1 airfoil with adaptation to the wakes, 15463 nodes
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Figure 7.5: Fragment of the grid around GA(W)-1 airfoil near the flap

Figure 7.6: Mach number distribution around GA(W)-1 airfoil, M = 0.21, a =
18°, Re =2.2-108
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Figure 7.7: Grid around four-element airfoil, 41813 nodes

'Figure 7.8: Grid fragment near slat
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Figure 7.10: Grid fragment near flap trailingedge
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7.5 Anisotropic Adaptation Applied to Unstructured Grids

The general adaptation procedure estimates local numerical errors with error indicator and
achieves the uniform distribution of error indicator in the computational domain with the
help of various grid transformations. The error indicator can be attributed to nodes, edges
or tetrahedrons. The most efficient among them is the edge based error indicator because
it gives directional information about adaptive properties of unstructured grid. The error
of the linear interpolation of one-dimensional quadratic function can be estimated with the
following expression [10], [14], [15]

d?u

2
Kn* ||,

where K is a constant and h is a grid step. If the optimal grid is considered to be the grid
with uniform error distribution, then the formula

d2

2
Kh? |2

= C

determines the grid step in the optimal grid. The symbol C in the upper formula is a positive
constant.

In three-dimensional case, the Hessian of monitor function u is used instead of sec-
ond derivative in presented formula, [10]-[13]. In multidimensional problems the monitor
function is a function the grid is adapted to. The Hessian is decomposed in the following
manner

H = RART

where A is a diagonal matrix composed of Hessian eigenvalues and matrix R is a matrix of
its eigenvectors. As the error is always positive, the matrix H is replaced generally with the
following expression

H = R|A|RT = 857,

where S = Ry/[A|. The matrix R defines the rotation transformation and S can be inter-
preted as a stretching transformation of the element in the direction of the principle axes
of H. The matrix H specifies the metric that defines the length of the edge connecting the
node ¢ with the node j using the expression

ey = \/ (ri = 1;)TH(ri — 1)),

where r; is a radius-vector of a node i. The adaptation procedure transforms the given
initial grid to the isotropic grid in the metric defined with the matrix H. This can be done
applying nodes movement, node insertion/extraction and edges/faces reconnection. In this
work, only two last transformations are employed. _

The transformations producing isotropic grid in metric H are the crucial issue for adap-
tive grid generation technique. The uniform distribution of error indicator with the same
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Figure 7.11: The refinement of two-dimensional triangulated rectangular grid

error level can be achieved on the grids with different structure, and comprising different
number of nodes. Let us consider the two-dimensional simple problem on the initial trian-
gulated rectangular grid uniform in both directions (Fi-gure 7.11 a). The rectangular grid
has a grid step h in both directions. Let us consider on this grid the following monitor
function u constant along x direction

_ ol
YT R
Let the error indicator at an edge (4, j) is determined as e;; = |u; — u;|. Then the edge

refinement according to criteria e;; > 0.001 refines both vertical and diagonal edges (Fig-
ure 7.11 b). Adaptation of this type is not efficient, because it refines the space not only in
the vertical direction, but also in the horizontal direction, despite the constant behavior of
monitor function in this direction. In this work, all edges are sorted according to directions
of adaptation. One of these directions is the direction of maximal change of monitor func-
tion (the vertical direction in the considered example). Another direction of adaptation is
the direction of minimal values of error indicator (the horizontal direction in the example).
The diagonal edges are not aligned to directions of adaptation in the example. If the edge
refinement is applied only to edges aligned to directions of adaptation where the error in-
dicator exceeds the specified threshold, the efficient adaptive grid is obtained. The grid is
shown in Figure 7.11 ¢. This adaptation technique does not refine the horizontal direction.

The important problem is the stretching direction of the grid elements. The tetrahedrons
should be stretched in the directions of minimal values of error indicator. Otherwise, most
of the edges will be subjected to refinement to distribute the error indicator uniformly on
the edges, and the produced grid structure will be not efficient. The edge alignment to
the direction of minimal values of error indicator is achieved in this work with the edge
reconnection according to proper criteria.

The other important problem is the control of the grid elements shape. Namely, the
value of the maximal angles in triangles and tetrahedrons should be limited, because un-
limited angles corrupt the accuracy of numerical schemes [14]. In this work, the angles in
triangular cells are limited by the procedure of recovery of the edges aligned to direction of
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maximal changes of error indicator. Besides local reconnection is not made if it results in
large angles.

7.6 The Basics of Adaptation Algorithm

The adaptation algorithm iteratively calculates the error indicators at each grid edge using
the numerical solution obtained at the previous iteration level, sorts the edges according
to directions of adaptation, refines the edges aligned to directions of adaptation, where the
error indicator exceeds the given threshold, extract the nodes, where the error indicator at
the edges entering a node is less than the given threshold, reconnects the edges to minimize
the value of error indicator. The second derivatives of monitor function along the edge
direction are calculated with the help of gradients of the monitor function at the nodes. The
gradients are calculated according to conventional Green formula. The numerical solution
obtained on the grid of the previous iteration level is used to construct adaptive grid on the
next level. The iterations are repeated until the needed accuracy is obtained.

1.7 Edge Refinement along Directions of Adaptation

The three-dimensional adaptive algorithm employs the following procedures:

Sorting. The behavior of monitor function at the node is considered to be isotropic, if
absolute values of the first derivatives of monitor function along an edge direction are close
to each other at all edges entering this node and the same is true for the absolute values
of the second derivatives. Three directions of adaptation are attributed to each node with
anisotropic behavior of monitor function: the direction of minimal values of error indicator,
the direction of maximal changes of monitor function and the direction orthogonal to the
previous two. All edges are identified as aligned to one of these directions or nonaligned.
All faces in tetrahedral grid are identified as aligned to a pair of the described above three
directions or nonaligned.

Edge refinement. Only aligned edges are subjected to refinement. The error indicator at an
edge is based on the estimate of the error of linear interpolation of quadratic function and
presented with weighted sum of first and second order derivatives along the edge [14], [15]
d%u

de?

du

= w |eVu| + wgleTHe]I/z,
de

Error(e) = w;

l-{-wz

where e is an edge unit vector and u is a function the grid is adapted to. The term with
the first derivative in the present expression regularizes the generation of grids with little
number of nodes. The derivatives are scaled by their average value over all edges in the
grid. The derivatives along the edge are calculated using the derivatives provided by the
solver or the values of monitor function at the nodes. If the error indicator at the aligned
edge exceeds the threshold, this edge is refined. The nonaligned edges are closed to refine-
ment. All edges entering a node with isotropic behavior of monitor function are opened to
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refinement.

Three-dimensional reconnection. Faces/edges are swapped to align edges along the direc-
tion of minimal values of error indicator. Generally, three-dimensional reconnection swaps
three tetrahedrons into 2 and vise versa [16]. Faces aligned to gradient of monitor function
are closed to swapping.

Derefinement. The node with isotropic behavior of monitor function is removed if the
value of error indicator at all edges entering this node is less than a threshold. At the node
with anisotropic behavior only edges aligned to directions of adaptation are taken into ac-
count. It may be impossible to implement tessellation of polyhedron appeared as a result
of removing all tetrahedrons sharing the removed node. In this case, additional node is in-
serted.

Restoring the gradient aligned edges. The node insertion and derefinement may result in
three-dimensional grids some nodes of which do not have the gradient aligned edges enter-
ing them (the other types of aligned edges exist because of edge swapping). If the behavior
of monitor function is anisotropic and there are no edges aligned to direction of maximal
change of monitor function entering this node, these edges are restored with the help of
nodes insertion and reconnection. There must be faces that pass through the aligned edges.
That is why after recovery of gradient aligned edges the gradient aligned faces are restored
with reconnection or node insertion.

7.8 Sorting Edges along Directions of Adaptation

The following directions of adaptation are defined:

The direction of maximal change of monitor function. An edge is considered to be
aligned to this direction if absolute value of the scalar product of the monitor function
gradient at this edge with edge unit vector takes on the maximal value among all the edges
entering the end points of this edge at the angle that does not exceeds the given threshold
(70° in practice).

The direction of minimal values of error indicator. Anedge is considered to be aligned to
this direction if the error indicator takes on the minimal value among all the edges entering
the ends of this edge at the angle that does not exceeds the given threshold ( 70° in practice).
The third direction of alignment. This direction is defined as orthogonal to the previous
two. For any edge t the set of edges {/;|[i = 1,...n} entering the ends of the edge and
aligned to the first two directions of adaptation is considered. The edge is considered to be
aligned to the third direction of adaptation if the functional

F(t) = 2": cos?(l;, t)
i=1

takes on the minimal value among all the edges entering its ends at some angle to this edge.
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7.9 Multilevel Three-Dimensional Reconnection

The developed adaptation algorithm employs edge reconnection to achieve minimum value
of error indicator in ¢ norm. Namely, it means that an edge is swapped to the tetrahedral
face if the error indicator at this edge is greater than the maximum of the error indicators on
the face sides.

The possible reconnection in three-dimensional case consists in changing two neigh-
boring tetrahedrons into three ones and vice versa. Besides, 4 to 4 or 2 to 2 reconnections
on the boundary are possible. In two-dimensional case, any triangulation of a prescribed
set of nodes can be obtained from the given one with two-dimensional edge swapping. It
is not true in three-dimensional case. Three-dimensional reconnection may stick the local
optima. This situation often takes place when large number of nodes is inserted in chaotic
manner and the followed three-dimensional swapping fails to provide proper alignment. To
overcome this difficulty the multilevel swapping is applied. This means that nodes are in-
serted by portions followed by three-dimensional swapping aligning edges to the direction
of minimal values of error indicator. As a result, each new portion of nodes is inserted in
aligned grid structure. This tactics provides good alignment for complex grid structures.

7.10 Application of Anisotropic Adaptation to Three-Dimensional
Convection-Diffusion Problem

The developed adaptation algorithm was applied to three-dimensional convection-diffusion
problem in a cube with solution similar to curvilinear viscous wake. The following convection-
diffusion equation is considered

Ozu+ 0, [f(z,y)u] = p 8%,  f(z,y) = Asin(Bz + C),

where the symbol 4 is a diffusion coefficient and function f(z,y) defines the shape of a
surface of diffusive discontinuity, the values A, B and C are the functions of (z, y) in a unit
cube [1,0,0] x [0,1,0] x [0,0,1]. The considered problem has the following solution in a
unit cube

g= 2= 20— fz-2y)

VAp(z — ) ’

where er f is an error function, er f(z) = % J3 e~ dt and point (z, y, z5(y)) defines the
beginning of the discontinuity in each cube section y = const.

The boundary conditions on the cube faces were prescribed according to the exact so-
lution considered in a half plane z > z, with boundary conditions

u(z, y, z)= erf(&),

u(zs, 2) = sign(z — z5(y)), u(z,+o0)==%1, x>z,

Atz = z, the initial profile of the solution has discontinuity. For x5 < 0 the initial profile
is smooth. In calculations the following value was chosen z; = —0.1 (smooth profile),
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Figure 7.12: Convergence of the error in L2 norm via number of nodes for different degrees
of polynomials in finite element basis k = 0, 1,2

z5(0) = 0.6, function z,(y) is linear, and linear functions A, B and C define the shape of
discontinuity in each cross section y = const.

The discontinuous Galerkin finite element scheme was used to solve three-dimen-sional
convection-diffusion problem [18], [19], [20]. The code developed by Galeev D.M. [21]
was employed. Three sequences of adaptive grids for different orders of accuracy of finite
element schemes corresponding to different degrees of polynomials in finite element basis
k = 0,1, 2 were generated and the convergence rates of errors via number of grid nodes
were explored. In all these sequences the diffusion coefficient was equal = 5 - 1073,
Figure 7.12 presents the convergence of error in L2 norm via number nodes in these se-
quences. Top fragments in Figure 7.14 show the distribution of solution on the cube faces
(on the left) and the grid structure on these faces obtained by removing the grid tetrahedrons
close to the boundary (on the right).

The grid adaptation procedure was applied to convection-diffusion problem with dif-
ferent values of solution gradients corresponding to different diffusion coefficient chosen
in the range 5 - 10> < u < 5-1073. Figure 7.13 depicts the dependencies of the error
in Ls norm via number of nodes for different values of diffusion coefficient. The initial
uniform grid 5 x 5 x 5 was used in these calculations. Figure 7.14 (top, middle and bottom
fragments) shows the distribution of solution on the cube faces (on the left) and the grid
structure on these faces obtained by removing the grid tetrahedrons close to the boundary
(on the right) for = 5-1075,5-10~% and 5 - 10~3 accordingly.
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Figure 7.13: Convergence of the error in L2 norm via number of nodes for different values
of diffusion coefficient

711 Anisotropic Refinement Coupled with Euler Solver

An ONERA M6 wing with winglets configuration has been used to demonstrate the tran-
sonic shock capturing capability of developed adaptive gridding scheme. The finite volume
scheme was used to calculate the Euler flow [22]. The flow conditions were at M = 0.84
and o = 3.06°. The initial grid was isotropic in computational field and almost uniform on
the body. The grid density was produced only at the wing leading edge. The initial grid and
the final adaptive grid are shown in Figure 7.15 a and Figure 7.15 b. The fragments of these
grids near winglet are presented in Figure 7.16 a and Figure 7.16 b.

The Mach number was employed as a monitor function. The initial grid contained 6513
nodes on the body surface and 37317 total nodes. An inviscid Euler flow computations on
this grid indicates the presence of A - shock wave on the upper surface of the wing and
strong shocks on the winglet. The Mach number contours of numerical solutions calculated
on the initial and final adapted grid is presented in Figure 7.17 a and Figure 7.17 b. The
close-up view of these pictures near winglets is presented in Figure 7.18 a and Figure 7.18
b. As expected, the shock wave was smeared on the coarse initial grid and became sharp on
the adapted grid.

The body Mach number distributions in 2 = const cross wing section and y = const
cross winglet section are depictedin Figure 7.19 and Figure 7.20. Two levels of adaptation
were performed. The first level increased the number of nodes on 18216 nodes and the
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Figure 7.14: Top - u = 5-1073, middle - 4 = 5- 1074, bottom - . = 5- 10~

a b

Figure 7.15: Initial grid (37315 nodes) and final adaptive grid (87326 nodes)
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Figure 7.16: Initial grid and final adaptive grid (fragments near the winglet)

a b

Figure 7.17: Mach number contours for initial and final adaptive grids
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a b

Figure 7.18: Mach number contours for initial and final adaptive grids (fragments near the
winglet)
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Figure 7.19: Mach number distribution in the wing section (full line - adaptive mesh, dashed
line - initial mesh)
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Figure 7.20: Mach number distribution in the winglet section (full line - adaptive mesh,
dashed line - initial mesh)

second level on 31797 nodes. The final grid comprised 12881 nodes on the body surface
and 87326 total nodes. As aresult, the grid is efficiently refined at shock locations and near
the leading edges of the wing and winglet. The adaptation was performed at the suction
peak where Mach number gradients are large. The presented results show that an adaptation
algorithm effectively refines the grid in the regions with large gradients of flow parameters.
Figure 7.19 and Figure 7.20 illustrate how the grid adaptation significantly improves the
accuracy of numerical solution.

7.12 Conclusion

The algorithm of constrained Delaunay triangulations with specified stretching of boundary
triangles is developed. The algorithm produces grids of good quality with extreme stretch-
ing in viscous dominated flow regions. The developed technique was successfully applied
to produce grids for Navier-Stokes calculations of turbulent viscous high Reynolds num-
ber flows around multi-element airfoils. The grids resolved both the boundary layers and
multiple wakes.

Three-dimensional algorithm generating anisotropic adaptive grids was deve-loped and
coupled with discontinuous Galerkin high order scheme for convection-diffusion problem.
The order properties of developed adaptive technique were investigated for different levels
of anisotropy. The adaptive algorithm did not display significant change of convergence
rate with increase of adaptation anisotropy.

The adaptive algorithm was applied to transonic Euler flow computations around wing
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with winglets. The adaptive meshing efficiently refines grid at the shock locations and at
the leading edges of the wing and winglets. The adaptive procedure significantly improves
the Mach number distribution in the flow field.
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NUMERICAL SIMULATION OF 3D
MULTI-COMPONENT VORTEX FLOWS
BY MAH-3 CODE

Nina N. Anuchina, Vladimir 1. Volkov, Viatcheslav A. Gordeychuk,
Nikolay S. Es’kov, Olga S. Ilyutina and Oleg M. Kozyrev
Russian Federal Nuclear Center - Zababakhin Institute of Technical Physics

Brief description of the MAH-3 code for simulation of complicated multi - component
hydrodynamic flows in movable Eulerian coordinates is given. The interfaces between
substances are described by Lagrange coordinate surfaces of a hexahedral mesh or by mixed
cells and a triangular mesh of markers in the case of strong deformations. The MAH-3 code
provides a simultaneous fulfillment of the difference analogs of the conservation laws for
mass, pulse, total energy and preserves 2D symmetry (planar and cylindrical) as well as
1D symmetry (planar, cylindrical and spherical). A few numerical examples illustrate the
efficiency of the MAH-3 code.

8.1 Introduction

Dynamics of multi-component media with strong interface deformations is very important
field of applied researches in many scientific areas, such as, high density matter and energy
physics (inertial confinement fusion, explosive processes), astrophysics (birth and evolution
of stars, supernew stars), physics of Earth’s atmosphere and hydrosphere.

Significant difficulties arise in solving a lot of practical problems since the most of
considered flows are instable. Strong distorted interfaces appear because of KH (Kelvin-
Helmbholtz) [12, 15], RT (Rayleigh-Taylor) [27, 33] and RM (Richtmyer-Meshkov) [19, 28]
instabilities or their combination. Beside hydrodynamic instability, vortex and stream flows
as well as large transfer of matters lead to strong deformations of interfaces too. Limited
possibilities of analytical treatment for these phenomena make necessary to use numerical
simulation in researches.
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Mathematical modelling of hydrodynamic flows with strong interface deformations and
a loss of an initial topological structure is very difficult problem.

Difference methods using Lagrangian variables andregular grids [31, 32, 36] are simple
for implementationand allow one to describe interfaces and small details of flows well. But
they become unfit under strong distorted interfaces and large transfer of substances. In these
methods, a neighborhood of Lagrangian particles is not changed in calculations. This leads
to the strong distorted grid, i.e. to a loss of approximation and accuracy. In the case, the
calculations often become impossible.

To solve various applied problems with multi-component flows the movable Eulerian
coordinates are used [9, 37]. In such approach, a movable regular difference grid for each
computational domain is generated where the interfaces are coordinate lines. The grid
generation depends on the domain boundaries. Considerable and sometimes unsolvable
difficulties arise for the strong distorted boundaries.

In modern computational gas dynamics, there are two main directions to develop nu-
merical methods for calculations of multi-component flows in which the interfaces may be
strong distorted up to destruction.

First direction. This direction was proposed by S.Ulam [34]. He considered a medium
as a set of particles whose dynamics obeys the Lagrange equations. A neighborhood of
particles is not fixed by a grid. This idea, for example, was implemented in [20, 25], where
Dirichlet cells for calculating gradients of gas dynamical fields were used. Methods based
on irregular difference grids [6, 8, 26] for gradient calculations as well as SPH (Smoothed
Particles Hydrodynamics) methods [18] using gas dynamical fields as a sum of regularized
delta-functions are intensively developed.

An implementation of these methods meets with essential obstacles such as the support
of sufficient uniform density of Lagrangian particles, interpolation of fields on irregular dis-
posed points as well as lack of conservation in some methods and complexity of numerical
algorithms.

Second direction. This direction is based on the movable and unmovable regular
Eulerian grid with various descriptions of the interfaces not being coordinate lines of the
grid. In this case, there are cells with a few substances (mixed sells). The interfaces are
localized in the mixed cells. There exist some approaches to develop numerical methods in
the direction.

First approach is related with the “particles in cells”, method proposed by F.Harlow
[10]. The principal feature of the method is the presence of two discrete grids, the unmov-
able rectangular Eulerian grid for calculating gradients of gas dynamical variables and the
Lagrangian particles grid for finding fluxes at the boundaries of Eulerian cells. A substance
of each particle is known. Therefore, particles movement allows to obtain the interface
movement. This method and its modifications [1] were found very effective for numerical
simulation of vortex multi-component flows with strong distorted and destroyable inter-
faces.

Second approach is based on the method of concentrations and the concept of con-
tinuous fluxes [4]. Under this approach the interfaces are not distinguished and locally
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calculated from the concentration field at each time step. That is required for determining
mass and energy fluxes, and momentum in the mixed cell. The most complete review of
numerical methods calculating the interfaces with concentrations is given in [29]. In these
methods; additional assumptions about the interface form are often induced. In the methods
VOF (Volume Of Fluid) [14] and SLIC (Simple Line Interface Calculation) [23], the inter-
face within the cell is approximated by a straight line in parallel to coordinate lines. Various
modifications of the concentration method are widely used in 2D codes (for example [38]).

Third approach necessarily contains an explicit description of the interface moving
through the Eulerian grid. This information permits to reduce the numerical diffusion at
the interfaces. First such approach for calculating 2D flows was proposed in [22]. There
the interface is presented as a broken line which movement with respect to a difference grid
is determined in the process of calculations. Algorithmic complexities arise in the method
implementation. The method application is difficult for strong interface deformations and
practically impossible in turbulent flows.

Two methods of interface description are often used in publications. The first method is
aLagrangian one known as “front tracking” [5]. Interface movement is characterized by the
movement of points at this surface. Velocities of the points are obtained from the solution
of the Riemann problem.

The second method, “level set” [24], uses an Eulerian approach to describe the inter-
faces. Instead of considering the interface as a set of points, this method uses a level set
function of Eulerian variables, treating the interface as a specific level of this function.

There exist some other methods of describing the interfaces, for example [7], in which
Lagrangian interface approximation is based on information about intersection of the inter-
faces with Eulerian coordinate lines.

In many important applied problems, it is necessary to consider distinct gas dynamical
flows. Shock-wave, laminar, vortex and shear flows without strong interface deformation
as well as vortex ones with strong interface distortions and a topological change of physical
domains are often required to model effectively (simultaneously or at differ time intervals)
and with sufficient accuracy. Therefore, in our view, the most perspective approach to
effective mathematical modelling is a development of adaptive, i.e. adjusting to flows,
computational algorithms. The algorithm adaptation may be achieved by decomposition
of the computational field into a few simple domains, by description of strong and weak
breaks, by grid generation taking into account integral and local details, by nonuniform
numerical methods and so on. In the adaptive algorithms the grid generation must take
into account the domain geometry and character of processes there. Algorithms of the
grid generation and program tools for the geometrical domain description are widely used
in mathematical modelling of various mathematical physics problems [16]. The adaptive
methods using a priori knowledge about the flow features allow to obtain more meaningful
information.

In this paper, the brief description of the MAH-3 code is given. The code is intended
for simulation of complicated multi-component hydrodynamic flows in movable Eulerian
coordinates [13]. The interfaces between substances are described by coordinate grid sur-
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faces or by mixed cells [4] and a triangular mesh of markers [35] in the case of strong
deformations. A few numerical examples illustrate the efficiency of the MAH-3 code.

8.2 Adaptive Difference Method of Calculation
of Multi-component Vortex Flows in MAH-3 Code

The difference method implemented in the MAH-3 code allows to calculate complicated
non-stationary hydrodynamic flows from a wide range, in particular, multi-component vor-
tex flows with strong interface deformations, and with changing of topological structure
of the physical fields. The adaptive computational method using a priori information on
the irradiating flows, can apply algorithms of MAH-3 code in various combinations and at
different stages of modelling for effective solution with the accuracy needed [2, 3, 35].

8.2.1 Main Characteristics of MAH-3 Difference Method

e The calculated system depending on a priori information on the problem is presented
by a set of computational domains. Each domain is a topological parallelepiped. The
boundaries may be contact or external borders of the problem. The external bor-
ders involves free boundaries, rigid walls, borders with given pressure and Eulerian
borders with the material outflow or inflow.

¢ In each domain, one uses an arbitrary hexahedral grid of its own. In particular, the
grid may be Lagrangian [31], stationary Eulerian [10], movable Eulerian [13], or their
combination over the coordinate directions.

e The difference method is based on splitting into Lagrangian and Eulerian stages [13].

e The Lagrangian stage may be calculated by explicit or implicit schemes. This allows
to model the flow with Mach number from a sufficiently wide range. The implicit
difference equations are solved by the Jacobi-Newton iteration with an iterative pa-
rameter. The parameter is determined from the condition of a maximal rate of the
iteration convergence.

o The difference scheme of the Eulerian stage is an explicit one in which locally adap-
tive algorithms for the movable Eulerian mesh generation are used. The convective
fluxes are approximated by the upstream scheme with first order of accuracy or the
Lax-Wendroff scheme [17] with second order of accuracy.

e The interfaces may be coordinate surfaces of the grid. In order to calculate strong
deformations of the interfaces the markers [35] are used. The marker coordinates are
determined at each time step. The markers indicate the interface position at any time
moment. While moving, the interfaces can intersect the Eulerian grid in an arbitrary
manner. As a result the mixed cells [4] including several diff erent matters arise. In the
mixture calculation the hydrodynamic equilibrium of components and continuity of
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the velocity at the interface are mainly applied [4]. In computations o f the convective
fluxes across the mixed cell edges the interface position determined by the markers is
used. In the case of strong interface deformations the matter concentrations are used
too.

e Ateach stage the difference equations approximate the conservation laws written for
a curvilinear hexahedron, i.e. the scheme is divergent with respect to mass, pulse and
total energy.

The MAH-3 code, unlike many others, provides a simultaneous fulfillment of the dif-
ference analogs of the conservation laws for mass, pulse, total energy and preserves 2D
symmetry (planar and cylindrical) as well as 1D symmetry (planar, cylindrical and spheri-
cal) of the difference solution.

8.2.2 Brief Description of Calculation Algorithms
Equation Systems at Lagrangian and Eulerian Stages

Lett, 7, W, v, W = w — ¥ be time, radius-vector in immovable Cartesian coordinate
system of (z, y, z), medium velocity field, observer’s velocity field, medium velocity rela-
tive to the observer, respectively. The substantial time derivate will be denote by ad;. In the
observer’s coordinate system, the time derivative will be denote by %.

The integral conservation laws of mass, pulse and energy for a certain volume D moving
in accordance with observer’s velocity field may be written as follows

5, B[ [ gm0
TR Y ol D
i/pﬂ’d—)r-i-/ pﬂds+/ puw - nds =0,
4t Jp D aD
i/pEcTr’+/ pT[-Tz’ds+/ pEW - Tds =0,
ot Jp 8D oD

where p, p, E = e+0.5u?, e, 7 denote density, pressure, total specific energy, intrinsic
specific energy, unit vector of the external normal to the boundary 0D of volume D, re-
spectively. The system of equations is closed by the state equation of the form p = f(p, €).
Splitting into the Lagrangian and Eulerian stages corresponds to the presentation of the
observer’s velocity as the difference ' = % — W between the medium velocity and the
medium velocity with respect to the observer.
The system of equations for Lagrangian stage:
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Figure 8.1: Unit cube in a parametric space of (¢, 7, () and ruled cell in a physical space of
(2,9, 2)

The system of equations for Eulerian stage:
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Spatial Approximation of Gas Dynamical Parameters

The cell of a computational domain is obtained by a nonsingular trilinear mapping of a unit
cube to the 3D physical space, where the cube vertices correspond to the cell ones. So, the
cell has six faces of every which is a part of ruled surface, twelve edges being segments of
straight lines and eight vertices coinciding with grid nodes (Fig. 8.1).

The radius-vector 7 and velocity vector u are related to the cell vertices, while density
p, pressure p, and specific intrinsic energy e are specified in the geometrical center of a cell.
The additive values as volume V which is the function of radius-vectors of vertices, mass
Mec, internal energy Ei = Mc - e, kinetic energy Ek, total energy Et = Ek + E‘ are also
assigned to the cell.

The cell mass is distributed between its eight vertices Mc = Zz M tl, where M tl 1s
the vertex mass. Consequently, the cell kinetic energy is defined as Ek = 3 Zl Mt w l

The mass of a grid node M ni is obtained by addition of masses of appropriate eight
vertices. The kinetic momentum I = Mn - W isrelated to the grid nodes (Fig. 8.2).
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Figure 8.3: The increment of vortex (1) pulse caused by pressure is connected with oriented
area of triangle (235)

Difference Scheme of Lagrangian Stage

The Lagrangian stage can be calculated by explicit and implicit schemes. In the explicit
scheme the increments of pulse and kinetic energy of the vertices caused by pressure, and
the increment of intrinsic energy for each cell are defined (Fig. 8.3).

The new volume of a cell is defined by the radius-vectors of vertices calculated with
new velocities of the grid nodes.

For shock waves calculations, the artificial viscosity as a combination of linear and
square viscosities is introduced. The effect of artificial viscosity forces is determined by the
conservative explicit formulas. At this stage, volume forces are taken into account too.

In the implicit scheme, pulse and total energy equations differ from those in the explicit
scheme just by the fact that pressure is related to advanced time moment. The equations
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are interpreted as a stage of the corrector of the common scheme predictor-corrector. The
pressure is determined at the predictor stage involving node trajectory equations , motion
equation, energy equation in non-divergent form, and state equation. The implicit nonlinear
difference equations are solved by the Jacobi-Newton iteration. The values obtained by
explicit scheme are posed as the initial approximation. In the linear approximation the
iterations converge for any time step.

Difference Grids

In each computational domain, an arbitrary hexahedral grid of its own is used. The grid may
be Lagrangian, immovable Eulerian, movable Eulerian or any combination of them over
coordinate directions. For example, one can generate the immovable Eulerian, movable
Eulerian, and Lagrangian grids along three different coordinate directions. In the case of
an arbitrary movable Eulerian coordinate system the splitting over parametric directions is
applied to create a new grid.

In the algorithms of locally-adaptive grid generation, in order to find the new radius-
vector of the current node its nearest neighbors in this parametric direction are invoked only.
If needed, one can globally remap the grid in one or several parametric directions. Some
analysis of the quality of the produced grid and its correction (e.g. a “smoothing” algorithm
for “very sharp” angles between the edges) are provided.

The choice of the grid modification needed is determined by the specificity of the cal-
culated problem.

Difference Scheme of Eulerian Stage for Calculating of Single-Component Medium

The difference scheme of the Eulerian stage is an explicit scheme with the locally-adaptive
algorithms for generating a movable Eulerian grid. The convective flows are approximated
by a one-sided upstream scheme with the first order of accuracy or by the Lax-Wendroff
scheme [17] with the second order of accuracy.

At the Eulerian stage, the convective flows of mass, pulse and total energy, associated
with the transition of gas dynamic fields from the Lagrangian to the Eulerian grid [13] are
calculated. The flows are calculated along each parametric direction, and are connected
with the change in the cell volume caused by the change in the position of any face of the
cell in the Lagrangian and Eulerian grids (Fig. 8.4). In the scheme of the first order, the
convective flow approximation is based on the principle of a donor-cell [13].

Let the flow come from the cell A to the cell B. One calculates the volume increment
8V, which is equal to the volume of a ruled hexahedron (2124746268%8).

By volume 6V we find an increment of the mass and total energy calculated with the
help of corresponding specific values of the cell A. The change in the mass of the cells
leads to a corresponding pulse exchange between the four triads of the nodes (1 — 2L —
2),(3 - 4% — £), (5 - 6% — 6), (7 — 8L - §).

In the calculation of the flows by the scheme of the second order of accuracy the specific
values from both cells are used. The stability of the Lax-Wendroff scheme is ensured by
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Figure 8.4: Calculation of flows between the cells A and B

the application of stabilizing terms.

Calculation of Contact Surfaces

In the MAH-3 code, the interfaces are described as the coordinate surfaces of the grid in the
computational field, or with the help of triangular mesh of markers and mixed cells, or by
the mixed cells only.

In detailed study of the interface evolution the following calculationtechnology is used:

o the interface with small distortions is described as a Lagrangian coordinate surface
of the grid;

o the interface with significant distortions is described by means of transition to mixed
cells and Lagrangian triangular mesh of markers, which is not connected with the
movable Eulerian grid of a computational field;

e in the description of turbulent flows when the interfaces are destroyed and there ap-
pears a zone of mixed matters, the method of concentrations is used.

Algorithms for describing the interface as Lagrange coordinate surface of the grid
Such description of the interface leads to the following peculiarities in the calculation
algorithm:

o with the generation of a new Eulerian grid after the Lagrangian stage the deviation of
the nodes at the interface is performed only in the tangent plane;

o atthe Eulerian stage convective flows through the interface are absent.
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Algorithms for describing the interface as Lagrange triangular mesh of markers

In MAH-3 code, strong deformations of the matter interfaces are calculated by a trian-
gular mesh of markers. The markers define the interface position at any time. The interfaces
may intersect the Eulerian grid in an arbitrary manner. In this case, the mixed cells which
contain several different matters are formed. The mixture calculation is based on the condi-
tions of hydrodynamic equilibrium of the components and continuity of the velocity vector
at the interface. The convective fluxes in the vicinity of mixed cells are calculated accord-
ing to the direction of the medium flow and the composition of the matters in the cells.
The matter composition in the cells is determined by the markers. For strongly deformed
interfaces the calculation algorithms using the markers may be divided into two groups:

e geometrical algorithms for generating the triangular mesh of markers and maintaining
its optimum in the course of interface evolution;

e algorithms for processing the mixed cells:

[1] calculation of pressure in the mixed cells at the Lagrangian stage;

[2] calculation of convective fluxes at the face of mixed cells with account for the
motion of the markers at the Eulerian stage.

Geometrical algorithms for describing the interface as a Lagrangian triangular mesh
of markers

The interface is a 2D surface in a 3D space. A triangular mesh of markers for describing
the surface is used. Each node of the mesh is a marker whose motion is defined by the
velocity field of the medium.

The marker is characterized by an ordinal number m, the indices (i, jm, km) Of its
cell, the Cartesian coordinates 7 ,,(z, y, z) and the vector & (&, 7, ¢), where (£, 7, ¢) are
the local Lagrangian coordinates of the marker with respect to its cell.

The relation between 7, (x, ¥, z) and @, (€, 7, €) is given by a trilinear mapping of a
unit cube into a 3D physical cell containing the considered marker.

At the Lagrangian stage, the local Lagrangian coordinates of the marker do not change.
After the Lagrangian stage the coordinates o, (£, 7, ¢) are transformed into the Eulerian
coordinates 7, (x, y, z). At the Eulerian stage, after generation of a new grid we determine
the position of the markers with the relation to the cells of a new grid, and find new local
Lagrangian coordinates, which in a general case do not coincide with the old ones.

The sides of the triangles determining the relation between the markers at the interface
give the grid topology.

The requirements imposed on the triangular mesh of the markers are as follows:

e the mesh should cover all the interface by nonintersecting triangles;

e the mesh should be symmetrical if the problem has the corresponding symmetry
(plane, cylindrical and spherical);

e the mesh should be close to the uniform one.
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Creation of initial triangular mesh of markers

It is assumed that initially the interface coincides with the coordinate surface of the grid
and is presented by a regular grid composed of spatial quadrangles. When the description
of the interface by coordinate surface is substituted for the description by a triangular mesh
of the markers, the markers are placed into the nodes of a regular quadrangular grid and
geometrical centers of spatial quadrangles.

Addition of the marker

In order to add one new marker the corresponding side of the triangle is split into two
equal intervals, and an additional new point is then connected with the opposite vertices of
the triangles related to the side.

Such simple algorithm of the marker addition does not provide the conservation of
symmetry of the numerical solution with modelling the appropriate symmetrical flow. So,
the initial algorithm has been completed by special sorting of the mesh edges, that allows
to hold the symmetry of the numerical solution.

Remapping of the marker triangular mesh

In calculations the triangular mesh can become nonuniform. In this case the marker
mesh is remapped. The remapping is a local algorithm which displaces the markers in
the tangent plane to the interface in order to equalize distances between the neighboring
markers.

Processing of mixed cells

Topology of the marker triangular mesh given at the interface defines a direction of the
normal. It makes the interface oriented and separates the left part of the space from the right
with respect to the normal. Each interface divides the concrete matters. The direction of the
normal allows to know from which side of the interface one or other matter is situated.

The matter composition of each mixed cell is defined. Each matter ¢ of the mixed cell
is characterized by the volume concentration o;, mass M;, and specific intrinsic energy e;.

Calculation of pressure in mixed cells at the Lagrangian stage

For a mixed cell, the total pressure and intrinsic energy of the matters of mixture are
defined by a single-velocity model of a multi-component medium and the conditions of
joint deformation of the components [4].

Let N matters be in a cell. For each matter i, we know the mass M;, the specific intrinsic
energy e;, the fraction of the volume o;, occupied by the matter in the cell volume V, and
the equation of state of the matter p; = fi(p;, €;) is given, where p; = M;/(0; - V) is the
density of the matter 7 in the cell.

In order to calculate all the values in the mixed cell at the Lagrangian stage, one should
determine the pressure. In the pressure calculation, we make use one of the following
assumptions:

e the compression of all the mixture components should be equal;

e all the matters are of the same pressure.
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In the case of the explicit difference scheme under the first assumption, and from addi-
tivity of the total intrinsic energy of the components it follows that:

P=) 0i'pi
i

Under the second assumption the pressure p and o; are defined by the following system
of equations:
pP1=p2 = ... = PN,

Zai=1,

i
pi = fi(M;/(0: - V), &),
which is solved by an iterative method.

If at the Lagrangian stage the implicit difference scheme is applied, the relationships
above for determining pressure in the mixed cells are introduced into the iterations.

Calculation of convective flows at the faces of mixed cells with account for the marker displace-
ment :

At the next time, the matter composition in the cells is determined by the analysis of the
marker positions relative to a new Eulerian grid.

Each marker entering the cell of the new grid supplements its composition by the mat-
ters, which are separated by the marker surface. If all the markers come out of the cell,
then, may be, only one matter will stay in the cell. This matter will be the same as in the
nearest neighboring non-mixed cell, if such exists. For analysis we take only those cells,
which have a common face with considered cell. If the cell does not contain markers, and
the markers have not entered the cell, the matter composition is not changed.

The convective flows are calculated only between the cells having a common face. So,
it is necessary to define the flows through six faces of the cell.

For each cell A, we find the volume variation §V,, (Fig. 8.4) caused by the motion of
the face a resulting from the grid modification. In the case shown in Fig. 8.4, the flow
comes from the cell A into the cell B. In calculations, it is convenient to determine only
the outgoing flows for each cell.

At the beginning we define the matters participating in the fluxes and the change of
their volumes. For the cells A and B, both the old and new matter compositions are known.
The flows from the cell A to the cell B are calculated for only those matters, which are
contained in the cell A, and will be contained in the cell B.

For each matter i, flowing out from the cell A through the face a, it is necessary to
determine the volume variation §V;,, so that ) . 0V;, = 0V,. At first for the matter 3, the
preliminary values §V;, are found:

axza=o.5( 0iA_, _Oi )
i%ia 2.0
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Here 0; 4 and o;p are the volume concentrations of the matter ¢ in the cells A and B
obtained at the Lagrange stage. The summation is made for all the matters flowing out from
the cell A to the cell B through the face a.

After calculating the § Vo for all the matters flowing out through all the faces of the
mixed cell A, the situation is possible when the calculated volume of some matter flowing
out from the mixed cell A exceeds the volume of the matter in the cell A, or is insufficient
to remove any matter from the cell, although this component should not be present at the
next moment of time. So, the 517,-,, are corrected to obtain the final values of 6V;,. The
correction is made by a redistribution of the volumes of flowing out components.

After this correction the convective flows of the mass, total energy and pulse are calcu-
lated separately for each component.

The use of markers in describing the interface allows to localize its position with the
accuracy up to one cell of the difference grid. This gives possibility to trace in detail the
evolution of the interface up to its destruction.

Calculation of convective flows at the faces of mixed cells by concentrations

In the description of turbulent flows, when the interfaces are destroyed and mixture of
matters is formed, the method of concentrations is applied. In this case, the algorithms for
determination of §V;, are essentially simplified and are reduced to the following.

Initially only those matters contained both in the cell A and in the cell B at the current
time flow out from the cell A to the cell B. When volume of some matter calculated for all
the faces exceeds its volume in the mixed cell A, then the preliminary obtained volumes of
the matter are corrected at the expense of the volumes of other matters flowing out from the
cell. If the latter fails then the rest components of the mixed cell are used.

8.3 Illustration of Capabilities of Calculational Algorithms
by Test Problems

To confirm practically that the calculational algorithms preserve the plane, cylindrical and
spherical symmetry of the flows and to evaluate the accuracy of them the calculations of
several test problems were carried out. Part of these problems have analytical solutions.

8.3.1 Scattering of Gas Cloud

The numerical simulation of scattering of a gas cloud into the vacuum was performed. At

the initial time, the gas is a rest perfect one with the density and pressure distributions given
in a special way:

1

2 2 2 -1 2 2 2 4
T Y z v-1 z Y z 7-1
p= 1—(—+—+—>> p=(1—(—+—+—>) :
( a2 a2 a2 ’ aZ " af  al
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The following shapes of the gas cloud have been considered: a circular cylinder, an
elliptic cylinder, a ball, a biaxial ellipsoid and triaxial ellipsoid. Such given shapes of the
gas cloud, except for the last one, correspond to 1D cylindrical, 2D plane, 1D spherical and
2D cylindrical symmetry of the flow.

The ellipsoid semi-axes will be denoted a, a,, a, along the directions x, y, 2, respec-
tively. For an perfect gas with adiabatic index v = 1.4, the following initial geometries
have been considered.

Table 8.1: Initial geometries
| az | ay | a, | Type of symmetry |

111 |00 1D cylindrical
12| 2D plane
11171 1D spherical
11272 2D cylindrical
11213 -

Using a separation of variables for all cases listed above the problem is reduced to the
system of ordinary differential equations [21], which can be numerically integrated with
high degree of accuracy. The solution of this system is said to be the “exact” solution.

The picture of the flow is as follows. The cloud scattering begins from a rest state. In
the course of scattering, the ratio between the semi-axes changes. The smaller semi-axis
becomes the greater one, and vice versa. In time the scattering becomes the stationary flow
when velocity along the axial directions is constant.

In calculations, the Lagrange variables and the movable Eulerian grid were used. The
free surface served as coordinate surface. Two intervals were taken along the coordinate
directions where the medium was immovable due to the symmetry.

Figs. 8.5-8.10 demonstrate the calculated profiles of pressure and the semi-axes ratio
depending on time as compared to the “exact” solution.

In all calculations, the corresponding symmetry of the flow is preserved. The numerical
solutions practically coincide with the “exact” ones.

8.3.2 Comparison of the Marker and Concentration Methods

In the calculations using Eulerian methods, an interface may be not a coordinate surface.
While moving, the interface can intersect the Eulerian grid in an arbitrary manner. As a
result, the mixed cells containing a few different matters are formed. The accuracy of these
methods depends on the algorithms calculating the convection flows through the mixed cell
faces.

Interesting model problems for the comparison of different numerical methods of such
type are proposed in [30] for two spatial variables.

The problems are generalized for the case of three spatial variables. These problems
have been calculated by MAH-3 code in order to compare the algorithms describing the
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Figure 8.11: Results at T = 8: a) mixed cells (M); b) marker surface (M); c) mixed cells
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strong distorted interfaces with the markers (M), and with the concentrations (C) only.

In the cube 0 < z,y, 2z < 1 with the rigid walls, there is an incompressible homoge-
neous liquid with the parameters p = 0, p = 1. The sphere with the radius 0.15 and the
center at the point (0.75,0.75,0.75) is assumed to be a interface separating two matters.
The matter number 2 is inside the sphere, and the matter number 1 is outside the sphere.

The liquid moves with the velocity @ (u, v, w):

u = (sin(nz))?sin(27y) sin(27z) cos(nt/T),
v = (sin(my))? sin(2nz) sin(272) cos(nt/T),
w = —2 (sin(7z))? sin(2nz) sin(27y) cos(nt/T),

ie. divv = 0.

In the comparative calculations performing by MAH-3 code with T" = 8, an immovable
Eulerian grid in which the number of cells equal to 323 was used.

The results obtained are shown in Fig. 8.11. The figures demonstrate the mixed cells
arising in the course of calculations, and the marker surfaces.

The comparative calculations show that the calculation diffusion with describing the
interface by the marker surfaces is essentially smaller. In the method of concentrations, a
rather difficult problem is to reconstruct the interface position by the concentration field.

8.4 Numerical Simulation of the Rayleigh-Taylor Instability
in the Spherically Convergent Systems

The studies of RT instabilities are of great practical importance, because they are an obstacle
to achieve high degrees of the target compression, and thereby decrease the intensity of
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thermonuclear reactions in the inertial confinement fusion (ICF).

In a typical ICF problem, a target consists of several concentric spherical shells having
different functional purposes. An external layer is an ablator, the next layer is a shell,
which accumulates a kinetic energy at motion to the symmetry center, and an inner layer
is the gas. The conditions for the nuclear fusion are provided and exist at compression and
expansion of a target. During compression, the target is twice unstable, i.e. at an external
ablative surface during an acceleration phase, and at an inner gas-shell interface during a
deceleration phase.

In [11], a spherically symmetric self-similar solution of the gas dynamic equations was
developed. For the solution, theoretical analysis of a linear stage of the RT instabilityarising
at a shell-gas interface during deceleration phase was done.

In this section, we represent the results of 2D and 3D numerical simulation of a linear
stage and beginning of a nonlinear stage of RT instability in the setting as proposed in [11].

In the spherical coordinate system (r, ¢, ), two layers of non-viscous, non-heat con-
ducting gases of different densities are considered: pj, p2 (01 < p2) (Fig. 8.12). The gases
are described by the equation of state p = (y — 1) ep, where v = 5/3.

The boundary conditions: » = 0 is the symmetry center; r = r; is the free boundary.
The moment of the maximal system compression is ¢t = 0.

z

Figure 8.12: Setting of the problem

Using the MAH-3 code, a numerical simulation of evolution of a small single-mode
perturbation of interface in 2D and 3D setting was carried out.

Atthe moment t/7 = —1 (7 is typical time of deceleration), the following perturbation
is introduced in the position of the interface:

T:Tc'*'aoiflm((ﬁaw)’ 0S¢S7"/2, OS¢S"/2,

Y™ (¢, ¥) = " (cosp) cosmep, (1=0,1,2,...; m=0,1,2,...,1)is the tesseral
spherical harmonic of the degree ! and the order m (Fig. 8.13).

Prx)(-1 <z <1,l=012.; m=012..,1) is the adjoint Legendre
function of the first kind, of the degree [, and the order m.

P, (z) is the Legendre polynomial of the degree [.
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Figure 8.13: Tesseral spherical harmonic of the degree [ and order m Y™ (¢,): a)l =
100m=0;b)l=10,m=2and —-¢ =0,---¢p =7/2

For the known degree [ of the tesseral spherical harmonic and initial amplitude a(, the
growth of perturbation amplitude on the linear stage can be found numerically with high
degree of accuracy. It is said to be the “exact solution”.

An initial amplitude ag of the perturbation was given so as a maximal value of penetra-
tion of a light matter into a heavy matter was the same for both 2D and 3D cases.

For 2D setting: | = 10, m = 0, ap = 0.017. The difference grid consists of 40 x 50 x 2
intervals along the r, ¢ and v directions, respectively.

For 3D setting: | = 10, m = 2, ap = 0.00032. The difference grid consists of 40 x
50 x 20 intervals.

Figures 8.14 and 8.15 illustrate the shape of the interface for 2D and 3D settings at
different times.

Figure 8.16 illustrates the growth of a perturbation amplitude, as compared to the “ex-
act solution”. The results of 2D and 3D simulation agree well with the linear theory. After
a maximum compression, one can observe a deviation from the linear theory. Within the
studied time interval, the curves of the bubble growth (2D, 3D) and the curve of the jet
growth (3D) coincide. They showed that for the perturbations with the same initial am-
plitude, the growth of perturbation amplitude is determined by the degree [ of the adjoint
Legendre function of the first kind, and is independent on the order m. Thus, the results
of numerical simulation of development of the RT instability arising at a shell-gas interface
during deceleration phase agree with the linear stage of analytical solution well.

8.5 Conclusion

e Adaptive calculation method and the program means (MAH-3) have been developed
for effective mathematical simulation of the wide class of 3D gas dynamical multi-
component flows, in particular, vortex flows with strong deformations of the inter-
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Figure 8.14: Interface shape at the following moments: a) ¢/ = 0.03, b)t/r = 0.545,
c)t/Tr =0.89

a) 6)

Figure 8.15: Interface shape at the following moments: a) ¢/7 = 0.03, b) ¢/ = 0.53
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faces, their damage, loss of topological structure of the physical regions, and mixing
of substances. The method using a priori information about the studied flows allows
to apply different calculation algorithms, implemented in the code in various compu-
tational regions and at different stages of the calculations. This should permit one to
choose optimal way for obtaining the results of the required accuracy.

e The calculation algorithms of the MAH-3 code, unlike the other ones, provide for
simultaneous fulfillment of the difference analogs of mass, pulse, total energy con-
servation laws, and conservation of 2D (planar and cylindrical) as well 1D (planar,
cylindrical and spherical) symmetries of the difference solution. That is especially
important for the solution of problems, where the influence of the asymmetrical ex-
ternal conditions on the parameters of the symmetrical initial system (ICF problem,
for example) is studied.

e The 2D and 3D calculations, which simulate a Rayleigh-Taylor instability arising
during deceleration at the gas-shell interface, were performed. At linear stage of per-
turbation growth, the good agreement of numerical and analytical data was obtained.

2o (a/a)

3

25

2t -

1.5 e
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05

1t

-1 08 -06 -04 -02 0 0.2 0.4 0.6 0.8

Figure 8.16: The growth of perturbation amplitude as compared to the “exact solution™ — -
“exact solution”, - - - bubble amplitude (2D), o - bubble amplitude (3D), *-jet amplitude
(3D)
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Chapter 9

NONDEGENERACY CONDITIONS FOR DIFFERENT
TYPES OF GRIDS

Olga V. Ushakova
Institute of Mathematics and Mechanics
Ural Branch of the Russian Academy of Sciences

The work is devoted to the question of nondegeneracy of computational grids. This
concept is strictly formulated along with three fundamental theorems guaranteeing nonde-
generacy of grids. Conditions of nondegeneracy are obtained for different types of three-
dimensional grids. A review and comparative analysis of different grid nondegeneracy
conditions are given. New formulas of a volume are obtained for different types of cells.

9.1 Introduction

Although grid generation methods have begun to intensively develop more than forty years
ago and the concept of a grid has appeared in the computational practice essentially ear-
lier, nevertheless the full list of requirements to a grid has not been still formulated and has
been filled up till now. Some of the requirements are established by a concrete solution
algorithm developed on the considered grid and some of them, as in the case of adaptation,
by the properties of a solution of the physical problem. Among the requirements, there are
some common (main) and some more particular. Among common requirements, the non-
degeneracy criteriaare the most important, since on degenerate grids, numerical algorithms
of solving physical problems do not work, because after substituting differential problems
by systems of algebraic equations we can get badly stipulated systems and (or) can not de-
scribe the physical field phenomena with the necessary accuracy. So, nondegeneracy of a
grid is the first main aim of grid generation.

Among other common requirements influencing on the accuracy (we mean the case of
structured grids, see definition 1 in section 9.2), the requirements usually considered are:
smoothness of grid lines, closeness of a grid to a uniform one, closeness of a grid to an
orthogonal one and adaptation of a grid to the solution of a physical problem. The great
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amount of requirements (often contradictory) complicated a separation of the main require-
ments and their formalization. Therefore, despite of importance, not in all investigations
on grid generation the problem of nondegeneracy is strictly formulated and discussion of
this question is often omitted as well as obtaining the reliable conditions and the ways of
verification of such a property. As a rule, a nondegeneracy of a grid (cell) is understood
as a one to one correspondence of a mapping used for generating a grid (cell). However,
the nondegeneracy of a grid is frequently judged only visually — by checking the lack of
folded or self-intersecting cells and the arrangement of cells without overlapping and gaps
and so on. Such a way of estimating the grid nondegeneracy can be difficult especially in a
three-dimensional case. Therefore, often for estimation of grid nondegeneracy, the condi-
tion of a positivity of cell volumes or the Jacobian of the mapping (computed, for example,
in grid nodes) is used. From the other hand, it is also well known, see, for example, in
the literature on grid generation [1],[2] that positivity of the Jacobian does not guarantee
the one-to-one correspondence of the mapping globally, it guarantees the one-to-one corre-
spondence of the mapping locally. A detailed discussion of a question of a necessity to find
conditions that check allows one to draw a conclusion on nondegeneracy of a grid (a cell) is
contained in the monograph by Ivanenko [3]. “It is surprising,” is pointed out in [3], “but in
accessible mathematical literature we did not managed to find publications devoted to this
questions. Existing criteria are either sufficiently common and their use requires additional
mathematical investigations in each concrete case or very much restricted class of map-
pings is considered...”. For the purpose to find effective criteria, investigations [4],[5] have
been undertaken on the initiative of Ivanenko. These investigations gave the foundation and
theoretical background of many grid generation algorithms. At that time, local conditions
guaranteeing nondegeneracy for the majority of types of cells have been obtained for a two-
dimensional case. For a three-dimensional case, such conditions have not been obtained.
Conditions guaranteeing nondegeneracy of hexahedral cells, for the first time, have been
published in [6], and their detailed proof in [7]. Then, on the basis of [7], criteria of nonde-
generacy have been obtained in [8]. Approximately at the same time, in [9], nondegeneracy
conditions for pyramidal and prismatic finite elements, and later in [10], a numerical algo-
rithm for checking the nondegeneracy of hexahedral ruled cells have been published. The
purpose of these investigations was to find the conditions of the local invertibility of the
mappings or conditions guaranteeing the Jacobian nonvanishing for the mappings used for
generating cells. In [11], conditions of nondegeneracy have been obtained for polynomial
functions used for constructing finite elements. In the same work, it was shown that ob-
tained conditions were the conditions of global invertibility of mappings. Theorems [4],[5]
gave the opportunity to use these conditions for developing the grid generation algorithms
and for estimating the nondegeneracy of grids composed of above cells.

In section 9.2, the concept of a grid (cell) nondegeneracy is strictly formulated and for-
mulations of three main theorems guaranteeing a one-to-one correspondence of a mapping
globally and proved in [4, 5] for different cases and especially for the demands of grid
generation practice are given. Section 9.3 is devoted to the problem of nondegeneracy of
three-dimensional structured grids composed of ruled hexahedral cells. Such cells are most
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widely used in three dimensions (see [12]). Earlier in [6, 7] for testing such grids on non-
degeneracy, necessary conditions and sufficient conditions (not coinciding with necessary
conditions) for grid cells were obtained. The question about the check of the cells satisfying
necessary conditions but not satisfying sufficient conditions remained open. In [8], a spe-
cial numerical algorithm of testing the Jacobian on its positivity for the mapping used for
generation of cells was suggested to use. In this paper, this algorithm is described in detail.
Moreover, new necessary conditions that permit to restrict essentially necessary conditions
[7] are found. For the completeness of consideration, conditions [7] are also given in this
paper. Conditions [7], new necessary conditions and numerical algorithm for testing the
Jacobian of a mapping on its positivity give practical criteria for testing structured grids on
nondegeneracy. Criteria also allow us to check a one-to-one correspondence or invertibility
of trilinear mapping from a unit cube into a region defined by eight points that are vertices
of a cell. Analogous criteria for the two-dimensional case can be found in [13, 14, 15]. The
criteria are formulated for hexahedral cells, so they can be used for the finite elements too.
In section 9.3, a question about admissibility of single degenerate hexahedral ruled cells in
some configurations of the domains is discussed.

Insection 9.3, examples of hexahedral cells and three-dimensional structured grids [16],
nondegeneracy of which was verified by suggested conditions are given.

In section 9.4, conditions of nondegeneracy are obtained for another types of cells. The
consideration of the material is compared with the results [9, 10, 11].

In section 9.5, new formulas of the volume are obtained for ruled cells: a pyramid with
ruled quadrangular face and for a prism with triangular base and ruled faces. The formula
of a volume [7] is given also for a hexahedron with ruled faces. The obtained formulas
reveals the connection of ruled cells, in general case having a complicated form and non-
planar faces, with planar face polyhedrons with the vertices of a ruled cells. This gives
the opportunities for the essential simplification (see chapter 12) of numerical algorithms
developed on grids consisting of ruled cells.

9.2 Formulation of Nondegeneracy Conditions

While numerical solving the problems of mathematical physics, two fundamental types
of grids differing in the way of organization of grid nodes are usually used. These are
structured and unstructured grids.

For structured grids, the coordinates of nodes are organized into a special structure that
is a matrix in a two-dimensional case or a three-dimensional array in a three-dimensional
case. In structured grids, every grid node has the same number of neighboring nodes and
the type of a shape for the grid cells is the same for all grid points.

Unstructured grids can have their own organization of grid node connectivity for each
grid node. For unstructured grids, the number of neighbors can be different. Unstructured
grids are composed of cells of arbitrary shape and require the description of connectivity
between nodes.

We shallinvestigate a question of nondegeneracy on the example of structured grids. We
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shall formulate this concept for a structured grid in the whole and for a cell in particular. We
shall consider such the most widely used way for generating structured grids as a mapping
approach.

According to this approach, the generation of a structured grid in the domain G of
the solution of the physical problem, named as a physical domain and in the general case
having a complex geometrical form, is performed by means of a continuous mapping x of
some additional domain P of a simple form, called as computational domain or a space of
parameters, onto a domain G. The mapping x is also given on the boundary of a domain. It
maps the boundary 0P of the domain P into the boundary OG of the domain G, i.e. the grid
nodes are also arranged on the boundary of the domain G. This way of generating structured
grids gives an opportunity to carry out all computations on a fixed grid in the computational
domain of a fixed form. In generation of a structured grid, we consider the case when G is
a simply connected domain. In this case, a computational domain is, as a rule, a rectangle
or a square for a two-dimensional grid, and a rectangular parallelepiped or a cube for a
three-dimensional grid. Rarely, the computational domains in the form of a circle, triangle,
tetrahedron, sphere and others are used. We shall consider the computational domains of
a rectangular form. For example, if a computational domain is given in the form of a
rectangular parallelepiped P = {¢ = (&1,62,&3) : 0 < & < I, | = 1,2,3}, where I,
are positive integers determining the number of grid nodes for each of variables (coordinate
directions), then the values of the mapping x: P — G

x = x(&1, &2, &) = {z1(&1, €2, €3), 261, &2, €3), x3(61, €2, €3) } (%)

for§ =14, 1=1,2,3, 44 =0, 1, ..., I; give the coordinates of nodes of a three-dimensional
grid X;, 4,33 = X(%1, 92, 43). The images of cells of the computational domain given in the
form of unit cubes

Pi1i2i3 = {E = (617 52; 63) :il < §l < il+l: l= 1’ 2’ 37 }’ il = 01 "'7Il - 1;

define the grid cells, and lines and surfaces corresponding to fixed values of indices i,
define coordinate lines and surfaces. So, for a given mapping, a grid arises as an object
consisting of nodes and cells. For this mapping, a physical domain G is represented as a
hexahedron having 8 vertices, 12 edges and 6 faces.

Constructing a grid in the way described above is carried out by searching an appro-
priate mapping of the domain P into the domain G. This mapping, depending on the used
approach, can be given in an explicit form, for example, by means of algebraic formulas,
functions, or can be obtained by solving differential equations, or by minimization of spe-
cial functionals, which depend on functions defining the required mapping, and by other
methods. The grid itself and its cells, their properties and geometrical characteristics,— all
this is determined by the considered mapping. Properties and geometrical characteristics
of grids and cells are formalized and controlled via special expressions depending on the
required functions and their derivatives. These expressions, as a rule, determine the form
of minimized functionals in variational problems and, frequently, the form of differential
equations for computing grids.
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In the numerical realization of the most of the approaches, the mapping is searched only
at nodes of the computational domain. At other points, the mapping can be defined in either
way, where cells are determined as images of cells of the computational domain under
the mapping used for constructing cells. For these purposes, when generating structured
grids, a bilinear mapping of the unit square is used most frequently in the two-dimensional
case, and a trilinear mapping of unit cube is used in the three-dimensional case. When
generating unstructured grids, construction of cells also can be carried out by means of
special mappings of unit triangles, tetrahedrons, prisms, and etc., called as a reference
element or domain. For successful numerical solution of a physical problem, it is important
that the grid thus constructed and its cells would be nondegenerate.

We consider the following definition of nondegeneracy of a grid (cell).

Definition 1. A grid (cell) is called nondegenerate, if a mapping (x) used for its generation
is one to one and “onto”.

It is worth noting that the mapping (*) from definition 1 will be a homeomorphism
(one-to-one continuous mapping whose inverse is also continuous), since the domain of the
mapping, in the considered case, is a compact set (bounded and closed set).

The nondegenerate grid does not contain folded or self-intersecting cells, self-intersecting
coordinate lines and surfaces, cells or nodes sticking together, and in most of cases, cells
with different orientation of edges and faces.

Usually, the mapping is demanded to be smooth that is the functions given this mapping
be continuous and have continuous derivatives. Such mappings belong to C! class. In this
case, coordinate lines and surfaces are smooth.

If the mapping is one-to-one, smooth and “onto” and the inverse mapping is smooth
(such a mapping is called diffeomorphism) and if the Jacobian of the mapping does not
vanish then the mapping defines curvilinear coordinate system.

As arule, the aim of grid generation is to find such a mapping. In addition, it is required
also that the Jacobian of a mapping has to be positive (the positivity guarantees the preser-
vation of orientation, i.e. the coordinate system is right-hand as the Cartesian coordinate
system). However, the conditions guaranteeing listed requirements are included in the al-
gorithm very rare. Quite often, the grid generation algorithm produces degenerate grids for
complicated configurations of domains. Examples of such algorithms are algebraic methods
(see., for example [1]).

What conditions should be included in the construction of grid generation algorithm to
guarantee the nondegeneracy of grids?

Special theorems have been obtained in [2, 4, 5] that give sufficient conditions of
the one-to-one correspondence of the mappings, namely conditions of homeomorphism of
mappings under different assumptions about their smoothness. These conditions ensure the
nondegeneracy of grids and can be applied to justify the properties of grid generation algo-
rithms for the cases of structured and unstructured grids in the domains of complex forms.
The conditions use the information about properties of the mapping on the boundaries of
the domains and information about local properties of the mapping.
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Let us formulate two fundamental theorems from [5]: the first one is for a smooth case,
the second one is for a continuous case.

Theorem 1 (Smooth case). Let R™ be the n-dimensional Euclidean space. Let P and
G be bounded connected domains in R™ that closures P and G are diffeomorphic. Let
X : P — G be the mapping of C! class. Let x map homeomorphically the boundary
OP into the boundary 0G, and the Jacobian of the mapping (the determinant of Jacobian
matrix of the mapping) satisfies the conditions

J=detx'(¢) #0 (¢ € P).
Then X is a homeomorphism from P onto G.

This theorem can be applied for verification of the nondegeneracy of a grid or a cell
given by a smooth transformation. For example, all curvilinear coordinate systems homeo-
morphic on the boundary are nondegenerate.

In the most of cases, the grid is given by a discrete set of nodes, and grid elements
or cells are constructed by different mappings. So, for practice the situation when, the
mapping x = x() is only continuous, is also important.

The following theorem is valid.

Theorem 2 (Continuous case). Let P and G be bounded connected domains and x :
P — G be a continuous mapping. Let x map homeomorphically the boundary OP into the
boundary 0G and be a local homeomorphism (i.e. homeomorphism in some neighborhood
of each point) from P into G. Then x is a homeomorphismfrom P onto G.

The two previous theorems allowed authors of [5] to prove the theorem.
Theorem 3. Let P and G be bounded connected homeomorphic domains. Let the domain

P be decomposed into non-intersecting convex subdomains P; (i = 1, ..., m) such, that

P=|]P;.

s

=1

If

Let x : P — G be continuous mapping smooth on P;. Let us denote the restriction of the
mapping x corresponding to P; by x; (i = 1,...m).

Let x map homeomorphically the boundary OP into the boundary 0G, and for any
i =1, ..., m its constriction x; be a homeomorphism from OP; onto x(0F;) and, besides

detx’(¢) >0 (€€ P,i=1,..,m.)
Then x is a homeomorphism from P onto G.

Theorem 3 can be applied to obtain conditions of nondegeneracy of grids given by
a discrete set of nodes. When constructing structured grids, the computational domain
P is divided into simple cells or elements. On these elements, different mappings into
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corresponding cells of the physical domain are defined. On the basis of such mappings, the
global continuous mapping is constructed.

Then, in order to verify the conditions of theorem 3, one should check whether the map-
pings from the elements of the computational domain onto grid cells of the physical domain
are homeomorphic. The homeomorphism of a single element ensures nondegeneracy of its
image or corresponding cell. In common, homeomorphism for single elements guarantees
nondegeneracy of all cells and the grid as a whole. The homeomorphism of a mapping
for a single element is verified in fact by means of theorem 1, since a single cell is often
constructed using smooth mappings.

For example, in the considered three-dimensional case, a computational domain P is
divided into elementary cells — the unit cubes F;,;,i,. A three-dimensional grid is given as
a set of nodes X;, 5,i,. To construct the global mapping is possible using trilinear mappings
of unit cubes P;,;,i, (see further (9.1))

x =x(£), &€ Piizia,s

for given values of coordinates of grid nodes x;,i,:, as images of vertices of a cube. Con-
structed in such a way the global mapping will be continuous. To verify the conditions of
theorem 3, one have to check the positivity of the Jacobians of trilinear mappings for all
unit cubes.

In a similar manner, one can check (in terms of definition 1) the nondegeneracy of
unstructured grids. In [5], a finite element mesh is considered as an example. ”If we
consider the mesh that elements are simplex then conditions of nondegeneracy of a mesh
are equivalent to conditions of positivity of algebraic volumes of all mesh cells. In the case
when we have more complicated cells (rectangular, hexahedral or polynomial cells), it is
necessary to have the conditions of a homeomorphism from an elementary cell that is a
reference element onto each mesh cell.”

First, we shall give such conditions for hexahedral ruled cells.

9.3 Nondegeneracy of Hexahedral Ruled Cells

For simplicity we shall consider the cell with the corners Xi;iyi; = (27 5,55 T2 45550 Tayiis)s
i1, 2,13 = 0, 1. The mapping

x = xgoo(1 — &1)(1 — &2)(1 — £3) + xp01(1 — &1)(1 — €2)&3
+x010(1 — €1)é2(1 — €3) + x011(1 — €1)€2€3 + X100€1(1 — €2)(1 — &3) 9.1
+x101€1(1 — €2)€3 + X11061€2(1 — &€3) + x11161€2€3

of the unit cube Pygp transforms the corners of a cube into the corners of a cell, the edges
of a cube into edges of a cell, and faces of a cube into faces of a cell that are ruled surfaces
of'the second order or planes (Fig. 9.1), and defines a so-called ruled cell.
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Figure 9.1: Three-dimensional cells: a hexahedron; b dodecahedrons.

The mappingis a trilinear mapping (linear in each of the variables). This is immediately
seen from the representation

x(§) = agoo + a100é1 + 0102 + a001&3
+ aj10é1€&2 + 21016163 + 0118283 + 2111616283, 92)

to that (9.1) is reduced. The vectors a;, ;,;, are found from the relations:

ap00 = X000,

apo1 = X001 — X000, A011 = X011 — X010 — X001 + X000,

aglp = X010 — X000, @101 = X101 — X100 — X001 + X000, (93)
ajpo0 = X100 — X000, A110 = X110 — X100 — X010 + X000,

aj11 = X111 — X110 — X101 — X011 + X100 + X010 + X001 — X000-

In the two-dimensional case, the ruled cell is given by a bilinear mapping of the unit
square and is a quadrilateral.

9.3.1 The Jacobian of the Trilinear Map

The Jacobian of mapping (9.2)

B(xl,xz,xs) det <3xi
070" ) e

J(&1,82,83) = 9(&1,£2,¢3) aéj)i=1»2’3’j=1’2’3

is equal to the triple scalar product

ox O0x Ox

= [%%5{] ' ©4
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Partial derivatives can be written in the form

Z p01213 —ig ‘—'Z3 )
35 1

12,13 =0

Z q11013‘—'11 —ig3 (95)

i1 ,13_0

562

E r11120‘—'11 L= )
553

11,82=0

where vectors p, q, r (see Figure 9.1 a) are defined in the relations

Pivizis = Xijigiz — Xiyizia, Qirigis = Xijiziz — Xiyigig,

Tiyigis = Xijiziz — Xijigis, Wirizis = Xiyiiz — Xiyigigs (9.6)
Vijigiz = xl-llg’l,s xi1i2i3 ) Wiyigiz = x1-11213 Xiyizizs

diyizis = XiGi — Xigigis-

Here and hereafte, 0 = 1,1 = 0 and E;, = 4; + (—l)i’ 1-&), 1 =123, 4=
0,1 (B, =1-¢, ifi; =0, E;, =&, if i = 1). The vectors p, q, r are directed along
the edges, the vectors u, v, w play the role of “diagonals” of the faces, and vectors d are
“inner diagonals” of the cell.

Considering &, | = 1,2, 3, equal to 0 or 1 (41, i, i3 = 0, 1), we compute the Jacobians
at the corners of the cube P:

— RYPAT
Jirizig = J (i1, 12,13) = biyigis [P> 4, r]mm 6V izis-

Here and hereafter, ;,;,;, = (—1)%%%%% and lower indices related to brackets refer to
each element inside brackets. The value J;, ;,;, is six times the volume of a tetrahedron with
the corner X;,i,i; and edges Pi,izis> Qiyiziss Tizizis (the notation V27 . ). The notations of
such type will be used to designate the volumes of tetrahedrons with the corner x;,,:, and
the edges corresponding to superscripts.

The properties of the Jacobian are studied in [3, 6, 7, 8, 13, 14, 15]. In two dimensions, a
bilinear map of a unit square is considered. Its Jacobian is a linear function. If the Jacobian
is positive at the corners of the square, then due to linearity the Jacobian will be positive
everywhere in the square. The converse is also true. In two dimensions, if the Jacobian is
positive, then the cell is convex, and the condition of nondegeneracy of cells is equivalent
to the condition of convexity of cells.

A three-dimensional case is much more complicated. Since the faces of the cell can be
nonplanar, the cell can be nonconvex. In [15] there is an example rejected the statement
from [13] that the Jacobian in three dimensions is positive everywhere if and only if the
Jacobian is positive at the corners of a cube. It is also demonstrated that for the positivity
of the Jacobian in the interior of the cube the positivity of the Jacobian on the edges of
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the cube and even on the faces is not sufficient. So, in [15] it is shown that simple tests in
general situations do not guarantee nondegeneracy of cells. The Jacobian in [15] is written
in terms of polynomials, the coefficients of which are the values of the Jacobian on the
edges. In [6, 7, 8], another formulas of the Jacobian are obtained. These formulas can be
easily reduced to the forms from [15]. By means of formulas from [6, 7, 8] the positivity
of the Jacobian is investigated. Now the main results from [6, 7, 8] necessary for further
consideration will be presented.
Substituting (9.5) into (9.4) we have

1 1 1
J — .. == _. = =. =
- Poisiz =iz =is, Qi,0i3=4; =iz Ti1i00=4 Zig

12,i3=0 11,i3=0 i1,i2=0

Decomposing the triple scalar product of sums of vectors into a sum of triple scalar
products and taking common factors of vectors out of the sign of the triple scalar product
we get the following lemmas from [7].

Lemma 1. The Jacobian of trilinear map (9.2) can be written in the form

= 22 2—
J = Z Qyigiz =iy —ip i3
11,i2,i3=0
kz = 2= 2
+Z > B, | &1 = £0)Z4 s,
i,im =0, 1 =0 )
(l:lm) (123)
3 1 1
ki =. 2
31 D) B 2280 - )1 - &)
k=11, =0 ip,im =0,
(kim)=(123)
1
+ 3 Kiiiséi(l— 8)6(1 - &)&(1 - &), ©.7)
11,12,13=0
where
Qiyigis =  [Poigias» Fir0izs Tirin0)s  Kiyigiz = [POinis> Uiy075> Tiyip0)» 9.3)
1i1 _ pl _ 1% 1 _ _ _
ﬁi2§3 = Pijiniz = [pOigiga(h'lOig,riligO]a %2113 'Yilizis = [p0i2i3,qi10i37rili20]1
21 _ 2ip __ _
lB‘i3i21 = lB‘ilizig = [p0i2i31 qi,0i35 ri]igO]’ 71,31,21 71,11.213 [p0i2i3’ qi10i3> rzlizo]’
31 3t
;321?2 = 1,11213 = [pO’izia, qil(ﬁ‘g, ri1i20]1 71,1132 = 71,11,213 [p0i2i3, q:,0i3> ril—'L:zO]’

and indices k,l, m form the permutation of the cycle (123); i.e.,, k,l, m are equal to the
values 1,2,3,2,3,1, 3,1, 2, respectively. (The last one is denoted by (klm) = (123).)

iy _ a21,2 _ a313

Let us introduce the notations iz = Qjog i1ip — iyiziz-
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Lemma 2. The following relations are valid for coefficients (9.8):
-
Qiyizis [P0iziss Qir0iss Tigiz0] = Ginigis [Py Qs Tliyizis = 6V gz = Jisinis
9.9
1 — - . N ... — RY/PY
:B'il'iz'ia - [p01213a Qi1 043, 1711'21] - 5111213 [p’ q, v]111213 - 6‘/1'11'21'3’
2 1 — RU/PIU
ﬂi]‘izia [p0i2i3’ qi,0i3) ri1‘i20] - 5’i1’i2i3 [p’ q, u]iliz‘is = 6‘/;11:2;'37 (9'10)
3 = - o pe ol =8 .. — QYPYT
:Biligi3 - [p01213’ qi10i3> rmzo] - 5111213 [p’ u, r]111213 - 6Vi1i2i3’
1 1 1
ki, __ ~kij ki \ _ ~kir
ook o= 3 (ke k)= YAk ©.11)
i,im=0 i),im =0 i),im=0
(klm)=(123) (klm)=(123) (klm)=(123)
1
— ki liy i
= 3 (ol +ak, +omn )
i],im=0
(klm)=(123)
i, 1 — 8 .. L
I‘l’izéa = Miyigiy = 6111213 [(L u, r]mzta’
51 = S . — eyder
%gila Virigiz = Oiriis [d, Q, T)isizis = 6Vi1i2i3’
2ia 2 I C
Ni3i1 Miyigis = 6111213 [V,p, r]mzla?
_2i, 9 pdr (9.12)
izin —  iyigiz — 8irigis [Py d, Tligigis = 6Vi1i2i3’
3 _ 3 N S -
Hivia =  HMiyigis = 8iyizig [q,p, W]mm’
33 . x3 =8 s s . — qyPed
7i1i2 = Yiriaiz = 6111213 [p, q, d]utzta - 6Vi1i2i37
1 1 3 1
— k -
Z Kiyigia = Z Zﬁilizi;; -2 Z Qiizig (9.13)
11,i2,i3=0 i1,i2,i3=0 k=1 11,i2,i3=0
= 2Ko0o0 + 2R111, R = Sw[w, v, Wl =6Vy™, 1=0,1, (9.14)
1 3 1
k _ — —
Z Z'Yilizia = Z Qiyiziz + 4(Rooo + K111),
11,%2,i3=0 k=1 11,i2,i3=0
(9.15)
1 3 1
k _ _
Z Eﬁilizis = 2 Z Qi izis + 2(Kooo + K111)-
11,12,i3=0 k=1 11,i2,i3=0
(9.16)

Lemmas 1 and 2 give the following result: the Jacobian of the mapping can be rep-
resented by the sum of polynomials of the sixth degree (second degree in each of vari-
ables). The coefficients of the polynomial are expressed in terms of the volumes of tetra-
hedrons of four types (9.9), (9.10), (9.12) (ﬁi’iizis), (9.14). Tetrahedrons (9.9) are formed
by three edges (with the common corner), tetrahedrons (9.10) by two edges and “diagonal”
of one of adjacent faces, tetrahedrons (9.12) (ﬁflizia) by two edges and “inner diagonal” of
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the cell, tetrahedrons (9.14) by “diagonals” of faces. The total number of tetrahedrons is
8+24+24+2=058.

Finally, substituting (9.11), (9.13) into (9.7), we have in [7] the Jacobian (9.7) in the
form of polynomial of the degree not higher than fourth.

Theorem 4. The Jacobian of trilinear map (9.2) is a polynomial of the degree not higher
than fourth (second in each of variables). It can be written in the form

1
J = Z ai1i2i3Ei1 Ei, 2 (E'i] +Ei, +Zi; — 2)
11,22,t3=0
1
ki —_ =
T Z Z Z Biie, | k(1 — &) Ei Eirm- 9.17)
i, im=0 1, =0
(klm) (123)

Since Z;, + Z;, + Ei; — 2 =1-5; — &;, — &, the formula (9.17) can be reduced
to the following one:

1

1
=R = ki ki ==
Z Qiyigig =iy ZipSig T Z Z Z (ﬂzlzzfn - ailil:n) (1 — §k)~i¢~im-

11,12,i13=0 ipim=0 ix=0
(klm) (123)

(9.18)
Formula (9.18) requires computations of eight volumes of tetrahedrons (9.9) and 12
triple scalar products

1
1 _ 5 . L - - -1 = 1 L
¢12i3 = iyiis [lezzzsa pi1i2i3’pi1i2i3] = _S_ (ﬁilim - O‘mzzs) )

11=0
1
2 _ . q_ 2
B2 i = Giriis [Uiziyiar Dirizias Diyiniy) = Z (B2 iyis — Qigigis) » 9.19)
12=0

1
3 _ _ _ _ 3
¢i1’i2 - (5’i1i2i3 [r’il‘izig’ ri1i2i3’ ri1i2i3] - Z ( 118283 aili2i3) .
13=0
The Jacobian J on lines §; = const, &, = const, | # m, I,m = 1,2, 3is a quadratic
trinomial. In particular, on the edges the Jacobian is of the form

J (&1,&2,€3) Gz = ol (1-¢&)+ak &+
(ﬂmm ﬁmm)gku—gk), (kim) = (123), i1, im =0, 1. (9.20)

If a hexahedral cell is a parallelepiped, then
Qi ini3 = Q000 = /leclizi:;a k= 1, 27 3) 7:1> 7:25 7:3 = 0: la
and the formula of the Jacobian (9.18) is essentially simplified:

J = agoo(1 — &1 — &2 — &€3) + 1001 + 0102 + 00013 = oo = const.
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9.3.2 Positivity of the Jacobian of a Trilinear Map

The condition J > 0 implies in [7] the inequalities

J (’il, ’ig, ’i3) = Qyigig > 0 ’i1, ’ig, i3 = 0, 1; (9.21)
J (€,6.6)| o3 =7 Z (ak + 8 ) >0, ityim=0,1;
Spdm=ipim zk—o

1

1 ; ; .
J (En66)| ame =5 > (B, +87) >0, =01,

fl:€m=§ i1,im=0

1
G-t 5 St 3 o]0

i1,42,5a=0 k=1 i1,i2,i3=0
which compose the necessary conditions 1 of nondegeneracy of a cell.

Theorem 5 (Necessary contitions 1). In order that the Jacobian be positive in the unit
cube including its boundary it is necessary that conditions (9.21) be satisfied.

The polynomials corresponding to the coefficients from (9.7) in the interior of the cube
P are positive. Hence, if coefficients o, ;,i, are positive, and the rest of the coefficients are
greater than or equal to zero, then the Jacobian is positive in the interior. It is easy to see
that J is positive on the boundary. Since the coefficients v, ;.. 111 i,ig=0 Mirigiz Can be
expressed in terms of o, 4545, ﬂz " igig» (5€€. (9.13)H9.15)), the conditions of the positivity of
the Jacobian (sufficient conditions 1) have the form (see [7])

ailiz‘ia > 0, i1,i,i3=0,1; (9.22)
k‘Lk k .. .
mm 2 Bilim’ 1,0m =0, 1;
zk—O
1 1
kix,  _ li mi kzk k . .
Z Yitim = Z (ﬁimlk + ﬁlkum — % sz’ ik =0,1;
il)im=0 il,im=0
1
2Ko00 + 2K111 = Z E Biigis — 2 Z Qiyigiz > K,
i171271’3-0 k=1 il)i2yi3=0

k
where 0,535, 5;

* igi5 are calculated according to formulas (9.9), (9.10), and

B, =Tf =K=0. (9.23)
Theorem 6 (Sufficient conditions 1). In order that the Jacobian of the trilinear mapping be
positive in the unit cube including its boundary it is sufficient that conditions (9.22), (9.23)
be satisfied.
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The following corollary is obvious.

Corollary 1. A hexahedral cell is nondegenerate if volumes of 58 tetrahedrons (9.9), (9.10),

(9.12), (9.14), corresponding to coefficients o, izi,, ﬁzklizis' Viviziz K000, K111 are positive.

It is clear that necessary conditions assume a wider range of values for a;, .4, ﬁmm
than sufficient conditions 1. Both conditions include 27 inequalities (for 8 corners, 12 edges,

6 faces, and the interior part of a cell).

The expression for J is also positive if (9.19) and (9.9) are positive. However, these
conditions restrict (in comparison with (9.22)) the set of values of 4,35, ﬁl inis fOr Which

J is positive. Therefore, sufficient conditions 1 are more general conditions.
The conditions of corollary 1 is also more restrictive than sufficient conditions 1.

The Jacobian on edges is either a linear function or a quadratic trinomial, so it is easy
to find necessary and sufficient conditions of its positivity on the edges.

Theorem 7. In order that the Jacobian of the trilinear mapping be positive on edges of the
cube P it is necessary and sufficient that conditions

Qiyigiz > 0, 11,12,13 =10, 1;

Z Bine, > —2y/ofd ofi , (kim) = (123), if,im = 0,1 (9.24)

1,x=0

be satisfied.

The Jacobian J on the faces & = 0,1, | = 1,2, 3 and general formula (9.18) can be
written (see [6],[8]) as a quadratic trinomial in one variable with fixed other variables (one
or two, respectively). An attempt to find necessary and sufficient conditions of positivity of
the Jacobian using its representation in the form of a quadratic trinomial fails since even in
the case of faces the discriminant of a quadratic trinomial is a fourth-degree polynomial in
one variable; in the general case, the discriminant will be the polynomial in two variables.
Because of above reasons an analysis of the discriminant on the property of having fixed
sign fails. However, it is possible to find sufficient conditions 2 more general than sufficient
conditions 1 and necessary conditions 2 more restrictive than necessary conditions 1.

Theorem 8 (Sufficient conditions 2). I» order that the Jacobian of the trilinear mapping
be positive in the whole cube P including its boundary it is sufficient that conditions (9.22)
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instrick inequality form where

k : k0 k1 _ sos .
B, = —2min(a;; , amm) (klm) = (123), i1,8m =0,1;
1
k . ki I mi . .
Fik = -2 min anka Z'Baif.zk + Z 'Bikj;" » k=01,(925)
.7[7.7111—0;1 ,
=0 tm=0
1 1
_ : L 1 2
K = -2 - min 3a1112]3 +2 Z 7j1i2i3+ Z Yirjaia
.711.72).73'—0)1 L L
i2,i3=0 11,i3=0
+ Z 'hmaa + Z ijega T Z ﬂJlWJa + Z Jmts>
11,32=0 11=0 i9=0 i3=0
be satisfied.

It is obvious that cells satisfying sufficient conditions 1 satisfy sufficient condition 2
consisting of (9.22) and (9.25) . Sufficient conditions 2 are more general than sufficient
conditions 1 but demand more computations. It is possible to show that when sufficient
conditions 2 are satisfied, necessary conditions 1 also hold (but not vice versa).

Since on lines & = const, &, = const, | # m, l,m = 1,2, 3, the Jacobian is either
a linear function or a quadratic trinomial, we can get necessary and sufficient conditions
of Jacobian positivity on these lines, and, thus, restrict necessary conditions 1. To get nec-
essary conditions 2, we shall write down necessary and sufficient conditions of Jacobian’s
positivity on the edges and midlines passing through the midpoints of faces and midpoint
(0.5,0.5,0.5) of the cube P. So, necessary conditions 2 will be composed of conditions
(9.24) and the following conditions

¢io+ %, > —2(co+on+2y/aar), aj = J (i1, 5,0.5),
2o+ dr1 > —2(ap+ o1 +2ya0a1), aj = J (i1,0.5,5),5=0,1,

¢1120 + ¢$21 > —=2(a0+ a1 + 2¢/apay), a; = J (j,12,0.5,), (9:26)
boiy + 83, > —2(a0+ a1 + 2y/@0a), aj = J(0.5,i2,5),5 = 0,1,

Pois + ¢%’,3 > —2(a0+ a1 + 2v/agan), aj = J (4,0.5,3),
bois + B3is > —2(a0 + a1 + 2y/a0aq), aj = J (0.5,5,i3),5 = 0,1,
on midlines for the planes &1 = i1, &2 = i, €3 = i3, ix = 0,1, respectively, and

Z ¢1122 4(ap + a1 + 24/apar), (9.'27)

11 722—0

J (€1,62,€3) | ex=i , i = 0,1, (klm) = (123),

1 ém=
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on midlines passing through the midpoint (0.5,0.5,0.5). Here values of J are given in
(9.21), and gbfm are given in (9.19).

Theorem 9 (Necessary conditions 2). In order that the Jacobian be positive in the unit
cube including its boundary it is necessary that conditions (9.21), (9.26), (9.27) be satis-

fied.

To see how general the obtained conditions are, a numerical experiment was carried out.
The comers of hexahedron were selected randomly. Of 107 hexahedrons randomly gener-
ated by the computer only 36 251 were found to have positive Jacobians at the comers of a
cell. From them only 14 622 cases satisfied necessary conditions 1 for edges, 14 010 cases
satisfied necessary conditions 1 for faces, and 14 004 cases satisfied necessary conditions
1 for the whole cell. Necessary conditions 2 allowed us to exclude some more degenerate
cells. The number of cases when necessary conditions 2 were satisfied, was equalto 11 533.

The Jacobian was positive in 11 481 cases. Sufficient conditions 1 were satisfied in
33.93% of the cases (from the number 11481), sufficient conditions 2 were satisfied in
75.08% of the cases. In 11733 cases the Jacobian was positive on the edges, 97.85% of
them had positive Jacobian everywhere in the whole cell. The success rate of necessary
conditions 2 was 99.54%.

Numerical results showed the following.

1. Necessary conditions allowed us to exclude a great number of cells which were
degenerate.

2. In less than one third of cases when the Jacobian was positive at the comers of a cell
the Jacobian was positive everywhere in the cell. Therefore, it would be unreliable to draw
a conclusion about the invertibility of the Jacobian on the basis of positive Jacobians at the
comers of a cell.

3. Necessary and sufficient conditions of positivity of the Jacobian on the edges (pro-
vided that necessary conditions 1 were satisfied) in a large percentage of cases gave positive
Jacobian everywhere in the cell. The success rate of necessary conditions 2 was higher.
However, both of these conditions also did not guarantee the invertibility of the trilinear
map.

4. Sufficient conditions 2 permitted to recognize the nondegeneracy of cells in most of
cases.

5. In other cases, nondegeneracy was established by a special numerical algorithm.

In Figures 9.2, 9.3, 9.4, 9.5, 9.6 and tables 9.1, 9.2, 9.3 there are hexahedrons ( a
edges, b faces) nondegeneracy and degeneracy of which were checked by means of ob-
tained criteria. In Figures 9.2 and 9.3 there are nondegenerate cells that nondegeneracy was
established by sufficient conditions.

9.3.3 A Special Algorithm of Testing the Jacobian on its Positivity

Initially in [7], to estimate the success rate of nondegeneracy conditions, computation of the
Jacobian on the uniform grid with the number of nodes 10 x 10 x 10 was carried out. The
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Table 9.1: Nondegenerate cells. Sufficient conditions

Figure 92 93

Values 11 ) 'i2, i3 ;C,:-ll igia x‘ﬂ igig 1:?:,'2_!3 Tiyigig x_.?m"z Igl inia
0,0,0 0.45738 | 0.36896 | 0.13358 | 0.88478 | 0.34019 | 0.58412
0,0,1 0.24993 | 0.43718 | 0.35387 | 0.43024 | 0.15050 | 0.96750
0,1,0 0.70201 | 0.91127 | 0.21267 | 0.51549 | 0.57111 | 0.35779
0,1,1 0.12916 | 0.72680 | 0.47524 | 0.33026 | 0.23357 | 0.05489
1,0,0 0.44215 | 0.32725 | 0.13254 | 0.72676 | 0.77997 | 0.37987
1,0,1 0.06207 | 0.30100 | 0.70946 | 0.91511 | 0.70163 | 0.81098
1,1,0 0.81539 | 0.17019 | 0.28804 | 0.08101 | 0.74778 | 0.42077
1,1,1 0.19301 | 0.11998 | 0.84236 | 0.05098 | 0.32246 | 0.58977

a b

Figure 9.2: Hexahedral cell satisfying sufficient conditions 1.

a

b
Figure 9.3: Hexahedral cell satisfying sufficient conditions 2.
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Table 9.2: Nondegenerate cell. Special algorithm

Figure 9.4

§1,92,98 | Biiigis | Toyigia | Tiigia

0,0,0 0.07989 | 0.75985 | 0.95767
0,0,1 0.15525 | 0.16477 | 0.62461
0,1,0 0.87075 | 0.97539 | 0.23544
0,1,1 0.33835 | 0.70495 | 0.76928
1,0,0 0.06386 | 0.80644 | 0.68870
1,0,1 0.26285 | 0.50556 { 0.08884
1,1,0 0.69229 | 0.98026 | 0.20396
1,1,1 0.69885 | 0.48870 | 0.36548

number of cases with positive Jacobians on such a grid was 11582 provided that necessary
conditions 1 were satisfied.

To recognize nondegenerate cells for the cases when necessary conditions 2 were satis-
fied but sufficient conditions 2 were not satisfied, a special algorithm of testing the Jacobian
on its positivity was developed. It is an algorithm of a search for a minimal value of the
Jacobian in the unit cube. It consists of two stages. - First stage is a preliminary search.
At this stage we find minimal values of the Jacobian on straight lines ¢; = 0.1 ¢; and
& =011y, 4% =0,1,...,10, £ = 1,2. Since on these lines the Jacobian is a guadratic
trinomial, we can do this exactly. As a result of such a search, we have an initial approxi-
mation JO,,, for a minimal value of J for the next stage. At the next stage (improvement
of the minimal value) a search for a minimal value is performed along coordinate direc-
tions &1, &2, &3, sequentially. On each line, we also find a minimal value of the Jacobian
precisely as for a quadratic trinomial. We utilize such a search on each iteration till the con-
dition |J%;,, — J™- 1| < ¢ will be satisfied. Here J;,, is a minimal value of the Jacobian on
nth iteration and ¢ is a small value. If| at one of the stages a negative value of the Jacobian
appears, the process also stops. In this case, the cell is considered degenerate. Such a search
for a minimal value of the Jacobian in a cube allowed us to exclude additionally more than
100 degenerate cases. This algorithm discovered itself as a reliable criteria. The number of
grid nodes for the preliminary search was chosen by the experiment. The increase of the
number of nodes up to 100 x 100 did not influence on the result. The small value £ was

equal to 1077,

In Fig. 9.4 and table 9.2, there is an example of a cell that nondegeneracy was es-
tablished by special numerical algorithm. In Figures 9.5 and 9.6 and table 9.3 there are
examples of degenerate hexahedral cells satisfying necessary conditions 2 (with positive
Jacobian on the edges and midlines) but with the Jacobian reaching its negative minimal
value on the face (see Fig. 9.5) and with the Jacobian reaching its negative minimal value
inside the cell (see Fig. 9.6). The neighborhood where the Jacobian reaches its minimal
value (see table 9.4) is shown by filled circles (Figures 9.4, 9.5, 9.6).
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Figure 9.4: Nondegenerate hexahedral cell. Special algorithm.

Figure 9.5: Degenerate hexahedral cell. Special algorithm.

;!

b

Figure 9.6: Degenerate hexahedral cell. Special algorithm.
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Figure 9.7: Three-dimensional grids:

a, b degenerate grid, c, d nondegenerate grid; a coordinate surface i, = 17, b fragment
with degenerate cells, c grid on the boundary, d fragment of a nondegenerate grid.
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Table 9.3: Degenerate cells. Special algorithm

Figure 53 96

Values 1,192,938 | Zijigi | Tijigia | Tiyigis | Tiyigis | Tiyigia | Tayinia
0,0,0 0.39484 | 0.67489 | 0.05749 | 0.26131 | 0.98417 | 0.90477
0,0,1 0.53665 | 0.71410 | 0.36458 | 0.58230 | 0.52242 | 0.08180
0,1,0 0.00574 | 0.51583 | 0.86179 | 0.73235 | 0.44415 | 0.98202
0,1,1 0.86002 | 0.21879 | 0.48213 | 0.30334 | 0.64329 | 0.52664
1,0,0 0.23829 | 0.68169 | 0.87376 | 0.74064 | 0.79921 | 0.97449
1,0,1 0.37713 | 0.79237 | 0.65927 | 0.98911 | 0.49795 | 0.76536
1,1,0 0.75112 | 0.64513 | 0.47855 | 0.81919 | 0.56288 | 0.92869
1,1,1 0.56661 | 0.86288 | 0.38965 | 0.01169 | 0.61644 | 0.24017

Table 9.4: Minimal value ofthe Jacobian

Flgure min J érlnin g;‘;in &?nin mgnin xxznin z?nin
9.4 0.00234 | 0.00000 { 0.55907 | 1.00000 | 0.25761 | 0.46677 | 0.70549
9.5 -0.00008 | 0.66666 | 0.55555 | 1.00000 | 0.56036 | 0.70067 | 0.48295
9.6 -0.00031 | 0.88888 | 0.77777 | 0.62567 | 0.44557 | 0.59927 | 0.58074

9.3.4 Nondegeneracy Criteria in Practice of Structured Grid Generation

On the basis of above conditions, the program for testing three-dimensional structured grids
on the nondegeneracy has been developed. The program checks each cell and gives the
numbers of degenerate cells or reports that all cells are degenerate.

To recognize degenerate cells, necessary conditions are used. We give examples of
degenerate cells for that necessary conditions were not satisfied already at the comers. Fore
more complicated form of degenerate cells, other types of necessary conditions (on edges,
faces and so on) or a special numerical algorithm can be used. Nondegeneracy of cells, in
the most of considered cases, was established by means of sufficient conditions 1.

In Figure 9.7, there are structured grids for one domain: in cases a and b there is a
degenerate grid that does not satisfy necessary conditions, in cases c and d there is a non-
degenerate grid obtained by the global reconstruction algorithm described in chapter 10
(Figures 9.7 b and d show the fragments of a coordinate surfaces). In Fig. 9.7 a and b, a
degenerate grid was obtained by numerical solving the Laplace equations in the compu-
tational domain. This algorithm is very often characterized by the property of producing
degenerate grids for complicated configurations of the domains, for some simple configu-
rations of domains, the algorithm produces nondegenerate grids. In Fig. 9.8 (a edges and b
faces) there is an example of degenerate cell 15, 17,20 for a grid shown in Fig. 9.7 b. This
cell does not satisfy necessary conditions at six corners of a cell since the mapping used for
its generation has negative Jacobian at these corners.
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Figure 9.8: Degenerate hexahedral cell. Necessary conditions.

9.3.5 About Admissability of Degenerate Hexahedral Cells

It is necessary to note that, in some cases of complex configurations of domains, single
degenerate ruled hexahedral cell can arise. As a rule, such cells can arise on the boundary
of the domain (see the grid shown in Fig. 9.9 and generated by the global reconstruction
algorithm from chapter 10). A grid shown in Fig. 9.9, along two edges of a curvilinear
hexahedron, in this case one fourth of a sphere without cut inner central spherical part is
represented (an example of a volume of revolution, see [16] and chapter 10), has degenerate
hexahedral ruled cells with the Jacobian equal to zero in two vertices of a cells. Considered
edges and two faces of a hexahedron of a physical domain are allocated in one plane. The
cells allocated along this edges degenerate into curvilinear prisms (see Fig. 9.10). In this
case, such degenerate grid can be considered admissible.

In the two-dimensional case, the discussion of analogous situation is contained in [17,
18, 19] and in chapter 5. In [17], triangular and nonconvex cells arising on the boundary
for the configurations of the domains in the form of a semicircle or a sector of a circle,
corresponding to an angle greater than 180 degree, are considered. Such cells are degen-
erate ruled quadrangles. Above cases demand additional modification of grid generation
algorithms (see [17, 18, 19]) and numerical procedures for the solving physical problems.
In these cases, cells are nonself-intersecting and can be considered as nondegenerate for
another way of their construction (another mapping).

Namely because of admissability of such single cells as nondegenerate in [19] (in terms
of another way of cell’s construction or another mapping), not only convex quadrangles
but also triangles and nonconvex quadrangles (nonself-intersecting cells) are considered.
In the grid generation algorithm [19], the computation of nodes is carried out from the
condition of nonself-intersection of nodes and from the condition of the minimum of grid
quality functional [19]. The strategy for computation of nodes is different for convex and
nonconvex special quadrangles determining the admissible set for the minimization of the
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Figure 9.9: Examples of grids with degenerate hexahedral cells (different views).

a b

Figure 9.10: Hexahedral cell degenerating into prism.

functional.

To diagnose such degenerate cases, the following conditions of degeneracy for hexahe-
dral cells have been elaborated.

1. Degeneration into the ruled prism with triangular base. Necessary conditions.
If hexahedral cell degenerates into ruled prism with triangular base, then

a‘iligis =0

only in two vertices of one edge (ix = 0,1, k=1, or k=2, or k= 3).

2. Degeneration into the polyhedron that is the union of two ruled prisms with
triangular base. Necessary conditions. If hexahedral cell degenerates into the octahedron
that is the union of two ruled prism with triangular base, then

Qiyigizg < 0

only in two vertices of one edge (i, = 0,1, k=1, or k=2, or k= 3).

These conditions are only necessary. Full diagnostics of such cases can be carried out
using the conditions obtained in the following section.

Since, in some cases of three-dimensional structured grid generation, other than hex-
ahedral types of cells with curvilinear faces can arise, then, for these cases, conditions of
nondegeneracy for other types of cells, having less number of faces, then six are needed.
Necessity to have such conditions arises also in finite element analysis.
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9.4 On the Nondegeneracy of Other Cells

Approximately at the same time when nondegeneracy conditions [6] for hexahedral cells
have been obtained, in [9], conditions of the local invertibility of the mappings (in fact, due
to theorems from [4, 5] nondegeneracy conditions) for pyramidal and prismatic finite ele-
ments and, later in [10], a numerical algorithm for checking the invertibility for hexahedral
ruled cells have been published. These are the conditions of the Jacobian nonvanishing for
the mappings of considered cells. The distinctive feature of investigations [9], [10] is that
the mappings used for generation of finite elements are decomposed into a linear part x
and a nonlinear part X and is considered in [9], [10] as a composition of two mappings

X = XT 0X, (9.28)

and properties of mapping are examined separately. If the Jacobian of a linear part is not
equal to zero, then for verification of this fact for the general transformation (9.28), to check
the Jacobian nonvanishing is needed for a nonlinear part that depends on a smaller number
of parameters than the general mapping. So, obtained conditions also will depend on a
smaller number of parameters.

9.4.1 Pyramidal Cell

X001

X000 ‘X110

X100

Figure 9.11: Pyramid and hexahedrons.

Firstin [9], it is considered the mapping of the unit pyramid P with the vertices (0, 0, 0),
(1,0,0),(0,1,0), (1,1, 0), that can be written in terms of notations (9.3) in the form

x(€) = agoo + a100é1 + a010€2 + A001¢3 + ar1o(£1€2 + min(€1, §2)&3). (9.:29)

This mapping is used for generation of pyramidal finite elements with planar triangular
faces and ruled rectangular base (see Fig. 9.11 a). This mapping is nonsmooth. This sin-
gularity is separately discussed and it is shown that such singularity is not an obstacle in
elaboration of numerical algorithms.
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In [9, 10], the condition of positivity (negativity) of the Jacobian for the linear part

x7(€) = apop + a100€1 + a010€2 + 2001£3, (9.30)

transforming the tetrahedron 7' = conv{(0, 0, 0), (1, 0, 0), (0, 1, 0), (0,0, 1)} into the tetra-
hedron x7(T") = conv{Xo00, X100, X010, X001}, is one of the necessary and sufficient con-
ditions of invertibility and is checked above all. This condition in terms of (9.3),(9.6) can
be written in the form

Jr = detxr = [a100, 2010, a001] = [P, Q, TJooo > 0 (< 0). (9.31)

If the Jacobian of a linear part Jr # 0, then it is possible to find §~110 = x}l(xl 10) and to
define the mapping corresponding to a nonlinear part of the mapping (9.29) according to
the rule

% = £+ (€110 — £110) (f2€2 + min(&1, £2)8&3), €110 = (1,1,0)

and to examine its properties. Sufficient conditions of the positivity (negativity ) of the
Jacobian J = detx are found in [9] in the form of following inequalities for the coordinates
of the vector &;1¢ :

ﬂm >0, £0>0, &0+&0+Eh0> 1.

These conditions and (9.31) give sufficient conditions of invertibility for the general
mapping x = x(£). In [9], their geometric interpretation (it will be given later in (9.33))
is obtained on the basis of the fact that detx is a linear function in each of tetrahedrons 77 =
conv{(0, 0, 0), (1,0,0), (1,1,0), (0,0,1) }and T> = conv{(0, 0, 0), (0, 1,0),(1,1,0),(0,0,1)}
and it reaches the extremum in one of the vertices of tetrahedrons.

Let us obtain conditions of invertibility or nondegeneracy conditions for a pyramid
using technique from [7]. Following the technique from [7] we do not separate linear and
nonlinear parts of the mapping and investigate the Jacobian of a general mapping using its
representation in terms of the volumes of a special tetrahedrons.

Theorem 10. In order that the Jacobian (9.29) be positive negative it is necessary and
sufficient that conditions

agoo > 0 (< 0), Bl >0(<0), 73 =[p,q,d];;>0(<0), B10> 0 (< 0)
be satisfied.

Proof. For a pyramid, the general mapping (9.29) is constructed by means of two its
restrictions for tetrahedrons 77 and T5. It is seen that for each of the tetrahedrons the
mapping is bilinear, and the Jacobians J; and J have the form

J1 = [a100 + a110€2, @010 + a110(§1 + €3), ago1 + a110é2)
Jo = [aj00 + a110(€2 + £3), a010 + a110€1, A001 + A110€1]- (9.32)
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The Jacobians are linear functions because the coefficients at quadratic terms after decom-
posing triple scalar products are vanishing since the coefficients are determinants of ma-
trices with two equal columns or triple scalar products with two equal vectors. The Jaco-
bians will be positive (negative) if and only if they are positive (negative) in the vertices
of tetrahedrons. The last one, by virtue the vectors (9.3) are expressed in terms of vectors
(9.6), is equivalent to the condition: tetrahedrons on the edges of a pyramid at the ver-
tices (0,0, 0),(1,0,0),(1,1,0), (0,1,0) have nonvanishing volumes and one orientation
(volumes are of the same sign), that is

Ji1(0,0,0) = J5(0,0,0) = [p, q, r]ypp = V&S = agoo > 0 (< 0),

Ji(1,0,0) = J1(0,0,1) = — [p, q, V];00 = 6Vigh = Bloo > 0 (< 0), (9:33)
J1(1,1,0) = Jy(1,1,0) = [p, q,d]; 0 = 6VES =730 > 0 (< 0),

JZ(O’ 0’ 1) = J2(Oa 170) = - [p, q, u]OlO = 6V(ﬁqou = :8310 >0 (< O)'

The theorem is proved.

In [9], a similar geometrical interpretation is given for the obtained sufficient conditions.

9.4.2 Prismatic Cell

We consider the mapping

x(&) = agoo + a100é1 + a010é2 + @001€3 + a101£1€3 + a011€283 (9:34)

of the unit prism P with the vertices (0,0, 0), (1,0,0),(0,1,0),(0,0,1)(1,0,1),(0,1,1)
into a prism G with the vertices X000, X100, X010, X001, X101, X011 shown in Fig. 9.4.2 q,
with two planar triangular faces and three ruled quadranqular faces. Vectors aggo, 2100, ag10,
ajo1, ap11 are also defined in relations (9.3).

w0 YYY
L YN

a b
Figure 9.12: Prism and octahedrons.
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In [9], the properties of the Jacobian are studied again indirectly but considering linear
and nonlinear parts for (9.34) and the composition of mappings of the form (9.28). A linear
part is defined according to (9.30). If its Jacobian does not vanish (condition (9.31) is
satisfied), then points

101 = x7! (x101), €011 = X7 (Xo11)

are defined and the mapping corresponding to a nonlinear part is given in the following way

% = €+ (€101 — &101)€183 + (€011 — Eo11)€2€3, €101 = (1,0,1), &o11 = (0,1,1).(9.35)

Analogously to the case of a pyramid, in [9] the properties of the Jacobian J = detx of
the mapping (9.35) are examined. In the case of a prism, the Jacobian is a linear function
in &1, €2 and a quadratic function in £3. This implies, that in order the Jacobian be positive
(negative) in the reference domain, it is necessary and sufficient that it be positive (negative)
on the following three edges of the unit prism, that is, the inequalities

J(Oa 0, §3)1 J(l, Oa E3)a J(Oa 1, 63) >0 forall 53 € [07 1] (936)

be satisfied. (This property is valid for the Jacobian of the general transformation as well.)
On these edges, the Jacobian is a quadratic trinomial, and, in [9], three lemmas are
obtained: sufficient conditions guaranteeing (9.36). These are inequalities for coordinates
of vectors 101, &o11-
For J(0, 0, £3), conditions have the form

1€ > &nions (9.37)
Elor + &1 > El01éd1 — fbniéinn (9.38)
or (9.37) and

oo+ 81— 2> -2/|(Eo ~ DB - V- &) 039

for J(1, 0, £3), inequalities
&1 > 0, (9.40)
€11 (€1 + o1 — 1) > o1 (€on + 8311 - 1), (9:41)
& = (Eor - 1)1 — 1) — &1éin (942)

or inequalities (9.40),(9.41) and such conditions:
o1 — 1+ &0 (&1 - 1)
8@ - 1) > -2/ |80 Eln - D@ -1 - Buéla)l 043
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have to be satisfied, and for J(0, 1, £3), conditions

&1 >0, (9.44)
1@+ - 1) > 81(En + 8o - 1), (9.45)
&1 2> (Elor~ (& - 1) ~ &1 &0 (9.46)

or conditions (9.44),(9.45) and inequalities
& — 1+ &1 (EHn~1)
~£611(El01 - 1) > —Q\AESU(QM - 1)(5311 -1) - 53115?01), (9:47)

have to be satisfied.
Conditions (9.37)—(9.47) give the following sufficient conditions of the positivity of
the Jacobian J = det x from [9].

Theorem 11. The mapping X is invertible (corresponding prismatic element is nondegen-
erate ), if conditions (9.37) — (9.47) are satisfied.

In [9], other properties of the Jacobian have been examined. Three lemmas have been
proved: necessary and sufficient conditions of the Jacobians J(0, 0,&3), J(1,0,&3), and
J(0, 1, &3) vanishing for the general transformation (9.34) on the edges &; = 0,&2 = 0,
§1=1,6=0, and& =0,& = 1insome &3 € [0, 1.

For comparison with (9.37)—(9.47), we obtain necessary and sufficient conditions of
the invertibility of the mappings from [9] without separating linear and nonlinear parts and
using the notations and technique from [7].

We have

ox
3¢, — w0 + a301€3 = Pooo + (Poo1 — P000)é3 = Pooo(1 — &3) + Po01&3,

ox
0&2
ox
0&3

= ag10 + a011&3 = 9ooo + (Qoo1 — 9000)é3 = dooo(l — &3) + Qo01&3,

= ago + a101&1 + @112 = Tooo + (T100 — T000)&1 + (To10 — Tooo)é2
= rooo(l — & — &2) + r100é1 + To10é2-
For this mapping, the following theorem is valid.
Theorem 12. The Jacobian of the mapping (9.34) is positive if and only if the conditions
000, @001 > 0, Boo + Boor > —2+/@0002001,
BoooBo o1 > 0, Yoo+ ¥ior > ~24/ BoooBaor> (9.48)
Bd00> Boo1 > 0, Y10 + Yo11 > —21/ BBl

are satisfied.
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Proof. The Jacobians on faces are quadratic trinomials

J(0,0, £3) = [Pooo(1 — £3) + P001£3, Qooo(1 — €3) + Q001£3, Tooo)
= aoo(1 — £3)% + a001€3 + (Bdoo + Bo1) (1 — €3)é3,

J(1,0,&3) = [Pooo(1 — €3) + P001£3, Qooo(1 — €3) + Q001€3, T100] (949)
= Booo(1 — €)% + Boo1£3 + (7300 + Y01) (1 — &3)&s,

J(0,1,£&3) = [pooo(1 — £3) + P001£3, Qooo(1 — &3) + Q001€3, To10)
= Booo(1 — €8)% + Bor&3 + (¥o10 + 1011)(1 — &3)és,

similar to (9.20). It is easy to find for them conditions of positivity. Conditions of positivity
will be analogous to (9.24). The theorem is proved.

In contrast to (9.38)—(9.46), conditions (9.48) have an obvious geometrical interpre-
tation. This is the conditions for the volumes of special tetrahedrons with the vertices of a
prism: the tetrahedrons constructed on edges of the prism for each vertex have to be positive
and tetrahedrons constructed on two edges and one diagonal of a face can be negative and
satisfy the quadratic inequalities.

By means of obtained in [9] conditions, the nondegeneracy of different finite elements
are tested. Investigations [9] are continued in [10]. The trilinear mapping (9.2),(9.3) used
for generation of hexahedral finite elements is investigated in [10]. In contrast to [9], due
to the more complicated construction (more vertices of an element, higher degree of the
Jacobian) authors state that they are not able to obtain algebraic relations that ensure the
positivity of the Jacobian and elaborate the numerical algorithm for testing the invertibility
of mappings. In [10], it is shown that the Jacobian is the polynomial of the fourth degree,
in each of the variable the Jacobian is a quadratic trinomial. The last property is used in the
numerical algorithm, in this connection authors follow the way of further simplification and
try to get rid of quadratic nonlinearity of the Jacobian approximating it by linear functions
along one coordinate direction on a finite mesh of nodes. The results of testing specially
constructed cells are given. In conclusion, the questions remained open are listed:

Is it possible to obtain algebraic inequalities that ensure the positivity of the Jacobian of
a trilinear mapping?

Is the local invertibility (positivity of the Jacobian) sufficient for its global invertibility?

Works [2, 4, 5] and [6] give the answers to posed questions.

9.4.3 Cells Defined by Bershtein-Bezier Polynomials

In [11] sufficient conditions are suggested for the invertibility of the polynomial functions
that are, in particular, the generalization of the trilinear mapping and that are defined on
a cube or simplex. Such constructions are used for generation of finite elements, and suf-
ficient conditions are applicable to finite element analysis. In [11], the reference domain
is a unit square S2 = {(£1,&) @ 0 < &,& < 1} or triangle T2 = {(&,&) @ 0 <
€1,62,61 + & < 1} in R? or a unit cube S3 = {(£1,62,83) : 0 < €1,6,6 < 1} or
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tetrahedron 73 = {(£1,£€2,&3) : 0 < &1,&0,83,&1 + &2 + & < 1} in R3. The mapping
x = x(&) is considered as the polynomial function in the Bershtein-Bezier form defined
on P, where P is either S™ or T", n = 2,3. This form is a popular way to write poly-
nomials in computer-aided geometric design [20]. A univariate polynomial of degree p in
Bershtein-Bezier form is written

P p!
2(€) = Y w1 - gL
) 2:; (-0 e
and has natural parametric domain ¢ € [0, 1].

A bivariate polynomial with maximum degree p individually in &3, &3 is written in the
form

K606 = 30 3 el — P65 (1 — oo — D

i1=03—0 il(p— 11)'12 (p—i2)!

and has a natural parametric domain (&1, £2) € S2. A trivariate polynomial with the degree
p individually has the form

X(€1, 2, €3) = Z Z Z Xirigis (1 — £1)P 7167 (1 — £2)P 265"

11=0142=01i3=0

p'p'p!

x (1 — €3)P3¢3% - —— - 9.50
and is defined for (£1, &2, &3) € S3. A trilinear mapping considered above is a special case
of this polynomial for p = 1.

Analogously, the Bershtein-Bezier forms are defined on 7™, n = 2, 3. The bivariate
polynomial of the total degree at most p is defined on 72 in the form

P p—h

x(é1,82) = D D X162 (1 — & — &)PT T — Pl

21!12!(]) - il — ig)! )

i1=0132=0
The trivariate polynomial of the total degree at most p are defined on T2 in the form

p—i1 p—i1—i2

(§Ia§2> 53) = Z Z Z x'll’l2'l«3§1 1§212§31'3(]_ — 61 62 _53)11 11—i2—13

11=01i2=0 1i3=0
P!
il!iz!ig!(p - il - i2 - 13)'

In all five cases, the vectors x;, X;i,,Xi,i,i; are called the control points. The proof of
sufficient conditions from [11] is based on the properties of the Bershtein-Bezier forms used
in the proof of their analogs in [7] and formulated in the following fundamental theorem
from [20].
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Theorem 13. Let P be the natural parametric domain of Bershtein-Bezier form in five
cases listed above. Then x(P) is contained in the convex hull of the control points.

Really (see also [11]), all the coefficients, for example, &1, (1 — & — &2) and so on,
inside the parametric domain, are positive (vanishing only on the boundary of the domains).
More over, all sums, if the control points are excluded, are equal to 1.

Another property of the Bershein-Bezier form also used in the proof of sufficient condi-
tions is the following property: the derivatives of the Bershtein-Bezier form can be written
in Bershtein-Bezier form with control points that are finite differences of the control points
of the considered polynomial in the direction of the variable being differentiated. For ex-
ample, for the generalization of a trilinear mapping with the domain S3 we have

5% 1 p p . .
& DN P(Kirtings — Xinyizis) (1 — £1)PT TG
1 §1=0145=0ig=0
e s —1)lplp!
1 — £)Pi2£,12(] — £4)Pi3¢,13 (p
X (1=&)P7E%(1 - &)P7¢ =6 =)l — )il — i)’

ox p p-l » _ o
—6-—6—2. = Z Z Zp(xi1,i2+l,i3 _x’il,iz,ia)(l —_ 51)17—115111
$1=012=0i3=0
algy! —iag,i — 1)lplp!
(LGP - g e ,
( £2) £2"%( £3) €3 i1!(p — i1)Yi2!(p — 12 — 1)lis!(p — i3)!
ox p p p-l | |
6_63. = Z Z Z p(xi15i2,i3+l - xil,‘iz,‘is)(l —_ 51)1’—115111
11=042=0 i3=0
gy —ig=lg i —1)iplp!
X (1 = &g)P12¢y%2(1 — £3)P 37 1g,% (p .
(1-&)P76"%(1 - &) 8 i = i)l (p = i2)lial(p — 3 = 1)1

(9.51)

(The analogous form for a trilinear mapping is obtained in (9.5)). In the case of (9.51)
Vectors P(Xi, +1,iz,is — Xiy,iz,ia) are control points for 0x/0€1, P(Xi, iy +1,i3 — Xiy,in,i3) ar€
control points for 0x/0& and p(X;, i,,is+1 — Xiy,iz,i3) are control points for 0x/03. Let
us denote these lists of control points by G¢,, G¢,, Ge,, respectively. In [11] the following
theorem is proved.

Theorem 14. The Jacobian matrix for the Bershtein-Bezier form is invertible on the entire
reference element under the condition: in the case n = 2, the matrix [p, q| is invertible for
any vector p from the convex hull of G¢, and for any vector from the convex hull of G¢,.
Analogously, in the case n = 3 under the condition: the matrix [p,q, x| is invertible for
any p from the convex hull of G¢,, and for any q from the convex hull of G¢, and for any v
from the convex hull of G¢,.
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Note, that for the case of a trilinear mapping of the cube S3, obtained sufficient condi-
tions are more restrictive than sufficient conditions 1. Really, the check of the invertibility
of matrix is carried out for the convex hulls of sets, it means that for the vectors of sets.
All triple scalar products of vectors from G¢,, Ge,, G¢, give 64 coefficients (9.8) of the
polynomial in the form (9.10). Conditions of positivity of these 64 coefficients are more
restrictive conditions than sufficient conditions 1 in which we demand the positivity of 27
sums composed of above 64 coefficients corresponding to similar terms. Numerical exper-
iment with random numbers showed that these conditions involve only 3—4 % of cells with
positive Jacobian.

It should be noted also that we do not need to check conditions of the theorem 14 for
all vectors of convex hulls of sets G¢,, G¢,, G¢,. It is sufficient to check the invertibility of
matrix only for the vectors of sets G¢,, G¢,, G¢, : matrices will be invertible for all vectors
from convex hulls. It follows from the properties of a convex hull of a set and rules of
calculation of a determinant. The following theorem is obvious.

Theorem 15. The Jacobian of considered mappings defined by the polynomials in above
Bershtein-Bezier forms is positive (negative) on the reference elements, if the determinants
of matrices [p, q| are positive (negative) for all vectors p € G¢,, q € Gg, in the case
n = 2, and if the determinants of matrices p,q,r] (triple scalar products) are positive
(negative) for all vectors p € G¢,, q € G¢,, T € Gg, in the casen = 3.

Let us prove this theorem without using conditions of the theorem 14.

Proof. We shall use the properties of the Bershtein-Bezier form for the derivatives.
Substitute the derivatives (9.51) into (9.4) and calculate the determinant of Jacobian matrix
decomposing it into the sum of the determinants of matrices composed of vectors of con-
trol points for the derivatives with factors in the form of polynomials. Taking the common
factors out of the signs of determinants we obtain that the Jacobian of each of the map-
pings will be the sum of the polynomials positive in the natural parametric domain with
the coefficients proportional to the determinants of matrices composed of all vectors from
Ge,, G¢,, Gg, (in a three-dimensional case, proportional to the triple scalar products). For
example, for the considered case of a generalization of a trilinear mapping, the formula
of the Jacobian (9.4) after substitution in it (9.51) and decomposition of the triple scalar
products has the form

p

-1 p p p p-1 p p p—1
J(&1,82,€3) = Z Z Z Z Z Z Z Z Z Qiyigizjn jzjaks koks

$1=0 i2—0 i3=0 j1 =0 j2 =0 j3—0 k1 =0 k=0 k3—=0
X Sdyigizgijejakikaks Pi1 igi3j17273k1k2ks (9.52)
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where
Ciyigisjrjejskikaks = [Py, T]s
P = P(Xij+1,igis — Xipjinsiz)s
a4 = P(Xji,je+1,5s — Xjn,d2.ds):
T = P(Xkykpks+1 = Xka,kp,ks)]s
Eivinisijaiskikaks (1-&)P 271" (1 — &)P 26 (1 — £5)P 345"
x (L-&)P el (1- &P 167 (1 - )P 6"
X (1=&)PREM (1= )P R28M(1 - g)P 16,
Piigisjijojskikaks = T3 - (p._ 1)!p!;:.)! - -
i1l (p — 11 — Dlal(p — i2) i3l (p — i3)!
g (p—1)!plp!
J1l(p = j1)lg2!(p — 52 — 1)!53!(p — 73)!
(p—1)iplp!

ki!(p — k1)lka!(p — k2)tksl(p — k3 — 1)

be positive in the parametric domain since the polynomials Z;,iyis5, jojskikoks T€ positive.
It is easy to show that the Jacobian will be positive on the boundary of a domain. So, the
theorem is proved.

The conditions of theorem 15 are simpler computationally than conditions of theo-
rem 14.

The conditions of theorem 15 are analogous to corollary 1. If we summarize similar
terms containing Z; s, 5, jojakikoks i (9.29), and then demand the positivity of their coeffi-
cients, we shall obtain more general conditions of the Jacobian’s positivity for the general-
ization of a trilinear mapping analogous to sufficient conditions 1 of the nondegeneracy of
hexahedral ruled cells.

The following theorem is valid.

Theorem 16. In order that the Jacobian of the mapping (9.50) be positive in the whole
cube P including its boundary it is sufficient that the following conditions be satisfied

p p P P P P

A111213 = Z z Z z Z Z Fh—j1—kyj1krizly~iz—kzkzizjals~is—js
j1=0ky=0 i2=0ky;=0 i3=0j3=0
n+ki<h  ig+ke<I> ig+k3z<I3

x PIl-J'1—kljlklizlz—iz—kzkziajsls—is—js >0, ;=0,1,..,3p-1, 1=1,2,3.
(9.53)

Proof. Among p*(p + 1)® polynomials Z;, ;54 j, o jaks kaks 1 (9.52), only 27p® polyno-
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mials are different. Really, writing out the polynomials in the form

= — 3p—iy—j1—k1—1g i1+j1+k1
“iydgizfijejskikeks T (1 _51) &1

(1 — &p)3ptz—dz—ka=1g,intinthe

X

x (1 _ 53)317—1'3—]'3—k3—1€3i3+j3+k3

and introducing the new indices I1 = 41 + j1 + k1, Io = i2+ jo + ko, I3 = i3+ j3+ ks,
we can rewrite the polynomials as

Eilizisjljzjaklkzka = E111213
3p—I1—1,1I 3p—Ix—1.1I 3p—I3—1.1I
(L =&)P TG (1= &) P72 &P (L= &) P g8

and obtain (9.52) in the form

3p—13p—13p-—-1

J(&1,&2,&3) = Z >N AnnLEnnD

=0 I2=0 I3=0

where Aj, 1,1, are from (9.53). It is easy to see that if conditions (9.53) are satisfied, the
Jacobian will be positive in the cube P.

Necessary conditions of the Jacobian’s positivity for the mapping (9.50), analogous to
the necessary conditions 1 of the trilinear mapping, can be found by computing the Jacobian
of (9.50) at the vertices of a cell and at the midpoints on edges, faces and in the interior of
the cube P and by demanding the positivity of these expressions.

With the purpose of substitution of theorem 14 by more constructive ones, in [11], the
following computational characterization is suggested.

Theorem 17. In the case of R?, conditions 1 are equivalent to the following conditions:
There exists a vector h € R? such that for all f € G¢, |J Ge,, hTf > 0 and there exists a
vector hy € R? such that for all £ € Gg,,hy" f > 0 and for all £ € G¢,,h;Tf < 0.

Analogous interpretation s given for R3. Each of the obtained computational conditions
is suggested to check by linear programming method [21] (which is linear time in three
dimensions) or, for checking conditions of the theorem 14, to use convex hull methods
[22] (estimated in time as O(n logn), where n is a parameter characterizing the number of
elements of sets G¢,, Ge,, G¢;.)

In [11], the theorem about global invertibility of considered mapping is proved.

9.5 Formulas of Volumes of Ruled Cells

9.5.1 Hexahedral Cell

Formulas of a volume of a ruled hexahedral cell published in [12, 23] are rather complex
and demand a large amount of computations. Efficient volume computation and another
formula of a cell volume were suggested in [24]. The formula obtained in [7] and given in
this work is similar to [24] but requires computation of volumes of ten tetrahedrons.
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Theorem 18. The volume of the ruled hexahedral cell (9.1) has the form

1
1 _ _
V= /0 Jdgrdeades = 7= ( > i +nooo+nm) .

S6is1 i1,i2,i13=0

It is possible to see that the volume of the ruled hexahedral cell is equal to one-half of
a sum of volumes of two dodecahedrons with planar faces, with the same corners X;,izi,,
€dges Pi,iziss Qigigiss Tiyigiz» and with different u, v, w (or faces) shown in Figure 9.1 b. In
chapter 12, it was proved that the volume of the ruled hexahedral cell is equal to one-half
of a sum of volumes of any two dodecahedrons with the same corners but different in the
way of constructing triangular planar faces by means of diagonal vectors u, v, w.

Theorem 19. The volume of the ruled hexahedral cell (9.1) has the form
1 - e
V=/ Jdg'de*de’ = g,
oseist 24 i1ﬂ§£=0 ; e

In this formula, the volume of a hexahedral cell is expressed in terms of the volumes of
twenty four hexahedrons corresponding to coefficients ﬂﬁ izi from (9.8).

The proofs of theorem 18 and 19 are givenin [7].

Analogous formulas can be obtained for ruled pyramids and prisms with a triangular
base.

9.5.2 Pyramidal Cell
Theorem 20. The volume of a ruled pyramid (9.29) has the form

1
V= [ Jaclagas = 3 (oomo+ oo+ Ao+ 2to) (954

where P is a unit pyramid with the vertices (0, 0, 0), (1, 0, 0), (0, 1,0), (1,1,0).
Proof. We have

V= / Jae'deraed = [ ndelderde® + [ Jpdelde?de’,
P T1 T2

where J; and J; are defined in (9.32). Formulas (9.32) can be written in the form
Ji = A1+ Bi(&1+ &) + Ci&s, Ja = Az + Bo(&2+ &3) + Caby, 955)
where

A = Ay =Ji(0,0,0), By = Ji(1,0,0)— J;(0,0,0), By = Jz(0,1,0)— Ji(0,0,0),
Ci = J(1,1,0)— J(1,0,0), Cy=Ji(1,1,0)— Jp(0,1,0).
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Integrating J; from (9.55) over T and J> from (9.55) over T5 we have

1 &1 1-§ A o) B,
/0 (/0 (/0 Jldsg)d@)dsl R

J](0,0,0) + J](l,l,O) + J](l,0,0)
24 24 12

1 &2 1-¢&2 Ay Cs B,
/0 (/0 (/0 szsg)d&)d@ Sy

11(0,0,0) | J1(1,1,0) | J2(0,1,0)
24 24 12

Using (9.33) we get (9.54).

In this case, the volume of a pyramid is equal to one-half of volumes of four tetrahe-
drons constructed on the edges with the vertices zgo0, 100, 110, Zo10 Or to one-half of two
hexahedrons with the same vertices but with different triangular faces (see Fig. 9.11).

9.5.3 Prismatic Cell

Now we shall give the formula of a volume for a prism with a triangular base and three
ruled faces that requires the computation of twelve tetrahedrons

Theorem 21. The volume of a ruled prism (9.34) has the form

1.2
V = /P Jd&1d€adE3 = ﬁ[g(aooo + aoo1 + Bl + Bor + Baoo + Boor)

1
+ §(ﬁgoo + Bdo1 + Y10 + Yo11 + Yioo + Vi), (9.56)

where P is a unit prism with the vertices (0,0, 0), (1,0,0), (0,1, 0), (0,0, 1)(1,0, 1),
(0,1,1).

The volume of such a prism is equal to one sixth of the volume of six octahedrones
with the same vertices but with different triangular faces shown in Fig. 9.4.2. It is easy to
see from Fig. 9.4.2 and formulas (9.10), since a volume of each of octahedrons is equal
to a sum of two volumes of tetrahedrons constructed on three edges with common vertex
(corresponding to summands with coefficient %) and a volume of tetrahedron constructed
on two edges and one “diagonal” of a face (corresponding to summands with coefficient %).

Proof. Really,

V= /P Jdg'de?de® = /0 : ( /0 1 ( /O o stz) dfl) dts,

J=A+ (B—-A) + (C— A)é,

where
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and A= J(0,0,&), B=J(1,0,&3), C = J(0,1,&s) from (9.49). Since

[ ([ )

5C-A0-6)?) de

1
/0 (A(L— &)+ (B — A)&1(1— &)+

%(A +B+0), (9.57)

and each of A, B, C is a quadratic trinomial of the form [7]
—ag? + (a+ a1 — ag) + o,

wherea = 31 + Bp — &y — ap, «; = const, [; = const, i = 0,1 we have

1
+ o + o
/Ad§32516ﬁ0+ 13 0
0

Substituting values of g, a1, By, 1 for each of A, B, C from (9.49) into (9.57), we get
(9.56).

In allthree considered cases, the volume of ruled cells having in general case non-planar
faces and complicated form is expressed in terms of the volumes of the polyhedrons with
the same vertices and with planar triangular faces. This gives an opportunity of the essential
simplification of numerical algorithms (see chapter 12).

Analogous formulas can be obtained for the volume of cells constructed by means of
functions defined by Bershtein-Bezier forms since the Jacobians for them will be also the
polynomials with the coefficients proportional to the volumes of tetrahedrons (see, for ex-
ample, (9.52)).

9.6 Conclusion

Obtained theorems, conditions of nondegeneracy and formulas of volumes of cells can be
applied in the numerical algorithms of grid generation and in numerical analysis using
different types of curved meshes.

The following directions of further investigation of considered problem are viewed.

It is expedient for testing the nondegeneracy of the hexahedral cells to compare the
reliability of the special numerical algorithms described in this paper and in [10].

Above investigations would promote to liquidate the gap between necessary and suffi-
cient conditions of nondegeneracy of grids and to find reliable criteria. These investigations
are interesting from the scientific point of view and undoubtedly essential for the practice
of grid generation.

However, to have nondegeneracy conditions being both necessary and sufficient or cri-
teriais not always obligatory because of the following reasons. The construction of a grid is
an initial and important stage of the solution of a physical problem, this stage is followed by



278 Olga V.Ushakova

the approximation of differential equations or another relations modelling the physical pro-
cess on the constructed grid. This process does not allow exotic form of cells even they are
nondegenerate. (Because of this reason a number of mainrequirements to a grid mentioned
in the introduction are considered.) By virtue of these circumstances, easy testable suffi-
cient conditions are also important for the practice of computations, so further development
of investigations is useful to concentrate on finding the simple sufficient conditions that are
handly in numerical realization of the algorithms of grid generation of three-dimensional
grids. Some experience of this can be found in [16] and in chapter 10.
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Chapter 10

APPLICATION OF OPTIMAL GRID GENERATION
ALGORITHMS TO THE VOLUMES OF REVOLUTION

Tatjana N. Bronina and Olga V. Ushakova
Institute of Mathematics and Mechanics
Ural Branch of the Russian Academy of Sciences

New algorithms for generation of three-dimensional structured optimal grids are devel-
oped. Their application to calculation of grids in the volumes of revolution are described.

10.1 Introduction

We describe the development of the algorithms [1] for generation of three-dimensional
structured grids in the volumes of revolution. Suggested algorithms are designed for multi-
material hydrodynamic simulation and for solving other physical and engineering problems
(see chapter 8). The grid generation algorithms are not be reduced to the rotation of a two-
dimensional grid about the axis. Rotational algorithms produce O-type grids containing
degenerate cells on the axis of rotation, moreover these degenerate cells can become too
small for small angles of rotation. Such grid quality is not desirable.

Section 10.2 is devoted to formulation of the problem.

The algorithms are developed within the variational approach of construction of optimal
curvilinear grids [2]. Section 10.3 is devoted to a theoretical background of the approach in
a three-dimensional case. In this section, a variational principle for construction of three-
dimensional optimal grids close to a uniform and orthogonal ones in complex configurations
of the domains is introduced. The distinctive features of this approach are enumerated.

The method realizing the approach consists of two stages. At the first stage, an initial
grid satisfying some required properties is constructed. For generating an initial grid, a
new algorithm based on the geometric approach is suggested. The requirement to the initial
grid are the following. The algorithm constructs a structured nondegenerate grid close in
the sense of [2] to a uniform grid. The initial grid satisfies the requirement of closeness
of linear sizes of cells [1] (see further section 10.6). A nondegeneracy of the initial grid is
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understood in terms of chapter 9. For some configurations of the domains, it is admissible
that the initial grid can contain degenerate hexahedral cells degenerating into prisms with
triangular bases or into a union of such prisms. Suggested algorithm permits the joining of
different volumes of revolutions (for a grid, from a node to a node) that gives the opportunity
to consider multi-block constructions of such configurations of domains. The algorithm
ensures the correspondence of the symmetries of a grid to the symmetries of a domain.
Such algorithm for construction of an initial grid is described in section 10.4.

The algorithm generating an initial grid has restricted possibilities in regulating the grid
quality, therefore at the next stage some optimization algorithms are used. These algorithms
are described in section 10.5. The optimization algorithms are developed on the basis of
algorithms of the global reconstruction (rezoning) [1]. The optimization algorithms recon-
struct an initial grid, in the general case, nondegenerate (in some cases, degenerate) into
a nondegenerate and optimal in the sense of [2] curvilinear grid that is smooth and close
to a uniform orthogonal grid. It is admissible that for some configurations of volumes of
revolution, an optimal grid can contain, on the boundary, the hexahedral cells degenerating
into prisms with a triangular base. An optimal grid satisfies also the criterion of closeness
of linear sizes of cells [1] (section 10.6). The optimization of a grid can take place not
only inside the body of revolution but also on its boundary. In this situation, the nodes of
a grid are moving on the surface composed of ruled surfaces of cell faces of an initial grid.
In order to fix the sharp tum of a boundary the special algorithms are constructed. New
algorithms providing the orthogonality of grid lines to the boundary are also developed.

In section 10.6, some tests examples are given along with the estimations of grids
quality.

10.2 Formulation of the Problem

The problem consists in constructing a structured three-dimensional grid in a
three-dimensional domain G of the variables z1, x2, £3 obtained by the rotation of a gener-
atrix curve (further also called the main generatrix curve), given in the plane z;, z3, about
the axis z3 through the angle ¢, (po < ¢ < ). The generatrix curve can consist of
straight line segments, arcs of circles and ellipses.

Types of generatrix curve are shown in Fig. 10.1 a — c¢. Corresponding configurations
of domains very often arise in multimaterial hydrodynamics simulations (see chapter 8). It
is supposed that the algorithm is not reduced to the rotation of a tiwo-dimensional grid about
the axis. It is already mentioned in Introduction that when constructing three-dimensional
grids by the rotation of two-dimensional grids about the axis, singularities (degenerate cells)
arise on the axis, more over degenerate cells become small for small angles of rotations.
Such grid quality is not desirable. Because of this, described algorithms were suggested.

The generation of a structured grid in such domains is carried out by mapping approach
(see the detailed description of this approach in chapter 9). According to the approach the
domain G is represented as a curvilinear hexahedron with the vertices numbered from 1 to
8, and to construct a grid we look for a continuous mapping of an additional parametric
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Figure 10.1: Types of generatrix curves:
a generatrix curve for the body of revolution;
b generatrix curve for the body of the “shell” type;
¢ generatrix curve for the body of the “cut shell” type.

Pamlleleplpedp = {6 = (§1a£2a§3) : 0 < {l < N’ 0 < 62 < Ma 0 < €3 < La }1 where
N, M, L are positive integers determining the number of grid nodes for each of coordinate
directions. The values of the mapping x: P — G

x = x(&1, €2, &3) = {x1(&1, €2, £3), 22(&1, €2, €3), 23(€1, €2, £3) }

for &, &, & = i, 4,k, i =0,1,..;N, j=0,1,.., M, k = 0, 1, ..., L give the coordinates
of nodes of a three-dimensional grid Hijx = Xijx = x(3, j, k). We look for a mapping at
the inner points and also at the boundary points of the parallelepiped P.

For the domain G, first we define the vertices of the curvilinear hexahedron and curvi-
linear edges (thus we define faces and interior part of the hexahedron), then we have to dis-
tribute grid points (nodes) in the interior of the hexahedron G, on its faces and edges. Ver-
tices of G coincide with grid nodes corresponding to indices 1 = 0, N, j =0, M, k=0, L.

The grid has to satisfy some requirements. First of all, it should be a nondegenerate
grid (see a definition in chapter 9). It means that a mapping from a parallelepiped P into a
hexahedron G has to be one-to-one and onto. In this case, all cells will be nondegenerate
hexahedrons with the one orientation of edges. As an exception, single cells degenerating
into prisms with a triangular base arising as a rule on the boundary of domains are admis-
sible. Other requirements imposed on a grid are the requirements of geometric optimality
of a grid that is smoothness of grid lines and closeness of a curvilinear grid to a uniform
and orthogonal grid. The requirements imposed on the algorithm are minimum of an initial
data and reliability and efficiency of a numerical procedure of grid generation.

10.3 Variational Principles for Generating Optimal Grids

Variational methods are the most natural for generating optimal grids. To generate grids in
the volumes of revolution we use approach [2].

To give the main idea of this approach in the three-dimensional case, we consider, in
the space of variables z;, 2, x3, the simply connected curvilinear hexahedron G with the
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12 edges I; (i=1,..,12), 6 curvilinear faces Sx (k=1,2,..,6) and 8 vertices. It
is required to construct a grid in G with the coordinate surfaces /\1, K, vk (1=0,1,...,N;
j=0,1, .., M; k=0, 1, ..., L). For i=0, N; j=0, M; k=0, L, the coordinate surfaces co-
incide with the faces Sk. The intersection of three coordinate surfaces (see Figure 10.2)
. . ——_-_—) 3 .
ylelds a grld node Hijk- Let Ti:tl,j,k:lHiiji:l:l,j,klzlhi:tlI- Slmllarly, Ti,j+1,kr Ti,5,k+1,
h;+1, hit, are defined. Denote by <p£j the angles between the vectors hj+; and hji,
(I = 1,2,3,4), and denote by ®(x1, z9, z3) the function for which the grid should be
adapted.

Figure 10.2: Grid nodes.

Let us introduce the functionals

1 1
Dy = Z {[Ti+1,j,k - Ti—l,j’k]2 <7~2 + ) ) + (10.1)

ijk itk Timljk

1

+

1
Tij+1k Tij—1k
1 1

2
+ [rijk+1—7i 5,51 5 )
Tiik+1 Tijk—1

4
1 1 1
Do = , 102
© z z (sm2 gop sm2 o + sin? ga§’k> (102)

Dy= z {Ti2+1,j,k (®(Hi1,5k)— 0 (Hiji))* + (103)
ik
12k [R(Hi g1 k)~ (Hijie)P + 125 11 [(I)(Hi,j,k+1)_q>(Hijk)]2} ,
D = AyDy + AoDo + AaD 4. (10.4)

+[ri g k—Tij14) ( 5

+2
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The summation is taken over all inner grid points.

These functionals arise naturally as the generalization of their analogs for one and two-
dimensional cases [2]. The functionals Dy, Do, and D 4 formalize criteria of grid closeness
to uniform (U'), orthogonal (O) and adaptive grids (A), respectively. These criteria, espe-
cially (U) and (A), are contradictory. So, they are applied by means of non-negative weight
parameters Ay, Ap, and A4 determining the values of optimality criteria. Minimizing the
functional D, one can obtain an optimal structured grid close to a uniform orthogonal grid,
if the weight A 4 is equal to zero.

Grid nodes on the boundary of the curvilinear hexahedron G can be given in different
ways. It is possible to fix them or leave them free. We also can fix the angles between the
coordinate (grid) lines and the boundary of the hexahedron G. These different cases for
boundary node arrangement are also admissible to consider in the continuous formulation
of the problems [2].

To get the continuous formulation of the problem, we can write out the continuous
analogs Iy, Ip, I 4, I [2] of discrete functionals Dy, Do, D 4, D

Iy = ///Z( ln\/ﬁ) d€1d€adEs,

1 [G1G2 G1G3 GyGs\?
Io=///ﬁ( 1G2 | 5168 | G2 3) deydéydes,
g33 g22 g11
3

Iy = / / / [Z (¥> gu-:| d& d€adEs,  where

Oz, O 8% Oz,

i = , = det £, oLj

d ; ( 0&i ) J=de {‘%k} 3& Z < Oz; 0¢;’
Gi = gkkgu — g;%,, i# k,l,

I=Ayly+ Aolp + Aala.

We can find for them corresponding boundary conditions (fixed or natural [2]) and can
consider the associated variational problems. For continuous variational functionals, we
also can write out corresponding Euler equations (with proper boundary conditions) and
can elaborate some numerical method for their solving.

Since we shall utilize the discrete functionals, we omit the corresponding formulations
in continuous case and refer the reader to [2, 3].

We only note the main feature of arising variational problems. The main features of the
approach are associated with the special way of formalization of criterion (U) which gives.
a nonlinear continuous variational functional Iy containing both first and second partial
derivatives of the functions of grid node coordinates realizing the mapping. This contin-
uous functional arises naturally as a measure of a relative error of a non-uniform grid in
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comparison with a uniform grid. Such formalization leads to a system of Euler equations
of the fourth order, hyperbolic in general sense. Second order of the derivatives in the min-
imized functional allows more arbitrariness in posing boundary conditions. It has enabled
consideration of all types of boundary conditions listed above. Unknown functions of grid
node coordinates and their derivatives can be given and fixed or can be found from the
natural boundary conditions.

The construction of the functional of orthogonality 7o (Do) also plays very important
role. Due to this construction, the objective function includes the Jacobian of the desired
mapping in the denominator; therefore, D (J) goes to infinity if the discrete analog of the
Jacobian (or the Jacobian) of the mapping vanishes. Grid generation methods based on
such functionals now are popular to call the barrier methods [4] since they put a barrier for
degenerate elements. The functional of orthogonality influences also on the smoothness of
grids.

The functional of adaptivity provides the condensing of grid nodes in the region where
& (solution of the physical problems) has high gradients. In this paper, we do not use such
feature of the functional, however such opportunity exists.

The analysis of Euler equations and arising boundary value problems as well as a num-
ber of problems inherent in grid generation methods based only on the solution of Euler
equations, are also can be found in [2]. We will not follow the way of numerical solution
of Euler equations because of arising problems and a necessity to overcome a number of
difficulties (see [2]) influencing on the efficiency of the algorithms. These are the following
difficulties:

1. The bulky form of the Euler equations results in large number of arithmetical opera-
tions.

2. For stability of calculations in the iterative schemes, the small time step should be
selected and that has an effect on the number of iterations required to reach the steady—state
condition.

3. The contradictoriness of the requirements included in the basis of a variational
method leads to natural difficulties in the choice of control parameters defining the value of
one or another criterion of optimality. Variation of the weight coefficients in a wide range
can cause instability of the numerical procedure in the solution of the equations.

In [2], for any positive weight coefficients the type of the Euler system does not vary.
However, since for Ay=0, Ap#0 the system becomes of a mixed elliptic-hyperbolic type
(see [2], in this case the problem can be incorrectly formulated), then for stability of cal-
culations in the solution of Euler equations the weight coefficient Ay should be positive
(Ay = 1) and other weight coefficients should be selected so that the contribution of sum-
mands corresponding to Do and D 4 does not exceed Dy . Otherwise the problem can turn
out to be unstable.

For implementation of the variational principles, we shall elaborate, relying on our
experience in the two-dimensional case [2],[5] and our first experience in three-dimensional
case [1], a direct geometrical methods of the discrete functional D minimization.

While constructing grids in the volume of revolution, we consider only two optimality
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criteria responsible for the closeness of a curvilinear grid to a uniform and orthogonal grid
and construct geometrically optimal grids disregarding the adaptation criterion.

The algorithm consists of two independent parts: construction of an initial grid which
plays the role of an initial guess and optimization of an initial grid with respect to given
criteria of optimality.

Construction of an initial grid is realized by a geometrical method. Optimization of an
initial grid represents the procedure of minimization of the functional D with A4 = 0.

10.4 Generation of the Initial Grid

We describe the algorithm of initial grid generation based on the geometric approach taking
into account natural symmetry with respect to the axis of rotation and lines of sticking
together separate surfaces of revolution. At the stage of the generation of the initial grid, the
obtaining the non-self-intersecting families of coordinate lines and surfaces is considered
as the main requirement to a grid. In [1], algorithms for generation of initial grids are
described. Examples of grids obtained by these algorithms are shown in Fig 10.3.

Figure 10.3: Grids in the domains of revolution:
a agridin the body of revolution;
b agrid in the body of revolution — “ shell”;
¢ agrid in the body of revolution — “cut shell” type.

While working with grids generated by the algorithms from [1] the following disadvan-
tages were revealed:

Grids for the body of revolution (Fig. 10.3 a) do not preserve the symmetry of the body.

In the bodies of revolution, in some zones, cells of very small size and cells with trian-
gular faces arise (Fig. 10.3 b, c).

Besides, for the computation of the processes in constructions heterogeneous in mate-
rials, it is desirable to have block grids, that is for grids generated in bodies of revolution
and shells (types of generatrix curves a and b in Fig. 10.1) the possibility of nodes joining
on one of the faces of a curvilinear hexahedrons has to be provided under the condition
of identical description of generatrix curves in blocks of “sticking regions”. The joining
of grids on one of the faces is understood as coinciding the coordinates of nodes and their
numeration.



290 Tatjana N. Bronina and Olga V. Ushakova

In this chapter, we suggest the algorithm avoiding to some extent indicated disadvan-
tages of [1].

For generating structured grid, the domain of revolution is represented as curvilinear
hexahedron with 8th vertices A, B, C, D, A’, B’, C’, D' of the type shown in Fig. 10.4. The
representation of the body of revolution in the form of curvilinear hexahedron of the type
shown in Fig. 10.4 was suggested by O.M.Kozyrev. Despite of such exotic representation
of a hexahedron in which five faces lie in one plane, this configuration allows to solve the
question about preserving the symmetry on the surfaces of revolution and allows to compute
block constructions consisting of the body of revolution and a few shells.

Taking into account that a grid is constructed for the body of revolution, we organize the
algorithm in such a way that a three-dimensional grid is a set of Lth grids on the surfaces
of revolution, obtained by the rotation through angle ¢ of some lines of the main generatrix
curve in the plane z;z3. In Fig. 10.4, the arrangement of vertices and faces of a curvilinear
hexahedron on the body of revolution (Fig. 10.4 b) and correspondence of them to vertices
and faces of a parametric parallelepiped (Fig. 10.4 c) are schematically shown. (The point
V on the face ABC D is shown for the cleamess of representation.)

c = c
a b c

Figure 10.4: Correspondence of vertices and faces of a curvilinear hexahedron to the ver-
tices and faces of a parametric parallelepiped for the body of revolution:
a generatrix curve for the body of revolution;
b curvilinear hexahedron;
¢ parametric parallelepiped.

Let us describe the algorithm for generation of a three-dimensional structured grid
{150 T2 T35 18 = 0,., N, 5 = 0,., M,k = 0,..,L,M = N in the body of rev-
olution. Let in the plane z;z3 (the axis z3 — axis of rotation) the main generatrix curve
AC be given (Fig. 10.4 a), vertices of a curvilinear hexahedron A and C lie on the axis of
rotation. Let us choose on the generatrix curve the point B (from the symmetry condition,
from the equality of lengths of curves AB and BC, or the features of generatrix curve AC).
In the plane z;z3, we construct curves I, k = 1, .., L, similar to the main generatrix curve
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ABC (Fig. 10.4 a).

Using each curve [, as a generatrix curve and rotating it through 180° and thus con-
structing on each of Lth surfaces of rotation the grid with the (IV + 1) * (/V + 1) number of
nodes, we obtain the required three-dimensional grid in the domain of revolution.

Let us describe the generation of a grid on the surface of rotation. Two of the possible
arrangements of the families of the coordinate lines on the faces of revolution is schemat-
ically shown in Fig. 10.5 ( Fig. 10.5 a, b for the configuration cosisting of the volume of
revolution and the shell, Fig. 10.5 ¢, d for the “cut shell”).
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Figure 10.5: Arrangements of the coordinate lines on the surface of revolution:
a, b for the surfaces in configuration consisting of the body of revolution and “shell”;
¢, d for the surfaces in the “cut shell”.

Taking into account the fact that the nodes are lying on the surface of revolution, it is
natural to use the formulas

Tlijk Tl mk Cos(aij),
T2 = Tl Sin(agj), (10.5)
x3ijk = 53'n.mk’

where {Z1,,,, T3, } are coordinate of nodes lying on the generatrix curve l.

The values of angles o;; for computing coordinate of nodes for the scheme in Fig. 10.5 a
for the grid on the surface of revolution are suggested to compute in the following way. For
the coordinates of nodes on the diagonal AC (Fig. 10.4 a, c) a;; = 7 /2. For the coordinates
of nodes in the curvilinear triangle D AB (coordinates of nodes on the generatrix curve I,
we haveindices m = j,n = N from ( 10.5)) with ijk , wherei = j—1, j=1,..,51, j1 =
2,.,.N

aij = mj1/2(N - j1), (10.6)

and with ijk, wheret =j —1,..,1, j =2,..,N -1,

aij = im[2(N —1). (10.7)
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Coordinates of nodes in the triangle DBC is calculated analogously by the symmetric
substitution of indices (i) by (j¢). As the result, we obtain grids on Lth surfaces of rev-
olution. To obtain the grid on the face A’B'C’D’, we can define z3,;, = 0 for the nodes
with k¥ = L, and further we can improve (optimize) the grid by one of the algorithms for
construction of optimal grids [2].

Described above algorithm allows to compute the initial grids in the constructions con-
sisting of some layers of shells or for the body of revolution with some shells put on it.
Considered construction of grids is an example of block-structured grids joining on the
boundaries of blocks.

1

o - n w

S b b & b

Figure 10.6: Example of joining grids :
a generatrix curves;
b joining grids;
¢ grid for the shell;
d grid for the volume of revolution.

An example of such construction is shown in Fig. 10.6 b. In Fig. 10.6 a, the generatrix
curves for two bodies are shown: the line 1-2-3-4-5-6-1 is the generatrix curve for the
shell, the line 6-5-4 is the generatrix curve for the body of revolution. The line 6-5-4,
under the rotation, forms the surface common for the body of revolution and the shell.
The representation of the body of revolution in the form of curvilinear hexahedron in the
considered case allows to obtain the face ABCD (Fig. 10.4 b) coinciding with one of the
faces of a shell the generatrix curve of which partially consists of a generatrix curve for the
body of revolution (Fig. 10.6 ¢, d).

The arrangement of parametric lines on the surface of revolution obtained by using
(10.6) and (10.7) (Fig. 10.5 c) leads, as mentioned above, to emerging of cells of small
size and with small angles (Fig. 10.3 ¢). Because of this, for obtaining grids on the sur-
face of revolution for the body of “cut shell” type (generatrix curve is shown in Fig. 10.1
¢), it is obvious to use the algorithms with the arrangements of coordinate lines shown in
Fig. 10.5 d.

The idea of generation of a three-dimensional grid for the body of revolution of the “cut
shell” type is analogous to the idea described above, that is a grid is constructed by Lth
surface grids arranged on the surfaces of revolution. The arrangement of vertices and faces
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of a curvilinear hexahedron for this case and correspondence to the vertices and faces of a
parametric cube is schematically shown in Fig. 10.7 b, d. Let us describe, first, generation
of a grid for the case, when for the main generatrix curve OCC’O’ (Fig. 10.7 a) in the
curvilinear hexahedron OCC’ O’ we manage to construct the two-dimensional grid by linear
interpolation using points on the curves OC and O’C’. In this case, generating two grids
on the surfaces of rotation (generatrix curves OBC and O’ B'C’), inner nodes of a three-
dimensional grid are possible to find also by linear interpolation.

Figure 10.7: The scheme of grid generation for the “cut shell”:
a generatrix curve;
b,c grids on the boundary surfaces; d parametric parallelepiped; N, M, L are numbers
of grid intervals for coordinate directions.

The grid on the surface of rotation is suggested to construct in the following way. Cal-
culating M + 1 nodes (for example, uniformly in the arc length) on the line OBC and
using (10.5) for o;;; = m/2, let us obtain nodes of a three-dimensional grid on the line
OO0". Coordinates of nodes lying on the part OB of the main generatrix curve (Fig. 10.7 a)
we calculate using (10.5) for

a;; = 7/(2ny,), (10.8)
where (((i = No + Ny, ..., No+ 2N1,j = M — 2,.,M -2 - Ny),n, = 1,.., Ny),
N =1,.,Np),No= (N + 1)/2.

Then, we calculate the coordinates {(z1,,y, Z3,;0),J = %, .., M} (M — i) of the addi-

tional nodes on the line BC and use (10.5) for

a5 = 7r/2+7r(N0—i)/2N0. (10.9)

If the domain OCC’ O’ has more complicated configuration, then for constructing gen-
eratrix curve in the plane z;z3, it is necessary to construct a two-dimensional grid
{z1,,,23:,}, K =0,...,L; s =0,...,L1; L1 = (N + 1)/2 + M with the number of
grid intervals ((N + 1)/2+ M) * L. Then, let us define the generatrix curve with the num-
ber ky as a line lx,, given by the points {:L'l,‘fa, il)gkfs}, s=1,..,L1 (Fig. 10.7 a). Then on
the constructed generatrix curves we calculate nodes using (10.8),(10.9).
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10.5 Algorithm for Minimization of the Functional D. (Global
Reconstruction Algorithm)

The algorithm for the functional D minimization initially emerged as a global reconstruc-
tion algorithm designed for reconstructing the bad quality grid into a grid of a good quality.
Bad quality grids can be obtained using the Lagrangian method. On each iteration in the
procedure of the solution of a physical problem, the grid is constructed independently in
each of the coordinate directions. For some moment of time, the grid can become distorted
and cannot satisfy by its quality. It can possess sharp changing of the size of cells, it cannot
be smooth and it can be very close to degenerate. But it would be desirable to continue the
computation of the main problem. In such situations, the rezoning is required. It is required
on the basis of “bad” grid, the grid which does not give desirable quality, to develop the
algorithms for reconstruction of the grid with the aim to obtain “good” grid, close to the
uniform one, orthogonal one and smooth. For this purpose, the global reconstruction algo-
rithm was developed. To start the computations of the physical problem by the Lagrangian
method was supposed on the initial grid constructed by the method described in the pre-
vious section. However the quality of the initial grid, since it was constructed by simple
geometrical procedures, did not satisfy the requirements of the numerical method because
it often turmed out to be nonsmooth and some times contained nondegenerate hexahedral
cells degenerating into prisms (see chapter 9). (For constructing hexahedral cells, we use a
trilinear mapping of the unit cube and for estimating grid nondegeneracy, we use nondegen-
eracy criteria also of chapter 9.) Because of above reason a global reconstruction algorithm
was begun to use as the algorithm generating an optimal grid on the basis of some initial
grid. From that time this algorithm underwent a number of changes. Its present description
will be done taking into account these changes.

Let a domain G be given by a structured nondegenerate three-dimensional grid. At
this stage, the grid is considered as an initial one. It is allowed that some hexahedral cells
(usually along edges of a curvilinearhexahedron G or at its vertices) degenerate into prisms
with triangular bases or into a union of such prisms. Such cases are characterized by zero or
nonpositive values of the Jacobian of a trilinear mapping of corresponding cells in two ver-
tices (see chapter 9). The practice of computations shows that described algorithm allowed
single cells to have nonpositive values of the Jacobian maximum at three or four vertices.

The algorithm of functional D minimization can be carried out both in the whole do-
main G including its boundary except vertices or in its subdomain selected from the given
domain by the starting and ending values of indices of nodes. For this case, boundary nodes
of the subdomain are considered to be fixed. In the case of reconstruction of the grid on
the boundary, it is important to preserve the form of the domain. The grid points on the
boundary of the physical domain move on the surface “woven” from ruled surfaces (see
chapter 9), which are the faces of the initial grid cells.

At present time the following five algorithms are elaborated:

Algorithm 1. Fixed boundary nodes. The reconstruction of a grid is carried out on
the basis of the above criteria of optimality inside the physical domain or in its subdomain.
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In this case, boundary nodes are considered to be fixed (both for the whole domain or its
subdomain).

Algorithm 2. Free boundary nodes. The grid generation is carried out in the whole
domain. This algorithm assumes grid node reconstruction from the above criteria of opti-
mality as on the boundary of the domain G (on edges and faces) and inside the domain.
Only vertices of a hexahedron are fixed.

Algorithm 3. Conditions of orthogonality to faces. The reconstruction of nodes is
carried out also for the whole domain. The reconstruction of nodes on the faces is carried
out from the condition of grid lines orthogonality to faces of the domain, and on edges and
inside the domain from the optimality criteria.

Algorithm 4. Conditions of orthogonality to faces and edges. The reconstruction of
nodes is carried out for the whole domain, on faces and edges from the conditions of grid
line orthogonality to faces and edges, inside the domain from the optimality criteria. In
this case, because of concordance conditions for nodes on edges, adjoining faces have to be
orthogonal to each other.

Algorithm 5. Reconstruction of selected nodes. The reconstruction of the grid is
carried out in the nodes selected by the values of indices. This algorithm allows to fix the
node arrangement on the single faces, to fix the location of single nodes on the boundary
for the preservation of such constructive features of the form of the domain as sharp turn of
the boundary, and to define the location of single grid nodes from the condition of grid line
orthogonality to the boundary.

Without loss of generality we consider that a subdomain in which it is required to re-
construct the grid is the domain G.

A numerical algorithm is a three-dimensional analog of the algorithm [S] and is devel-
oped within the approach [2]. This algorithm is the algorithm of direct geometric minimiz-
ing the discrete functional D with A4 = 0. This minimization will ensure construction of
the optimal grid close to uniform and orthogonal ones and with smooth grid lines.

Here, we describe the basic ideas underlying the algorithm.

Iterations start from a nondegenerate initial grid. As an exception degenerate grids
containing single degenerate cells (usually on the boundary 0G) are allowed. Admissible
cases are listed above.

At each iteration, while defining the inner node 1, j, k, the other nodes are fixed and
the location of a node is found from the condition of nondegeneracy of a grid and the con-
dition of a minimum of the functional D on a special set of points determining a feasible
set. For each inner node, we apply the local procedure for optimizing the grid. We con-
sider eight grid cells which have node ¢, j, k as a vertex. At nth iteration, the grid points
Hiz—A,-,j+A,~,k+Ak’ A;, Aj, Ax = —1,0,1 which belong to the union of eight cells (hexa-
hedrons) form a so-called 27 point stencil (Fig. 10.8). We fix exterior vertices of this union
while allowing the location of the central node to vary. For boundary nodes, the stencil is
constructed analogously (see Fig. 10.15). It is important to note the following main features
of this procedure.

The displacement of any node does not effect the stencil geometry of any other node;
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hence it cannot change the values of the Jacobian at other nodes and therefore the properties
of a grid at those nodes.
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Figure 10.8: Stencil geometry.
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Many strategies may be used to define the displacement H;}; H Zzl of any node H. ik for
minimizing the functional and preserving a nondegeneracy of a grid. The feasible set is the
octagon Hi”‘j_l’k, Hz??j+1,k’ Hi"_l’j’k, Hin+1,j,k7 H’Z,Lj,k—l’ Hz,lj,k+l’ (see Figures 10.8,10.9) if
this octagon is convex.

It was already mentioned that the objective function contains the determinant of the
Jacobian matrix in the denominator; therefore D will become infinite if discrete analog
of the Jacobian (six volumes of tetrahedron at vertices of a cell) vanishes. It was shown
in [4] that such an objective function (containing the Jacobian in denominator) will not
produce degenerate elements provided that the initial grid of the iterative procedure has no
degenerate elements. Such construction for grid generation are now referred to as barrier

methods possessing a barrier against degenerate elements.

10.5.1 Optimizing Procedure for Inner Nodes

We describe the computational realization of five algorithms mentioned above.

We consider the stencil of nodes H?+A,~,j+Aj YN A;, Aj, Ax = —1,0,1, in order to
find the new location H. :;‘,'C’l of the inner node H%;.. The geometry of this stencil will define
the new location of the node H Z; by means of the value of the functional D. We fix the
nodes different from H;7, and allow the node H;7; to move. The location of the node is
found from the condition of the nondegeneracy of a grid and minimum of the functional D
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on the special set of points H; or H_. In theprocess of computations, grid node coordinates
are replaced by new ones.

Sets of points for minimizing the functional D. Sets H, and H_ are constructed by
means of special points C; and C_. While finding these points, we choose the criteria
of a closeness of a grid to a uniform one in the distance between neighboring nodes as a
goveming criteria.

We consider the octahedron I' (with plane faces) and the vertices H;* ii—1,k H{,‘j 1k
H{‘_l,j,k,H}‘HJ,k, HY o 1 HY e (See Fig. 10.8,10.9, 10.10. In Fig. 10.8, a superscript
n of a number of iteration is omitted). For brevity, we use also the notations

— n — n
Im = Hi® 1, Ip = Hif 1,

— H» — gn
Im = Hij—lk’ Jp = Hij+1k’

—_ n
Km = Hizx_1, Kp= Hijpy-

If a grid is nondegenerate at each iteration, then octahedron will be nondegenerate, since
such octahedron can be divide into eight tetrahedrons corresponding to coefficients a equal
to six volumes of hexahedrons constructed on the edges of a cell (see chapter 9, here we
omitted the subscripts in the notation of the coefficients ). Tetrahedrons are considered
as the images of corresponding tetrahedrons of the unit cubes for linear mappings and
the whole octahedron as the image of the octahedron of the computational space for a
piecewise-linear mapping. By virtue of positivity of the coefficients « at each node, a union
of tetrahedrons — octahedron — will be nondegenerate in the sense of chapter 9 for the
considered mapping.

If octahedron I' is convex, then a point C, is defined. It coincides with the center
of gravity of this octahedron (center of gravity of its three diagonals). The point C_ is
defined, if I" is nonconvex. In this case, C_ is defined as a center of gravity of one or
two inner diagonals in dependence of how many diagonals this octahedron has. For convex
polyhedrons, the functional D is minimized on the set H, for nonconvex polyhedrons on
the set H_.
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Kp

Km

Figure 10.9: Convex feasible set.

Figure 10.10: Nonconvex feasible sets.

The sets H 4 and H_ are the sets of points H. Zzl (m) such that

- ——m
ngZ—I:l (m) = H:;kcg’ m = 0, 1a 2, 3a

where C coincides with Cy or C_.
Note that for the center of gravity of the octahedron ( H Zzl = (), (for a uniform and
orthogonal grid ) a contribution to the functionals Dy and Do is minimal (equal to zero for
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Dyy). We use this point for convex octahedrons I for curvilinear grids too. For nonconvex
octahedrons for the center of gravity of one inner diagonal, we have zero contribution to
the functional Dy for the direction corresponding to the inner diagonal of the octahedron.
The necessity to consider convex and nonconvex octahedrons I is caused by a necessity to
consider complicated configurations of the domains with such a quality of an initial grid
and admissability of a single degenerate cells in the initial grid. In fact, nonconvex octahe-
drons I" can arise even if all eight coefficients a (see chapter 9), corresponding to the node
i, J, k and considering eight cells, composing the main stencil are positive (see Fig. 10.10
a). In Fig. 10.10 b, there is an example of nonconvex octahedron I' with four negative
coefficients a.. Examples a and b can arise for complex configurations of the domains, an
example b for grid with degenerate cells. In the considered cases of octahedrons T, if we
choose, as the new location H Z’;Zl of the node H;7,, any point on the segment H7, C, we
will not change the signs of the eight coefficients o and thus the new grid node will sat-
isfy necessary nondegeneracy conditions (for sufficiently small displacements, sufficient
nondegeneracy conditions provided that the initial grid was nondegenerate). It is clear that
if, for one node, we have more than four nonpositive coefficients «, (this characterizes a
degenerate self- intersecting grid), then we can not draw a conclusion that octahedron is
nondegenerate. In such situations the octahedron is self-intersecting and is not of the form
shown in Fig. 10.9, 10.10. So because of this, suggested algorithm assumes only single de-
generate cells with a number of nonpositive coefficients « listed above. If, in an initial grid,
degenerate self-intersecting octahedrons I' arise, the algorithm and corresponding computer
code diagnoses such cases and computation of a grid stops.

In the cases of initial nondegenerate grids, the considered way of construction of new
nodes will not produce degenerate cells.

The testing of octahedron I" on convexity is carried out on the basis of one of definitions
of polyhedron convexity, namely of testing the following: for any face of a polyhedron, all
its vertices (except vertices of a chosen face) are arranged from one side of a plane of a face.
Computationally, this fact is tested by the positivity of the volumes of special tetrahedrons.
In these conditions, it is easy to see the analogy with nondegeneracy conditions for a grid
from chapter 9 which is, in fact, also some conditions on the volumes of tetrahedrons, so
in testing the octahedron convexity we operate again with the volumes of tetrahedrons and
this is very convenient for organization of computations.

To verify the convexity of the octahedron I', we need to check the positivity of volumes
of the following twelve tetrahedrons or triple scalar products:

> > > — —
Imdm, ImIp, ImKp), ImIp, ImJp, ImKp),

N N N R >
[ImIp, Ime, Ime]; [Ime, ImIp, Ime],

[JPI"’“ JPJm’ JPKP]’ [JPIP;’ JPJm’ JPKP]’

—_— —— —— > >
[Todrms ToImy JoKm)s [ToIps Tpdms Kmdp)s
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—_— s — —_— ) ——
[KpraKmImmeJm], [Kpra Kpr') Kme]7
_— —— —— — >
(Ko KmEpy Kmdp)y [KmKps Kmlpy Kmdy).

The positivity of first four triple scalar products means that the diagonal [Ip,, I is
an inner diagonal of the octahedron I', the positivity of second four triple scalar products
means that the diagonal [J,,, Jp| is an inner one, and the positivity of the last four triple
scalar products guarantees this for the (K, Kp|.

If three diagonals of the octahedron I are its inner diagonals, then octahedron is convex,
if one or two diagonals are outer diagonals, then octahedron is nonconvex. If octahedron is
convex, then

1
C=Cy= 6(Im+11[,+Jm+J;o+Km+K,,). (10.10)

If only the diagonal [, I ] is an inner one, then

1
S 2

If only the diagonal [J,,, Jp) is an inner one, then

C=C_.=-(In+1,). (10.11)

C=C_= %(Jm+J,,). (10.12)

If this is valid for the diagonal (K, Kp), then
1
2

In the cases of two inner diagonals, we have

1
C=C-= In+Ip+Jn+Jp)

C=C-=z(Km+ Kp).

for (I, Ip] and [, Jp],

1

C=C_= Z(Im+1p+Km+Kp)

for [Im, Ip] and [Kp,, K,

1
for [Jm, Jp| and [Kpm, Kp|.

If, for all stencils, octahedrons I" are convex and if H, Z‘,:l = C = (4, then such a

procedure is equivalent to the numerical solution of the system of Laplace equations of the

form
Tigi6 T Tleags T Tlgaes = Y
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Togy6, T L2656, T T2g565 =0
T3gy6, T T3gye, T T3g5e5 =0

with fixed boundary conditions on the boundary of the domain P (functions of grid node
coordinate z;, i = 1,2, 3 are given and fixed on the boundary of the domain P). Numer-
ical procedure for this case is the explicit scheme (10.10) for the solution of an auxiliary
nonstationary problem for such equations. However, this simple procedure will not work
efficiently even for simple configurations of the domains, since it produces degenerate cells
especially for the domain with sharp turn of the boundary (see, an example in Fig. 9.7 a, b
of chapter 9).

Arising degenerate cells is because this form of Laplace equations does not guarantees
the nondegeneracy of its solution giving us the sought mapping (see, for example, chap-
ter 1, 5 and [6]). Above deficiency occurs for nonconvex octahedrons I'. Since, for non-
convex octahedrons I', we modify (see (10.11) and (10.12)) the scheme (10.10) excluding
one or two directions or components in each of the equations in dependence of the number
of inner diagonals of the I'. In this case C = C_. Such modification does not allow us
to get rid of degeneracy inherent in the initial grid and caused by the configuration of the
domain. So, if we have prismatic cells with triangular base in the initial grid (this occurs
usually on the boundary), we have in the same places of a domain G such prismatic cells in
the optimal grid too (see further Fig. 10.21). However, if nondegeneracy is not caused by
the configurations features of the domain and is a characteristic only of the initial grid, as
the experiments show, the algorithm allows to get rid of degenerate hexahedral cells of the
types mentioned above (see for example, Fig. 10.11). The practice of computation shows
that our algorithm can improve an initial grid composed of nondegenerate hexahedral cells
and degenerate hexahedral cells being not self-intersecting polyhedrons (or nondegenerate
cells of other types than hexahedral). Such limitation for the initial grids defines now one
of the requirements to them.
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Figure 10.11: Example of reconstruction of a degenerate grid:

coordinate surfaces 4

b optimal grid;

el

0,5,10,15,a initial grid
initial grid, d optimal grid.

coordinate surface k = 21, top bound of the domain,
c
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Whenthe point C is found, we organize thelocal optimization process for the functional
D on the set of point H; or H_. We choose the new node as a point from above set
giving the functional D its minimal value. As the result of such choice, we obtain the new
stencil consisting of nondegenerate cells, if the initial grid is nondegenerate, or a stencil
containing some degenerate cells of the type listed above and in chapter 9, if the initial grid
is degenerate. This is allowed as an exception. When the new node is found, we replace the
old one by the new node and go into the next stencil.

The order of computations. Initially, in [1] the computation of inner nodes was or-
ganized in the following order. First, the index ¢ is changed, then j and then k. How-
ever, in order to obtain the grid with the symmetry corresponding to the symmetry of a
domain we have to organize the procedure analogous to that which was organized in the
two-dimensional case [S]. In the two-dimensional case the computation of nodes was orga-
nized in the clock-wise direction on the bordering lines in the order of moving away from
the boundary. In the three-dimensional case, to provide the desired symmetry, the computa-
tions have to be organized on the bordering surfaces. Zero bordering surface is a boundary
of the domain G, the first bordering surface is formed by the nodes neighboring with the
boundary nodes and so on. On the bordering surface, the computation can be organized, for
example, first on the faces corresponding to constant values of index i, then j and then k.
On each face of the bordering surface, the computation is organized on the bordering lines
in the clockwise direction in the order of moving away from the boundary (see Fig. 10.12,
bordering lines on faces i = 0 and ¢ = N). The computation of inner nodes begins from
the first bordering surface.

&3

Lf—m

&

0 N &

Figure 10.12: Bordering lines and surfaces.

Computation of the functional D. While computing coordinates of inner nodes we
estimate the contribution D; ;. to the functional D. This contribution is evaluated as

Dijx = Dy;jx + AoDoijk-

The contribution to the functional of uniformity for each inner node is computed as the
component of the corresponding sum (10.1).
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The contribution to the functional of orthogonality for each inner node is computed as

D-.—il+1+1+28:(1+1+1)
Oigk = sin? <pfj sin? <pfk sin? <p§.’k sin2<pf sin2<p§-’ sinzgoi’

p=1 p=1

where angles cpfj, O cpgk, oF, go;-’, ¢k are shown in Fig. 10.13, and angles (pfj, o <p§k are
introduced in (10.2). Further, we shall use shorthand notation ¢ for above angles.

Jy K, Kp
~ N AN
ok | % o 1o YRS
3 Pij | Pij o7 3 Pik | Pik T 3 Vik | Pik o
Y 7Y LY R ik ! 4 2
L DA NN A Ny A
N . 2PN VPN b Mot 3o o
P Pij | Pij Pk ©; ik | Pik 5 P Pik | Pik ¥j
3 6 S5 6 (,05 (ps
(pk[-\wk (pzf-\ i J/\ 7
JIm Km Km

Figure 10.13: Scheme for definition of angles between coordinate lines.

If a sine of one of the angles ¢ in its absolute value is less than or equal to 0.01
| sinp| < 0.01,

then we put a barrier substituting the corresponding summand by 104, that is

1

sin? ©

=104

After computing the coordinate of all nodes at each iteration we compute the general
functional D by formulas (10.1)—(10.4) with A4 = 0. Here, we also use an above barrier.

Formulas (10.1)—(10.4) do not contain directly the magnitudes of the volumes of tetra-
hedrons with the vertices of a hexahedral cells that are one sixth of the Jacobian of a trilinear
mapping used for constructing a cell with such vertices (see chapter 9), however sines of
angles between coordinate lines are expressed in terms of these values since the volume of
tetrahedron is equal to the one third of the product of the area of a base of a tetrahedron and
a height of a tetrahedron. The area of a base, according to the sine theorem, is expressed in
terms of sines. By this, we do not allow the node to move in the direction characterized by
the values of the Jacobian close to zero. This also prevents degenerate cell formation.

10.5.2 Computing Boundary Nodes

Algorithm 1. Fixed boundary nodes. In this algorithm, nodes on the boundary of the
whole domain or its subdomain are given and fixed. The location of the boundary nodes are
given by the location of the corresponding nodes of the initial grid.
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Algorithm 2. Free boundary nodes. In this algorithm, nodes on the boundary of the
domain are free. At each iteration, their location on each of the faces are found from the
minimum of the functional D with A4 = 0. A boundary of the domain G is given by
the distribution of the boundary nodes of the initial grid and boundary surface is defined
as a surface obtained by the ruled surfaces of corresponding faces of boundary cells. To
construct such a surface at each iteration, we keep coordinates of initial grid boundary nodes
in three two-dimensional arrays for each of the six faces of the curvilinear hexahedron G.
Foreachofthe faces, we also introduce two two-dimensional arrays of values of parameters
p and q defining the coordinates of grid nodes at each iteration for the initial parametrization
of the face that is the parametrization of the surface woven of the ruled faces of cells of the
initial grid.

For example, for the face ¢ = 0 we keep three arrays of initial boundary node coordi-
nates z?k (0,4, j) shown in Fig. 10.14 a and arrays of parameters pf, and g}, correspond-
ing to the coordinates of grid nodes lying on this surfaces for the current nth iteration (see
Fig. 10.14 b). While constructing a surface of this face, we use the following parametriza-
tion

zi, = 84, (p, 0) = 23,(0,p,9).

The surface is given by the following values of parameters
p_?,k = J, Q_;'),k =k, j=0,1,...M,k=0,1,...L,
and corresponding values of coordinates

i, = Sy, (1, 7) = .’l:?k((),'i,j).

q
k=1L .
A
X, ]5.4/ }k\)’]’P
J, 74
J, . ? . iQ/C{’
=1 0 1 M p

Figure 10.14: Interpolation technique for definition of face nodes: a physical space and
b space of parameters.
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To find the position of grid nodes we use the following interpolation technique. We fill
up the functions of the surface parametrization by the ruled surfaces of the initial grid.

Suppose, we already have found the node H {‘;1 at nth iteration. To find the node
H(')‘j'}'cl, j=1.,M-1, k=1,...,L— 1, we shall change the parameters and find for
them corresponding points on the surface woven by the ruled faces of cells of the initial
grid. Thus we shall construct admissible set of boundary nodes for minimization of the
functional D. We choose a new node H, g.‘};l as a point from the admissible set and bringing
the functional D its minimal value. We utilize the following algorithm. First, we define the

following points (see Fig. 10.14 a).
C1 = Hgjk, Jm = Hoj-1k, Jp = Hoj+1ks Km = Hojk—1, Kp = Hojk+1-

Here Jp,, Jk, Km, Kj can be for the nth iteration or for the iteration n + 1, it depends
of whether this node is already computed or not. Above points belong to the surface of the
face ¢ = 0 woven of the ruled faces of the initial grid cells. Corresponding points in the
space of parameters are denoted by the same notations with superscript P. They are defined
in the following way

P P P
Cr = (P?k, q;lk), I = (P?_lk,q;l—lk), ’]p = (p?+1k,q§‘+1k),

KE = (05_1, Gr1)5 KE = (051, Trtn)-
Now in the space of parameters we define four points for [ = 3
Im-=Cf —(CT = ID)/L,
JE =cf+(If-chy,
KL =cf —(cf -KD)/L,
kKl =cf+(x}-ch,
contained in the quadrangle JEKFJP KL (see Fig. 10.14 b). In the quadrangle with the
vertices at new points J},_, KX, JP | K, we consider 16 points
P. = (pog)=Jn +(Kp —Jn)a
+ (KE —JP b+ (JF —KE_—KEP +JE )ab
= Jh_(1-a)1-b)+KE _a(1 —b)+ KF b(1 - a) + JE ab,
where

a=h(i—1),b=h(Gj—1), h=1/(1—1), h =4,i,j=1,2, ..., 1,.

When we find the points in the space of parameters, we define corresponding points on
the surface of the face ¢ = 0 in the following way. First, for each of 16 point, we define
parameters

io=[p_], - = la_],
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where [p_], [g—] are integer parts of p_, g_. Then, we define points

_ 5o _ 0
Xoo = Hyj_g_, Xo1 = Hgp;_j_41,

0 _ g0
X10 = Hy;_t1k_» X11 = Hoj_41k_+1

as the corresponding nodes of the initial grid. By this, for each of 16 points corresponding
to [p—), [¢-] on the considered surface of curvilinear hexahedron G, we find corresponding
cell faces (their vertices coincide with X9, Xo01, X10, X11) containing that point. For each
point, it will be its own cell face. Then we find the points

Cy = Xoo+ (X10— Xoo)(p- — j-) + (Xo1 — Xoo)(q- — k)
+ (X11— X0 — X10 — Xoo)(p- — j-)(g- — k).

Between all points Cz, we find that point which gives the minimal contribution Dy, to

the functional D and choose it as the new boundary node H 6‘]-",;1 and corresponding values

of parameters as new values p;‘,;" 1 q;‘,;'” 1 that we keep in the arrays of parameters. Spaces

between nodes and angles between coordinate lines used in computing the contribution to
the functional D are shown in Fig. 10.12, Fig. 10.15 b, and Fig. 10.16.

/

Figure 10.15: Main stencil for the face « = 0 a and spaces between nodes b for Dy, for
one of the directions.

J,
I{P Kp Ld
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Figure 10.16: Angles between coordinate lines: a for face i = 0; b for face j = 0 and ¢
for face k = 0.

Above we described the local minimization of the functional D on the faces (excluding
edges).

Analogous minimization of the functional D is organized on the edges numbered from
1 up to 12. We shall describe this minimization on the edge i = 0, k¥ = 0 numbered by 1
(see Fig. 10.17 a). We assume that at nth iteration, inner nodes on the faces are computed.
We define the following points

Ch1 = Hojo, Jm = Hoj—10, Jp = Hoj+10-

Above points belong to the edge i = 0, k¥ = 0. Corresponding points in the space of
parameters are denoted by the same notations with superscript P. They are defined in the
following way

Cf =1, Jh=0}10 Jy = pli10-

Again, in the space of parameters, w e define two points for | = 3
Jm— = CF = (CF = Tn)/1,
JE =cf+(IF-ch

contained on the edge between points J£ and sz' (see Fig. 10.17 b, ¢).

3/ /]
/f‘ """" 1
Py A A
Y 12
of + r--Bpa.i.
.)., “““ vy
el 2
5
a b c

Figure 10.17: Algorithm for theedge i = 0, k = 0: @ spaces, b anglesand ¢ points P_.

On the segment [J£,_, JZ ], we consider 4 points (Fig. 10.17 c)

m—) Yp—

P_=(p_,q-)=(p-,0)=Jh_(1-0a) + J; a,
(10.13)
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where

a=h(j-1), h=1/(bh—1), h=4,7=1,2,3,1

When we found the points in the space of parameters, we define corresponding points on the
edgei = 0, k = 0 in the following way. First, for each of 4 points, we define parameters

J-= [P—],
where [p_] is an integer part p_. Then, we define points
Xoo = ng_o’ X10= ng_+10a

as the corresponding nodes of the initial grid. By this, for each of 4 points corresponding to
[p—] on the considered edge of curvilinear hexahedron G, we find corresponding edge of a
cell containing the points

C: = Xoo+ (X10— Xoo)(p- — j-).

Between all points C3, we find that point which gives the minimal contribution Dgjo to the
functional D and choose it as the new boundary node Hg‘;&l and corresponding value of pa-
rameters as p;-‘(f ! for the face i = 0 and qg;'l for the face k = 0. Points P_, spaces between
nodes and angles between coordinate lines which are used in computing the contribution
to the functional D are shown in Fig. 10.17 for the considered edge. On other edges, the

algorithm is analogous.

So, at each iteration, when we found inner nodes, we find inner nodes on each of the
faces and then nodes on the edges by the above procedure.

Algorithm 3. Conditions of orthogonality to faces. In this algorithm, we also repre-
sent the boundary of a domain as a surface woven by ruled faces of the initial grid. At each
iteration, we compute inner nodes, and then define the position of nodes on the faces from
the condition of orthogonality of grid lines to the boundary. Suppose, that at nth iteration
we found the node H{‘;,;l, j=1,..,M—1, k=1,...,L— 1, then we define the position
of the nodes H(')'j*,’cl, j=1,.,M—-1, k=1,...,L—1 on the face i = 0 from above
orthogonality conditions by the following algorithm (see Fig. 10.18).
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Figure 10.18: Algorithm 3 for the face i = 0.

We sort out all faces of initial grid cells forming the face ¢ = 0. The algorithm of sorting
is the following
Xoo = H(())jlkl’ Xo1 = (())j1k1+1’

_ go _ 7o
X10 = H0j1+1k1a Xo1 = H0j1+1k1+1’

where j; = 0,1,..M —1, k1 =0,1,...,L — 1. On each cell face Xgp, X190, X11, X01 We
change points

Xpa = (1 —p)(Xoo(1 — @) + Xorqt) + pi(X10(1 — @) + X11q1)

for the following values of parameters h = 1/(I_ — 1), pp=h(l—1), g =h(l—-1), I =
1,...,1_, (in test examples [_ = 21), and among points choose H{,‘j*,;l as that point X, 4,
which gives to the distance | Xp,q,, H ;‘J*,;ll its minimal value (shortest distance). On other
faces of a curvilinear hexahedron G, we apply the similar algorithm.

Nodes on edges are found by the algorithm 3 of minimizing functional D on edges.

Algorithm 4. Conditions of orthogonality to faces and edges. Nodes on the faces
(excluding those belonging to the edges) are found by the algorithm 3. On the edges, the
nodes are found by the following algorithm similar to algorithm 3: from the conditions of
orthogonality to edges of coordinate lines lying on faces. Suppose, on each face, we found
inner nodes. Then we consider nodes H :ﬂc‘l lying on the following coordinate lines

1=0,7=1, i=0,j=M-1, i=N,5=1, i=N,j=M -1,

i=1,k=0, i=N—-1,k=0, i=1,k=L i=N-1,k=1L,
j=1k=0, j=M-1k=0, j=1,k=L, j=M—-1,k=1L
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shownin Fig. 10.19.
Using nodes H™}! lying on this coordinate lines we find the nodes on the edges

ijk
1=0,j=0, 1=0,7=M, i=N,j=0, i=N,j=M,
i=0k=0, i=N,k=0, i=0k=1L, i=Nk=1L,
j=0k=0, j=Mk=0, j=0k=L, j=Mk=1L,

correspondingly, by the following algorithm.

':l " i
:: fagek =L
13 , 1]
e Ll Py '
L & T : :
: ! H .
: hooog | :
: M| :
! ARSI !
1 [ A T
1 )’.{ _________ Ll e vaal
H s :
: 47 :
M /s
by D facek =0
J=Ipe e
1=1
N &1

Figure 10.19: Coordinate lines from the algorithm 4.

Figure 10.20: Algorithm 4 for the edge i = 0,k = 0.

Let us consider the line i = 1,k = 0 and nodes H}}5', j = 1,..,M — 1 (see

Fig. 10.20). For eachnode H {‘]?51, we find the node H(',‘J?'(',l from the conditions of orthogo-
nality of the corresponding coordinate lines j = j1, j1 = 1,..., M — 1, k = 0 to the edge
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i = 0, k = 0. The above condition of orthogonality will be fulfilled, if we choose the node
H(’)‘j*(;,lc as the point on the edge i = 0, k = 0 giving the distance |H {’]-*61, H 5‘;61| its minimal
value (shortest distance). We find this point sorting out the points on the edge. First, we
sort edges of cells. Here we write out their end points

Xo=Ho, X1=Hpjy100 5=0,.., M—1,
and then, on the each cell edge, we sort points
Xq = Xo(l - pgr) + Xaqu

for the following values of parameters h = 1/(I_ — 1), ¢ = h(l - 1), I = 1,...,1_, (in
test examples [_ = 21), and among points we choose H, (’)’j‘gl as that point X, giving to the
distance | Xy, H {‘;{,1| its minimal value. On other edges of a curvilinear hexahedron G, we
apply the similar algorithm.

Algorithms 3 and 4 are also examples of free node algorithms. In the present computer
code (algorithms 3 and 4), nodes on the boundary are reconstructed only for each fifth iter-
ation. Note also, that condition of orthogonality is satisfied not exactly but approximately.
It means that the angle between the edges or faces and the coordinate lines for complicated
configurations of domains are usually close to 7/2. It can be equal to 7 /2, if the point
on the edge (face) giving the minimal distance coincides with the point giving, in fact, the
shortest distance.

Algorithm 5. Reconstruction of selected nodes. To organize a reconstruction only of
selected nodes we introduce a three-dimensional array (%, 7, k). If 1(3, j, k) = 0, the node
i, J, k is reconstructed, if (%, j, k) = 1, the node 1, j, k is not reconstructed. The standard
filling of this array is provided. It is the following filling

1(i,5,k)=0,i=0,..,N,j=0,..,M, k=0, ..., L

for the free boundary nodes and, for the fixed boundary nodes, boundary elements of this
array are filled as follows

I(i,5,k)=1,%=0,N, j=0,..,.M, k=0,..., L,
for left and right boundaries,

I(i,5,k)=1,i=0,..,N,5=0,M, k=0, ..., L,
for front and back ones, and

I(i,3,k)=1,9=0,..,.N,j=0,...M, k=0, L,

for top and bottom ones. To choose the standard filling of the array or the particular one, we
have to define an another additional parameter which is equal to zero for a standard filling
and to one for a particular filling.
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10.6 Test Examples

In Fig. 10.21, there are examples of the grids for the shell. These examples illustrate al-

gorithms 1 and 2 by means of realization in algorithm 5. On the plane faces, nodes are

fixed (algorithm 1) and, on spherical faces, nodes are free (algorithm 2). The initial grid is

symmetrical and the number of nodes is 31 * 31 * 4. The parameter Ap = 0.3. The optimal
grid is obtained from the initial one for 10 iterations.

In Fig. 10.22, the reconstruction of the grid is carried out both on the boundary of the
cube and inside the cube from the condition of orthogonality of the coordinate lines to the
boundary (only faces), nodes on the edges are found from the minimum of the functional
D (algorithm 3). The initial grid is constructed by means of the uniform grid for a cube
inscribed in the given cube asymmetrically. Nodes on the edges are arranged uniformly, on
the faces from the condition of orthogonality to faces. The number of iterations is equal
to 601. The parameter Ap = 0.1. (For increasing the influence of the uniformity criteria,
the parameter Ao is decreased and visa versa for decreasing the uniformity of a grid, Ao
is increased. The parameter Ap is decreased and increased in the value of the order, for
example, Ap = 10%, | = -3,-2,-1,0,1,2)

In the next examples (Fig. 10.23), the reconstruction of nodes is carried out in the semi-
cylinder for fixed nodes on the boundary (algorithm 1), and from the condition of orthogo-
nality of the coordinate lines to faces (algorithm 3) and of orthogonality of coordinate lines
to faces and edges (algorithm 4). The number of iterations is equal to 101. The parameter
Ao = 0.001 in the algorithm 1 (Fig. 10.23 a) and 3 (Fig. 10.23 b,c) and Ap = 0.1 in the
case of algorithm 4 (Fig. 10.23 d, e).

Estimation of the grid quality. To estimate the quality of the generated grids, we used
the values of the discrete functionals Dy and Do. The less these values, the closer is the
grid to the uniform one (with respect to the distance between adjacent grid points) or to the
orthogonal one, respectively.

The another estimation of a grid quality is the ratio of the maximal and minimal linear
sizes of cells over the whole computation domain. The linear size of a cell along one
parametric direction (7, j or k) is defined as the ratio of the cell volume to the area of
its mean cross-section in the direction orthogonal to the considered parametric direction.
We estimate linear sizes for all directions and obtained the required value. This criterion
was suggested by O.M.Kozyrev. The cell size is used in constraints imposed on the time
step of the iteration procedure for solving physical problems of chapter 8. A grid has a
good quality, if the ratio of the maximal and minimal linear size of cells over the whole
computation domain is close to unity.

In considered tests, first we estimate whether the grid is degenerate or not. In Fig. 10.21,
all grid cells besides 12 cells along 4 edges are nondegenerate. The cells along edges
degenerate into prisms with triangular base (this is diagnosed by the computer code), such
grid quality is allowed in computations described in chapter 8. Then we estimate Dy and
Dj. For the initial grid in Fig.10.21, Dy = 74, Do = 63771, and the ratio of the maximal
and minimal linear sizes of cells over the entire domain is 2.5. For the optimal grid, we
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have Dy = 42, Do = 62088, and the ratio of the maximal and minimal linear sizes of
cells over the entire domain is 3.2.
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Figure 10.21: Grids for a shell:
a,c initial grid; b,d optimal grid.



Application of Optimal Grid Generation Algorithms... 315

Figure 10.22: Reconstruction of a grid by algorithm 3:
a,c initial grid; b,d optimal grid.
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a
b c
d e

Figure 10.23: Reconstruction of a grid: a Fixed nodes;
b—e condition of orthogonality of coordinate lines to the boundary;
b——c algorithm 3; d—e algorithm 4;
b, d initial grids; c, e optimal grids.
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In Fig. 10.22, initial and final grids are nondegenerate, for the initial grid in Fig. 10.22
a,c, Dy = 656530, Do = 265370 and for the optimal grid in Fig. 10.22 b, d, we have
Dy = 2, Do = 246980. The ratio of maximal and minimal linear sizes of cells in this
example is equal to 18.87 for the initial grid and 1.21 for the optimal grid in Fig. 10.22 b, d.

In Fig. 10.23, initial and final grids are also nondegenerate, for the initial grid in Fig. 10.23
b, Dy = 8335, Do = 258570 and for the optimal grid in Fig. 10.23 ¢, we have Dy =
273, Do = 250140. The ratio of maximal and minimal linear sizes of cells is equalto 15.7
for the initial grid and 6.5 for the optimal grid in Fig. 10.23 c. For figures d and e, above
values are similar.

10.7 Conclusion

Suggested algorithms discovered themselves as efficient algorithms. They are applied in
mathematical modelling by the computer code described in chapter 8 and are developing
now according to its demands.
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Chapter 11

AN ALGORITHM OF CONSTRUCTING OPTIMAL
THREE-DIMENSIONAL GRIDS IN DOMAINS
OF THE “PIPELINE” TYPE

Irina A. Gasilova
Institute of Mathematics and Mechanics
Ural Branch of the Russian Academy of Sciences

In the present work, an algorithm of constructing optimal three-dimensional grids in
domains of the “pipeline” type is suggested. Such configurations of the domains can arise
while modelling the physical field phenomena by the computer code described in chapter 8
and in many other applications. The cross section of a “pipeline” is a simply connected
two-dimensionaldomain G of the star type. The plane directrix T of the “pipeline” and the
boundary I'" of the domain G consist of finitely many segments of straight lines and arcs of
circles.

The idea of the algorithm is to construct a two-dimensional optimal grid in the cross
section G. The latter uniformly moves along the directrix 7" and rotates through an angle
~ depending on the geometry of the directrix 7', forming thus a three-dimensional grid. In
order to construct a two-dimensional optimal grid in the cross section G by the iterative
method [1] we need to specify its initial approximation. As a basis we take the algorithm
[2], which automatically generates an initial grid, using the technique of R-functions [3, 4],
and automatically checks whether the two-dimensional domain G belongs to the star type.
This results in an initial approximation of the two-dimensional grid without self-intersecting
cells.

Complete three-dimensional grids for different “pipelines” are shown in Figs. 11.4 —
11.8.

11.1 Problem Formulation

The calculation and construction of three-dimensional grids are carried out in the right
rectangular coordinate system in the space of variables (z, y, z). In the plane (z, y), a
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two-dimensional simply connected domain G of the star type with boundary I" consisting of
finitely many segments of straight lines and arcs of circles is given. In the plain (y, z) the
directrix 7", which is a curve obtained by “gluing” finitely many segments of straight lines
and arcs of circles together, is specified. The motion of the domain G along the directrix
T forms a three-dimensional simply connected body Q. To construct a curvilinear grid, we
consider the domain () as a curvilinear hexahedron. Its vertices A, B, C, D, A;, By, C1, Dy
are arranged so that we moves along the boundary from A(A;) to D(D;) through the
vertices B(B;) and C(C}) clockwise. The size of the three-dimensional grid is determined
by the number of its nodes: N on the edges AD(A;D;) and BC(B;C}), M on the edges
AB(A1B;) and DC(D;C}), and L on the edges AA;, BBy, CC1, and DD;.

It is required to generate a three-dimensional grid of the size N = M = L. To this end,
we need

e to determine whether the domain G is of the star type;

e to generate in G an optimal two-dimensional grid with nodes (z;;,vs5), ¢ =1,.., N,
j =1,.., M, if the domain is of the star type;

e to generate in the domain () an optimal three-dimensional grid with nodes
(xijk)yijkyz‘ijk)) 1= 1., N7 .7 = 1, o) M’ k= 1’ ) L.

1.2 Description of the Algorithm

The proposed algorithm of constructing an optimal three-dimensional grid in the given
domain @ consists of several independent parts.

1.2.1 Determining Whether the Domain G is of the Star Type

An indication that enables us to determine whether a two-dimensional simply connected
domain G is of the star type is the existence in G of some starry domain G*; in the gen-
eral case, it is a continual set of all possible locations of the pole for which all segments
connecting the pole with all boundary points of the domain G belong to this domain. It is
known that the starry domain G* is convex. Obviously, any convex domain is of the star
type.

Checking whether the domain G is convex. The boundary I' of the domain G can
consist of segments of straight lines and arcs of circles. We represent every arc as a broken
line and obtain a new boundary of the domain G consisting of N, segments—polygon
['1I;...Ty, . If every interior angle of the polygon s less than or equal to 7, then the polygon
isconvex. If at least one interior angle is greater than 7, then the polygon is nonconvex. The
interior angle ZI',I", 11 Tyy2 (v=1,2,...,Ng; Tn 41 =T, CNg+2 = I';) is formed by
rotation of the segment I',I",;; about the point ', ; counter-clockwise until it coincides
with the segment I', 11,12 (see Fig. 1.1a). Segments linking vertices I', and I",,;; are
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parts of oriented straight lines described by the equation

fv(Z, y) = (yv+1 - y,,)I + (ZV - $V+1)y + ($V+lyu - Iuyu+1) =0. (11.1)

To determine the value of the interior angle ZI',I", 11,2, we substitute the coordi-
nates of the vertex I',;, into equation (11.1) and check the sign of the obtained expres-
sion [5]. The condition f,(z,+2,yy+2) > 0 means that the vertex I, lies on the right
of the straight line I',I", ;1 and the interior angle is less than 7. If f,(zy+2, Yu+2) < O,
then the vertex I', 1 lies on the left of the straight line I',T',4; and the interior angle is
greater than 7.

The polygon I'1T';...I'y, will be convex and, therefore, the domain G will be of the
star type if all vertices I', ;o satisfy the condition f,(z,+2,y,+2) > 0. For the pole of
the star domain G we take the center of gravity of the convex polygon I'1I';...I'y, with
coordinates

If there exists at least one vertex I',4o for which f,(z,+2,y4+2) < 0, then itis obvious
that the polygon, as well as the domain G, is nonconvex. :

Finding the starry domain. To decide whether a nonconvex domain belongs to the
star type, we take as a basis the algorithm [2] that automatically determines whether the
domain G is of the star type. This algorithm is based on simple geometrical constructions
and uses the technique of R-functions [3, 4]. The gist of the algorithm is in the following.

Assume that a nonconvex domain G is of the star type. Then there exists a convex
starry domain G* inside the domain G (see Fig. 11.1b), which can be represented as the
intersection of some set of half-planes U, containing G* [6]. We transform the boundary
T, consisting of segments and arcs of circles (convex or concave with respect to the domain
G), in the following way. We replace every concave arc by two segments tangent to the arc
at the endpoints and represent every convex arc as a broken line. As a result, we obtain a
new boundary consisting of NV, segments, which are parts of oriented straight lines (11.1).
The half-planes U,, v=1,2,..,Np, are determined by the inequalities f,(z,y) > 0, where
fu(z, y) is the expression from (11.1). Assume that the intersection of the half-planes U,
is nonempty. We will consider it as a geometrical object whose analytical image is the
function f(z,y) given in the form of a united analytical expression and possessing the
following properties:

f(z,y) = 0 onthe boundary of G*; f(z,y) > 0 inside G*;
f(z,y) < 0 outside G*.

We have such a possibility due to the technique of R-functions [4] :

Np
f(z,y) = (...(fi Aa f2) Na f3) Na --2) Na pr = /\a fv(z,y) 20, (11.2)

v=1
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where

fu Na fu+1 = T_}_"& (fu+ fl/+1 - \/f3+f3+1 - 2af,,f,,+1 )

is the R-conjunction operation (0 < o < 1).

It is known that the intersection of finitely many half-planes U, is a convex polygon [6]
(see Fig. 11.1b). The vertices T}, 7 = 1,2,..., N*, of this polygon belong to the set of
intersection points of every straight line (11.1) and the remaining straight lines of the family
of oriented straight lines. The coordinates of the intersection points are calculated by the
formulas

o = (BmCn = BnCpn) _ (AnCm — AnCy)
™ = (AmBp — AnBm)’ 7™ " (AmBp — AnBm)’

(11.3)

where
Am =Yms1 — Ym, Bm = Tm — Tmi1, Cm = Tmy1Ym — TmYm+1,

Ap = Yn+l — Yn, Bn=Tn— Tny1, Cn = Tn+1Yn — TnlYn+1,

m=12.,(Np—1), n=(m+1),(m+2),..,Np.

Figure 11.1: @ Domain G with boundary I'; vertices I',, of the boundary,
v=1,..,10.
b  starry domain G* with the pole at point O ;
the starry domain, j = 1,..., N*, N*=17.
¢ vertices I']} of the mth border line,
herem=1,..,(P+1), P=4(N =M = 11).

Successively substituting the coordinates of all intersection points (11.3) into inequal-
ity (11.2), we choose N* points with coordinates (x;-‘,y;), j = 1,2,..,N*, for which
f (x;-, y*) = 0. If such points exist, then they determine the boundary of the starry domain
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G* and therefore the domain G is a star domain. For the pole of this star domain, we choose
the point O with the coordinates

1 & 1 -
* _ § * * _ z:*
Z—I'—V: Ij, y_-—* y]'

If f(Zmn, Ymn) < O for all points (11.3), then the domain G* is the empty set and the
domain G is complicated and not of the star type.

The subsequent construction of the initial grid approximation in the star domain G
depends on the number of points T}, j = 1,2,..., N*, determining the boundary of the
starry domain G* and on the value of the ratio of the area of the domain G* = Sg« to the
area of the domain G = Sg.

The following three variants are possible:

(1) N* < 2,i.e., the starry domain G* consists of one point or the segment 77 75;
(@) N*>3, Sg+/Sc<c¢€;
(3) N*>3, Sg+«/Sg>¢€(e=0.01).

The algorithm of constructing an initial grid approximation automatically chooses the third
variant and rejects the first two because they result in a grid containing cells “sticking to-
gether” whose areas are close or equal to zero.

An Algorithm of Constructing an Initial Curvilinear Grid Approximation for Star
Domains
The algorithm consists of two stages:

— border lines [2, 7], which are the base of a grid, are constructed inside the domain G;

— on every border line, a curvilinear quadrangle is determined and the grid nodes
(%i5,35)»i=1,..,N, j =1, .., M, are arranged on its sides.

Constructing border lines. The boundary I' of the domain G consists of a finite
number Nt of segments of straight lines and arcs of circles. We link the vertices I',, of the
boundary with coordinates (z,,y,), v = 1,..., Nr, and the pole of the star domain (the
point O (z*, y*)) and calculate the lengths

L=+v(@-z,)2+ @y —w)?,v=1,..,Nr,
of segments OI',, on which points I';* with coordinates

T, + Az* A

X'rn: m = —
e 1+x ' T 1+
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where

_ (m=-1)A, A _L-R _min
T lL-(m-1)4a, """ P 7T P+1’
are uniformly arranged with an interval A,. Subsequently linking points

I'?* (Xrm, Yrm) by a segment or broken line (if the corresponding part of the boundary is
an arc of a circle), we obtain the mth border line, m = 2,3, ..., (P + 1). The number of
border lines inside the domain G is determined by the value P = [min (N, M)/2] — 1,
where N and M is the grid size. The family of all border lines together with the boundary
I" is a base for constructing an initial grid approximation (see Fig. 11.1¢).

Arrangement of the grid nodes. To construct a two-dimensional grid, we consider
the domain G as a curvilinear quadrangle. Its vertices A, B, C, D are arranged on the
boundary I' so that we move along the boundary from A to D through the vertices B and
C clockwise. The size of the grid is determined by the number of its nodes: N on the sides
BC and DA and M on the sides AB and CD.

For vertices A,,, B, Cn, Dy, of the curvilinear quadrangle on the mth border line,
we choose points I']" of segments OT",, v = 1,2, ..., Nr, which link the pole of the star
domain (the point O (z*, y*)) and the vertices A, B, C, D . The number of the grid nodes
on the sides of the curvilinear quadrangle A_mBmC’m D, equals

K - M —-2(m—1) for Ap,B,, and CnDn,
™ T ]l N=-2(m-1) for B,,Cmy and D, Ap,,
m=1,2..,(P+1).

We consider only one side, for example, A, B,, since the algorithm of arrangement of
nodes is the same for every side of the curvilinear quadrangle A,, B, Cy,, D,,. Knowing
on the side A,,B,, the number of nodes K,,, and the number K 45 of links I‘Z," nm+1’ n=

A

lmin = min ll/ )

1,..., KaB, we calculate the coordinates of the grid nodes by the formulas
yno X A X, Yiop AV,
AB 1+x 4B 1+x
where A ]
nAg
= Ap=—— = e -
l—nA,,’ n P_1’ n=12, 1(Km 2)a
Kasp
L= Z \/(Xrnm - Xrnm+1)2 + (YF;:" - YPZ‘+1)2 :
n=1
In particular,

- if when arranging nodes on the m; th border line the number of vertices of the outline
is large than that of the grid nodes, then the broken line is replaced by the straight
line Ay, B, . It is verified whether they intersect. If there is an intersection, then
all vertices Aj, B;,Cj, Dj, j = my,(mq + 1),..., (P + 1), are shifted along the
corresponding segments OT',, closer to the point O(z*, y*) and the coordinates of the
grid nodes on A;B; are calculated by the same formulas;
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- if N = M is an odd number, then the point O(z*, y*)—the pole of the star domain—
is placed instead of the lacking node;

-if N < M and N is an odd number or M < N and M is an odd number, then
the lacking nodes are additionally calculated by the linear interpolation formulas
using the coordinates of the grid nodes on the sides of the curvilinear quadrangle
Apy1,Bpy1,Cpy1, Dpys.

Arranging in this way nodes on all sides of the curvilinear quadrangle A,,, By, Crny D,
m = 1,2, ..., (P + 1), we obtain the required initial approximation of the curvilinear grid
of the size N * M in the domain G (see Fig. 11.2a).

Figure 11.2: a initial grid, b optimal grid,
N =M =11

Optimization of the Initial Grid Approximation

The generation of a curvilinear optimal two-dimensional grid in the domain G using an
initial approximation is carried out by the algorithm “LADA” [1], which is based on a
special minimization procedure of the functional of the quality of a grid. The functional
to be minimized is represented as the sum of the measures of closeness of a curvilinear
grid to a uniform and orthogonal grids and can be found in chapter 6, formula (6.2). The
generalization of this functional for three-dimensional case is considered in chapter 10. As
aresult, we obtain an optimal two-dimensional grid with nodes (z;j, i), i =1, .., N, j =
1,.., M, in the domain G (see Fig. 11.2b).
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11.2.2 Generation of an Optimal Three-Dimensional Grid

The optimality criterion of a three-dimensional grid is the closeness of the grid to a uniform
and orthogonal one (chapter 10) and nondegeneracy of cells (chapter 9). This criterion is a
base for the algorithm of generation of an optimal two-dimensional grid in the domain G
and plays a key role in geometrical construction of three-dimensional grids in domains of
the “pipeline” type.

N
Dt

Tk

Yk
T

‘ Yk

d—] M A i

'/Yk o =0

Figure 11.3: directrix T (T*) [6 links]; k= 1,...,L (L = 61)

The directrix T, lying in the plane (y, z), is composed of N1 “links”, which may be
segments of straight lines and arcs of circles (when constructing the directrix 7', one should
take into account that segments of straight lines and arcs of circles join tangentially). The
length of each link is calculated and summarized, which results in the length D7 of the
directrix T'. The nodes (yk, zx) , K = 1, ..., L, on the directrix 7T are arranged with the equal
step h = Dr/(L—1). Simultaneously, the number of nodes n,, 4 = 1, ..., N, is calculated
on every link. To determine the angle -y, between the plane ( z, y ) and the directrix 7", we
carry out some geometrical construction at every node (y, zx), k =1, ..., L.

Similar to the directrix T, a new directrix T, consisting of N links, is constructed
parallel to T at a distance d (see Fig. 11.3). Uniformly arranging nodes on every link of
the new directrix 7 in accordance with n,, u = 1, ..., N7, we calculate their coordinates
(vg,z5), k = 1,..., L. Linking (yk, zx) and (yj, 2§ ), we obtain directed segments of straight
lines and, with the help of them, calculate the angles vx, k = 1, ..., L, between the plane
(z, y) and the directrix T at every node and the angles ¢, k = 1, ..., L, of deviation of
the directed segment from the perpendicular to the link which contains the given node.

Thus, a three-dimensional domain (see Fig. 11.4) is obtained as a result of the uniform
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motion of the domain G, lying in the plane ( z, y ), along the directrix T with the step h and
the rotation of the plane ( z, y ) about the z-axis at every node (y, 2x) through the angle
Yk, k = 1,..., L, taking into account the value of the angle o, kK =1,...,L:

Tijk = Tij,
Yijk = Yk + (Yij cOS Yk — 2;5sin~yk) \ cos pk,
Zijk = zk + Yij Sinyk + 25 COS Yk,

wherei=1,..,N,j=1,..., M.
The calculations result in a matrix of the node coordinates of a three-dimensional opti-
mal grid of the size N * M * L:

(Tijk, Yijky Zijk) » t=1,..,N, j=1.,M, k=1, ..., L.

11.3 Conclusion

Minimum input information, automation of computations, high speed and graphic visual-
ization of the process of the grid generation enabled us to carry out numerous test calcula-
tions of three-dimensional grids [8] and come to the conclusionthat the algorithm described
above makes it possible to calculate an optimal grid practically for any three-dimensional
domain of the “pipeline” type with section G in the form of a star domain. Several examples
of three-dimensional grids are shown in Figs. 114 — 11.8.

Figure 11.4:
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Figure 11.6: The cross sections of “pipelines” shown in this figure, are not of star type, but
algorithm provides the possibility to generate grids for the domains of these types too.
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Chapter 12

CONSERVATIVE REMAPPING
ON HEXAHEDRAL MESHES

Boris N. Azarenok
Dorodnicyn Computing Center of the Russian Academy of Sciences

An algorithm for the first-order interpolation of the hydrodynamical parameters from
the old hexahedral mesh onto the new hexahedral mesh is presented. Conservative remap-
ping is reduced to determining the volume of the overlapping figure between the old mesh
cells and new mesh cells. The ruled cell of the hexahedral mesh is substituted for two
dodecahedrons with planar faces, and, thus, the problem of constructing the overlapping
figure between the dodecahedrons is considered. For the underlying new mesh cell, the
optimal algorithm of selecting the old mesh cells with nontrivial intersection is suggested.
Interpolation error estimate is performed. Examples of remapping are presented.

12.1 Introduction

The task of remapping is encountered when at hydrodynamical modeling we need to pass
frommodeling on one mesh to another grid. For example, in the frame of arbitrary Lagrangian-
Eulerian calculations we may run into the problem of grid tangling. To avoid breaking one
should interpolate the flow parameters from the “bad” old mesh onto the “good” new one
allowing to continue simulation. Particularly cases require the remapping algorithm to be
conservative. It implies that amount of the conserved quantity in the same local volume
must remain unchangeable after the interpolation procedure. We focus on the spatial case
of hexahedral meshes.

In the second-order remapping algorithm, suggested in [2], the intersection between the
ruled cells is considered. They extract the intersection curves in R? by solving a differential
equations which have singularities in the regions where some faces of the old and new cells
are close and nearly parallel. In [3] the ruled cell is replaced with the 24-faceted triangular
polyhedron, a tetrakis hexahedron (TH). The TH is constructed by adding one point at the
center of every of six cell faces. The ruled face is replaced to four triangles. The TH volume

337



338 Boris N. Azarenok

is the same as the hexahedron volume. The TH is divided into 48 tets and one seeks the
intersection volumes between every “new” tetrahedron with every “old” one. Note that
some tet volumes may be negative meanwhile the hex cell is non-degenerate, however this
possibility is not discussed in [3].

We present the first-order remapping algorithm where a hex cell is substituted for two
dodecahedrons with planar facets. The determination of the overlapping figure between
two dodecahedrons is reduced to constructing the intersection polygonal line £,,, between
the boundaries of these 12-faceted cells. The polygonal line £, is a closed contour, every
segment of which is the intersection line between two triangular facets. The overlapping
figure is a polyhedron with planar facets. Each its facet is the polygon, carved by £,, on a
triangular facet of the dodecahedron. A union of all such polygons is the overlapping figure
boundary. The overlapping figure volume is calculated through the surface integral over its
boundary. For the particular cell of the new mesh, we apply the optimal filtering algorithm
of the old grid cells so as to proceed only old cells with nontrivial intersection.

12.2 Problem Formulation

Let two regular non-folded grids, the old w, and new wy, be given in a domain G € R3. On
the mesh w,, the values of the conservative hydrodynamical parameters' are defined. We
need to remap these parameters onto the mesh w,,. Each mesh consists of hexahedral cells
(also referred to as ruled or hex cells), specified by the trilinear transformation in space R3,
see Fig. 12.1,

z ¢

7 3

T 3

Figure 12.1: The ruled cell in physical space (z, y, z) to which the unit cube I3={(&, 7, () :
0<¢,7m, (<1} from parametric space (&, 7, {) is transformed via (12.1).

r= (1= Q{1 —mr2+nrs] + (1 = lnra + (1 —n)m]}
+ &l - m)re +nre] + (1 = & nrs + (1 —m)7s]}, (12.1)

The conservative remapping may be used in numerical modeling of another physical problem as well.
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where r;=(z;, ¥i, 2;), =1, ..., 8 are the coordinates of the cell vertices; &, 7,  specify the
unit cube I3={(¢,7,¢) : 0 < & n,¢ < 1} in parametric space R3. The lateral faces of the
hexahedron in general are ruled surfaces. For instance, the face 1234 (¢=0) is given by

r=¢QQ-nre+nrs]+ (1 =E)nra+ (1 —n)r1]. 12.2)

Remapping is conservative, i.e., amount of the conserved quantity in the same local
volume must remain invariable after interpolation. For instance, remapping of the mass is
given by the formula

My = / po(T)dV (12.3)
Vn

where p,(7) is the known density distribution on the mesh w,, V;, is the volume occupied
by a particular cell of wy,, and m,, is the resulting mass of this new cell. Therefore, the
average density in the new cell is m
n
Pn = Vn .

Further we will use the mass m as the conservative parameter to be remapped, meaning
that it can represent any other conserved quantity, such as the momentum components, total
energy, etc. Since the density p,(r) is specified locally, i.e., in every cell of w, a particular
density distribution is given, so as to calculate the integral (12.3) one needs to determine
all nontrivial intersection domains between the underlying new cell with old cells. We
consider the first-order remapping, therefore, p,(7') is the piece-wise constant function, and
it is necessary to determine the volume of the intersection domains.

Construction of the overlapping domain between two hexahedrons is rather cumber-
some problem, see [2]. In [4], by straightforward evaluating the volume integral it was
shown that the ruled cell volume is equal to one-half of a sum of two dodecahedron vol-
umes with planar faces, which have the same vertices, see Fig. 12.2. Each dodecahedron
consists of five tetrahedrons, four corner at vertices and one internal. internal.

Noting the results of [4], instead of the ruled cell we will use the dodecahedrons. It is
more convenient to calculate a domain volume using the surface integral, since integration
over the planar faces is rather an easy procedure.

We will derive the formula of the dodecahedron volume applying the surface integral.
In vector analysis, we know the formula for calculating the domain volume

V=l// r-dS=l// rnds, (12.4)
3/ Js 3/ Js

where S isthe domain surface, n is the outward unit vector normal to S. Instead of the ruled
cell, depicted in Fig. 12.1, we consider the dodecahedron where, for instance, the ruled face
1234 is replaced by two triangles 124 and 234, see Fig. 12.2 a. Let us calculate the contribu-
tion of these two triangular facets to the dodecahedron volume. The triangle 124 is defined
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8

»~

[\

(a)

Figure 12.2: Pair of dodecahedrons, for which one-half of a sum of volumes is equal to the
ruled cell volume. Each dodecahedron consists of five tetrahedrons.

by the linear transformation of the parametric triangle A2={(&, n) : 0<&,m; £4n<1} as
follows

r=ry—r)+(rg—r)n+mr1,

and the element of the triangular surface is
dS = (ryaxrig)dndé = (rq — r1) X (rg — r1)dnd€ .
One can readily obtain that the scalar product of the vectors 7 and dS is
r-dS = (rirery)dnde

where (r17274) = 71-(r2 X 73) is the triple product. Therefore, the contribution of the
facet 124 to the dodecahedron volume is given by

11-¢
1 1 1
Viga = = // r-dS = —(1'21'11'4)/ / dnd€ = —(rariry) . 12.5)
3 S1oa 3 s J 6

Accordingly for the triangle 234 we have

r=(ro—r3)l+ (ra—r3)n+rs3,
dS = (73 x7143)dndé = (ro — 73) X (14 — 7r3)dnd¢ ,

and the contribution of this facet to the dodecahedron volume is given by

1 1-¢£

1 1 1
V234 = - // T dS = —(’!'4’!'3’!'2)/ / d'r]d§ = —(1'4’!'37‘2) .
3 J Jspss 3 , 6
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Two facets 124 and 234 provide the contribution
1
6
In a similar way one can derive that if the ruled face 1234 of the hexahedron is replaced

by triangles 123 and 134, see Fig. 12.2 b, then the contribution of these facets to the volume
is given by

1
Vigss = 6(7'27‘17‘4) + —=(rarsrs) .

1 1
Vigas = 6(7'37'27'1) + 6(7‘17‘47'3) .

Taking the mean of V{534 and V{534, we get the formula for the contribution of the ruled
cell face 1234, derived in [1]

1 1
Vizaqa = §(V1'234 + Viazq) = T5(r1rars) + (r2rira) + (rarery) + (rarsr2)] .

Thus, the ruled face contribution is equal to the mean of two faces contribution, one consists
of the facets 124, 234 and the other of 123, 134. We make conclusion that the ruled cell
volume is equal to one-half of the volume of two dodecahedrons, depicted in Fig. 12.2. One
gets immediately the consequence:
There are 32 pairs of such dodecahedrons. In every pair, the respective triangular facets
are obtained by drawing the opposite diagonals.

One more pair is depicted in Fig. 12.3, where each a dodecahedron consists of two
tetrahedrons and two prisms.

Figure 12.3: Pair of dodecahedrons, for which one-half of a sum of volumes is equal to the
ruled cell volume. Each consists of two tetrahedrons and two prisms.

To perform remapping of the hydrodynamical parameters from one hex mesh onto an-
other we use the following approach. Instead the ruled cell we take two dodecahedrons
with structure depicted in Fig. 12.2. Thus, the integral (12.3) is calculated four times over
the overlapping domain of two dodecahedrons, one taken from the pair corresponding to
the new ruled cell, and the other from the pair corresponding to the old ruled cell. The
contribution of the old ruled cell mass to the new ruled cell mass m,, is the mean of four
overlapping figure masses.
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12.3 Description of the Algorithm

As the term “cell” we will mean both the hex cell and dodecahedron that can be clear of
context. We introduce some notations to be used further in the paper:

{2y, and (2, denote the new and old dodecahedron, respectively;

Qi{k is the cell with vertex global indices i+p, j+s, k+t, where p, s,t=0, 1, see Fig. 12.19;
Qon, is the overlapping figure of the dodecahedrons 2, and 2,,;

Lon is the polygonal intersection line between the boundaries of €2, and 2, if there are
several lines we use .Cfm;

A4 and Al are the triangular facets of the dodecahedrons 2, and €, respectively,
ll, l2=1, ceey 12;

r; and 7; are the coordinates of the facet Afll and Af,z vertices, respectively, :=1, 2, 3.

All vertex coordinates should be normalized with respect to a specific length, e.g. min-
imal diagonal length over all old or new cells, etc. The grids w, and w;,, must be non-folded
and all dodecahedral cells are non-degenerate.

Next we should enumerate the vertices in every of twelve triangular facets. Consider
two adjacent facets, e.g. 124 and 234 in Fig. 12.2 a. We set that the opposite (with respect to
the diagonal 24) vertices 1 and 3 in the triangles have number 1. The other two vertices are
numbered so as to specify the facet outward normal vector if to go round triangle in a vertex
numbering. In other words we have the following accordance between vertex numeration in
the dodecahedron, see Fig. 12.2 a, and local numeration in the triangular facet, see Fig. 12.4:

vertex number in dodecahedron vertex number in triangle
124 132
234 312

Similarly we enumerate the other ten facets. Note the numeration rule for the second do-
decahedron, depicted in Fig. 12.2 b, will be different. For the triangles 123 and 134 we have
the following accordance:

vertex number in dodecahedron vertex number in triangle
123 213
134 321

The remapping algorithm can be divided into four stages.

Stage 1. Construction of the polygonal intersection line £,,, between the boundaries of
two 12-faceted cells, dodecahedrons €2, and €2,. We draw the polygonal line £,,, a closed
contour, where each segment is the intersection line between two triangular facets. There
can be several lines £%,.

Stage II. Construction of the overlapping figure €2,,, between (2, and §2,, a polyhedron
with planar faces, in other words simplex. This stage is performed parallel to the Stage I,
after a new segment of the line £,,, has been obtained. On every triangular facet of the cells
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©,, and Q,, we construct the polygon, carved by L. For several lines £¢,, there can be sev-
eral polygons on the triangular facet (but not more than two). A union of all polygons is the
boundary of the overlapping figure 2,,. Given the simplex 2,, we determine a particular
mass of the cell €2, contributed to (2,,. Note that §2,, may consist of two polyhedrons.

Stage ITI. Calculation of the 2,,, volume and mass.

Stage IV. Algorithm of selecting the cells. One needs to find the environment of the
underlying new cell §1,, i.e., all the old cells Q2, j=1,..., J, with nontrivial intersection
between 2}, and Q,,. For the particular §2,, we apply the optimal filtering algorithm for the
mesh w, so as to proceed only cells €2, with nontrivial intersection. Next the mass m,, and
density p,, of the new hex cell is calculated.

12.3.1 Stage 1. Construction of an Intersection Line

Algorithm of constructing the intersection line £,, includes two steps.

Step 1. We sequently look through twelve triangular facets of (2, and for everyone
twelve facets of underlying €2, are checked until the pair of facets with nonempty intersec-
tion will be found.

Step 2. We sequentlydraw the segments of the polygonal line £,,, using two properties:
a) L,, is a closed contour, and b) both segment ends are on the triangle Aﬁ} or Aff sides.

Step 1. Determination of intersection points between facets A% and Al2.

Consider the facets AY and A!2 with local vertex numeration 1, 2, 3, see Fig. 12.4. To
construct the intersection line between these two facets one needs to write the equation for
planes passing through the triangle vertices.

1

3
Figure 12.4: Local vertex numeration in the triangular facet A or Al2.

For the sake of simplicity we transform the coordinates z, y, z so that in the new coor-
dinate system z’, ¢/, 2’
1) vertex 1 of the triangle A% has the coordinates (0, 0, 0),
2) z'-axis passes through the side 12 of Al
3) triangle A} lies in plane z’'—y'.

To this end, the coordinate system z, y, z is translated and rotated. The translation is
defined by 71, a radius-vector of vertex 1 of Ak, Let us express ¢/, ', k’ (the unit vectors
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in the ', v/, 2’-directions) in terms of %, 7, k (the unit vectors in the z, y, z-directions). We
have .
) To—T i x(r3—7r ) ;
i=—=—1 k'—_-,—,-—(—‘”'——l)—, i =k xi. (12.6)
72 — 71 " % (r3 —71)|

Thus, from (12.6) we get the expansion for the unit vectors
i = ani+oaij +ousk, §' = ani+oanj+ask, k' = anitani+ask, 12.7)

where a;; are the matrix A elements defining the coordinate system rotation. The coordi-
nates of the triangle Al vertices in the new coordinate system are

i =Alr1—r1)=0, ry = A(rs —r1) = (25,0,0), 5= A(rs —r1) = (75, 5,0).

For brevity we omit the prime in writing, implying (if specially not specified) that one
works in the new coordinate system. The equation for the plane, passing through the triangle
Al vertices, is

z=0. (12.8)

Now consider the old cell facet A2. In the new coordinate system the coordinates of
the triangle vertices are given by the transformation

’;'2 = .A(’f‘, - 1‘1) ,

where 71 is the radius-vector of vertex 1 of Al in the old coordinate system. Again, for
brevity, we omit the prime in writing, implying that one works in the new coordinate system.
The equation for the plane, passing through the triangle Aff vertices, is

T—I1 yYy—-n z-—21
Tg—Z1 Yo—% 2z22—21 ||=0,
I3—I1 Ys—1 23— 21

or

Ar+By+Cz+ D=0, (12.9)

where
A= (Jo—1)(Z3—21)—(J3—91)(22—21), B = —(Z2—21)(Z3—21)+(Z3—Z1)(22—21),

C=(Z2—11)(g3— ) — (£3 — Z1)(J2 —91) , D= —AZ; — Bih —Cz; .

To find the intersection segment between the triangles A4 and A2, we seek the inter-
section line between the planes (12.8) and (12.9). Substitution of (12.8) in (12.9) gives the
equation of the line

Az +By+D=0. (12.10)

First one should check whether the line (12.10) intersects the triangle Ai{ sides. Ac-
cordingly to the number of sides, three cases are possible.
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1. Consider possibility that the line (12.10) intersects the side 12 for which the equation
is y = 0. Substituting it in (12.10) we obtain '

Az+D=0. (12.11)

Here there are three variants:

1.1. Variant I. The coefficients are A, D=0. Then the line (12.10) coincides with the
side 12 of the triangle AL, Therefore, we seek the intersection point between the side 12
and side 12,13 or 23 of the triangle A%2.

1.1.1. Check whether the sides 12 and 12 intersect. If yes, then the intersection point
Q lies at these two sides. To find @ coordinates we write the equation of the sides in the
parametric form

r=1try, (12.12)

and
r=(1-1)F +trg, (12.13)

where the parameters are 0 < t, < 1. Equating the right parts of the above vector equa-
tions and by virtue of r2=(z2, 0, 0), we get the relation to the y-component

0= (1-3j +1g2,
and, therefore, .
[

t=—2— .
-9

The equation for the z-component
zot = (1— )i + 7o,
serves to determine the parameter ¢

(1- t~)511 + 1z
T ’

t=

If the both parameters are within the interval
0<tit<1, (12.14)

then Q(tz2, 0, 0) is the intersection point between the sides 12 and 12, and we take it as the
next node of the polygonal line £,,,. If the condition (12.14) fails, then
1.1.2. Check whether the sides 12 and 13 intersect. The equation for the side 13 is

r=(1—1b)F +Iis. (12.15)

Likewiseinitem 1.1.1 we write the vector equation, equating the right parts of the equations
(12.12) and (12.15), and find the parameters

i@ ,_ (1=BF +i5

-7’ T2
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If the condition (12.14) is fulfilled, then Q(tz2, 0, 0) is the intersection point between
the sides 12 and 13, and we take it as the next node of L,,. If (12.14) fails, then -
1.1.3. Check whether the sides 12 and 23 intersect. The equation of the side 23 is

r=(1-%)Fy +1rs. (12.16)

We write the vector equation, equating the right parts of (12.12) and (12.16), and find the
parameters ;
7o ‘ (1 -1z +1%3
G2 — 93’ ) '

If the condition (12.14) is fulfilled, then Q(tz2, 0, 0) is the intersection point of the sides
12 and 23, and we take it as the next node of Lon. If (12.14) fails, then the side 12 does
not intersect the sides of the triangle A2 and we should consider the side 13 of the triangle
Ah see item 2 below.

1.2. Variant II. The coefficients in (12.11) are A=0, D#0. Then the planes (12.8) and
(12.9) have no intersection and, therefore, the triangular facets as well. We should consider
the side 13 of A%, see item 2 below.

1.3. Variant Ill. The coefficient A#0, and from (12.11) we get z=—D/A. Using the
projection onto the z-axis of the equation of the side 12 in the parametric form z=tz,, we

find the parameter

t=

D
A:Ez ’

If 0<t<1, then one needs to check whether the intersection point Q(tz2, 0, 0) lies inside the
triangle Aff (including sides) or not. We apply the algorithm A (see below) for the check.
If @ lies inside the triangle or on the boundary, we take it as the next node of £,,. If no,
the side 12 does not intersect the triangle A!2 sides and we should consider the side 13 of
Ah, see item 2 below.

Algorithm A. Fig. 12.5 represents two possible cases for the point Q. Let 755, 703,

t =

T3 be the vectors directed from Q to points 1,2,3, respectively. Make up two vector
products a = Toi X Tgs s b= Tos X Tos- If Q lies inside or on the boundary of the
triangle, see Fig. 12.5 a, the scalar product @ - b > 0. If Q lies outside of the triangle, see
Fig. 12.5b,thena - b < 0.
2. Next we consider possibility that the line (12.10) intersects the side 13 with the
equation
z=ky,

where k=x3/ys. Substituting it in (12.10) we obtain
(Ak+B)y+D=0. (12.17)

Here again there are three variants:

2.1. Variant 1. The coefficients satisfy the conditions Ak+B=0, D=0. Then the inter-
section line (12.10) coincides with the side 13 of Aﬁg. Therefore, we seek the intersection
point between the side 12 and side 12, 13 or 23 of Al2.
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2 2

is

(a) (b)

—1
wol

Figure 12.5: Point Q lies inside of the triangle Af} (a) and outside of it (b).

2.1.1. First check whether the sides 13 and 12 intersect. If yes, then the intersection
point Q lies at these two sides. To find it, we write the equation of the side 13
r=trs, (12.18)
and recall (12.13) for the side 12. Equating the right parts of (12.18) and (12.13), we obtain
try = (1—1t)F +trs .

Writing the z- and y-components of this equation, we get the system for determining the
parameters t, ¢
trg=(1—t)Z; +tiz, tyz=(1-— i +tye,

and from it we have

P Z1y3 — 173 ‘ (1 - Bj1 + o
z3(F2 — ) —y3(Z2 — %1) ’ Y3

If the both parameters satisfy the condition (12.14), then Q(tz3, tys, 0) is the intersec-
tion point between the sides 13 and 12, and we take it as the next node of the line L,,. If
(12.14) fails, then

2.1.2. Check whether the sides 13 and 13 intersect. Equating the right parts of the
equations (12.18) and (12.15), we obtain

trg = (l—f)f'l+£f'3.

Similarly to that in item 2.1.1 we resolve this vector equation and get

o Zoys — Y173 ‘= (1—%)f1 + 153
z3(§3 — 1) — y3(Z3 — 1) ’ Y3
If the conditigg (12.14) is fulfilled, then Q(tz3, tys, 0) is the intersection point between
the sides 13 and 13, and we take it as the next node L,,,. If (12.14) fails, then
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2.1.3. Check whether the sides 13 and 23 intersect. Equating the right parts of the
equations (12.18) and (12.16), we obtain

t’l‘3 = (1 - Z)’f‘Q + Z‘fg .
Resolving it, we have

Zoy3 — Y223 ‘= (1= )G + i

t= S S
x3(¥3 — ¥2) — y3(T3 — Z2) Y3

If the condition (12.14) is fulfilled, then Q(tz3, tys, 0) is the intersection point between
the sides 12 and 23. If (12.14) fails then the side 13 does not intersect sides of the triangle
A2 and we should consider the side 23 of A4, see item 3.

2.2. Varant IL. The coefficients in (12.11) satisfy the conditions Ak+B=0 , D#0.
Then the planes (12.8) and (12.9) do not intersect and, therefore, the triangular facets as
well. We should consider the side 23 of AL, see item 3.

2.3. Variant III. The coefficients satisfy the condition Ak+B#0 and from (12.17) we
get y=—D /(Ak+B). Using the projection onto the y-axis of the equation of the side 13 in
the parametric form y=tys, we find the parameter

D

f=— —e.
(Ak+B)y3

If 0<t<1, then one needs to check whether the point Q(tz3, tys, 0) lies inside the triangle
A (including the sides) or not. We apply the algorithm A for the check, see item 1.1.3.
If @ lies inside the triangle, we take it as the next node of L,,. If no, the side 13 does not
intersect the sides of A% and we should consider the side 23 of Al see item 3.

3. Next we consider possibility that the line (12.10) intersects the side 23 with the
equation

z=ky+p,
where
g I3 T2 _ Y3%T2 — 123
Ys —y2 Y3 — Y2
Substituting it in (12.10) we get
(Ak+ B)yy+ Ap+D =0. (12.19)

Here again there are three variants:

3.1. Variant I. The coefficients satisfy the conditions Ak+B=0, D=0. Then the inter-
section line (12.10) coincides with the side 23 of Af,l. Therefore, we seek the intersection
point between the side 23 and side 12, 13 or 23 of Al2.

3.1.1. First check whether the sides 23 and 12 intersect. If yes, then the intersection
point Q lies at these two sides. To find it, we write the equation of the side 23

r=(1-t)rs+trs, (12.20)
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and recall (12.13) for 12. Equating the right parts of (12.20) and (12.13), we obtain the
system
(1 —t)ry +trg = (1 — )7 +t7y.

Resolving it, we have

(£1 — 72)(y3 — y2) — (71 — y2)(z3 — 72) = (1 -1+t — v2 .

(F2 — 91)(x3 — z2) — (Z2 — 1) (y3 — v2) ’ Y3 — Y2
If the both parameters satisfy (12.14), then Q((1—t)zo+tz3,(1—t)y2+tys, 0) is the
intersection point between the sides 23 and 12, and we take it as the next node of L.,. If
(12.14) fails, then
3.1.2. Check whether the sides 23 and 13 intersect. Equating the right parts of the
equations (12.20) and (12.15), we obtain

t=

(1 —t)ry+trz = (1 —i)‘f"l +Ef'3 .

Resolving it, we have

(1 — 22)(y3 — y2) — (§1 — ¥o)(x3 — 73) f = (1 -1 + 13 — y2
(93 — 91)(z3 — x2) — (23 — Z1)(y3 — %2) ’ Y3 — y2

If the condition (12.14) is fulfilled, then Q((1—t)z2+tz3, (1—t)y2+tys, 0) is the inter-
section point between the sides 23 and 13, and we take it as the next node of L. If (12.14)
fails, then

3.1.3. Check whether the sides 23 and 23 intersect. Equating the right parts of the
equations (12.20) and (12.16), we obtain

t=

(1 - t)1'2 +tr3=(1- i)'f'z +E’;'3 .
Resolving it, we have

(@2 —z)(s—wp) — (2 —w2)(z3—2) ,_(1-Dfp+ts—y,
(U3 — 92)(x3 — 2) — (&3 — Z2)(y3 — ¥2) ’ Y3 — Y2 '

If the condition (12.14) is fulfilled, then Q((1—t)z2+tz3, (1—t)y2+tys, 0) is the in-
tersection point between the sides 23 and 23. If (12.14) fails, then the side 23 does not
intersect the sides of the triangle Af} and we check whether the line (12.10) intersects the
triangle AY sides, see item 4.

3.2. Variant II. Thecoefficients in (12.11) satisfy the conditions Ak+ B=0 and Ap+D+0,
then the planes (12.8) and (12.9) do not intersect and, therefore, the triangular facets as well.
We should check whether the line (12.10) intersects the triangle Af} sides, see item 4.

3.3. Variant ITI. The coefficients satisfy the condition Ak+ B0, and from (12.19) we
get y=—(Ap+D)/(Ak+B). Using the y-projection of (12.20) we find the parameter

Ap+ D

t=
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If 0<t<1, then we check whether Q((1—t)z2+tz3, (1—t)y2+tys, 0) lies inside the triangle
Af}’ (including the sides) or not. We apply the algorithm A for the check, see item 1.1.3. If
Q lies inside the triangle, we take it as the next node of the line £,,,. If no, the side 13 does
not intersect the sides of the triangle Af}’, and we tumn to item 4.

Next we should check whether the line (12.10) intersects the triangle Ai? sides. Ac-
cordingly to the number of sides, three cases are possible.

4. Consider possibility that the line (12.10) intersects the side 12 with the equation
(12.13). The line (12.10) and side 12 can be parallel or not. Therefore, there are two cases.

4.1. They are parallel. Here two variants are possible.

4.1.1. If the coordinates z; =2, #0, then these lines do not have common points. Further
the side 13 should be considered.

4.12. If 3;=2,=0, then the line (12.10) and side 12 coincide and one should check
whether there are common points of the side 12 and triangle ALY

4.1.2.1. We seek intersection between the sides 12 and 12, see item 1.1.1. If the condi-
tion (12.14) is fulfilled, then Q(¢z2, 0, 0) is the intersection point between the sides 12 and
12, and we take it as the next node of L,,,. If (12.14) fails, then

4.1.2.2. We seek intersection between the sides 12 and 13, see item 2.1.1. If the con-
dition (12.14) is fulfilled, then Q(tzs, tys, 0) is the intersection point between the sides 12
and 13, and we take it as the next node of £,,,. If (12.14) fails, then

4.1.2.3. We seek intersection between the sides 12 and 23, see item 3.1.1. If the con-
dition (12.14) is fulfilled, then Q((1—t)z2+tzs, (1—t)y2+tys, 0) is the intersection point
between the sides 12 and 23, and we take it as the next node of £,,. If (12.14) fails, then
we consider the side 13 of A2, see item 5.

4.2. The line (12.10) and side 12 are not parallel. Equating the z-projection of (12.13)
to zero (since the triangle Ai{ is in plane z=0), we obtain

1-9z+1tz =0,

and, therefore,

21

t=——
Z21—22

If the parameter ¢ satisfies the condition 0<#<1, we check whether Q(( 1—5):21 +1Z9, ( 1-t)ih
+t§, 0) is inside the triangle AL applying the algorithm A. If Q is inside AL, we take it

as the next of £, If it is outside, we consider the side 13 of Al2, seeitem 5.

5. Consider possibility that the line (12.10) intersects side 13 with the equation (12.15).
The line (12.10) and side 13 can be parallel or not. Therefore, there are two cases.

5.1. They are parallel. Here two variants are possible.

5.1.1. If the coordinates z;=237#0, then these lines do not have common points. We
turn to the side 23.

5.1.2. If 2;=23=0, then the line (12.10) and side 13 coincide and one should check
whether there are common points of the side 13 and triangle AL,
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5.1.2.1. We seek intersection between the sides 13 and 12, see item 1.1.2. If the condi-
tion (12.14) is fulfilled, then Q(¢z2, 0, 0) is the intersection point between the sides 13 and
12, and we take it as the next node of L. If (12.14) fails, then

5.1.2.2. We seek intersection between the sides 13 and 13, see item 2.1.2. If the con-
dition (12.14) is fulfilled, then Q(tz3, tys, 0) is the intersection point between the sides 13
and 13, and we take it as the next node of L,,,. If (12.14) fails, then

5.1.2.3. We seek intersection between the sides 13 and 23, see item 3.1.2. If the con-
dition (12.14) is fulfilled, then Q((1—t)z2+tz3, (1—t)y2+tys, 0) is the intersection point
between the sides 13 and 23, and we take it as the next node of £,,. If (12.14) fails, then
we consider the side 23 of Al, see item 6.

5.2. The line (12.10) and side 13 are not parallel. Equating the z-projection of (12.15)
to zero, we obtain

(1 —t~)21+t~§3 =0,
and, therefore,

. 3
f=—ot

Z21—73
If 0<t<1, we check whether Q((1—%)%1+tZ2, (1—t)§1 +tij2, 0) is inside the triangle A}

applying the algorithm A. If Q is inside A, we take it as the next node of L,,. If it is
outside, we consider the side 23 of Al2, see item 6.

6. Finally, consider possibility that the line (12.10) intersects side 23 with the equation
(12.16). The line (12.10) and side 23 can be parallel or not. Therefore, there are two cases.

6.1. They are parallel. Here two variants are possible.

6.1.1. If the coordinates Z;=237#0, then these lines do not have common points. We
consider the next triangular facet Al2+1 (if [,=12 we proceed to the next facet Al +1),

6.1.2. If Z,=23=0, then the line (12.10) and side 23 coincide and one should check
whether there are common points of the side 23 and triangle A4,

6.1.2.1. We seek intersection between the sides 23 and 12, see item 1.1.3. If the condi-
tion (12.14) is fulfilled, then Q(tz2, 0, 0) is the intersection point between the sides 23 and
12, and we take it as the next node of L, . If (12.14) fails, then

6.1.2.2. We seek intersection between the sides 23 and 13, see item 2.1.3. If the con-
dition (12.14) is fulfilled, then Q(tz3, tys, 0) is the intersection point between the sides 23
and 13, and we take it as the next node of L,,. If (12.14) fails, then

6.1.2.3. We seek intersection between the sides 23 and 23, see item 3.1.3. If the con-
dition (12.14) is fulfilled, then Q((1—t)z2+tz3, (1—t)y2+tys, 0) is the intersection point
between the sides 23 and 23, and we take it as the next node of L,,. If (12.14) fails, then
we consider the next triangular facet Af?“ (if 1s=12 we proceed to the next facet A£}+1).

6.2. The line (12.10) and side 23 are not parallel. Equating the z-projection of (12.16)
to zero, we obtain

(1-1Dz+t73 =0,
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and, therefore,

22

=22
22—23

If 0<t<1, we check whether Q((1—t)Z1+tZ2, (1—1)ih +tija, 0) is inside the triangle Al

applying the algorithm A. If Q) is inside Aﬁg , we take it as the next node of the line £,,,. If

it is outside, we consider the next triangular facet Aff“ (if 1o=12 we proceed to the next

facet AL+,

After finding the point () coordinates we return to the old coordinate system using
inverse rotation and translation. With this purpose we apply the matrix A", transposed to
the rotation matrix .A. The ) coordinates in the old coordinate system are

rQ= .AT'I‘/Q+1'1 ,

where r’Q are the () coordinates in the new coordinate system, 71 is referred to vertex 1 of
the triangle A4 in the old coordinate system.

Step 2. Determination of the line £,,, segments.

To determine the line £,, segments we need to know the rule of transition from one
triangular facet to another depending on what triangle side the line £,,, crosses. We use the
variable, indicating the number of the next triangular facet. In the computer code this is a
two-dimensional array Ar(l, m) withl=1, ... 12and m=1, 2, 3. Here | specifies the facet
number, and m is the side number in the triangle, which the line £,, crosses. We accept
that m=1, 2, 3 for the sides 12, 13, and 23, respectively, in the triangle Al! and similarly in
AL,

After determining a new point () at the Step 1, at the Step 2 we go to the adjacent
triangular facet of the cell, new or old, depending on what side the line £,,, crosses. Next
we repeat the Step 1, etc., until some point Q* coincides with the first point Q! of Loy,.
All these intersection points are entered into the vertex list of £,,. Further we examine
unchecked facets with the purpose to find a new intersection line. Since two triangular
facets, new Al and old A2, can not intersect twice, we exclude such facets, participating
in forming the intersection lines £}, . . ., £, when constructing the line £:}. In total we
need to check 12x12=144 facet pairs of the new and old cells (dodecahedrons).

Further we will sometimes verify whether some point O is inside the 12-faceted cell or
not. Consider such a procedure, referred to as Algorithm B.

Algorithm B. We divide the cell into five tets as shown in Fig. 12.2. Consider one of
tets with vertices 1234, see Fig. 12.6. Joining the point O with every of four tet vertices,
we obtain four new tets: 0234, 0134, 0124, and 0123. If O is inside the tet 1234, see
Fig. 12.6 q, its volume is equal to the sum of four tet volumes

Vi2sa = Voasa + Vo134 + Vo124 + Vo123,
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where, for instance, Vi34 = é(r12r13r14). Otherwise, see Fig. 12.6 b,

Vi23a < Vo234 + Voi13a + Vo124 + Vo123 -

Checking all five tets, which form the cell, we determine whether the point O is inside
one of them. If yes, O is inside the cell. If O is not inside one of them, then O is outside of
the cell.

(a) (b)

Figure 12.6: One of five tets, forming the dodecahedron. The point O is inside (a) and
outside (b) of the tet.

12.3.2 Stage II. Construction of Overlapping Figure ),,

Forming of the overlapping figure €2,, is executed simultaneously with the intersection
lines £ ,. On the triangular facets A% and Al we construct the polygons, carved by the
lines £%,. On a facet it can be 0,1 or 2 polygons (this is onlz assumption, confirmed by
practice, but is not strictly proved). A union of all polygons | J P* forms the boundary of
i=1
the overlapping figure §),,. The algorithm of constructing a polygon P is the following.
When the line £¢, intersects, for instance, the facet A% (it may be one segment with ends
placed at two sides of the triangle, see Fig. 12.7 a, or may be a polygonal line with several
segments, see Fig. 12.7 b) and divides it into two subdomains, the subdomain, located inside
the cell £, (a hatched region in Fig. 12.7 a, b), is kept for constructing the polygon P*. It
does not mean that the remained part of the facet is abandoned at further treating. In this
part, another polygon can be carved by the underlying line £¢,, or another intersection line.
As well as the hatched region in Fig. 12.7 b can be partly cut off when further forming P*,
see Fig. 12.7 c. In Fig. 12.7 c, the lines £,, £2, may denote the same line £¢,, shown in
Fig. 12.7b, or different lines.
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Figure 12.7:

Similarly, when the line Lfm intersects the facets of €2, the domain, located inside the
cell Q,, is kept for constructing the polygon P:. Note that the figure ,,, may consist of
one or two polyhedrons.

Consider the formation of the polygons P",. carved on the triangular facets of €2,,. We
introduce several notations. The values V;7, V7, V7 are the coordinates of the jth vertex
of the ith polygon P*. Since on a facet there can be 0, 1 or 2 polygons, the polygon number
is given by the rule

t=104 +12m, (12.21)
where [ is the facet Afll ordinal number, m=0, Nzl):)l -1, N:):)I=O, 1, 2 is the number of
existing polygons on AL. The value N}, is the number of the polygon P* vertices. The
value Nk specifies the number of vertices located at the kth side of A4, k=1,2,3. As
noted above j is the vertex ordinal number in P¢, and Ni¥'=j specifies the ordinal number
of the vertex located at the kth side of All. Here the indices ! and {; have different sense, I
is the ordinal number of the vertex at the kth side. At the side there can be several vertices
of P and, therefore, I=1, .. .,N};’gd. The values Q, Qy, Q. are the coordinates of the
underlying intersection point @, being the break point of the polygonal line £?,,. The point
() may be either at the side or inside the triangle Aig. The points R!, R? are the end-points
of the underlying facet edge. The point R! is such a point, that vicinity of Q in the segment
[QR?] is located inside the old cell 2,. In Fig. 12.7 a, b, for the side 13, R! is the triangle
vertex 3, and in Fig. 12.7 c it is vertex 1. As we see in Fig. 12.7 ¢, R! itself, i.e., the triangle
vertex 1, may be located outside of €2,. The point R? is the opposite side end-point. It is
vertex 1 for the side 13 in Fig. 12.7 a, b, and vertex 3 for this side in Fig. 12.7 c.

The order of determining intersection points does not coincide with vertex numbering

in the polygon. Thus, when considering the point (), there are three operations:
1) tocontinue forming one of existing polygons on the facet _Afll ,

2) to partition the polygon into two polygons and to enter () into the vertex list of one
of these two polygons,

3) to merge two polygons into one and to enter () into the vertex list of this polygon.
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The basic steps of constructing P* on the facet Al are given bellow.

1. If, when Lt passes from one old facet to another, a new polygon vertex arises inside
the current facet of €2, then a break of £¢,, is inside of the triangle, see Fig. 12.7b. Then
we enter @ into the vertex list of this polygon as follows:

1.1. The index j gets increment by 1 (we use notations applied in computer codes)

j=j+1’ Ntiot = Nl:iot"'lv V:zj = Q:, Vyij = an Vzij = Qz .

If Q is the first point of £¢,,, we begin to form a new polygon P* on this facet, i.e., first we
change
N =N +1, i=h +12(N - 1), (12.22)

and later on Q is entered into the vertex list of P?.

1.2. Construction of P* can begin inside of the facet Af{ . Forinstance, in Fig. 12.8, first,
we construct vertices 1, 2, 3 of the polygon P?1. Further the line £:,, goes out the facet, and
later comes on it again, forming vertices 1/, 2’ of the new polygon P*? (conditions, whether
at the second entering on the facet the line £, forms P or continues to form P, are
considered in item 2). The determined point 3’ of P*2 coincides with point 1 of P!, see
Fig. 12.8a (the segment 2’3’ is indicated by the dashed line). Therefore, it is necessary
to merge the polygons P%, P2 into one P* by renumbering the vertices as shown in
Fig. 12.8 b. In Fig. 12.8 b, the interiority of the polygon 12345 is not hatched because it may
turn out that its exterior is located inside of €2,, and then we need to add the triangle Ai{
vertices into the vertex list of P!,

=

(@) ®
Figure 12.8:

2. The line L%, enters on the facet Al through the kth side.

2.1. A new polygon is formed in the following cases:

2.1.1. There are no vertices of P* at the kth side of Al inside of the segment [QR!],
see Fig. 12.7a, b, i.e., when N¥ ,=0.

2.1.2. There are already vertices of P* at the kth side of Al inside of the segment
[QR?). In Fig. 12.9 g, it is the point S (intersection point between £:2, and side 13). Know-
ing the number j (remind that j=N*) we set Q".=V;’ and determine the parameter ¢

t= le—Qx
R::}:_Q:c ’



356 Boris N. Azarenok

which should satisfy the inequality t < 0. If RL=Q,, we calculate ¢ using y or z-coordinate.

2.1.3. There are more complicated cases presented in Fig. 12.9 b. Let the polygon P*2
with vertices 12'3'4’5’ be formed after points 1, 6 of P** have been found. If P?2 is formed
beginning with vertex 1/, then the algorithm of item 2.1.2 specifies correctly that Q, i.e.,
vertex 1/, is referred to P*2. However, if P% is formed beginning with vertex 5/, then Q
will be incorrectly entered into the vertex list of P*1. Therefore, an additional check is
required. Among points 1,6 we should select the closest one to point 5’ (it is point 1),
within segment [5’1] take some point Q' in the vicinity of point 1, and check whether Q' is
inside of €2, (using the algorithm B). As we see in Fig. 12.9 b, a vicinity of point 1 is not
inside of ©,, and, therefore, 5’ is entered into the vertex list of P%2.

Figure 12.9:

Note that in items 2.1.1-2.1.3, when forming a new polygon, its number is given by
(12.22).

Besides (@, additionally we should check whether the facet vertices are the polygon
vertices. Here two variants are possible.
(A) If the point R!, being the facet vertex, is outside of Q, (in Fig.12.9b it is the facet
vertex 1), therefore, only () is entered into the vertex list of the new polygon

Ntiot = lv N’};’;d = 1’ lzNg;d’ N:;kl=1’ ijékl’ Vziszx’ Vyiszy’ Vzij=QZ‘

(B) If R! is inside of €2, (in Fig. 12.9a it is facet vertex 1), therefore, the both points R!
and @ are entered into the vertex list of the new polygon

1)l=1, Ni¥=1, j=Ni},K Vii=RL, V=R, VI=R],

2) Niw =2, Niky =2, 1=N%, NHF=2 j=N¥ Vi=Q,, Vi=Q,, VI=Q,,

and it is necessary to enter R! into the vertex list of P* as located simultaneously at the
adjacent facet edge k; (in Fig. 12.9 a for vertex 1 it is the facet edge 12 with number k;=1),
1.e., set
Nikl — 1 Nikll - 1
y v *

nod

2.2. We continue to form the current polygon P* in the following cases:
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(a)

Figure 12.10:

2.2.1. There is a vertex of P* within the segment [QR!]. In Fig. 12.10 q, itis point 8. We
enter () into the vertex list with number 9. However, in the case presented in Fig.12.10b,
where not numbered polygon vertices are considered as not determined yet, we can not
enter (Q with number 7 into the list, since the order of vertex numbering would be violated.
First we need to change vertex numbering as shown in Fig. 12.10 ¢, and next to enter Q) into
the list with number 7. In the both cases the jth vertex, located in the R!-direction from Q
(in Fig. 12.10a it is point 8 and in Fig. 12.10b it is point 6), is the last point in the list, i.e.,
j=N},;. The difference is that in Fig. 12.10 a two already found points at the current facet
edge with numbers 8 and 2 (2 is closest to Q from R?2) are not the neighboring vertices in
the list, and in Fig. 12.10b points 6 and 5 are the neighboring vertices. Thus, in the second
case, first, we change vertex numbering to inverse for all points, except the last point 6.
Accordingly, the values of N¥ to the polygon P* are changed as well.

2.2.2. It may happen that the jth vertex of P, closest to Q from R, is not the last point
in the vertex list, i.e., <N{,,. Fig. 12.11 a presents an example when, first, we shift vertex
numbering by two in clockwise sense (so that the jth vertex, j=4, becomes the last point
in the vertex list), and then enter Q into the list, see Fig. 12.11 b. In the case, presented
in Fig. 12.11 ¢, first, we change vertex numbering to inverse, next shift numbering by two
in clockwise sense, enter @ into the list, and get the polygon with numbering depicted in
Fig. 12.11b. The difference between Fig. 12.11a and c is the following. In Fig.12.11a,
the point, closest to Q in the R!-direction, has number j=4, and point, closest to Q in
the R2-direction, has number j=>5. Therefore, vertex numbering in the polygon P* spec-
ifies the bypass in the same anticlockwise sense as that specified by “4Q” numbering. In
Fig. 12.11 ¢, vertex numbering in P* specifies the bypass in clockwise sense, being inverse
to that specified by “3Q” numbering (point 3 is in the R!-direction from Q).

3. The line £%,, goes out the facet Al through the kth side.

3.1. There is one polygonon Al.

3.1.1. If there is no intersection point between L, and the kth side, see Fig. 12.7 a, b,
we continue to form the current polygon P* and enter Q into the P* vertex list by setting

j=j+1, VI=Q,, VI=Qy, VI=Q,, Ni,=Ni+1, N¥=j Nk, =1.

In addition, if R! is inside of , (in Fig. 12.7 a, b it is facet vertex 3), we enter R! into the
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6 Q(7)
(b) (c)

Figure 12.11:

list as well
j—7+1, V7 R}, V7 =Rl V# =Rl Ni, =N+, N¥=j Nk, =2

and it is necessary to enter R! into the vertex list of P* as located simultaneously at the
adjacent side k; of the facet, i.e., to set
Nk =1, N =1,

3.1.2. If there is already intersection points between L%, and kth side, then

3.1.2.1. If there is only one point, the point S in Fig. 12.7 ¢ (in other words N};’Zd=1),
therefore, we enter (Q intothe vertex list.

3.1.2.2. If there are several points, i.e., N, ’0d> 1, one needs to know whether to continue
forming the current polygon P* or to begin constructing a new polygon on this facet. In
Fig. 12.12a, all determined vertices 1, 3, 4 at the current facet edge are in the R!-direction
from Q (since N}, ik cq=3 it is sufficient to check this condition only for the first j=N_ k11
and last j =N{,k3—4 point). Thus, we enter () into the list with number 9. In Fig. 12.12 b,
Q is between the already determined points 1 and 2. The left polygon is not completed yet
and point 1 is still in the list of the current polygon P*. Since point 2 is in the R!-direction
from Q, therefore, the current polygon is divided into two, P* with vertex 1’ and P* with
vertices 1234 as shown in Fig. 12.12 c.

pi @

®

Figure 12.12:
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3.2. There are two polygons on the facet Al1. Here, in addition to the above cases, it
may be required to merge two polygons into one. In Fig. 12.13 a, there are two polygons:
current P2 with vertices 1,2, 3,4, and P* with vertices 1/, 2'. The point Q is referred to
P2, Point 2’ is in the R!-direction from @, and a vicinity of 2’ within the segment [Q2']
is inside of the cell §2,. Therefore, Q and 2’ belong to one polygon. One needs to merge
P4 and P into one polygon P“ and exclude the current polygon P2 from the polygon
list, see Fig. 12.13 b. Note that in the final variant, Q and 1 can be not the adjacent vertices
of P (and even not belong to one polygon), but it will be clear at further forming the

polygon.
®

6

Figure 12.13:

It is possible the case depicted in Fig. 12.13c. The line £¢, intersects only one facet
edge 12. Then only vertices 1, 2, 3, 4, 5 are entered into the list, meanwhile the last point
6 is not. To avoid the error in such a case, after completing construction of §2,, we should
check all facets of the cell §2,, as follows. If three conditions are satisfied:

[1] there is at least one polygon on the facet Al;
[2] two vertices of the triangle Aﬁg (vertices 1, 2 in Fig. 12.13 ¢) are inside of the cell (2,;

[3] there is one polygon vertex on every of two sides joining to the third facet vertex,
in Fig. 12.13 ¢, it is the sides 13 and 23 (with corresponding numbers k=2, 3), and,
therefore, the variables N?2,=1, N3 =1, since the facet vertices 1, 2, entered into
the polygon list with numbers 1, 5, are located at the facet edges 13 and 23 as well;

then the third facet vertex (in Fig. 12.13 ¢, it is with number 3) is also entered into the
polygon vertex list.

Even if the facets Al and A2 do not intersect each other, it can be that the entire facet
Al s inside of the cell ©2,. Therefore, the entire facet Al is the part of the £, boundary.

Thus, we described all basic cases, which can arise when constructing the simplex Q.
All other cases are combinations of the basic ones. Similarly, we consider formation of the
polygons for the cell €2, facets.

After constructing polygons on the facets of 2,, and 2,, we should verify that vertex
numbering in every polygon specifies the outward normal vector to the surface of €2,,.
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To this end, we consider the kth triangular facet edge, where there are at least two polygon
vertices, 1.€., Nf;’;deZ, and verify whether bypass of the facet vertices 1 -2—3 is performed
in the same sense as that specified by polygon vertex numbering. If they are in the opposite
senses, we change the polygon vertex numbering to inverse. However, there is possible a
situation when all polygon vertices are inside of the facet, say A%, see Fig. 12.14 a. Then
we verify the bypass direction of vertex numbering as follows. Assume the polygon P* to be
the “star domain”2. We take a central point O, see Fig. 12.14 b, join it with two consecutive
polygon vertices, for instance 2 and 3, and obtain two vectors, 2 and r3. The vector
product 72 x73 should specify the outward normal vector to the facet Al (with respect
to 2,,). If it specifies the inward normal vector, we change polygon vertex numbering to
inverse. Numerical experiments have shown that as the central point O it can be used the
point with coordinates

1 M
ro:'M'Zrmy
m=1

where 7., =(Zm, Ym, 2m) are the vertex coordinates, M is the number of polygon vertices,
M :N t’t ot*

T3 4

T2 O

(a) ()

Figure 12.14:

We present two examples of constructing the intersection lines £¢,. First example,
see Fig. 12.15, demonstrates intersection between two identical cubes, one translated with
respect to the other by Ar. In this rather a simple case some polygons are triangles and
the other pentagons. In the next example, we construct the intersection lines between two
convex dodecahedrons, Fig. 12.16a, b. The overlapping figure is rather complicated: there
are three intersection lines, see Fig. 12.16 c.

2Some region is a star domain if inside of it there is a point, referred to as the central point (or pole), which
can be joined with any boundary point by a straight line without intersection the boundary at another point.
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Pl

4

Figure 12.15: Two cubes, the first is drawn with red color and second with green. The
overlapping figure is the cube as well. For instance, its facet 123456 consists of the triangle
234 and pentagon 12456, carved by the intersection line L,, of dark blue color on the
triangular facets of the green dodecahedron.

12.3.3 Stage III. Calculation of €2,,, Volume and Mass

The volume of the overlapping figure Q,,, is calculated via the surface integral (12.4)

Therefore, we need to integrate over all polygonal facets forming the simplex §2,, bound-
ary. A contribution of a polygonal facet to the 2,, volume is determined via (12.5), a
contribution of a triangular facet. Therefore, first, one need to divide the polygon into tri-
angles as shown in Fig. 12.17. A contribution of the polygon depicted in Fig. 12.17 to the
volume is

Vigsase7s = Vizs + Viza + Vigs + Vise + Vier + Vizs -

Here the negative volume, contributed by triangle 123, is taken into account automatically.

Since every hex cell is represented as a pair of dodecahedrons, we determine the vol-
umes V¥ and masses m¥, of four overlapping figures Q! where k, =1, 2. Here Q& is
the overlapping figure between the kth dodecahedron of the new hex cell and Ith dodecahe-
dron of the old hex cell. After determining four volumes V!, we can calculate the part of
the mass of the jth hex old cell contributed to the mass of the new hex cell

2 2
My = L, =10 2_

k,l:l
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Figure 12.16: Two convex dodecahedrons (a), (b) and their intersection (c). There are three
intersection lines of dark blue, blue, and yellow color.

where pZ, is the density in the jth hex old cell. To calculate the mass of the underlying new
cell we need to find the set of old cells giving nonempty intersection with this new cell.

Onecan see that the algorithm can treat non-convex dodecahedrons and, therefore, non-
convex hex cells. The only requirement is that old and new mesh, both hex and dodecahe-
dral, must be non-degenerate. Conditions of nondegeneracy for a hex cell were considered
in [4] and chapter 9.

12.3.4 Stage IV. Algorithm of Selecting Cells

We need to find all old cells QZ., j=1, ..., J with nontrivial intersection relating to current
Q,. The set of such old cells we refer to as the €2, environment, see the example of two-
dimensional grids in Fig. 12.18. If to check all cells of the mesh w,, the running time of the
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Figure 12.17: Polygon 12345678 is divided into triangles with the purpose to calculate the
contribution to the volume of (2,,,.

interpolation procedure will be too large. We apply the optimal filtering algorithm of the
mesh w, so as to proceed only {27 with nontrivial intersection.

ly/x \X
LA

x| x

X
PN

X

X

Figure 12.18: Example of two-dimensional grids. Old cells, specified by the sign “x”’, form
the environment of the current new cell.

To find the {2, environment we use the selection algorithm as a tree. Let for 2, we
know some old cell Qf,°’°k° (we use the global numeration) so that

Qn [ QiR £ 9, (12.23)

i.e. their intersection is a nonempty set. The cell Qf,“jCk‘ is referred to as the center of the
cell 2, environment. As the center we can take any old cell satisfying the condition (12.23).

In the first dodecahedron, depicted in Fig. 12.2 a, two triangular facets 124 and 234
correspond to the direction of decreasing the index k (referred to as the direction k—), see
Fig. 12.19, and facets 567, 578 to the direction of increasing the index k (direction k+).
Such a conformity is drawn from the original hex cell with faces 1234 and 5678. Similarly,
the facets 347 and 487 specify the direction j+, 125 and 265 indicate the direction j—. The
pairs 237, 276 and 158, 184 specify the directions i+ and i—, respectively. Thus, every pair
of facets corresponds to six directions of changing the indices
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i,j+1,k+1
8

i, 4, k+1

i+1, 5, k+1
41, k41
i,j+1,k
4

i+1,5,k . 3

i+1,j+1,k

Figure 12.19: Global and local index numeration.

direction ! 1 2 3 4 5 6
index change | k— k+ j— j+ i— i+

When constructing §2,, we find those facets of Qf,"j‘:kc which intersect facets of (2,,,
and, therefore, the index change directions where we should check the old cells. We write
the found directions into the integer array Intersii<k<l, Here the index [ specifies the
directions of selecting the old cells, see Fig. 12.20. The value I ntersf°j°k°l=0 indicates
that we need not select the old cells in the I-direction (the facets of {2i7<Fe, corresponding
to the I-direction, do not intersect the boundary of 2,,). The value Intersiie<!=1 indicates
that we should select the old cells in the I-direction. However, there is an exception. It may
be that two facets of 2,, corresponding to the /-direction, do not intersect the boundary of

., but they are inside of this cell. Therefore, even if 1 nterstcickel=() we should verify

(*) Whether any of four vertices of these two facets is inside of the cell {2,,. If it is so,
we set Intersieiekel=]1 and should select the old cells in the I-direction.

We introduce the integerarrays Indic* and Increm*. The former indicates whether
the cell QY ¥ has been checked (value “1”) or not yet (value “0”). The latter specifies the
direction of returning to the up tree level, i.e., to the cell from which we came to the current
cell Q¥ k (in Fig. 12.20 it is the {;-direction). For instance, if we arrived at the current cell
from the up level cell in the direction /=3, then we return in the direction /=4. We should
return from the current old cell to the up level cell if

1) Intersii*¥ =0 for five I-directions (in Fig. 12.20, it is the directions s, . . ., lg); here
we also should execute the above check (*) for the facet vertices of all five directions;
or

2) all five low level cells have been already checked for intersection, in other words
when for all these cells Indic7*=1.
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return to up level cell

current
cell ¥

transition to low level cells

Figure 12.20: For the current cell Q¥ the parameter [ specifies six directions of changing
the indices i, j, k. Here l=ly=Increm;j is the direction of returning to the up tree level,
l=ls, ..., lg are the directions of transition to the low tree level.

Besides, if the current cell Qf,jk is the environment center, i.e., Qf,‘j° k", therefore, we have
selected all old cells, satisfying the condition (12.23), and determined the current cell €2,
environment.

When treating the current cell Q% we verify whether its boundary intersects any two
triangular facets of €2,,, specifying the cell selection direction for the new grid wy,. If yes,
this cell QY ' will be the environment center for the next new cell, and for the next Q, we
define i.=1, j.=7, kc.=Fk. There can be several such old cells. We store the number of the
last one.

If no of two Q,, facets, specifying the selection direction for the new grid, has intersec-
tion with Qo , as the environment center we use the old cell inside of which there is any of
four vertices forming these two facets of (2,,.

If 2, is inside of the underlying old cell, the indices ., j., k. remain the same for the
next new cell.

Due to the check (*) this algorithm will also verify the old cells entirely located inside
of (2, see the example of two-dimensional grids in Fig. 12.18, where one old cell is inside
of the new cell.

Such an algorithm of finding the environment center requires that we perform consecu-
tive selection of the new cells, as shown for the ith odd cell layer in Fig. 12.21. Transition
from the ith cell layer to ¢+ 1th should be through the cell Q”"‘“k’"‘” Selection is per-
formed in reverse order in the ¢+ 1th cell layer.

The cell environment, found for the first of two dodecahedrons €2y, related to the new
hex cell, which consists of the first 12-faceted cells £} (we again use the local numeration
of the old cells j = 1,..., J, related to the underlying new cell), is also used for the other
three combinations: first {2,, and second €2, cells, etc.

The mass of the underlying new cell is obtained by summation of the environment cell
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Figure 12.21: Selection order in the ith odd cell layer of wy,.

parts

mnzg ml .
J

Finally, the density in the new hex cell is given

Pn= -

n

12.4 Construction of Fictitious Cell Layers

The facets of the new and old cell should not coincide, otherwise we will get division by
zero when trying to find the intersection between two coinciding planes. To avoid such
situations we slightly shift the mesh w,, with respect to w, by Ar=(Az, Ay, Az). Since
the reference domain for the old and new meshes is the same (we interpolate in one space
domain G), due to the shift some boundary cells of w,, go outside of G. In order not to lose
the mass when remapping, we extend the old mesh w, by adding one fictitious cell layer on
the G boundary in all of six [-directions [2]. Such an extended old mesh is referred to as
weet,

Generally, construction of w®! is not difficult. In parametric space R3, where the mesh
is cubic and every cell is a unit cube, we add one more layer of such cubes on the boundary
forall of six sides. If to consider the trilinear mapping of the unit cube onto a hex cell (12.1),
then, for instance for the left boundary in the &-direction, the coordinates of the fictitious
cell four vertices can be obtained from (12.1) by setting {&=—1 and 7, (=0, 1. For the left
fictitious node 7 ; . one obtains

]
705k = 2715k — T2,5k = T1,5k + Pi(T15k — T2,5k) » (12.24)



Conservative Remapping on Hexahedral Meshes 367

——
o e

S
ST
S
AR
VeSS,
Ve S SN\ 2 meula
VS e

|

I

I
i
&in
[ ]

Figure 12.22: Cylindrical mesh w, : 3x31x31 (a); close-up near the symmetry axis (b).

where p;=1 is the extrapolation parameter for the left boundary. Similarly, on the right
boundary in the ¢-direction the fictitious node coordinates are calculated with the extrapo-
lation parameter p;=1, and on the other four boundaries we construct the fictitious nodes
with pj=p}=pi=pf=1.

However, sometimes we need to vary the extrapolation parameters. The cylindrical
mesh w, : 3x31x31 is shown in Fig. 12.22. Construction of the fictitious cells by for-
mulae similar to (12.24), with all extrapolation parameters equal to 1, gives the extended
mesh w& : 5x33x33 depicted in Fig. 12.23. One can see the fictitious cells in the layers
j=0, J+1 (where J=30) are degenerate. We set the parameters pg- (pg) so that the fictitious
nodes 7; o x (7;,741,x) locate between the nodes 7;1 x (7;,Jx) and symmetry axis, but not
to the left (right) from the symmetry axis as shown in Fig. 12.23 b. We define p§~=p;=0.05
and obtain the non-folded mesh, see Fig. 12.24. If the extrapolation parameters are too
small then the shifted mesh w;, can go outside of the boundary of wg‘”t and this leads to the
interpolation error.

One more example concerns the regular mesh, see Fig. 12.25. On the z- and y-axis, the
cells are prismatic (two hex faces are in one plane). Using the formulae similar to (12.24)
leads to result presented in Fig. 12.26. In the :th layer, three fictitious cells, joining the
prismatic ones, are degenerate. To generate suitable fictitious cells, the node coordinates of
three adjacent nodes, joining the corner node r; 1,1, should be given as

ri’o'o = (1‘1'1072 + r’l:,2,0 + r"'vl)l)/3 I r‘l,l,o = (r’l,o,z + 7'1,,0,0)/2 )
1,0 = (Ti2,0 + 73,00)/2, (12.25)

where the fictitious nodes 7; o 2, 7; 2,0 are considered as already found. Similarly we obtain
the other set of three nodes, joining every comer node in the ith layer, such as 7; j41,1 ,
Ti1,K+1 » and 7; j411 k41 (Where K=30). The resulted non-folded mesh is presented in
Fig. 12.27.
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Figure 12.23: Folded extended mesh w&® : 5x33x33 with pg:p;=1 (a). Close-up near
the symmetry axis (b); boundary nodes 7; o . are to the left from the symmetry axis, that is
why the cells of the left fictitious layer in the j-direction are degenerate.

12.5 Interpolation Error

The interpolation error is the result of two type errors. The first error is due to round-off
during calculations. When increasing computer digit capacity this error tends to zero. The
second, systematic error, is due to we need to shift the mesh w, by Ar=(Az, Ay, Az)
with respect to w,. Let G, G, € R3 denote the domains related to the meshes wy, wo,
respectively (G, coincides with the initial domain G). To understand why the system-
atic error arises, we consider an example of remapping from the parallelepipedal mesh w,
with I xJx K cells and spacings hz, hy, h, onto the same mesh wy, shifted by Ar, see
Fig. 12.28, provided that | A7|<hz, hy, h,. We assume that Az, Ay, Az>0. If p; j 1 is the

density in the old cell QY*, the mass of the domain G,is

1,JK

me = hzhyhz Z Pijk -
1,5,k=1

The mass of G, is a combination of the domain G,,, mass (where G,,=G, U G,)

1J LK JK
Mon = Mo — hahyNz Y piji — hahe DNy D pink — hyhe DT Y prjk
bj=2 i,k=2 k=2
I J K
— heDyDz Y ping — hyDzDZY | p1jn — ko Axly > 11k — DxlyDzpryg,
=2 =2 k=2

and mass m’ of the additional domain G'=G,\G,, occurring due to wy, is shifted with
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Figure 12.24: Non-folded extended mesh we®t : 5x33x33 with pg- =p;=0.05 (a). Close-up
near the symmetry axis (b); boundary nodes 7; g i locate between the nodes 7; 1 x (7, 7k)
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Figure 12.25: Regular mesh w, : 3x31x31. On the z- and y-axis the cells are prismatic.
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Figure 12.28: Parallelepipedal mesh w, : I xJx K and the same new mesh wy,, shifted by
Ar with respect to w.

respeét to wo

1J LK JK
m' = hghyAz Y pijks1+hshe Dy Y pigsik +hyh AT Y pria ik
1,j=2 i,k=2 3,k=2
i§ J K
+ he OAyDz Z Pi,J+1,K+1 + hyDzDz Z PI+1,5,K+1 + h:Azly Z PI+1,J+1,k
i=2 j=2 k=2

+ AzAYAzpr41,741,K+1 -

Here p; j k+1, Pi,J+1,ks PI+1,5,k are the density in the fictitious cells on the right boundary
in the 1, j, k-directions. Summing m,,, and m’ we get m,,, the mass of the domain G,. The
change of mass after remapping, the systematic error Am, is

LJ LK
Amg =g —mo = hohyDz > (pijk+1 = pig) + hahe Dy Y (pig+1k = Pi1k)
i,j=2 ik=2
JK I
+ hyho Oz D (pra1k — P1ik) + heByDZ Y (Pig41,K+1 = Pi,)
k=2 ' i=2
J K

+ hyAzAz Z(PI+1,j,K+1 —p1,51) + hzOzly Z(PI+1,J+1,k = P1,1,k)
j=2 k=2
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+ Az AyAz(pr1,041,K+1 — P1,1,1) -

The systematic error Amg depends on the density value in the fictitious cells. It is
reasonable to extrapolate smoothly p in the fictitious cells, say, to set p equal to the value
in the adjacent cell of w,, e.g. in the i-direction pry1 jx=ps k- If the density in the
opposite boundary cell layers in every direction is the same, i.e., p1 j x=p1J,jk, €tC., then the
systematic error is equal to zero, and the total error is equal to the round-off error.

Suppose on w, we have p;1x=p; jr and p; j1=p; j k- Then the relative systematic

error is ik
hyh. Az kE (Pr+1,5k = P1,5k)
j k=2
&s ™ . T.IK = 0(Az/hy), (12.26)

hehyh, 3 pijk
i, j k=1

Therefore, €, is proportional to the w, relative shift in the z-direction. In general case €, is
a sum of three relative systematic errors in three coordinate directions.

We can define p to be the same in the fictitious cells in the opposite boundary cells, for
instance, in the i-direction as pry1 jx=p1,jk However, if p1 jx # p1,jk. then, keeping
global conservation of remapping, we obtain a local discontinuity of the density in the right
cell layer (in the i-direction) of the mesh w,,. Thus, we can talk about local conservation of
remapping only in the domain G,,. Failure of global conservation (change of the domain
G, mass relatively G, mass) is due to the following. When shifting w,, by Ar, we cut off a
volume with some density from the left (in the 7, j, k-directions) of G, and add to the right
the same volume with another density. Similar occurs on the curvilinear meshes.

If on the old mesh the density everywhere is equal to unity, i.e., p,(7)=1, after remap-
ping on the new mesh we must have p,(r)=1. This criteria was suggested in [2] for the
check whether the remapping is successful. We use it as follows. If after treating a particular
new hex cell with indices 1, j, k, the condition

'piijk - 1l <¢

where ¢ is small enough, fails, we slightly shift only this new cell and execute interpolation
in this cell again.

12.6 Numerical Examples

First consider mass remapping from the curvilinear mesh onto the parallelepipedal one, see
Fig. 12.29. The part of w, in the domain, bounded by the surfaces

=0, z=1, y=0, y=1, 2=0, z=2=240.6 Cos(2rzy)

with 15x15x25 nodes, is generated using the algorithm in [5]. The top part 2,<z<4
supplements the initial domain to the parallelepiped 0<z, y<1, 0<z<4. Next, by the sym-
metric reflection about the planes z=0 and y=0 we supplement it to the parallelepiped
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—1<z,y<1, 0<z<4. The mesh w, is of 29x29x49 nodes. The density on w, is given as

Pb if z < 2, —0.43

p(z,y,z) = {

po+ (pt — pv){1 — exp[—a(z — zp + 0.43)%]} , otherwise,

where pp=1, p;=100, a=4. Fig. 12.30 presents the density on the z-axis. The new mesh is
parallelepipedal wy, : 31 x31x51. We execute two variants of remapping. In the first variant
the density is extrapolated smoothly in the fictitious cells, e.g. in the top layer K41 (where
K=48) we set p; j k+1=pi j Kk » and in the bottom layer p; j 0=p; j1. In the i, j-directions
due to symmetry we extrapolate the density smoothly as well. The shift of w, with respect
to w, is given as

AT = hyo(Az, Ay, Az) = hye(—0.006, —0.005, —0.007)

where hy,=0.0714 is the specific length. The projection of the coordinate surfaces j=7
and j=1 onto the plane z—z is shown in Figs.12.31 a, 12.32 a. Figs.12.31b, 12.32 ) present
the density plots in the layers =7, 1 of w,, and Figs.12.31 ¢,12.32 ¢ present in the layers
j=T7, 1 of wy. Relative errors to the mass and volume are

_|Am|

Em = —— = 2.464-107%, ¢, = 18V
mo o

=1.518-107%.

Note that €,=¢,, when p=1.

In the second variant to exclude the systematic error we define the density in the ficti-
tious cells as follows: p; j k+1=pi j 1, Pi,j,0=pi j k- In this case the relative error for the
mass is

Em = 2.802-107

and for the volume it is the same as that of the first variant. We see that presence of the
systematic error in the first variant leads the total error to increase by factor of ~90. On
the other hand in the second variant, the density in the bottom layer of w, is equal to 1.618
instead of 1 as it was on the mesh w, (see the value of p at z=0in Fig. 12.30). Thus, keeping
global conservation, we obtain a nonphysical discontinuity of p in the bottom cell layer of
Wn.

Since the mesh w, in the bottom and top cell layers in the z-direction is close to paral-
lelepipedal and uniform, one can expect that the estimate (12.26) is valid for the systematic
error. To verify it we execute two more calculations when varying the shift component Az
and with fixed Az, Ay. The density is extrapolated smoothly as that of the first variant.
The errors for all three calculations are shown in the table below.

Az/hge Em Ev

-0.0035 | 1.161-10~* | 1.5692-10~°
-0.0070 | 2.464-10% | 1.5181-10~
-0.0140 | 5.685-10~ | 3.1981-107°
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In the first and second cases, €, is nearly constant, meanwhile ¢,,, in accordance with
(12.26), increases by factor of ~2. The error ¢, characterizes the round off error, and, since
€y <K €m, the error g, characterizes the systematic one. In the third case, ¢, increases
by factor of 20 owing to the round off error enlarges. The round off error is casual, it
occurs when, for instance, some old and new triangular facets are closed and nearly parallel.
Nevertheless, the dependence (12.26) is kept, €,,, increases a bit less than by factor of 2,
since the systematic error is greater than the round off error by two orders of magnitude.
Note that here the curvilinear mesh geometry can also distort the dependence (12.26).

Figure 12.29: Curvilinear mesh w,: 29%x29x49 (a), parallelepipedal mesh wy: 31x31x51
(b). The reference domainis —1<z,y<1, 0<z<4.

The second example is remapping from the cylindrical mesh w, : 21x61x61 onto
regular wy, : 21x61x61, see Fig. 12.33. The reference domain is the hull enclosed between
two half-spheres with radiuses R; =7, R2=8 and center at the point (0, 0, 0). The density
on the mesh w, is given as

p = 100 — 99 exp [—0.25(y — sin0.57zy)?]

In the fictitious cells of the extended old mesh the density is exwapolated smoothly. Density
plots in the top cell layer :=20 of w,, are presented in Fig. 12.34 a, and after remapping in
the same layer of the mesh w,, in Fig. 12.34 b. Relative change of the mass and volume is

Em =4.563-107°, £, =3.472-107° .
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Density on the z-axis (z, y=0) on the mesh w,,.

.
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Figure 12.30
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Figure 12.31: Coordinate surface j=7 of w, (a); density plots in layer j=7 of w, (b) and

wn (c) meshes.
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(a)

(b)

Figure 12.34: Density plots in top the layer =20 of the old cylindrical mesh w, (@) and
after remapping in the same layer of the new regular mesh wy,.
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12.7 Conclusion

We have developed a geometric algorithm for remapping from one hexahedral mesh onto
another. In this algorithm every hex cell with ruled faces is substituted for two dodeca-
hedrons with planar faces and, thus, the problem of constructing the overlapping figure
between the old mesh cells and new mesh cells is significantly simplified. The mesh cell
need not be convex and the only requirement to the meshes is that all grid cells, both hex and
dodecahedral, must be non-degenerate. The optimal filtering algorithm has been suggested.
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