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SOLVCON

SOLVCON is a collection of conservation-law solvers that use the space-time
Conservation Element and Solution Element (CESE) method [http://www.grc.nasa.gov/WWW/microbus/] [Chang95].  The equations to be
solved are formulated as:


[image: \dpd{\mathbf{u}}{t} + \sum_{k=1}^3 \mathrm{A}^{(k)}(\mathbf{u})\dpd{\mathbf{u}}{x_k} = \mathbf{s}(\mathbf{u})]


where [image: \mathbf{u}] is the unknown vector, [image: \mathrm{A}^{(1)}],
[image: \mathrm{A}^{(2)}], and [image: \mathrm{A}^{(3)}] the Jacobian matrices,
and [image: \mathbf{s}] the source term.


Install

Clone the hg [http://mercurial.selenic.com/] repository from
https://bitbucket.org/solvcon/solvcon:

$ hg clone https://bitbucket.org/solvcon/solvcon





SOLVCON needs the following packages: gcc [http://gcc.gnu.org/] 4.3+ (clang
on OSX works as well), SCons [http://www.scons.org/] 2+, Python [http://www.python.org/] 2.7, Cython [http://www.cython.org/] 0.16+,
Numpy [http://www.numpy.org/] 1.5+, LAPACK [http://www.netlib.org/lapack/], NetCDF [http://www.unidata.ucar.edu/software/netcdf/index.html] 4+, SCOTCH [http://www.labri.fr/perso/pelegrin/scotch/] 6.0+, Nose [https://nose.readthedocs.org/en/latest/] 1.0+, Paramiko [https://github.com/paramiko/paramiko] 1.14+, boto [http://boto.readthedocs.org/] 2.29.1+, gmsh [http://geuz.org/gmsh/] 2.5+,
and VTK [http://vtk.org/] 5.6+.

In the contrib/ directory, you can find the scripts for installing these
dependencies:


	aptget.*.sh for Debian/Ubuntu

	conda.sh for Miniconda [http://conda.pydata.org/miniconda.html]/Anaconda [https://store.continuum.io/cshop/anaconda/]



The binary part of SOLVCON should be built with SCons [http://www.scons.org/]:

$ scons scmods





Then add the installation path to the environment variables $PATH and
$PYTHONPATH.

Additional build and tests:


	Building document requires Sphinx [http://sphinx.pocoo.org/] 1.1.2+,
Sphinxcontrib issue tracker [http://sphinxcontrib-issuetracker.readthedocs.org/] 0.11, and graphviz [http://www.graphviz.org/] 2.28+.  Once the binary of SOLVCON is built, the
following commands can build the document:

$ cd doc
$ make html





The built document will be available at doc/build/html/.



	Unit tests should be run with Nose [https://nose.readthedocs.org/en/latest/]:

$ nosetests







	Another set of tests are collected in ftests/ directory, and can be run
with:

$ nosetests ftests/*





Some tests in ftests/ involve remote procedure call (RPC) that uses ssh [http://www.openssh.com/].  You need to set up the public key
authentication to properly run them.
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Solver Architecture

SOLVCON is built upon two keystones: (i) unstructured meshes for spatial
discretization and (ii) two-level loop structure of partial differential
equation (PDE) solvers.


Unstructured Meshes

We usually discretize the spatial domain of interest before solving PDEs with
digital computers.  The discretized space is called a mesh [Mavriplis97].
When discretization is done by exploiting regularity in space, like cutting
along each of the Cartesian coordinate axes, the discretized space is called a
structured mesh.  If the discretization does not follow any spatial order, we
call the spatial domain an unstructured mesh.  Both meshing strategies have
their strength and weakness.  Sometimes a structured mesh is also call a
grid.  Numerical methods that rely on spatial discretization are called
mesh-based or grid-based.  Most PDE-solving methods in production uses are
mesh-based, but meshless methods have their advantages.

To accommodate complex geometry, SOLVCON chose to use unstructured meshes of
mixed elements.  Because no structure is assumed for the geometry to be
modeled, the mesh can be automatically generated by using computer programs.
For example, the following image shows a triangular mesh of a two-dimensional
irregular domain:


[image: _images/ustmesh_2d_sample.png]
Figure 1: Two-dimensional sample mesh



which is generated by using the Gmsh [http://geuz.org/gmsh/] commands
listed in ustmesh_2d_sample.geo.  On the other hand, creation of structured
meshes often needs a large amount of manual operations and will not be
discussed in this document.

In SOLVCON, we assume a mesh is fully covered by a finite number of
non-overlapping sub-regions, and only composed by these sub-regions.  The
sub-regions are called mesh elements.  In one-dimensional space, SOLVCON also
defines one type of mesh elements, line, as shown in Figure One-dimensional mesh element.


[image: _images/elm_1d.png]
Figure 2: One-dimensional mesh element



SOLVCON allows two types of two-dimensional mesh elements, quadrilaterals and
triangles, as shown in Figure Two-dimensional mesh elements, and four types of
three-dimensional mesh elements, hexahedra, tetrahedra, prisms, and
pyramids, as shown in Figure Three-dimensional mesh elements.


[image: _images/elm_2d.png]
Figure 3: Two-dimensional mesh elements




[image: _images/elm_3d.png]
Figure 4: Three-dimensional mesh elements



The numbers annotated in the figures are the order of the vertices of the
elements.  A SOLVCON mesh can be a mixture of elements of the same dimension,
although it is often composed of one type of element.  Two modules provide the
support of the meshes: (i) solvcon.block defines and manages
various look-up tables that form the data structure of the mesh in Python, and
(ii) solvcon.mesh serves as the interface of the mesh data in C.


Entities

Before explaining the data structure of the meshes, we need to introduce some
basic terminologies and definitions.  In SOLVCON, a cell means a mesh
element.  The dimensionality of a cell equals to that of the mesh it belongs
to, e.g., a two-dimensional mesh is composed by two-dimensional cells.  A cell
is assumed to be concave, and enclosed by a set of faces.  The dimensionality
of a face is one less than that of a cell.  A face is also assumed to be
concave, and formed by connecting a sequence of nodes.  The dimensionality of
a node is at least one less than that of a face.  Cells, faces, and nodes are
the basic constructs, which we call entities, of a SOLVCON mesh.

Defining the term “entity” for SOLVCON facilitates a unified treatment of two-
and three-dimensional meshes and the corresponding solvers [1].  A cell can be
either two- or three-dimensional, and the associated faces become one- or
two-dimensional, respectively.  Because a face is either one- or
two-dimensional, it can always be formed by a sequence of points, which is
zero-dimensional.  In this treatment, a point is equivalent to a node defined
in the previous passage.

Take the two-dimensional mesh shown above as an example, triangular elements
are used as the cells.  The triangles are formed by three lines
(one-dimensional shapes), which are the faces.  Each line has two points
(zero-dimensional).  If we have a three-dimensional mesh composed by hexahedral
cells, then the faces should be quadrilaterals (two-dimensional shapes).

All the mesh elements supported by SOLVCON are listed in the following table.
The first column is the name of the element, and the second column is the type
ID used in SOLVCON.  The third column lists the dimensionality.  The fourth,
fifth, and sixth columns show the number of zero-, one-, and two-dimensional
sub-entities belong to the element type, respectively.  Note that the terms
“point” and “line” appear in both the first row and first column, for they are
the only element type in the space of the corresponding dimensionality.











	Name
	Type
	Dim
	Point#
	Line#
	Surface#




	Point
	0
	0
	0
	0
	0


	Line
	1
	1
	2
	0
	0


	Quadrilateral
	2
	2
	4
	4
	0


	Triangle
	3
	2
	3
	3
	0


	Hexahedron
	4
	3
	8
	12
	6


	Tetrahedron
	5
	3
	4
	4
	4


	Prism
	6
	3
	6
	9
	5


	Pyramid
	7
	3
	5
	8
	5





Although SOLVCON doesn’t support one-dimensional solvers, for completeness, we
define the relation between one-dimensional cells (lines) and their
sub-entities as:








	Shape (type)
	Face
	= Point




	Line (0)
	0
	[image: \cdot] 0


	1
	[image: \cdot] 1





That is, as shown in Figure One-dimensional mesh element, a one-dimensional “cell” (line)
has two “faces”, which are essentially point 0 and point 1.  Symbol
[image: \cdot] indicates a point.

It will be more practical to illustrate the relation between two-dimensional
cells and their sub-entities in a table (see Figure Two-dimensional mesh elements for point
locations):








	Shape (type)
	Face
	= Line formed by points




	Quadrilateral (2)
	0
	[image: \diagup] 0 1


	1
	[image: \diagup] 1 2


	2
	[image: \diagup] 2 3


	3
	[image: \diagup] 3 0


	Triangle (3)
	0
	[image: \diagup] 0 1


	1
	[image: \diagup] 1 2


	2
	[image: \diagup] 2 0





Symbol [image: \diagup] indicates a line.  The orientation of lines of each
two-dimensional shape is defined to follow the right-hand rule.  The shape
enclosed by the lines has an area normal vector points to the direction of
[image: +z] (outward paper/screen).

The relation between three-dimensional cells and their sub-entities is defined
in the table (see Figure Three-dimensional mesh elements for point locations):








	Shape (type)
	Face
	= Surface formed by points




	Hexahedron (4)
	0
	[image: \square] 0 3 2 1


	1
	[image: \square] 1 2 6 5


	2
	[image: \square] 4 5 6 7


	3
	[image: \square] 0 4 7 3


	4
	[image: \square] 0 1 5 4


	5
	[image: \square] 2 3 7 6


	Tetrahedron (5)
	0
	[image: \triangle] 0 2 1


	1
	[image: \triangle] 0 1 3


	2
	[image: \triangle] 0 3 2


	3
	[image: \triangle] 1 2 3


	Prism (6)
	0
	[image: \triangle] 0 1 2


	1
	[image: \triangle] 3 5 4


	2
	[image: \square] 0 3 4 1


	3
	[image: \square] 0 2 5 3


	4
	[image: \square] 1 4 5 2


	Pyramid (7)
	0
	[image: \triangle] 0 4 3


	1
	[image: \triangle] 1 4 0


	2
	[image: \triangle] 2 4 1


	3
	[image: \triangle] 3 4 2


	4
	[image: \square] 0 3 2 1





Symbol [image: \square] indicates a quadrilateral, while symbol
[image: \triangle] indicates a triangle.

Because a face is associated to two adjacent cells unless it’s a boundary face,
it needs to identify to which cell it belongs, and to which cell it is
neighbor.  The area normal vector of a face is always point from the belonging
cell to neighboring cell.  The same rule applies to faces of two-dimensional
meshes (lines) too.




Data Structure Defined in solvcon.block

Real data of unstructured meshes are stored in module
solvcon.block.  A simple table for all element types is defined as
elemtype:


	
solvcon.block.elemtype

	A numpy.ndarray object of shape (8, 5) and type int32.  This
array is a reference table for element types in SOLVCON.  The content is
shown in the first table in Section Entities.  Each row represents an
element type.  The first column is the index of the element type, the second
the dimensionality, the third column the number of points, the fourth the
number lines, and the fifth the number of surfaces.





Class Block contains descriptive information, look-up tables, and
other miscellaneous information for a SOLVCON mesh.  There are three steps
required to fully construct a Block object: (i) instantiation, (ii)
definition, and (iii) build-up.  In the first step, when instantiating an
object, shape information must be provided to the constructor to allocate
arrays for look-up tables:

from solvcon.block import Block
blk = Block(ndim=2, nnode=4, ncell=3)





Second, we fill the definition of the look-up tables into the object.  We at
least need to provide the node coordinates and the node lists of cells:

blk.ndcrd[:,:] = (0,0), (-1,-1), (1,-1), (0,1)
blk.cltpn[:] = 3
blk.clnds[:,:4] = (3, 0,1,2), (3, 0,2,3), (3, 0,3,1)





Third and finally, we build up the rest of the object by calling:

blk.build_interior()
blk.build_boundary()
blk.build_ghost()





By running the additional code, the block can be saved as a VTK file for viewing:

from solvcon.io.vtkxml import VtkXmlUstGridWriter
iodev = VtkXmlUstGridWriter(blk)
iodev.write('block_2d_sample.vtu')






[image: _images/block_2d_sample.png]
Figure 5: A simple Block object




	
class solvcon.block.Block(ndim=0, nnode=0, nface=0, ncell=0, nbound=0, use_incenter=False)

	This class represents the unstructured meshes used in SOLVCON.  As such, in
SOLVCON, an unstructured mesh is also called a block.  The following six
attributes can be passed into the constructor.  ndim,
nnode, and ncell need to be non-zero to instantiate a
valid block.  nface and nbound might be different to
the given value after building up the object.  use_incenter is an
optional flag.


	
ndim

	



	Type:	int [http://docs.python.org/2.7/library/functions.html#int]





Number of dimensionalities of this mesh.  Read only after instantiation.






	
nnode

	



	Type:	int [http://docs.python.org/2.7/library/functions.html#int]





Total number of (non-ghost) nodes of this mesh.  Read only after
instantiation.






	
nface

	



	Type:	int [http://docs.python.org/2.7/library/functions.html#int]





Total number of (non-ghost) faces of this mesh.  Read only after
instantiation.






	
ncell

	



	Type:	int [http://docs.python.org/2.7/library/functions.html#int]





Total number of (non-ghost) cells of this mesh.  Read only after
instantiation.






	
nbound

	



	Type:	int [http://docs.python.org/2.7/library/functions.html#int]





Total number of boundary faces or ghost cells of this mesh.  Read only
after instantiation.






	
use_incenter

	



	Type:	bool [http://docs.python.org/2.7/library/functions.html#bool]





Indicates calculating incenters instead of centroids for cells.  Default is
False (using centroids of cells).





To construct a block object, SOLVCON needs to know the dimensionalities
(ndim), the number of nodes (nnode), faces
(nface), and cells (ncell), and the number of boundary
faces (nbound) of the mesh.  These keyword parameters are taken to
initialize the following properties:

The meshes are mainly defined by three sets of look-up tables (arrays).  The
first set is the geometry arrays, which store the coordinate values of mesh
elements:


	
ndcrd

	Coordinates of nodes.  It’s a two-dimensional numpy.ndarray
array of shape (nnode, ndim) of type float64.






	
fccnd

	Centroids of faces.  It’s a two-dimension numpy.ndarray of
shape (nface, ndim) of type float64.






	
fcnml

	Unit normal vectors of faces.  It’s a two-dimension
numpy.ndarray of shape (nface, ndim) of
type float64.






	
fcara

	Areas of faces.  The value should always be non-negative.  It’s a
one-dimension numpy.ndarray of shape (nface,) of
type float64.






	
clcnd

	Centroids of cells.  It’s a two-dimension numpy.ndarray of
shape (ncell, ndim) of type float64.






	
clvol

	Volumes of cells.  It’s a one-dimension numpy.ndarray of shape
(ncell,) of type float64.





The second set is the meta-data or type data arrays:


	
fctpn

	Type ID of faces.  It’s a one-dimensional numpy.ndarray of
shape (nface,) of type int32.






	
cltpn

	Type ID of cells.  It’s a one-dimensional numpy.ndarray of
shape (ncell,) of type int32.






	
clgrp

	Group ID of cells.  It’s a one-dimensional numpy.ndarray of
shape (ncell,) of type int32.  For a new Block
object, it should be initialized with -1.





The third and last set is the connectivity arrays:


	
fcnds

	Lists of the nodes of each face.  It’s a two-dimensional
numpy.ndarray of shape (nface, FCMND+1)
and type int32.






	
fccls

	Lists of the cells connected by each face.  It’s a two-dimensional
numpy.ndarray of shape (nface, 4) and type
int32.






	
clnds

	Lists of the nodes of each cell.  It’s a two-dimensional
numpy.ndarray of shape (ncell, CLMND+1)
and type int32.






	
clfcs

	Lists of the faces of each cell.  It’s a two-dimensional
numpy.ndarray of shape (ncell, CLMFC+1)
and type int32.





Every look-up array has two associated arrays distinguished by different
prefixes: (i) gst (denoting for “ghost”) and (ii) sh (denoting for
“shared”).  SOLVCON uses the technique of ghost cells to treat boundary
conditions [Mavriplis97], and the gst arrays store the information for
ghost cells.  However, to facilitate efficient indexing in solvers, each of
the ghost arrays should be put in a continuous block of memory adjacent to
its interior counterpart.  In SOLVCON, the sh arrays are the continuous
memory blocks for both ghost and interior look-up tables, and a pair of
gst and normal arrays is simply the views of two consecutive,
non-overlapping sub-regions of a memory block.  More details of the technique
of ghost cells will be given in module solvcon.mesh.

There are some attributes associated with ghost cells:


	
ngstnode

	



	Type:	int [http://docs.python.org/2.7/library/functions.html#int]





Number of nodes only associated with ghost cells.  Only valid after
build-up.  Read only.






	
ngstface

	



	Type:	int [http://docs.python.org/2.7/library/functions.html#int]





Number of faces only associated with ghost cells.  Only valid after
build-up.  Read only.






	
ngstcell

	



	Type:	int [http://docs.python.org/2.7/library/functions.html#int]





Number of ghost cells.  Only valid after build-up.  Read only.





Three arrays need to be defined before we can build up a Block
object: (i) ndcrd, (ii) cltpn, and (iii)
clnds.  With these information, build_interior() builds
up the interior arrays for a Block object.
build_boundary() then organizes the information for boundary
conditions.  Finally, build_ghost() builds up the shared and ghost
arrays for the Block object.  Only after the build-up process,
the Block object can be used by solvers.


	
build_interior()

	



	Returns:	Nothing.





Building up a Block object includes two steps.  First, the
method extracts arrays clfcs, fctpn,
fcnds, and fccls from the defined arrays
cltpn and clnds.  If the number of extracted
faces is not the same as that passed into the constructor, arrays
related to faces are recreated.

Second, the method calculates the geometry information and fills the
corresponding arrays.






	
build_boundary(unspec_type=None, unspec_name='unspecified')

	



	Parameters:	
	unspec_type (type [http://docs.python.org/2.7/library/functions.html#type]) – BC type for the unspecified boundary faces.
Set to None [http://docs.python.org/2.7/library/constants.html#None] indicates the default to
solvcon.boundcond.unspecified.

	unspec_name (str [http://docs.python.org/2.7/library/functions.html#str]) – Name for the unspecified BC.






	Returns:	Nothing.







This method iterates over each of the solvcon.boundcond.BC
objects listed in bclist to collect boundary-condition
information and build boundary faces.  If a face belongs to only one
cell (i.e., has no neighboring cell), it is regarded as a boundary
face.

Unspecified boundary faces will be collected to form an additional
solvcon.boundcond.BC object.  It sets bndfcs for
later use by build_ghost().






	
build_ghost()

	



	Returns:	Nothing.





This method creates the shared arrays, calculates the information for ghost
cells, and reassigns interior arrays as the right portions of the shared
arrays.





A Block object also contains three instance variables for
boundary-condition treatments:


	
bclist

	



	Type:	list [http://docs.python.org/2.7/library/functions.html#list]





The list of associated solvcon.boundcond.BC objects.






	
nbound

	



	Type:	int [http://docs.python.org/2.7/library/functions.html#int]





Number of boundary faces.  Only valid after build-up.  It should equals to
ngstcell.






	
bndfcs

	



	Type:	numpy.ndarray





The array is of shape (nbound, 2) and type int32.  Each row
contains the data for a boundary face.  The first column is the 0-based
index of the face, while the second column is the serial number of the
associated solvcon.boundcond.BC object.






	
create_msh()

	



	Returns:	An object contains the sc_mesh_t variable for C code to
use data in the Block object.


	Return type:	solvcon.mesh.Mesh





The following code shows how and when to use this method:

>>> blk = Block(ndim=2, nnode=4, nface=6, ncell=3, nbound=3)
>>> blk.ndcrd[:,:] = (0,0), (-1,-1), (1,-1), (0,1)
>>> blk.cltpn[:] = 3
>>> blk.clnds[:,:4] = (3, 0,1,2), (3, 0,2,3), (3, 0,3,1)
>>> blk.build_interior()
>>> # it's OK to get a msh when its content is still invalid.
>>> msh = blk.create_msh()
>>> blk.build_boundary()
>>> blk.build_ghost()
>>> # now the msh is valid for the blk is fully built-up.
>>> msh = blk.create_msh()













In class Block there are also useful constants defined:



	
Block.FCMND

	



	Type:	int





The maximum number of nodes that a face can have.  From the first table in
Section Entities, its value should be 4.






	
Block.CLMND

	



	Type:	int





The maximum number of nodes that a cell can have.  From the first table in
Section Entities, its value should be 8.






	
Block.CLMFC

	



	Type:	int





The maximum number of faces that a cell can have.  From the first table in
Section Entities, its value should be 6.











Low-Level Interface to C Defined in solvcon.mesh

Although it is convenient to have data structure defined in the Python module
solvcon.block, kernel of numerical methods are usually implemented in
C.  To bridge Python and C, we use Cython [http://cython.org/] to write an
interfacing module solvcon.mesh.  This module enables C code to use
the mesh data held by a solvcon.block.Block object, and allows Python
to use those C functions.

A header file mesh.h contains the essential declarations to use the mesh
data:


	
sc_mesh_t

	This struct is the counterpart of the Python class
solvcon.block.Block in C.  It contains four sections of fields in
order.

The first field section is for shape.  These fields correspond to the
instance properties (attributes) in solvcon.block.Block of the
same names:


	
int ndim

	




	
int nnode

	




	
int nface

	




	
int ncell

	




	
int nbound

	




	
int ngstnode

	




	
int ngstface

	




	
int ngstcell

	



The second field section is for geometry arrays.  These fields correspond to
the instance variables (attributes) in solvcon.block.Block of the
same names:


Note

All arrays in sc_mesh_t are shared arrays but the pointers point
to the start of their interior portion.  In this way, access to ghost
information can be efficiently done by using negative indices of nodes,
faces, and cells in the first dimension of these arrays.  But negative
indices in higher dimensions of the arrays is meaningless.




	
double* ndcrd

	




	
double* fccnd

	




	
double* fcnml

	




	
double* fcara

	




	
double* clcnd

	




	
double* clvol

	



The third field section is for type/meta arrays.  These fields correspond to
the instance variables (attributes) in solvcon.block.Block of the
same names:


	
int* fctpn

	




	
int* cltpn

	




	
int* clgrp

	



The fourth and final field section is for connectivity arrays.  These fields
correspond to the instance variables (attributes) in
solvcon.block.Block of the same names:


	
int* fcnds

	




	
int* fccls

	




	
int* clnds

	




	
int* clfcs

	







The SOLVCON C library (libsolvcon.a) contains five mesh-related functions
that are used internally in Mesh.  These functions are not meant to
be part of the interface, but can be a reference about the usage of
sc_mesh_t:


	
int sc_mesh_extract_faces_from_cells(sc_mesh_t*msd, intmface, int*pnface, int*clfcs, int*fctpn, int*fcnds, int*fccls)

	This function extracts interior faces from the node lists of the cells given
in the first argument msd.  The second argument mface is also an
input, which sets the maximum value of possible number of faces to be
extracted.

The rest of the arguments is outputs.  The arrays pointed by the last four
arguments need to be pre-allocated with appropriate size or the memory will
be corrupted.






	
int sc_mesh_calc_metric(sc_mesh_t*msd, intuse_incenter)

	This function calculates the geometry information and stores the calculated
values into the arrays specified in msd.  The second argument
use_incenter is a flag.  When it is set to 1, the function calculates
and stores the incenter of the cells.  Otherwise, the function calculates and
stores the centroids of the cells.






	
void sc_mesh_build_ghost(sc_mesh_t*msd, int*bndfcs)

	Build all information for ghost cells by mirroring information from interior
cells.  The arrays in the first argument msd will be altered, but data in
the second argument bndfcs will remain intact.  The action includes:


	Define indices and build connectivities for ghost nodes, faces,
and cells.  In the same loop, mirror the coordinates of interior
nodes to ghost nodes.

	Compute center coordinates for faces for ghost cells.

	Compute normal vectors and areas for faces for ghost cells.

	Compute center coordinates for ghost cells.

	Compute volume for ghost cells.



It should be noted that all the geometry, type/meta and connectivity data
used in this function are SHARED arrays rather than interior arrays.  The
indices for ghost information should be carefully treated.  All the ghost
indices are negative in shared arrays.






	
int sc_mesh_build_rcells(sc_mesh_t*msd, int*rcells, int*rcellno)

	This is a utility function used by Mesh.create_csr().  The first
argument msd is input and will not be changed, and the output will be
write to the second and third arguments, rcells and rcellno.
Sufficient memory must be pre-allocated for the output arrays before calling
or memory can be corrupted.






	
int sc_mesh_build_csr(sc_mesh_t*msd, int*rcells, int*adjncy)

	This is a utility function used by Mesh.create_csr().  The first
argument msd and the second argument rcells are input and will not be
changed, while the third argument adjncy is output.  Sufficient memory
must be pre-allocated for the output array before calling or memory can be
corrupted.





A Python class Mesh is written by using Cython to convert a
Python-space solvcon.block.Block object into a sc_mesh_t
struct variable for use in C.  This class is meant to be subclassed to
implement the core number-crunching algorithm of a numerical method.  In
addition, this class also provides functionalities that need the C utility
functions listed above.


	
class solvcon.mesh.Mesh

	This class associates the C functions for mesh operations to the mesh data
and exposes the functions to Python.


	
_msd

	This attribute holds a C struct sc_mesh_t for internal use.






	
setup_mesh(blk)

	



	Parameters:	blk (solvcon.block.Block) – The block object that supplies the information.










	
extract_faces_from_cells(max_nfc)

	



	Parameters:	max_nfc (C int) – Maximum value of possible number of faces to be extracted.


	Returns:	Four interior numpy.ndarray for
solvcon.block.Block.clfcs,
solvcon.block.Block.fctpn,
solvcon.block.Block.fcnds, and
solvcon.block.Block.fccls.





Internally calls sc_mesh_extract_face_from_cells().






	
calc_metric()

	



	Returns:	Nothing.





Calculates geometry information including normal vector and area of faces,
and centroid/incenter coordinates and volume of cells.  Internally calls
sc_mesh_calc_metric().






	
build_ghost()

	



	Returns:	Nothing.





Builds data for ghost cells.  Internally calls
sc_mesh_build_ghost().






	
create_csr()

	



	Returns:	xadj, adjncy


	Return type:	tuple of numpy.ndarray





Builds the connectivity graph in the CSR (compressed storage format) used
by SCOTCH/METIS.  Internally calls sc_mesh_build_rcells() and
sc_mesh_build_csr().






	
partition(npart, vwgtarr=None)

	



	Parameters:	
	npart (C int) – Number of parts to be partitioned to.

	vwgtarr (numpy.ndarray) – vwgt weighting settings.  Default is None [http://docs.python.org/2.7/library/constants.html#None].






	Returns:	A 2-tuple of (i) number of cut edges for the partitioning and (ii)
a numpy.ndarray of shape
(solvcon.block.Block.ncell,) and type int32 that indicates
the partition number of each cell in the mesh.




	Return type:	int [http://docs.python.org/2.7/library/functions.html#int], numpy.ndarray







Internally calls METIS_PartGraphKway() of the SCOTCH library for
mesh partitioning.














Numerical Code

The numerical calculations in SOLVCON rely on exploiting a two-level loop
structure, i.e., the temporal loop and the spatial loops.  For time-accurate
solvers, there is always an outer loop that coordinates the time-marching.  The
outer loop is called the temporal loop, and it should be implemented in
subclasses of MeshCase.  Inside the
temporal loop, there can be one or many inner loops that calculate the new
values of the fields.  The inner loops are called the spatial loops, and they
should be implemented in subclasses of MeshSolver.

The outer temporal loop is more responsible for coordinating, while the inner
spatial loops is closer to numerical algorithms.  These two levels allow us to
segregate code.  An object of MeshCase can
be seen as the realization of a simulation case in SOLVCON (as a convention the
object’s name should contain or just be cse).  Code in MeshCase is mainly about obtaining settings, input and output,
and provision of the execution environment.  On the other hand, we implement
the numerical algorithm in MeshSolver
to manipulate the field data (as a convention the object’s name should contain
or just be svr).  Its code shouldn’t involve input nor output (excepting
that for debugging) but needs to take parallelism into account.

Code for data processing should go to MeshHook (as a convention the objects should be named with
hok), which is the companion of MeshCase.  Code that processes data close to numerical methods
should go to MeshAnchor (as a
convention the objects should be named with ank), which is the companion of
MeshSolver.

In this section, for conciseness, the terms solver, anchor, case, and hook are
used to denote the classes MeshSolver,
MeshAnchor, MeshCase, and MehsHook or
their instances, respectively.  In the issue tracking system [https://bitbucket.org/solvcon/solvcon/issues?status=new&status=open],
solver, anchor, case, and hook form a component “sach” [https://bitbucket.org/solvcon/solvcon/issues?component=sach%20(solver/anchor/case/hook)].


solvcon.case

Module solvcon.case contains code for making a simulation case
(subclasses of solvcon.case.MeshCase).  Because a case coordinates
the whole process of a simulation run, for parallel execution, there can be
only one MeshCase object residing in the controller (head) node.

By the design, MeshCase itself cannot be directly used.  It must be
subclassed to implement control logic for a specific application.  The
application can be a concrete model for a certain physical process, or an
abstraction of a group of related physical processes, which can be further
subclassed.


	
class solvcon.case.MeshCase(**kw)

	Base class for simulation cases based on solvcon.mesh.Mesh.


[image: Inheritance diagram of MeshCase]






init() and run() are the two primary methods responsible
for the execution of the simulation case object.  Both methods accept a
keyword parameter “level”:


	run level 0: fresh run (default),

	run level 1: restart run,

	run level 2: initialization only.




	
cleanup(signum=None, frame=None)

	



	Parameters:	
	signum – Signal number.

	frame – Current stack frame.









A signal handler for cleaning up the simulation case on termination or
when errors occur.  This method can be overridden in subclasses.  The
base implementation is trivial, but usually doesn’t need to be
overridden.

An example to connect this method to a signal:

>>> from .testing import create_trivial_2d_blk
>>> from .solver import MeshSolver
>>> blk = create_trivial_2d_blk()
>>> cse = MeshCase(basefn='meshcase', mesher=lambda *arg: blk,
...                domaintype=domain.Domain, solvertype=MeshSolver)
>>> cse.info.muted = True
>>> signal.signal(signal.SIGTERM, cse.cleanup)
0





An example to call this method explicitly:

>>> cse.init()
>>> cse.run()
>>> cse.cleanup()










	
defer(delayed, replace=False, **kw)

	Insert (append or replace) hooks.





	Parameters:	
	delayed (solvcon.MeshHook or
solvcon.MeshAnchor.) – The delayed construct.

	replace (bool [http://docs.python.org/2.7/library/functions.html#bool]) – True if existing object should be replaced.






	Returns:	Nothing.







>>> import solvcon as sc
>>> from solvcon.testing import create_trivial_2d_blk
>>> cse = MeshCase() # No arguments because of demonstration.
>>> len(cse.runhooks)
0
>>> # Insert a hook.
>>> cse.defer(sc.MeshHook, dummy='name1')
>>> cse.runhooks[0].kws['dummy']
'name1'
>>> # Insert the second hook to replace the first one.
>>> cse.defer(sc.MeshHook, replace=True, dummy='name2')
>>> cse.runhooks[0].kws['dummy'] # Got replaced.
'name2'
>>> len(cse.runhooks) # Still only one hook in the list.
1
>>> # Insert the third hook without replace.
>>> cse.defer(sc.MeshHook, dummy='name3')
>>> cse.runhooks[1].kws['dummy'] # Got replaced.
'name3'














Initialize


	
MeshCase.init(level=0)

	



	Parameters:	level (int [http://docs.python.org/2.7/library/functions.html#int]) – Run level; higher level does less work.


	Returns:	Nothing





Load a block and initialize the solver from the geometry information in
the block and conditions in the self case.  If parallel run is
specified (through domaintype), split the domain and perform
corresponding tasks.

For a MeshCase to be initialized, some information needs to
be supplied to the constructor:

>>> cse = MeshCase()
>>> cse.info.muted = True
>>> cse.init()
Traceback (most recent call last):
    ...
TypeError: coercing to Unicode: need string or buffer, NoneType found






	Mesh information.  We can provide meshfn that specifying the path
of a valid mesh file, or provide mesher, which is a function that
generates the mesh and returns the solvcon.block.Block
object, like the following code:

>>> from solvcon.testing import create_trivial_2d_blk
>>> blk = create_trivial_2d_blk()
>>> cse = MeshCase(mesher=lambda *arg: blk)
>>> cse.info.muted = True
>>> cse.init() 
Traceback (most recent call last):
    ...
TypeError: isinstance() arg 2 must be a class, type, or tuple of
classes and types







	Type of the spatial domain.  This information is used for detemining
sequential or parallel execution, and performing related operations:

>>> cse = MeshCase(mesher=lambda *arg: blk, domaintype=domain.Domain)
>>> cse.info.muted = True
>>> cse.init()
Traceback (most recent call last):
    ...
TypeError: 'NoneType' object is not callable







	The type of solver.  It is used to specify the underlying numerical
method:

>>> from solvcon.solver import MeshSolver
>>> cse = MeshCase(mesher=lambda *arg: blk,
...                domaintype=domain.Domain,
...                solvertype=MeshSolver)
>>> cse.info.muted = True
>>> cse.init()
Traceback (most recent call last):
    ...
TypeError: cannot concatenate 'str' and 'NoneType' objects







	The base name.  It is used to name its output files:

>>> cse = MeshCase(
...     mesher=lambda *arg: blk, domaintype=domain.Domain,
...     solvertype=MeshSolver, basefn='meshcase')
>>> cse.info.muted = True
>>> cse.init()
















Time-March


	
MeshCase.run(level=0)

	



	Parameters:	level (int [http://docs.python.org/2.7/library/functions.html#int]) – Run level; higher level does less work.


	Returns:	Nothing





Temporal loop for the incorporated solver.  A simple example:

>>> from .testing import create_trivial_2d_blk
>>> from .solver import MeshSolver
>>> blk = create_trivial_2d_blk()
>>> cse = MeshCase(basefn='meshcase', mesher=lambda *arg: blk,
...                domaintype=domain.Domain, solvertype=MeshSolver)
>>> cse.info.muted = True
>>> cse.init()
>>> cse.run()












Arrangement


	
solvcon.case.arrangements

	The module-level registry for arrangements.






	
MeshCase.arrangements

	The class-level registry for arrangements.






	
classmethod MeshCase.register_arrangement(func, casename=None)

	



	Returns:	Simulation function.


	Return type:	callable [http://docs.python.org/2.7/library/functions.html#callable]





This class method is a decorator that creates a closure (internal
function) that turns the decorated function to an arrangement, and
registers the arrangement into the module-level registry and the
class-level registry.  The decorator function should return a
MeshCase object cse, and the closure performs a
simulation run by the following code:

try:
    signal.signal(signal.SIGTERM, cse.cleanup)
    signal.signal(signal.SIGINT, cse.cleanup)
    cse.init(level=runlevel)
    cse.run(level=runlevel)
    cse.cleanup()
except:
    cse.cleanup()
    raise





The usage of this decorator can be exemplified by the following code,
which creates four arrangements (although the first three are
erroneous):

>>> @MeshCase.register_arrangement
... def arg1():
...     return None
>>> @MeshCase.register_arrangement
... def arg2(wrongname):
...     return None
>>> @MeshCase.register_arrangement
... def arg3(casename):
...     return None
>>> @MeshCase.register_arrangement
... def arg4(casename):
...     from .testing import create_trivial_2d_blk
...     from .solver import MeshSolver
...     blk = create_trivial_2d_blk()
...     cse = MeshCase(basefn='meshcase', mesher=lambda *arg: blk,
...                    domaintype=domain.Domain, solvertype=MeshSolver)
...     cse.info.muted = True
...     return cse





The created arrangements are collected to a class attribute
arrangements, i.e., the class-level registry:

>>> sorted(MeshCase.arrangements.keys())
['arg1', 'arg2', 'arg3', 'arg4']





The arrangements in the class attribute arrangements are
also put into a module-level attribute
solvcon.case.arrangements:

>>> arrangements == MeshCase.arrangements
True





The first example arrangement is a bad one, because it allows no
argument:

>>> arrangements.arg1()
Traceback (most recent call last):
  ...
TypeError: arg1() takes no arguments (1 given)





The second example arrangement is still a bad one, because although it
has an argument, the name of the argument is incorrect:

>>> arrangements.arg2()
Traceback (most recent call last):
  ...
TypeError: arg2() got an unexpected keyword argument 'casename'





The third example arrangement is a bad one for another reason.  It
doesn’t return a MeshCase:

>>> arrangements.arg3()
Traceback (most recent call last):
  ...
AttributeError: 'NoneType' object has no attribute 'cleanup'





The fourth example arrangement is finally good:

>>> arrangements.arg4()














solvcon.solver

Module solvcon.solver provides the basic facilities for implementing
numerical methods by subclassing MeshSolver.  The base class is
defined as:


	
class solvcon.solver.MeshSolver(blk, time=0.0, time_increment=0.0, enable_mesg=False, debug=False, **kw)

	Base class for all solving code that take Mesh, which is usually needed to write efficient C/C++ code
for implementing numerical methods.

Here’re some examples about using MeshSolver.  The first
example shows that we can’t directly use it.  A vanilla
MeshSolver can’t march:

>>> from . import testing
>>> svr = MeshSolver(testing.create_trivial_2d_blk())
>>> svr.march(0.0, 0.1, 1) 
Traceback (most recent call last):
    ...
TypeError: 'NoneType' object ...





At minimal we need to override the _MMNAMES class attribute:

>>> class DerivedSolver(MeshSolver):
...     _MMNAMES = MeshSolver.new_method_list()
>>> svr = DerivedSolver(testing.create_trivial_2d_blk())
>>> svr.march(0.0, 0.1, 1)
{}





Of course the above derived solver did nothing.  Let’s see another example
solver that does non-trivial things:

>>> class ExampleSolver(MeshSolver):
...     _MMNAMES = MeshSolver.new_method_list()
...     @_MMNAMES.register
...     def calcsomething(self, worker=None):
...         self.marchret['key'] = 'value'
>>> svr = ExampleSolver(testing.create_trivial_2d_blk())
>>> svr.march(0.0, 0.1, 1)
{'key': 'value'}





Two instance attributes are used to record the temporal information:


	
time = None

	The current time of the solver.  By default, time is
initialized to 0.0, which is usually desired value.  The default
value can be overridden from the constructor.






	
time_increment = None

	The temporal interval between the current and the next time steps.
It is usually referred to as [image: \Delta t] in the numerical
literature.  By default, time_increment is initialized to
0.0, but the default should be overridden from the constructor.





Four instance attributes are used to track the status of time-marching:


	
step_current = None

	It is an int [http://docs.python.org/2.7/library/functions.html#int] that records the current step of the
solver.  It is reset to 0 on every invokation of
march().






	
step_global = None

	It is similar to step_current, but persists over restart.
Without restarts, step_global should be identical to
step_current.






	
substep_run = None

	The number of sub-steps that a single time step should be split
into.  It is initialized to 1 and should be overidden in
subclasses if needed.






	
substep_current = None

	The current sub-step of the solver.  It is initialized to 0.





Derived classes of MeshSolver should use the following method
new_method_list() to make a new class variable _MMNAMES
to define numerical methods:


	
static new_method_list()

	



	Returns:	An object to be set to _MMNAMES.


	Return type:	_MethodList





In subclasses of MeshSolver, implementors can use this
utility method to creates an instance of _MethodList, which
should be set to _MMNAMES.






	
_MMNAMES = None

	This class attribute holds the names of the methods to be called in
march().  It is of type _MethodList.  The default
value is None and must be reset in subclasses by calling
new_method_list().









Useful entities are attached to the class MeshSolver:


	
MeshSolver.ALMOST_ZERO = 1e-200

	A positive floating-point number close to zero.  The value is not
DBL_MIN, which can be accessed through sys.float_info [http://docs.python.org/2.7/library/sys.html#sys.float_info].






Time-Marching


	
MeshSolver.march(time_current, time_increment, steps_run, worker=None)

	



	Parameters:	
	time_current (float [http://docs.python.org/2.7/library/functions.html#float]) – Starting time of this set of marching steps.

	time_increment (float [http://docs.python.org/2.7/library/functions.html#float]) – Temporal interval [image: \Delta t] of the time
step.

	steps_run (int [http://docs.python.org/2.7/library/functions.html#int]) – The count of time steps to run.






	Returns:	marchret







This method performs time-marching.  The parameters time_current and
time_increment are used to reset the instance attributes
time and time_increment, respectively.  In each
invokation step_current is reset to 0.

There is a nested two-level loop in this method for time-marching.  The
outer loop iterates for time steps, and the inner loop iterates for sub
time steps.  The outer loop runs steps_run times, while the inner
loop runs substep_run times.  In total, the inner loop runs
steps_run * substep_run times.  In each sub time step (in
the inner loop), the increment of the attribute time is
time_increment/substep_run.  The temporal
increment per time step is effectively time_increment, with
a slight error because of round-off.

Before entering and after leaving the outer loop, premarch and postmarch anchors will be run (through the
attribute runanchors).  Similarly, before entering and after
leaving the inner loop, prefull and postfull anchors will be run.  Inside the
inner loop of sub steps, before and after executing all the marching
methods, presub and
postsub anchors will be run.
Lastly, before and after invoking every marching method, a pair of
anchors will be run.  The anchors for a marching method are related to
the name of the marching method itself.  For example, if a marching
method is named “calcsome”, anchor precalcsome will be run before
the invocation, and anchor postcalcsome will be run afterward.

Derived classes can set marchret dictionary, and
march() will return the dictionary at the end of execution.
The dictionary is reset to empty at the begninning of the execution.






	
MeshSolver.marchret

	Values to be returned by this solver.  It will be set to a dict [http://docs.python.org/2.7/library/stdtypes.html#dict]
in march().






	
MeshSolver.runanchors

	This attribute is of type MeshAnchorList, and the foundation of the anchor mechanism
of SOLVCON.  An MeshAnchorList
object like this collects a set of MeshAnchor objects, and is callable.  When being called,
runanchors iterates the contained MeshAnchor objects and invokes the corresponding methods of
the individual MeshAnchor.






	
MeshSolver.der

	Derived data container as a dict [http://docs.python.org/2.7/library/stdtypes.html#dict].






	
class solvcon.solver._MethodList

	A custom list [http://docs.python.org/2.7/library/functions.html#list] that provides a decorator for keeping names of
functions.

>>> mmnames = _MethodList()
>>> @mmnames.register
... def func_of_a_name():
...     pass
>>> mmnames
['func_of_a_name']





This class is a private helper and should only be used in
solvcon.solver.








Parallel Computing

For distributed-memory parallel computing (i.e., MPI runs), the member
svrn indicates the serial number (0-based) the object is.  The value
of svrn comes from blk.  Another member, nsvr,
is the total number of collaborative solvers in the parallel run, and is
initialized to None.






solvcon.boundcond


	
class solvcon.boundcond.BC(bc=None, fpdtype=None)

	Generic boundary condition abstract class; the base class that all boundary
condition classes should subclass.

FIXME: provide doctests as examples.


	
facn = None

	An numpy.ndarray as a list of faces.  First column
is the face index in block.  The second column is the face index
in bndfcs.  The third column is the face index of the related
block (if exists).






	
value = None

	An numpy.ndarray for attached (specified) value for
each boundary face.






	
nvalue

	Return the length of vnames as number of values per boundary
face.  It should be equivalent to the second shape element of
value.

FIXME: provide doctests.






	
__len__()

	Return the first shape element of facn.

FIXME: provide doctests.






	
cloneTo(another)

	



	Parameters:	another (solvcon.boundcond.BC) – Another BC object.


	Returns:	Nothing.





Clone self to another BC object.






	
create_bcd()

	



	Returns:	An object contains the sc_bound_t variable for C
interfacing.


	Return type:	solvcon.mesh.Bound





The following code shows how and when to use this method:

>>> import numpy as np
>>> # craft some face numbers for testing.
>>> bndfcs = [0,1,2]
>>> # craft the BC object for testing.
>>> bc = BC()
>>> bc.name = 'some_name'
>>> bc.facn = np.empty((len(bndfcs), BC.BFREL), dtype='int32')
>>> bc.facn.fill(-1)
>>> bc.facn[:,0] = bndfcs
>>> bc.sern = 0
>>> bc.blk = None # should be set to a block.
>>> # test for this method.
>>> bcd = bc.create_bcd()














	
BC.vnames = []

	Settable value names.






	
BC.vdefaults = {}

	Default values.






Low-Level Interface to C for BC


	
sc_bound_t

	This struct contains essential information for a
solvcon.boundcond.BC object in C.


	
int nbound

	Number of boundary faces.  It’s equivalent to
what __len__() returns.






	
int nvalue

	Number of values per boundary face.






	
int *facn

	Pointer to the data storage of BC.facn.






	
double *value

	Pointer to the data storage of BC.value.










	
class solvcon.mesh.Bound

	This class associates the C functions for mesh operations to the mesh data
and exposes the functions to Python.


	
_bcd

	This attribute holds a C struct sc_bound_t for internal use.






	
setup_bound(bc)

	



	Parameters:	bc – The BC object that supplies
information.


















solvcon.hook

MeshHook performs custom operations at
certain pre-defined stages.


	
class solvcon.hook.MeshHook(cse, **kw)

	Base type for hooks needing a MeshCase.








solvcon.anchor


	
class solvcon.anchor.MeshAnchor(svr, **kw)

	Callback class to be invoked by MeshSolver objects at various stages.


	
svr

	The associated MeshSolver instance.










	
class solvcon.anchor.MeshAnchorList(svr, *args, **kw)

	Sequence container for MeshAnchor instances.


	
svr

	The associated MeshSolver instance.














References


ustmesh_2d_sample.geo

/*
 * A Gmsh template file for a rectangle domain.
 */
lc = 0.1;
// vertices.
Point(1) = {4,1,0,lc};
Point(2) = {2,2,0,lc};
Point(3) = {0,1,0,lc};
Point(4) = {0,0,0,lc};
Point(5) = {4,0,0,lc};
Point(6) = {3.5,  1,0,lc};
Point(7) = {  3,  1,0,lc};
Point(8) = {  3,0.5,0,lc};
Point(9) = {3.5,0.5,0,lc};
Point(10) = {  1,  1,0,lc};
Point(11) = {0.5,  1,0,lc};
Point(12) = {0.5,0.5,0,lc};
Point(13) = {  1,0.5,0,lc};
Point(14) = {  2,0.8,0,lc};
Point(15) = {1.5,0.2,0,lc};
Point(16) = {2.5,0.2,0,lc};
// lines.
Line(1) = {1,2};
Line(2) = {2,3};
Line(3) = {3,4};
Line(4) = {4,5};
Line(5) = {5,1};
Line(6) = {6,7};
Line(7) = {7,8};
Line(8) = {8,9};
Line(9) = {9,6};
Line(10) = {10,11};
Line(11) = {11,12};
Line(12) = {12,13};
Line(13) = {13,10};
Line(14) = {14,15};
Line(15) = {15,16};
Line(16) = {16,14};
// surface.
Line Loop(1) = {1,2,3,4,5};
Line Loop(2) = {6,7,8,9};
Line Loop(3) = {10,11,12,13};
Line Loop(4) = {14,15,16};
Plane Surface(1) = {1,2,3,4};
// physics.
Physical Line("upper") = {1,2};
Physical Line("left") = {3};
Physical Line("lower") = {4};
Physical Line("right") = {5};
Physical Line("rwin") = {6,7,8,9};
Physical Line("lwin") = {10,11,12,13};
Physical Line("cwin") = {14,15,16};
Physical Surface("domain") = {1};
// vim: set ai et nu ff=unix ft=c:





The following command generate the mesh:

gmsh ustmesh_2d_sample.geo -3





The following command converts the mesh to a VTK file for ParaView:

scg mesh ustmesh_2d_sample.msh ustmesh_2d_sample.vtk





Footnotes




	[1]	SOLVCON focuses on two- and three-dimensional meshes.  But if we put an
additional constraint on the mesh elements: Requiring them to be simplices,
it wouldn’t be difficult to extend the data structure of SOLVCON meshes into
higher-dimensional space.
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Input and Output Facilities


solvcon.io.gmsh


	
class solvcon.io.gmsh.Gmsh(stream, load=False)

	Gmsh mesh object.  Indices nodes and elements in Gmsh is 1-based (Fortran
convention), but 0-based (C convention) indices are used throughout
SOLVCON.  However, physics groups are using 0-based index.


	
__init__(stream, load=False)

	>>> # sample data.
>>> import StringIO
>>> data = """$MeshFormat
... 2.2 0 8
... $EndMeshFormat
... $Nodes
... 3
... 1 -1 0 0
... 2 1 0 0
... 3 0 1 0
... $EndNodes
... $Elements
... 1
... 1 2 2 1 22 1 2 3
... $EndElements
... $PhysicalNames
... 1
... 2 1 "lower"
... $EndPhysicalNames
... $Periodic
... 1
... 0 1 3
... 1
... 1 3
... $EndPeriodic"""





Creation of the object doesn’t load data:

>>> gmsh = Gmsh(StringIO.StringIO(data))
>>> None is gmsh.ndim
True
>>> gmsh.load()
>>> gmsh.ndim
2
>>> gmsh.stream.close() # it's a good habit :-)





We can request to load data on creation by setting load=True.  Note
the stream will be closed after creation+loading.  The default behavior
is different to load().

>>> gmsh = Gmsh(StringIO.StringIO(data), load=True)
>>> gmsh.ndim
2
>>> gmsh.stream.closed
True










	
nnode

	Number of nodes that is useful for SOLVCON.






	
ncell

	Number of cells that is useful for SOLVCON and interior.






	
load(close=False)

	Load mesh data from storage.

>>> # sample data.
>>> import StringIO
>>> data = """$MeshFormat
... 2.2 0 8
... $EndMeshFormat
... $Nodes
... 3
... 1 -1 0 0
... 2 1 0 0
... 3 0 1 0
... $EndNodes
... $Elements
... 1
... 1 2 2 1 22 1 2 3
... $EndElements
... $PhysicalNames
... 1
... 2 1 "lower"
... $EndPhysicalNames
... $Periodic
... 1
... 0 1 3
... 1
... 1 3
... $EndPeriodic"""





Load the mesh data after creation of the object.  Note the stream is
left opened after loading.

>>> stream = StringIO.StringIO(data)
>>> gmsh = Gmsh(stream)
>>> gmsh.load()
>>> stream.closed
False
>>> stream.close() # it's a good habit :-)





We can ask load() to close the stream after loading by using
close=True:

>>> gmsh = Gmsh(StringIO.StringIO(data))
>>> gmsh.load(close=True)
>>> gmsh.stream.closed
True









Private Helpers for Loading and Parsing the Mesh File

These private methods are documented for demonstrating the data structure of
the loaded meshes.  Do not rely on their implementation.


	
static _check_meta(stream)

	Load and check the meta data of the mesh.  It doesn’t return anything
to be stored.

>>> import StringIO
>>> stream = StringIO.StringIO("""$MeshFormat
... 2.2 0 8
... $EndMeshFormat""")
>>> stream.readline()
'$MeshFormat\n'
>>> Gmsh._check_meta(stream)
{}
>>> stream.readline()
''










	
static _load_nodes(stream)

	Load node coordinates of the mesh data.  Because of the internal data
structure of Python, Numpy, and SOLVCON, the loaded nodes
are using the 0-based index.

>>> import StringIO
>>> stream = StringIO.StringIO("""$Nodes
... 3
... 1 -1 0 0
... 2 1 0 0
... 3 0 1 0
... $EndNodes""") # a triangle.
>>> stream.readline()
'$Nodes\n'
>>> Gmsh._load_nodes(stream) 
{'nodes': array([[-1.,  0.,  0.], [ 1.,  0.,  0.], [ 0.,  1.,  0.]])}
>>> stream.readline()
''










	
classmethod _load_elements(stream, nodes)

	Load element definition of the mesh data.  The node indices defined for
each element are still 1-based.  It returns cltpn,
eldim, elems, elgeo, elgrp,
ndim, ndmap, and usnds for storage.

>>> from numpy import array
>>> nodes = array([[-1.,  0.,  0.], [ 1.,  0.,  0.], [ 0.,  1.,  0.]])
>>> import StringIO
>>> stream = StringIO.StringIO("""$Elements
... 1
... 1 2 2 1 22 1 2 3
... $EndElements""") # a triangle.
>>> stream.readline()
'$Elements\n'
>>> sorted(Gmsh._load_elements(
...     stream, nodes).items()) 
[('cltpn', array([3], dtype=int32)),
 ('eldim', array([2], dtype=int32)),
 ('elems', array([[ 3,  1,  2,  3, -1, -1, -1, -1, -1]], dtype=int32)),
 ('elgeo', array([22], dtype=int32)),
 ('elgrp', array([1], dtype=int32)),
 ('ndim', 2),
 ('ndmap', array([0, 1, 2], dtype=int32)),
 ('usnds', array([0, 1, 2], dtype=int32))]
>>> stream.readline()
''










	
static _load_physics(stream)

	Load physics groups of the mesh data.  Return physics for
storage.

>>> import StringIO
>>> stream = StringIO.StringIO("""$PhysicalNames
... 1
... 2 1 "lower"
... $EndPhysicalNames""")
>>> stream.readline()
'$PhysicalNames\n'
>>> Gmsh._load_physics(stream)
{'physics': ['1', '2 1 "lower"']}
>>> stream.readline()
''










	
static _load_periodic(stream)

	Load periodic definition of the mesh data.  Return periodics
for storage.

>>> import StringIO
>>> stream = StringIO.StringIO("""$Periodic
... 1
... 0 1 3
... 1
... 1 3
... $EndPeriodic""") # a triangle.
>>> stream.readline()
'$Periodic\n'
>>> Gmsh._load_periodic(stream) 
{'periodics': [{'ndim': 0,
                'stag': 1,
                'nodes': array([[1, 3]], dtype=int32),
                'mtag': 3}]}
>>> stream.readline()
''










	
_parse_physics()

	Parse physics groups of the mesh data.  Process physics and
stores intels.





Mesh Definition and Data Attributes


	
ELMAP

	Element definition map.  The key is Gmsh element type ID.  The
value is a 4-tuple: (i) dimension, (ii) number of total nodes, (iii)
SOLVCON cell type ID, and (iv) SOLVCON cell node ordering.






	
stream

	Input stream (file) of the mesh data.






	
ndim

	Number of dimension of this mesh (py:class:int).  Stored by
_load_elements().






	
nodes

	Three-dimensional coordinates of all nodes
of Gmsh nodes, 3).  Note for even two-dimensional meshes the
array still stores three-dimensional coordinates.  Stored by
_load_nodes().






	
usnds

	Indices (0-based) of the nodes really useful for SOLVCON
(numpy.ndarray).  Stored by _load_elements().






	
ndmap

	A mapping array from Gmsh node indices (0-based) to SOLVCON node
indices (0-based) (numpy.ndarray).  Stored by
_load_elements().






	
cltpn

	SOLVCON cell type ID for each Gmsh element
(py:class:numpy.ndarray).  Stored by _load_elements().






	
elgrp

	Physics group number of each Gmsh element; the first tag
(numpy.ndarray).  Stored by _load_elements().






	
elgeo

	Geometrical gropu number of each Gmsh element; the second tag
(numpy.ndarray).  Stored by _load_elements().






	
eldim

	Dimension of each Gmsh element (numpy.ndarray).  Stored
by _load_elements().






	
elems

	Gmsh node indices (1-based) of each Gmsh element
(numpy.ndarray).  Stored by _load_elements().






	
intels

	Indices (0-based) of the elements inside the domain
(numpy.ndarray).  Stored by _parse_physics().






	
physics

	Physics groups as a list [http://docs.python.org/2.7/library/functions.html#list] of 3-tuples: (i) dimension,
(ii) index (0-based), and (iii) name.  If a physics group has the
same dimension as the mesh, it is an interior group.  Otherwise, the
physics group must have one less dimension than the mesh, and it
must be used as the boundary definition.  Stored by
_load_physics() and then processed by
_parse_physics().






	
periodics

	Periodic relation list [http://docs.python.org/2.7/library/functions.html#list].  Each item is a
dict [http://docs.python.org/2.7/library/stdtypes.html#dict]:.  Stored by _load_periodic().










	
class solvcon.io.gmsh.GmshIO

	Proxy to Gmsh file format.


[image: Inheritance diagram of GmshIO]







	
load(stream, bcrej=None, bcmapper=None)

	Load block from stream with BC mapper applied.
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Gas Dynamics Parcel (Under Development)




This parcel solvcon.parcel.gas contains code that performs
computational fluid dynamics (CFD) for gas flows by using the CESE method.  The
model equations currently are the Euler equations.  This parcel will be updated
to use the Navier-Stokes equations in the future.  See The Euler Equations (Under Development) for
detail.

This parcel has the following examples:


	Reflection of Oblique Shock Wave

	Sod’s Shock Tube (Under Development)




Simulation Settings


	
solvcon.parcel.gas.register_arrangement()

	This is an alias to the instance method
GasCase.register_arrangement(), which inherits from the class
solvcon.MeshCase.  See
solvcon.MeshCase.register_arrangement() for implementation detail.






	
class solvcon.parcel.gas.GasCase(**kw)

	See case.GasCase for implementation detail.






	
class solvcon.parcel.gas.GasSolver(blk, **kw)

	See solver.GasSolver for implementation detail.








Boundary-Condition Treatments


	
class solvcon.parcel.gas.GasNonrefl

	See boundcond.GasNonrefl for implementaion detail.






	
class solvcon.parcel.gas.GasWall

	See boundcond.GasWall for implementation detail.






	
class solvcon.parcel.gas.GasInlet

	See boundcond.GasInlet for implementation detail.








Callbacks


	
class solvcon.parcel.gas.ProbeHook

	See probe.ProbeHook for implementation detail.






	
class solvcon.parcel.gas.DensityInitAnchor

	See physics.DensityInitAnchor for implementation detail.






	
class solvcon.parcel.gas.PhysicsAnchor

	See physics.PhysicsAnchor for implementation detail.






	
class solvcon.parcel.gas.MeshInfoHook

	See inout.MeshInfoHook for implementation detail.






	
class solvcon.parcel.gas.ProgressHook

	See inout.ProgressHook for implementation detail.






	
class solvcon.parcel.gas.FillAnchor

	See inout.FillAnchor for implementation detail.






	
class solvcon.parcel.gas.CflHook

	See inout.CflHook for implementation detail.






	
class solvcon.parcel.gas.PMarchSave

	See inout.PMarchSave for implementation detail.








Internal Refenrence



	Simulation
	case

	solver





	Boundary-Condition Treatment
	boundcond





	Callback
	probe

	physics

	inout
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The Euler Equations (Under Development)

This document shows the Euler equations of the first-order hyperbolic form.
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Reflection of Oblique Shock Wave

This example solves a reflecting oblique shock wave, as shown in Figure
1.  The system consists of two oblique shock waves, which
separate the flow into three zones.  The incident shock results from a wedge.
The second reflects from a plane wall.  Flow properties in all the three zones
can be calculated with the following data:


	The upstream (zone 1) Mach number [image: M_1] and the flow properties
density, pressure, and temperature.

	The first oblique shock angle [image: \beta_1] (between zone 1 and 2) or the
flow deflection angle [image: \theta] (across zone 1/2 and zone 2/3).  Only
one of the angle is needed.  The other one can be calculated from the given
one and [image: M_1].  The calculation detail is in
ObliqueShockRelation.calc_flow_angle() and
ObliqueShockRelation.calc_shock_angle().




[image: ../_images/reflection.png]
Figure 1: Oblique shock reflected from a wall


[image: M_{1,2,3}] are the Mach number in the corresponding zone 1, 2, and 3.
[image: \theta] is the flow deflection angle.  [image: \beta_{1,2}] are the
oblique shock angle behind the first and the second zone, respectively.



SOLVCON will be set up to solve this problem, and the simulated results will be
compared with the analytical solution.


[image: ../_images/obrf_fine_rho.png]
Figure 2: Simulated density (non-dimensionalized).




Driving Script

SOLVCON uses a driving script to control the numerical simulation.  Its general
layout is:

	 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
16
17
18
19
20
21
22

	#!/usr/bin/env python2.7
# The shebang above directs the operating system to look for a correct
# program to run this script.
#
# We may provide additional information here.


# Import necessary modules.
import os # Python standard library
import numpy as np # http://www.numpy.org
import solvcon as sc # SOLVCON
from solvcon.parcel import gas # A specific SOLVCON solver package we'll use


# ...
# ... other code ...
# ...


# At the end of the file.
if __name__ == '__main__':
    sc.go()







Every driving script has the following lines at the end of the file:

if __name__ == '__main__':
    sc.go()





The if __name__ == '__main__': is a magical Python construct.  It will
detect that the file is run as a script, not imported as a library (module).
Once the detection is evaluated as true, the script call a common execution
flow defined in solvcon.go(), which uses the content of the driving
script to perform the calculation.

Of course, the file has a lot of other code to set up and configure the
calculation, as we’ll describe later.  It’s important to note that a driving
script is a valid Python program file.  The Python language is good for
specifying parameters the calculation needs, and as a platform to conduct
useful operations much more complex than settings.  Any Python module can be
imported for use.

See Full Listing of the Driving Script for the driving script of this example:
$SCSRC/examples/gas/obrf/go.  SOLVCON separates apart the configuration and
the execution of a simulation case.  The separation is necessary for
distributed-memory parallel computing (e.g., MPI).  Everything run in the
driving script is about the configuration.  The execution is conducted by code
hidden from users.

To run the simulation, go to the example directory and execute the driving
script with the command run and the simulation arrangement name obrf:

$ ./go run obrf





The driving script will then run and print messages:

	  1
  2
  3
  4
  5
  6
  7
  8
  9
 10
 11
 12
 13
 14
 15
 16
 17
 18
 19
 20
 21
 22
 23
 24
 25
 26
 27
 28
 29
 30
 31
 32
 33
 34
 35
 36
 37
 38
 39
 40
 41
 42
 43
 44
 45
 46
 47
 48
 49
 50
 51
 52
 53
 54
 55
 56
 57
 58
 59
 60
 61
 62
 63
 64
 65
 66
 67
 68
 69
 70
 71
 72
 73
 74
 75
 76
 77
 78
 79
 80
 81
 82
 83
 84
 85
 86
 87
 88
 89
 90
 91
 92
 93
 94
 95
 96
 97
 98
 99
100
101
102
103
104
105
106
107
108
109
110
111
112

	********************************************************************************
*** Start init (level 0) obrf ... 
*** ****************************************************************************
*** ****************************************************************************
*** *** Start build_domain ... 
*** *** ************************************************************************
*** *** mesh file: None
*** *** ************************************************************************
*** *** *** Start create_block ... 
*** *** *** ********************************************************************
*** *** *** ********************************************************************
*** *** *** End create_block . Elapsed time (sec) = 0.0925829
*** *** ************************************************************************
*** *** ************************************************************************
*** *** End build_domain . Elapsed time (sec) = 0.092721
*** ****************************************************************************
*** ****************************************************************************
*** End init obrf . Elapsed time (sec) = 0.0942369
********************************************************************************
********************************************************************************
*** Start run ... 
*** ****************************************************************************
*** ****************************************************************************
*** *** Start run_provide ... 
*** *** ************************************************************************
*** *** ************************************************************************
*** *** End run_provide . Elapsed time (sec) = 0.000499964
*** ****************************************************************************
*** ****************************************************************************
*** *** Start run_preloop ... 
*** *** ************************************************************************
*** *** Relation of reflected oblique shock:
*** *** - theta = 10.00 deg (flow angle)
*** *** - beta1 = 27.38 deg (shock angle)
*** *** - beta1 = 31.80 deg (shock angle)
*** *** - mach, rho, p, T, a (1) =  3.000  1.000  1.000  1.000  1.183
*** *** - mach, rho, p, T, a (2) =  2.505  1.655  2.054  1.242  1.318
*** *** - mach, rho, p, T, a (3) =  2.090  2.565  3.833  1.494  1.446
*** *** Steps 0/600
*** *** Block information:
*** ***   [Block (2D/centroid): 565 nodes, 1592 faces (100 BC), 1028 cells]
*** *** ************************************************************************
*** *** End run_preloop . Elapsed time (sec) = 0.014756
*** ****************************************************************************
*** 
*** ****************************************************************************
*** *** Start run_march ... 
*** *** ************************************************************************
*** *** ##################################################
*** *** Step 200/600, 0.7s elapsed, 1.4s left
*** *** CFL = 0.11/0.95 - 0.11/0.95 adjusted: 0/0/0
*** *** Performance of obrf:
*** ***   0.696783 seconds in marching solver.
*** ***   0.00348392 seconds/step.
*** ***   3.38902 microseconds/cell.
*** ***   0.29507 Mcells/seconds.
*** ***   1.18028 Mvariables/seconds.
*** *** ##################################################
*** *** Step 400/600, 1.4s elapsed, 0.7s left
*** *** CFL = 0.42/0.95 - 0.11/0.95 adjusted: 0/0/0
*** *** Performance of obrf:
*** ***   1.35721 seconds in marching solver.
*** ***   0.00339303 seconds/step.
*** ***   3.30061 microseconds/cell.
*** ***   0.302974 Mcells/seconds.
*** ***   1.2119 Mvariables/seconds.
*** *** ##################################################
*** *** Step 600/600, 2.1s elapsed, 0.0s left
*** *** CFL = 0.47/0.95 - 0.11/0.95 adjusted: 0/0/0
*** *** ************************************************************************
*** *** End run_march . Elapsed time (sec) = 2.06248
*** ****************************************************************************
*** 
*** ****************************************************************************
*** *** Start run_postloop ... 
*** *** ************************************************************************
*** *** Probe result at Pt/poi#611(3.79306,0.358565,0)601:
*** *** - mach3 = 2.074/2.090 (error=%0.79)
*** *** - rho3  = 2.543/2.565 (error=%0.86)
*** *** - p3    = 3.824/3.833 (error=%0.23)
*** *** Performance of obrf:
*** ***   2.02795 seconds in marching solver.
*** ***   0.00337992 seconds/step.
*** ***   3.28786 microseconds/cell.
*** ***   0.30415 Mcells/seconds.
*** ***   1.2166 Mvariables/seconds.
*** *** Averaged maximum CFL = 0.945858.
*** *** Relation of reflected oblique shock:
*** *** - theta = 10.00 deg (flow angle)
*** *** - beta1 = 27.38 deg (shock angle)
*** *** - beta1 = 31.80 deg (shock angle)
*** *** - mach, rho, p, T, a (1) =  3.000  1.000  1.000  1.000  1.183
*** *** - mach, rho, p, T, a (2) =  2.505  1.655  2.054  1.242  1.318
*** *** - mach, rho, p, T, a (3) =  2.090  2.565  3.833  1.494  1.446
*** *** ************************************************************************
*** *** End run_postloop . Elapsed time (sec) = 0.00133896
*** ****************************************************************************
*** ****************************************************************************
*** *** Start run_exhaust ... 
*** *** ************************************************************************
*** *** ************************************************************************
*** *** End run_exhaust . Elapsed time (sec) = 7.51019e-05
*** ****************************************************************************
*** ****************************************************************************
*** *** Start run_final ... 
*** *** ************************************************************************
*** *** ************************************************************************
*** *** End run_final . Elapsed time (sec) = 9.20296e-05
*** ****************************************************************************
*** ****************************************************************************
*** End run obrf . Elapsed time (sec) = 2.07972
********************************************************************************







Data will be output in directory result/.




Arrangement

An arrangement sits at the center of a driving script.  It’s nothing more
than a decorated Python function with a specific signature.  The following
function obrf() is the main arrangement we’ll use for the shock
reflection problem:

	1
2
3
4
5
6
7
8
9

	def obrf(casename, **kw):
    return obrf_base(
        # Required positional argument for the name of the simulation case.
        casename,
        # Arguments to the base configuration.
        ssteps=200, psteps=4, edgelength=0.1,
        gamma=1.4, density=1.0, pressure=1.0, mach=3.0, theta=10.0/180*np.pi,
        # Arguments to GasCase.
        time_increment=7.e-3, steps_run=600, **kw)







It’s typical for the arrangement function obrf() to be a thin wrapper
which calls another function (in this case, obrf_base()).  It should
be noted that an arrangement function must take one and only one positional
argument: casename.  All the other arguments need to be keyword.

To make the function obrf() discoverable by SOLVCON, it needs to be
registered with the decorator gas.register_arrangement
(gas was imported at the beginning of the driving
script):

@gas.register_arrangement
def obrf(casename, **kw):
    # ... contents ...





The function obrf_base() does the real work of configuration:

	 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

	def obrf_base(
    casename=None, psteps=None, ssteps=None, edgelength=None,
    gamma=None, density=None, pressure=None, mach=None, theta=None, **kw):
    """
    Base configuration of the simulation and return the case object.

    :return: The created Case object.
    :rtype: solvcon.parcel.gas.GasCase
    """

    ############################################################################
    # Step 1: Obtain the analytical solution.
    ############################################################################

    # Calculate the flow properties in all zones separated by the shock.
    relation = ObliqueShockReflection(gamma=gamma, theta=theta, mach1=mach,
                                      rho1=density, p1=pressure, T1=1)

    ############################################################################
    # Step 2: Instantiate the simulation case.
    ############################################################################

    # Create the mesh generator.  Keep it for later use.
    mesher = RectangleMesher(lowerleft=(0,0), upperright=(4,1),
                             edgelength=edgelength)
    # Set up case.
    cse = gas.GasCase(
        # Mesh generator.
        mesher=mesher,
        # Mapping boundary-condition treatments.
        bcmap=generate_bcmap(relation),
        # Use the case name to be the basename for all generated files.
        basefn=casename,
        # Use `cwd`/result to store all generated files.
        basedir=os.path.abspath(os.path.join(os.getcwd(), 'result')),
        # Debug and capture-all.
        debug=False, **kw)

    ############################################################################
    # Step 3: Set up delayed callbacks.
    ############################################################################

    # Field initialization and derived calculations.
    cse.defer(gas.FillAnchor, mappers={'soln': gas.GasSolver.ALMOST_ZERO,
                                       'dsoln': 0.0, 'amsca': gamma})
    cse.defer(gas.DensityInitAnchor, rho=density)
    cse.defer(gas.PhysicsAnchor, rsteps=ssteps)
    # Report information while calculating.
    cse.defer(relation.hookcls)
    cse.defer(gas.ProgressHook, linewidth=ssteps/psteps, psteps=psteps)
    cse.defer(gas.CflHook, fullstop=False, cflmax=10.0, psteps=ssteps)
    cse.defer(gas.MeshInfoHook, psteps=ssteps)
    cse.defer(ReflectionProbe, rect=mesher, relation=relation, psteps=ssteps)
    # Store data.
    cse.defer(gas.PMarchSave,
              anames=[('soln', False, -4),
                      ('rho', True, 0),
                      ('p', True, 0),
                      ('T', True, 0),
                      ('ke', True, 0),
                      ('M', True, 0),
                      ('sch', True, 0),
                      ('v', True, 0.5)],
              psteps=ssteps)

    ############################################################################
    # Final: Return the configured simulation case.
    ############################################################################
    return cse







There are three steps:


	Obtain the Analytical Solution to set up all quantities for the
simulation.

	Instantiate the simulation case object (of type
GasCase).  The
GasCase object needs to know how to set up
the mesh (see Mesh Generation) and the boundary-condition (BC) treatment
(see BC Treatment Mapping).  Section Case Instantiation will explain
the details.

	Configure callbacks for delayed operations by calling
defer() of the constructed simulation
GasCase object.  Section Callback
Configuration will explain these callbacks.



At the end of the base function, the constructed and configured
GasCase object is returned.

Although the example has only one arrangement, it’s actually encouraged to have
multiple arrangements in a script.  In this way one driving script can perform
simulations of different parameters or different kinds.  Conventionally we
place the arrangement functions near the end of the driving script, and the
decorated functions (e.g., obrf()) are placed after the base (e.g.,
obrf_base()).  The ordering will make the file easier to read.


Analytical Solution

To set up the numerical simulation for the shock-reflection problem, we’ll use
class ObliqueShockRelation to calculate necessary parameters by
creating a subclass of it:
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	class ObliqueShockReflection(gas.ObliqueShockRelation):
    def __init__(self, gamma, theta, mach1, rho1, p1, T1):
        super(ObliqueShockReflection, self).__init__(gamma=gamma)
        # Angles and Mach numbers.
        self.theta = theta
        self.mach1 = mach1
        self.beta1 = beta1 = self.calc_shock_angle(mach1, theta)
        self.mach2 = mach2 = self.calc_dmach(mach1, beta1)
        self.beta2 = beta2 = self.calc_shock_angle(mach2, theta)
        self.mach3 = mach3 = self.calc_dmach(mach2, beta2)
        # Flow properties in the first zone.
        self.rho1 = rho1
        self.p1 = p1
        self.T1 = T1
        self.a1 = np.sqrt(gamma*p1/rho1)
        # Flow properties in the second zone.
        self.rho2 = rho2 = rho1 * self.calc_density_ratio(mach1, beta1)
        self.p2 = p2 = p1 * self.calc_pressure_ratio(mach1, beta1)
        self.T2 = T2 = T1 * self.calc_temperature_ratio(mach1, beta1)
        self.a2 = np.sqrt(gamma*p2/rho2)
        # Flow properties in the third zone.
        self.rho3 = rho3 = rho2 * self.calc_density_ratio(mach2, beta2)
        self.p3 = p3 = p2 * self.calc_pressure_ratio(mach2, beta2)
        self.T3 = T3 = T2 * self.calc_temperature_ratio(mach2, beta2)
        self.a3 = np.sqrt(gamma*p3/rho3)

    def __str__(self):
        msg = 'Relation of reflected oblique shock:\n'
        msg += '- theta = %5.2f deg (flow angle)\n' % (self.theta/np.pi*180)
        msg += '- beta1 = %5.2f deg (shock angle)\n' % (self.beta1/np.pi*180)
        msg += '- beta1 = %5.2f deg (shock angle)\n' % (self.beta2/np.pi*180)
        def property_string(zone):
            values = [getattr(self, '%s%d' % (key, zone))
                      for key in 'mach', 'rho', 'p', 'T', 'a']
            messages = [' %6.3f' % val for val in values]
            return ''.join(messages)
        msg += '- mach, rho, p, T, a (1) =' + property_string(1) + '\n'
        msg += '- mach, rho, p, T, a (2) =' + property_string(2) + '\n'
        msg += '- mach, rho, p, T, a (3) =' + property_string(3)
        return msg

    @property
    def hookcls(self):
        relation = self
        class _ShowRelation(sc.MeshHook):
            def preloop(self):
                for msg in str(relation).split('\n'):
                    self.info(msg + '\n')
            postloop = preloop
        return _ShowRelation







For the detail of ObliqueShockRelation, see
Oblique Shock Relation.




Case Instantiation

An instance of GasCase represents a numerical
simulation using the gas module.  In addition to
Mesh Generation and BC Treatment Mapping, other miscellaneous settings can
be supplied through the GasCase constructor.


Mesh Generation

An unstructured mesh is required for a SOLVCON simulation.  A mesh file can be
created beforehand or on-the-fly with the simulation.  The example uses the
latter approach.  The following is an example of mesh generating function that
calls Gmsh [http://geuz.org/gmsh/]:
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	class RectangleMesher(object):
    """
    Representation of a rectangle and the Gmsh meshing helper.

    :ivar lowerleft: (x0, y0) of the rectangle.
    :type lowerleft: tuple
    :ivar upperright: (x1, y1) of the rectangle.
    :type upperright: tuple
    :ivar edgelength: Length of each mesh cell edge.
    :type edgelength: float
    """

    GMSH_SCRIPT = """
    // vertices.
    Point(1) = {%(x1)g,%(y1)g,0,%(edgelength)g};
    Point(2) = {%(x0)g,%(y1)g,0,%(edgelength)g};
    Point(3) = {%(x0)g,%(y0)g,0,%(edgelength)g};
    Point(4) = {%(x1)g,%(y0)g,0,%(edgelength)g};
    // lines.
    Line(1) = {1,2};
    Line(2) = {2,3};
    Line(3) = {3,4};
    Line(4) = {4,1};
    // surface.
    Line Loop(1) = {1,2,3,4};
    Plane Surface(1) = {1};
    // physics.
    Physical Line("upper") = {1};
    Physical Line("left") = {2};
    Physical Line("lower") = {3};
    Physical Line("right") = {4};
    Physical Surface("domain") = {1};
    """.strip()

    def __init__(self, lowerleft, upperright, edgelength):
        assert 2 == len(lowerleft)
        self.lowerleft = tuple(float(val) for val in lowerleft)
        assert 2 == len(upperright)
        self.upperright = tuple(float(val) for val in upperright)
        self.edgelength = float(edgelength)

    def __call__(self, cse):
        x0, y0 = self.lowerleft
        x1, y1 = self.upperright
        script_arguments = dict(
            edgelength=self.edgelength, x0=x0, y0=y0, x1=x1, y1=y1)
        cmds = self.GMSH_SCRIPT % script_arguments
        cmds = [cmd.rstrip() for cmd in cmds.strip().split('\n')]
        gmh = sc.Gmsh(cmds)()
        return gmh.toblock(bcname_mapper=cse.condition.bcmap)










BC Treatment Mapping

Boundary-condition treatments are specified by creating a dict [http://docs.python.org/2.7/library/stdtypes.html#dict] to
map the name of the boundary to a specific BC
class.
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	def generate_bcmap(relation):
    # Flow properties (fp).
    fpb = {
        'gamma': relation.gamma, 'rho': relation.rho1,
        'v2': 0.0, 'v3': 0.0, 'p': relation.p1,
    }
    fpb['v1'] = relation.mach1*np.sqrt(relation.gamma*fpb['p']/fpb['rho'])
    fpt = fpb.copy()
    fpt['rho'] = relation.rho2
    fpt['p'] = relation.p2
    V2 = relation.mach2 * relation.a2
    fpt['v1'] = V2 * np.cos(relation.theta)
    fpt['v2'] = -V2 * np.sin(relation.theta)
    fpi = fpb.copy()
    # BC map.
    bcmap = {
        'upper': (sc.bctregy.GasInlet, fpt,),
        'left': (sc.bctregy.GasInlet, fpb,),
        'right': (sc.bctregy.GasNonrefl, {},),
        'lower': (sc.bctregy.GasWall, {},),
    }
    return bcmap












Callback Configuration

SOLVCON provides general-purpose, application-agnostic solving facilities.  To
describe the problem to SOLVCON, we need to provide both data (numbers) and
logic (computer code) in the driving script.  The supplied code will be called
back at proper points while the simulation is running.

Classes MeshHook and
MeshAnchor are the fundamental constructs to make
callbacks in the sequential and parallel runtime environment, respectively.
The module gas includes useful callbacks, but we
still need to write a couple of them in the driving script.

The shock reflection problem uses three categories of callbacks.


	Initialization and calculation:





	FillAnchor

	DensityInitAnchor

	PhysicsAnchor







	Reporting:





	ObliqueShockReflection.hookcls()

	ProgressHook

	CflHook

	MeshInfoHook

	ReflectionProbe







	Output:





	PMarchSave






The order of these callbacks is important.  Dependency between callbacks is
allowed.






View Results

After simulation, the results are stored in directory result/ as VTK
unstructured data files that can be opened and processed by using ParaView [http://paraview.org/].  The result in Figure 2 was
produced in this way.  Other quantities can also be visualized, e.g., the Mach
number shown in Figure 3.


[image: ../_images/obrf_fine_mach.png]
Figure 3: Mach number at the final time step of the arrangement obrf_fine.



Both of Figures 2 and 3 are
obtained with the arrangement obrf_fine.




Oblique Shock Relation

An oblique shock results from a sudden change of direction of supersonic flow.
The relations of density ([image: \rho]), pressure ([image: p]), and temprature
([image: T]) across the shock can be obtained analytically [Anderson03].  In
addition, two angles are defined:


	The angle of the oblique shock wave deflected from the upstream is
[image: \beta]; the shock angle.

	The angle of the flow behind the shock wave deflected from the upstream is
[image: \theta]; the flow angle.



See Figure 4 for the illustration of the two angles.


[image: ../_images/oblique_shock.png]
Figure 4: Oblique shock wave by a wedge


[image: M] is Mach number.  [image: \theta] is the flow deflection angle.
[image: \beta] is the oblique shock angle.



Methods of calculating the shock relations are organized in the class
ObliqueShockRelation.  To obtain the relations of density
([image: \rho]), pressure ([image: p]), and temprature ([image: T]), the control
volume across the shock is emplyed, as shown in Figure
5.  In the figure and in
ObliqueShockRelation, subscript 1 denotes upstream properties and
subscript 2 denotes downstream properties.  Derivation of the relation uses a
rotated coordinate system [image: (n, t)] defined by the oblique shock, where
[image: \hat{n}] is the unit vector normal to the shock, and [image: \hat{t}] is
the unit vector tangential to the shock.  But in this document we won’t go into
the detail.


[image: ../_images/oblique_relation.png]
Figure 5: Properties across an oblique shock


The flow properties in the upstream zone of the oblique shock are [image: v_1, M_1, \rho_1, p_1, T_1].  Those in the downstream zone of the shock are
[image: v_2, M_2, \rho_2, p_2, T_2].




	
class solvcon.parcel.gas.oblique_shock.ObliqueShockRelation(gamma)

	Calculators of oblique shock relations.

The constructor must take the ratio of specific heat:

>>> ObliqueShockRelation()
Traceback (most recent call last):
    ...
TypeError: __init__() takes exactly 2 arguments (1 given)
>>> ob = ObliqueShockRelation(gamma=1.4)





The ratio of specific heat can be accessed through the gamma
attribute:

>>> ob.gamma
1.4





The object can be used to calculate shock relations.  For example,
calc_density_ratio() returns the [image: \rho_2/\rho_1]:

>>> round(ob.calc_density_ratio(mach1=3, beta=37.8/180*np.pi), 10)
2.4204302545





The solution changes as gamma changes:

>>> ob.gamma = 1.2
>>> round(ob.calc_density_ratio(mach1=3, beta=37.8/180*np.pi), 10)
2.7793244902






	
gamma

	Ratio of specific heat [image: \gamma], dimensionless.









ObliqueShockRelation provides three methods to calculate the ratio
of flow properties across the shock.  [image: M_1] and [image: \beta] are
required arguments:


	[image: \rho]: calc_density_ratio()

	[image: p]: calc_pressure_ratio()

	[image: T]: calc_temperature_ratio()



With [image: M_1] available, the shock angle [image: \beta] can be calculated
from the flow angle [image: \theta], or vice versa, by using the following two
methods:


	[image: \beta]: ObliqueShockRelation.calc_shock_angle()

	[image: \theta]: ObliqueShockRelation.calc_flow_angle()



The following method calculates the downstream Mach number, with the upstream
Mach number [image: M_1] and either of [image: \beta] or [image: \theta] supplied:


	[image: M_2]: calc_dmach()



Listing of all methods:


	calc_density_ratio()

	calc_pressure_ratio()

	calc_temperature_ratio()

	calc_dmach()

	calc_normal_dmach()

	calc_flow_angle()

	calc_flow_tangent()

	calc_shock_angle()

	calc_shock_tangent()

	calc_shock_tangent_aux()




	
ObliqueShockRelation.calc_density_ratio(mach1, beta)

	Calculate the ratio of density [image: \rho] across an oblique shock
wave of which the angle deflected from the upstream flow is
[image: \beta] and the upstream Mach number is [image: M_1]:


[image: \frac{\rho_2}{\rho_1} =   \frac{(\gamma + 1) M_{n1}^2}        {(\gamma - 1) M_{n1}^2 + 2}]


where [image: M_{n1} = M_1\sin\beta].

This method accepts scalar:

>>> ob = ObliqueShockRelation(gamma=1.4)
>>> round(ob.calc_density_ratio(mach1=3, beta=37.8/180*np.pi), 10)
2.4204302545





as well as numpy.ndarray:

>>> angle = 37.8/180*np.pi; angle = np.array([angle, angle])
>>> np.round(ob.calc_density_ratio(mach1=3, beta=angle), 10).tolist()
[2.4204302545, 2.4204302545]









	Parameters:	
	mach1 – Upstream Mach number [image: M_1], dimensionless.

	beta – Oblique shock angle [image: \beta] deflected from the
upstream flow, in radian.














	
ObliqueShockRelation.calc_pressure_ratio(mach1, beta)

	Calculate the ratio of pressure [image: p] across an oblique shock wave
of which the angle deflected from the upstream flow is [image: \beta]
and the upstream Mach number is [image: M_1]:


[image: \frac{p_2}{p_1} = 1 + \frac{2\gamma}{\gamma+1}(M_{n1}^2 - 1)]


where [image: M_{n1} = M_1\sin\beta].

This method accepts scalar:

>>> ob = ObliqueShockRelation(gamma=1.4)
>>> round(ob.calc_pressure_ratio(mach1=3, beta=37.8/180*np.pi), 10)
3.7777114257





as well as numpy.ndarray:

>>> angle = 37.8/180*np.pi; angle = np.array([angle, angle])
>>> np.round(ob.calc_pressure_ratio(mach1=3, beta=angle), 10).tolist()
[3.7777114257, 3.7777114257]









	Parameters:	
	mach1 – Upstream Mach number [image: M_1], dimensionless.

	beta – Oblique shock angle [image: \beta] deflected from the
upstream flow, in radian.














	
ObliqueShockRelation.calc_temperature_ratio(mach1, beta)

	Calculate the ratio of temperature [image: T] across an oblique shock wave
of which the angle deflected from the upstream flow is [image: \beta]
and the upstream Mach number is [image: M_1]:


[image: \frac{T_2}{T_1} = \frac{p_2}{p_1} \frac{\rho_1}{\rho_2}]


where both [image: p_2/p_1] and [image: \rho_1/\rho_2] are functions of
[image: \gamma], [image: M_1], and [image: \beta].  See also
calc_pressure_ratio() and calc_density_ratio().

This method accepts scalar:

>>> ob = ObliqueShockRelation(gamma=1.4)
>>> round(ob.calc_temperature_ratio(mach1=3, beta=37.8/180*np.pi), 10)
1.5607602899





as well as numpy.ndarray:

>>> angle = 37.8/180*np.pi; angle = np.array([angle, angle])
>>> np.round(ob.calc_temperature_ratio(mach1=3, beta=angle), 10).tolist()
[1.5607602899, 1.5607602899]









	Parameters:	
	mach1 – Upstream Mach number [image: M_1], dimensionless.

	beta – Oblique shock angle [image: \beta] deflected from the
upstream flow, in radian.














	
ObliqueShockRelation.calc_dmach(mach1, beta=None, theta=None, delta=1)

	Calculate the downstream Mach number from the upstream Mach number
[image: M_1] and either of the shock or flow deflection angles:


[image: M_2 = \frac{M_{n2}}{\sin(\beta-\theta)}]


where [image: M_{n2}] is calculated from calc_normal_dmach()
with [image: M_{n1} = M_1\sin\beta].

The method can be invoked with only either [image: \beta] or
[image: \theta]:

>>> ob = ObliqueShockRelation(gamma=1.4)
>>> ob.calc_dmach(3, beta=0.2, theta=0.1)
Traceback (most recent call last):
    ...
ValueError: got (beta=0.2, theta=0.1), but I need to take either beta or theta
>>> ob.calc_dmach(3)
Traceback (most recent call last):
    ...
ValueError: got (beta=None, theta=None), but I need to take either beta or theta





This method accepts scalar:

>>> round(ob.calc_dmach(3, beta=37.8/180*np.pi), 10)
1.9924827009
>>> round(ob.calc_dmach(3, theta=20./180*np.pi), 10)
1.9941316656





as well as numpy.ndarray:

>>> angle = 37.8/180*np.pi; angle = np.array([angle, angle])
>>> np.round(ob.calc_dmach(3, beta=angle), 10).tolist()
[1.9924827009, 1.9924827009]
>>> angle = 20./180*np.pi; angle = np.array([angle, angle])
>>> np.round(ob.calc_dmach(3, theta=angle), 10).tolist()
[1.9941316656, 1.9941316656]









	Parameters:	
	mach1 – Upstream Mach number [image: M_1], dimensionless.

	beta – Oblique shock angle [image: \beta] deflected from the
upstream flow, in radian.

	theta – Downstream flow angle [image: \theta] deflected from the
upstream flow, in radian.

	delta – A switching integer [image: \delta].  For [image: \delta = 0], the function gives the solution of strong shock,
while for [image: \delta = 1], it gives the solution of
weak shock.  This keyword argument is only valid when
theta is given.  The default value is 1.














	
ObliqueShockRelation.calc_normal_dmach(mach_n1)

	Calculate the downstream Mach number from the given upstream Mach
number [image: M_{n1}], in the direction normal to the shock:


[image: M_{n2} = \sqrt{\frac{(\gamma-1)M_{n1}^2 + 2}                     {2\gamma M_{n1}^2 - (\gamma-1)}}]


This method accepts scalar:

>>> ob = ObliqueShockRelation(gamma=1.4)
>>> round(ob.calc_normal_dmach(mach_n1=3), 10)
0.4751909633





as well as numpy.ndarray:

>>> np.round(ob.calc_normal_dmach(mach_n1=np.array([3, 3])), 10).tolist()
[0.4751909633, 0.4751909633]









	Parameters:	mach_n1 – Upstream Mach number [image: M_{n1}] normal to the shock
wave, dimensionless.










	
ObliqueShockRelation.calc_flow_angle(mach1, beta)

	Calculate the downstream flow angle [image: \theta] deflected from the
upstream flow by using calc_flow_tangent(), in radian.

This method accepts scalar:

>>> ob = ObliqueShockRelation(gamma=1.4)
>>> angle = 48.25848/180*np.pi
>>> round(ob.calc_flow_angle(mach1=4, beta=angle)/np.pi*180, 10)
32.0000000807





as well as numpy.ndarray:

>>> angle = 48.25848/180*np.pi; angle = np.array([angle, angle])
>>> np.round((ob.calc_flow_angle(mach1=4, beta=angle)/np.pi*180), 10).tolist()
[32.0000000807, 32.0000000807]





See Example 4.6 in [Anderson03] for the forward analysis.  The above
is the inverse analysis.





	Parameters:	
	mach1 – Upstream Mach number [image: M_1], dimensionless.

	beta – Oblique shock angle [image: \beta] deflected from the
upstream flow, in radian.














	
ObliqueShockRelation.calc_flow_tangent(mach1, beta)

	Calculate the trigonometric tangent function [image: \tan\beta] of the
downstream flow angle [image: \theta] deflected from the upstream flow
by using the [image: \theta]-[image: \beta]-[image: M] relation:


[image: \tan\theta = 2\cot\beta              \frac{M_1^2\sin^2\beta - 1}                   {M_1^2(\gamma+\cos2\beta) + 2}]


This method accepts scalar:

>>> ob = ObliqueShockRelation(gamma=1.4)
>>> angle = 48.25848/180*np.pi
>>> round(ob.calc_flow_tangent(mach1=4, beta=angle), 10)
0.6248693539





as well as numpy.ndarray:

>>> angle = 48.25848/180*np.pi; angle = np.array([angle, angle])
>>> np.round(ob.calc_flow_tangent(mach1=4, beta=angle), 10).tolist()
[0.6248693539, 0.6248693539]





See Example 4.6 in [Anderson03] for the forward analysis.  The above
is the inverse analysis.





	Parameters:	
	mach1 – Upstream Mach number [image: M_1], dimensionless.

	beta – Oblique shock angle [image: \beta] deflected from the
upstream flow, in radian.














	
ObliqueShockRelation.calc_shock_angle(mach1, theta, delta=1)

	Calculate the downstream shock angle [image: \beta] deflected from the
upstream flow by using calc_shock_tangent(), in radian.

This method accepts scalar:

>>> ob = ObliqueShockRelation(gamma=1.4)
>>> angle = 32./180*np.pi
>>> round(ob.calc_shock_angle(mach1=4, theta=angle, delta=1)/np.pi*180, 10)
48.2584798722





as well as numpy.ndarray:

>>> angle = np.array([angle, angle])
>>> np.round(ob.calc_shock_angle(mach1=4, theta=angle, delta=1)/np.pi*180,
...          10).tolist()
[48.2584798722, 48.2584798722]





See Example 4.6 in [Anderson03] for the analysis.





	Parameters:	
	mach1 – Upstream Mach number [image: M_1], dimensionless.

	theta – Downstream flow angle [image: \theta] deflected from the
upstream flow, in radian.

	delta – A switching integer [image: \delta].  For [image: \delta = 0], the function gives the solution of strong shock,
while for [image: \delta = 1], it gives the solution of
weak shock.  The default value is 1.














	
ObliqueShockRelation.calc_shock_tangent(mach1, theta, delta)

	Calculate the downstream shock angle [image: \beta] deflected from the
upstream flow by using the alternative [image: \beta]-[image: \theta]-[image: M] relation:


[image: \tan\beta =   \frac{M_1^2 - 1       + 2\lambda\cos\left(\frac{4\pi\delta + \cos^{-1}\chi}{3}\right)}        {3\left(1 + \frac{\gamma-1}{2}M_1^2\right)\tan\theta}]


where [image: \lambda] and [image: \chi] are obtained internally by
calling calc_shock_tangent_aux().

This method accepts scalar:

>>> ob = ObliqueShockRelation(gamma=1.4)
>>> angle = 32./180*np.pi
>>> round(ob.calc_shock_tangent(mach1=4, theta=angle, delta=1), 10)
1.1207391858





as well as numpy.ndarray:

>>> angle = np.array([angle, angle])
>>> np.round(ob.calc_shock_tangent(mach1=4, theta=angle, delta=1),
...          10).tolist()
[1.1207391858, 1.1207391858]





See Example 4.6 in [Anderson03] for the analysis.





	Parameters:	
	mach1 – Upstream Mach number [image: M_1], dimensionless.

	theta – Downstream flow angle [image: \theta] deflected from the
upstream flow, in radian.

	delta – A switching integer [image: \delta].  For [image: \delta = 0], the function gives the solution of strong shock,
while for [image: \delta = 1], it gives the solution of
weak shock.














	
ObliqueShockRelation.calc_shock_tangent_aux(mach1, theta)

	Calculate the [image: \lambda] and [image: \chi] functions used by
calc_shock_tangent():


[image: \lambda =   \sqrt{(M_1^2-1)^2       - 3\left(1+\frac{\gamma-1}{2}M_1^2\right)          \left(1+\frac{\gamma+1}{2}M_1^2\right)\tan^2\theta}]



[image: \chi =   \frac{(M_1^2-1)^3       - 9\left(1+\frac{\gamma-1}{2}M_1^2\right)          \left(1+\frac{\gamma-1}{2}M_1^2+\frac{\gamma+1}{4}M_1^4\right)          \tan^2\theta}        {\lambda^3}]


This method accepts scalar:

>>> ob = ObliqueShockRelation(gamma=1.4)
>>> lmbd, chi = ob.calc_shock_tangent_aux(mach1=4, theta=32./180*np.pi)
>>> round(lmbd, 10), round(chi, 10)
(11.2080188412, 0.7428957121)





as well as numpy.ndarray:

>>> angle = 32./180*np.pi; angle = np.array([angle, angle])
>>> lmbd, chi = ob.calc_shock_tangent_aux(mach1=4, theta=angle)
>>> np.round(lmbd, 10).tolist()
[11.2080188412, 11.2080188412]
>>> np.round(chi, 10).tolist()
[0.7428957121, 0.7428957121]





See Example 4.6 in [Anderson03] for the analysis.





	Parameters:	
	mach1 – Upstream Mach number [image: M_1], dimensionless.

	theta – Downstream flow angle [image: \theta] deflected from the
upstream flow, in radian.
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	#!/usr/bin/env python2.7
# -*- coding: UTF-8 -*-
#
# Copyright (c) 2014, Yung-Yu Chen <yyc@solvcon.net>
#
# All rights reserved.
#
# Redistribution and use in source and binary forms, with or without
# modification, are permitted provided that the following conditions are met:
#
# - Redistributions of source code must retain the above copyright notice, this
#   list of conditions and the following disclaimer.
# - Redistributions in binary form must reproduce the above copyright notice,
#   this list of conditions and the following disclaimer in the documentation
#   and/or other materials provided with the distribution.
# - Neither the name of the SOLVCON nor the names of its contributors may be
#   used to endorse or promote products derived from this software without
#   specific prior written permission.
#
# THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS"
# AND ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE
# IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE
# ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR CONTRIBUTORS BE
# LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR
# CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF
# SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS
# INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN
# CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE)
# ARISING IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE
# POSSIBILITY OF SUCH DAMAGE.


"""
This is an example for solving the problem of oblique shock reflection.
"""


import os # Python standard library
import numpy as np # http://www.numpy.org
import solvcon as sc # SOLVCON
from solvcon.parcel import gas # A specific SOLVCON solver package we'll use


class ObliqueShockReflection(gas.ObliqueShockRelation):
    def __init__(self, gamma, theta, mach1, rho1, p1, T1):
        super(ObliqueShockReflection, self).__init__(gamma=gamma)
        # Angles and Mach numbers.
        self.theta = theta
        self.mach1 = mach1
        self.beta1 = beta1 = self.calc_shock_angle(mach1, theta)
        self.mach2 = mach2 = self.calc_dmach(mach1, beta1)
        self.beta2 = beta2 = self.calc_shock_angle(mach2, theta)
        self.mach3 = mach3 = self.calc_dmach(mach2, beta2)
        # Flow properties in the first zone.
        self.rho1 = rho1
        self.p1 = p1
        self.T1 = T1
        self.a1 = np.sqrt(gamma*p1/rho1)
        # Flow properties in the second zone.
        self.rho2 = rho2 = rho1 * self.calc_density_ratio(mach1, beta1)
        self.p2 = p2 = p1 * self.calc_pressure_ratio(mach1, beta1)
        self.T2 = T2 = T1 * self.calc_temperature_ratio(mach1, beta1)
        self.a2 = np.sqrt(gamma*p2/rho2)
        # Flow properties in the third zone.
        self.rho3 = rho3 = rho2 * self.calc_density_ratio(mach2, beta2)
        self.p3 = p3 = p2 * self.calc_pressure_ratio(mach2, beta2)
        self.T3 = T3 = T2 * self.calc_temperature_ratio(mach2, beta2)
        self.a3 = np.sqrt(gamma*p3/rho3)

    def __str__(self):
        msg = 'Relation of reflected oblique shock:\n'
        msg += '- theta = %5.2f deg (flow angle)\n' % (self.theta/np.pi*180)
        msg += '- beta1 = %5.2f deg (shock angle)\n' % (self.beta1/np.pi*180)
        msg += '- beta1 = %5.2f deg (shock angle)\n' % (self.beta2/np.pi*180)
        def property_string(zone):
            values = [getattr(self, '%s%d' % (key, zone))
                      for key in 'mach', 'rho', 'p', 'T', 'a']
            messages = [' %6.3f' % val for val in values]
            return ''.join(messages)
        msg += '- mach, rho, p, T, a (1) =' + property_string(1) + '\n'
        msg += '- mach, rho, p, T, a (2) =' + property_string(2) + '\n'
        msg += '- mach, rho, p, T, a (3) =' + property_string(3)
        return msg

    @property
    def hookcls(self):
        relation = self
        class _ShowRelation(sc.MeshHook):
            def preloop(self):
                for msg in str(relation).split('\n'):
                    self.info(msg + '\n')
            postloop = preloop
        return _ShowRelation


class RectangleMesher(object):
    """
    Representation of a rectangle and the Gmsh meshing helper.

    :ivar lowerleft: (x0, y0) of the rectangle.
    :type lowerleft: tuple
    :ivar upperright: (x1, y1) of the rectangle.
    :type upperright: tuple
    :ivar edgelength: Length of each mesh cell edge.
    :type edgelength: float
    """

    GMSH_SCRIPT = """
    // vertices.
    Point(1) = {%(x1)g,%(y1)g,0,%(edgelength)g};
    Point(2) = {%(x0)g,%(y1)g,0,%(edgelength)g};
    Point(3) = {%(x0)g,%(y0)g,0,%(edgelength)g};
    Point(4) = {%(x1)g,%(y0)g,0,%(edgelength)g};
    // lines.
    Line(1) = {1,2};
    Line(2) = {2,3};
    Line(3) = {3,4};
    Line(4) = {4,1};
    // surface.
    Line Loop(1) = {1,2,3,4};
    Plane Surface(1) = {1};
    // physics.
    Physical Line("upper") = {1};
    Physical Line("left") = {2};
    Physical Line("lower") = {3};
    Physical Line("right") = {4};
    Physical Surface("domain") = {1};
    """.strip()

    def __init__(self, lowerleft, upperright, edgelength):
        assert 2 == len(lowerleft)
        self.lowerleft = tuple(float(val) for val in lowerleft)
        assert 2 == len(upperright)
        self.upperright = tuple(float(val) for val in upperright)
        self.edgelength = float(edgelength)

    def __call__(self, cse):
        x0, y0 = self.lowerleft
        x1, y1 = self.upperright
        script_arguments = dict(
            edgelength=self.edgelength, x0=x0, y0=y0, x1=x1, y1=y1)
        cmds = self.GMSH_SCRIPT % script_arguments
        cmds = [cmd.rstrip() for cmd in cmds.strip().split('\n')]
        gmh = sc.Gmsh(cmds)()
        return gmh.toblock(bcname_mapper=cse.condition.bcmap)


def generate_bcmap(relation):
    # Flow properties (fp).
    fpb = {
        'gamma': relation.gamma, 'rho': relation.rho1,
        'v2': 0.0, 'v3': 0.0, 'p': relation.p1,
    }
    fpb['v1'] = relation.mach1*np.sqrt(relation.gamma*fpb['p']/fpb['rho'])
    fpt = fpb.copy()
    fpt['rho'] = relation.rho2
    fpt['p'] = relation.p2
    V2 = relation.mach2 * relation.a2
    fpt['v1'] = V2 * np.cos(relation.theta)
    fpt['v2'] = -V2 * np.sin(relation.theta)
    fpi = fpb.copy()
    # BC map.
    bcmap = {
        'upper': (sc.bctregy.GasInlet, fpt,),
        'left': (sc.bctregy.GasInlet, fpb,),
        'right': (sc.bctregy.GasNonrefl, {},),
        'lower': (sc.bctregy.GasWall, {},),
    }
    return bcmap


class ReflectionProbe(gas.ProbeHook):
    """
    Place a probe for the flow properties in the reflected region.
    """

    def __init__(self, cse, **kw):
        """
        :param relation: Instruct shock relations.
        :type relation: ObliqueShockReflection
        :param rect: Instruct the mesh rectangle.
        :type rect: RectangleMesher
        """
        rect = kw.pop('rect')
        self.relation = relation = kw.pop('relation')
        factor = kw.pop('factor', 0.9)
        # Detemine location.
        theta = relation.theta
        beta1 = relation.beta1
        beta2 = relation.beta2
        x0, y0 = rect.lowerleft
        x1, y1 = rect.upperright
        lgh = (y1-y0) / np.tan(beta1)
        hgt = factor * (x1-x0-lgh) * np.tan((beta2-theta)/2)
        lgh = factor * (x1-x0-lgh) + lgh
        poi = ('poi', x0+lgh, y0+hgt, 0.0)
        # Call super.
        kw['coords'] = (poi,)
        kw['speclst'] = ['M', 'rho', 'p']
        super(ReflectionProbe, self).__init__(cse, **kw)

    def postloop(self):
        super(ReflectionProbe, self).postloop()
        rel = self.relation
        self.info('Probe result at %s:\n' % self.points[0])
        M, rho, p = self.points[0].vals[-1][1:]
        self.info('- mach3 = %.3f/%.3f (error=%%%.2f)\n' % (
            M, rel.mach3, abs((M-rel.mach3)/rel.mach3)*100))
        self.info('- rho3  = %.3f/%.3f (error=%%%.2f)\n' % (
            rho, rel.rho3, abs((rho-rel.rho3)/rel.rho3)*100))
        self.info('- p3    = %.3f/%.3f (error=%%%.2f)\n' % (
            p, rel.p3, abs((p-rel.p3)/rel.p3)*100))


def obrf_base(
    casename=None, psteps=None, ssteps=None, edgelength=None,
    gamma=None, density=None, pressure=None, mach=None, theta=None, **kw):
    """
    Base configuration of the simulation and return the case object.

    :return: The created Case object.
    :rtype: solvcon.parcel.gas.GasCase
    """

    ############################################################################
    # Step 1: Obtain the analytical solution.
    ############################################################################

    # Calculate the flow properties in all zones separated by the shock.
    relation = ObliqueShockReflection(gamma=gamma, theta=theta, mach1=mach,
                                      rho1=density, p1=pressure, T1=1)

    ############################################################################
    # Step 2: Instantiate the simulation case.
    ############################################################################

    # Create the mesh generator.  Keep it for later use.
    mesher = RectangleMesher(lowerleft=(0,0), upperright=(4,1),
                             edgelength=edgelength)
    # Set up case.
    cse = gas.GasCase(
        # Mesh generator.
        mesher=mesher,
        # Mapping boundary-condition treatments.
        bcmap=generate_bcmap(relation),
        # Use the case name to be the basename for all generated files.
        basefn=casename,
        # Use `cwd`/result to store all generated files.
        basedir=os.path.abspath(os.path.join(os.getcwd(), 'result')),
        # Debug and capture-all.
        debug=False, **kw)

    ############################################################################
    # Step 3: Set up delayed callbacks.
    ############################################################################

    # Field initialization and derived calculations.
    cse.defer(gas.FillAnchor, mappers={'soln': gas.GasSolver.ALMOST_ZERO,
                                       'dsoln': 0.0, 'amsca': gamma})
    cse.defer(gas.DensityInitAnchor, rho=density)
    cse.defer(gas.PhysicsAnchor, rsteps=ssteps)
    # Report information while calculating.
    cse.defer(relation.hookcls)
    cse.defer(gas.ProgressHook, linewidth=ssteps/psteps, psteps=psteps)
    cse.defer(gas.CflHook, fullstop=False, cflmax=10.0, psteps=ssteps)
    cse.defer(gas.MeshInfoHook, psteps=ssteps)
    cse.defer(ReflectionProbe, rect=mesher, relation=relation, psteps=ssteps)
    # Store data.
    cse.defer(gas.PMarchSave,
              anames=[('soln', False, -4),
                      ('rho', True, 0),
                      ('p', True, 0),
                      ('T', True, 0),
                      ('ke', True, 0),
                      ('M', True, 0),
                      ('sch', True, 0),
                      ('v', True, 0.5)],
              psteps=ssteps)

    ############################################################################
    # Final: Return the configured simulation case.
    ############################################################################
    return cse


@gas.register_arrangement
def obrf(casename, **kw):
    return obrf_base(
        # Required positional argument for the name of the simulation case.
        casename,
        # Arguments to the base configuration.
        ssteps=200, psteps=4, edgelength=0.1,
        gamma=1.4, density=1.0, pressure=1.0, mach=3.0, theta=10.0/180*np.pi,
        # Arguments to GasCase.
        time_increment=7.e-3, steps_run=600, **kw)


@gas.register_arrangement
def obrf_fine(casename, **kw):
    return obrf_base(
        casename,
        ssteps=200, psteps=4, edgelength=0.02,
        gamma=1.4, density=1.0, pressure=1.0, mach=3.0, theta=10.0/180*np.pi,
        time_increment=1.e-3, steps_run=4000, **kw)


if __name__ == '__main__':
    sc.go()

# vim: set ff=unix fenc=utf8 ft=python ai et sw=4 ts=4 tw=79:
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Sod’s Shock Tube (Under Development)

A classic example to verify whether a CFD algorithm the Sod shock tube problem
[Sod78].  We will introduce this problem in what follows.

In short, a shock tube problem is a Riemann problem with the Euler equations.
This is a good benchmark to compare different CFD algorithm results.

The Euler equations consist of conservation of mass (Eq.
(1)), of momentum (Eq. (2)), and of
energy (Eq. (3)).


(1)[image: \dpd{\rho}{t} + \dpd{{\rho}{v}}{x} = 0]



(2)[image: \dpd{\rho{v}}{t} + \dpd{(p+\rho{v^2})}{x} = 0]



(3)[image: \dpd{}{t}\left(\frac{p}{\gamma-1} + \frac{\rho{v^2}}{2}\right) + \dpd{}{x}\left(\frac{\gamma}{\gamma-1}pv+\frac{1}{2}\rho{v^3}\right) = 0]


By defining


(4)[image: \bvec{u} = \left(\begin{array}{c}   u_1 \\ u_2 \\ u_3 \end{array}\right) \defeq \left(\begin{array}{c}   \rho \\ \rho v \\   \rho\left(\frac{1}{\gamma-1}\frac{p}{\rho} + \frac{v^2}{2}\right) \end{array}\right)]



(5)[image: \bvec{f} = \left(\begin{array}{c}   f_1 \\ f_2 \\ f_3 \end{array}\right) \defeq \left(\begin{array}{c}   u_2 \\ (\gamma-1)u_3 - \frac{\gamma-3}{2}\frac{u_2^2}{u_1} \\   \gamma\frac{u_2u_3}{u_1} - \frac{\gamma-1}{2}\frac{u_2^3}{u_1^2} \end{array}\right)]


we can rewrite Eqs. (1), (2), and
(3) in a general form for nonlinear hyperbolic PDEs:


(6)[image: \dpd{\bvec{u}}{t} + \dpd{\bvec{f}(\bvec{u})}{x} = 0]


The initial condition of the Riemann problem is defined as:


(7)[image: \bvec{u} = \left(\begin{array}{c}   \rho_L \\ u_L \\ p_L \end{array}\right) \text{ for } x <= 0 \text{ and } \bvec{u} = \left(\begin{array}{c}   \rho_R \\ u_R \\ p_R \end{array}\right) \text{ for } x > 0]


By using Eq. (7), Sod’s initial conditions can be
set as:


(8)[image: \bvec{u} = \left(\begin{array}{c}   1 \\ 0 \\ 1 \end{array}\right) \defeq \bvec{u}_L \text{ for } x <= 0 \text{ and } \bvec{u} = \left(\begin{array}{c}   0.125 \\ 0 \\ 0.1 \end{array}\right) \defeq \bvec{u}_R \text{ for } x > 0 \text{at } t=0]


We divide the solution of the problem in “5 zones”.  From the left
([image: x<0]) to the right ([image: x>0]) of the diaphragm.


	Region I
	There is no boundary of the tube.  The status is always [image: \bvec{u}_L].





	Region II
	Rarefaction wave.  The status is continuous from the region 1 to the region
3.





	Region III
	In the shock “pocket”, there is “no more shock” and the hyperbolic PDE
(6) told us [image: u_{\mathrm{III}}=u_{\mathrm{IV}}]
are Riemann invariants.  Together with Rankine-Hugoniot conditions, we know
[image: p_{\mathrm{III}}=p_{\mathrm{IV}}] and the density is not continuous.





	Region IV
	Because of the expansion of the shock, there is shock discontinuity.
The discontinuity status could be determined by Rankine-Hugoniot conditions
[Wesselling01].





	Region V
	There is no boundary of the tube, so the status is always
[image: \bvec{u}_R]







To derive the analytic solution, we will begin from the region
[image: \mathrm{IV}] to get
[image: \bvec{u}_{\mathrm{IV}}],
then [image: \bvec{u}_{\mathrm{III}}] and
finally [image: \bvec{u}_{\mathrm{II}}].


Derivation of [image: \bvec{u}_{\mathrm{IV}}]

Rankine-Hugoniot conditions gives that the jump conditions must hold
across a shock:


(9)[image: u_{shock}(\rho_{2} - \rho_{1}) = m_2 - m_1]



(10)[image: u_{shock}(m_2 - m_1) = \frac{{m_2}^2}{\rho_2} + p_2 - \frac{{m_1}^2}{\rho_1} - p_1]



(11)[image: u_{shock}(\rho_{2} E_2 - \rho_{1} E_1) = m_{2} H_{2} - m_{1} H_{1}]


If this is a stationary shock, [image: u_{shock} = 0].
(9) tells us [image: m_2 = m_1].

Because [image: u_{shock} = 0] and (9),
from (10) we get:


[image: \frac{{m_2}^2}{\rho_2} + p_2 - \frac{{m_1}^2}{\rho_1} - p_1 = 0 \\ \text{divided by } m_1 \Rightarrow \frac{{m_2}^2}{\rho_{2}m_1} + \frac{p_2}{m_1} - \frac{{m_1}^2}{\rho_1{m_1}} - \frac{p_1}{m_1} = 0 \\ \text{please remember } m_1 = m_2 \Rightarrow \frac{m_{2}}{\rho_2} + \frac{p_2}{m_2} - \frac{m_{1}}{\rho_1} - \frac{p_1}{m_1}=0 \\ \text{use } m_1 = \rho_{1}{u_1}, m_2 = \rho_{2}{u_2} \Rightarrow u_2 + \frac{{\gamma}{p_2}}{\gamma{\rho_{2}{u_2}}} - u_1 - \frac{{\gamma}{p_1}}{\gamma{\rho_{1}{u_1}}} \\ \text{because } c_1 = \sqrt{\frac{{\gamma}{p_1}}{\rho_1}}, c_2 = \sqrt{\frac{{\gamma}{p_2}}{\rho_2}} \Rightarrow u_2 + \frac{{c_2}^2}{u_2} - u_1 - \frac{{c_1}^2}{u_1} = 0]


Thus, we get


(12)[image: u_1 - u_2 = \frac{{c_2}^2}{u_2} - \frac{{c_1}^2}{u_1}]


Since [image: u_{shock} = 0], [image: m_2 = m_1]
and (11), we get [image: H_1 = H_2].
Use [image: H=h+\frac{{c}^2}{2}], namely
[image: H_1=h_1+\frac{{c_1}^2}{2}] and [image: H_2=h_2+\frac{{c_2}^2}{2}],
and we could rewrite [image: H_1 = H_2] as


[image: & H_1 = h_1+\frac{{u_1}^2}{2} = h_2+\frac{{u_2}^2}{2} = H_2 \\ & \text{Use } h = c_{p}T = \frac{c^2}{\gamma - 1} \\ & \text{that is } \quad h_1 = c_{p}T_1 = \frac{{c_1}^2}{\gamma - 1} \quad h_2 = c_{p}T_2 = \frac{{c_2}^2}{\gamma - 1} \\ \Rightarrow \quad & h_1 + \frac{{u_1}^2}{2} =  \frac{{c_1}^2}{\gamma - 1} + \frac{{u_1}^2}{2} \\ \quad & h_2 + \frac{{u_2}^2}{2} =  \frac{{c_2}^2}{\gamma - 1} + \frac{{u_2}^2}{2} \\ \Rightarrow \quad & \frac{{c_1}^2}{\gamma - 1} + \frac{{u_1}^2}{2} =  \frac{{c_2}^2}{\gamma - 1} + \frac{{u_2}^2}{2}]


Assume [image: u_1 > \text{sonic speed} c_{*} > u_2]. Because of continuity,
there must be a point with the speed
[image: u_{*}] equal to the sound speed [image: c_{*}] which satisfies:


[image: \frac{{c_1}^2}{\gamma - 1} + \frac{{u_{*}}^2}{2} = \frac{{c_1}^2}{\gamma - 1} + \frac{{c_{*}}^2}{2} = \frac{(\gamma-1)+2}{2(\gamma-1)}{c^2_{*}} = \frac{(\gamma+1)}{2(\gamma-1)}{c^2_{*}}]


And


(13)[image: \frac{{c_1}^2}{\gamma - 1} + \frac{{u_1}^2}{2} = \frac{{c_2}^2}{\gamma - 1} + \frac{{u_2}^2}{2} = \frac{(\gamma+1)}{2(\gamma-1)}{c^2_{*}}]


Now let’s try to get [image: c_{*}]
represented by [image: u_{1}] and [image: u_{2}].
Because of (13)


[image: & \frac{{c_1}^2}{\gamma - 1} + \frac{{u_1}^2}{2} = \frac{(\gamma+1)c_{*}}{2(\gamma-1)} \\ & \frac{{c_2}^2}{\gamma - 1} + \frac{{u_2}^2}{2} = \frac{(\gamma+1)c_{*}}{2(\gamma-1)} \\ \text{multipled by } \frac{(2\gamma-1)}{\gamma{u_1}} & \text{ and multipled by } \frac{(2\gamma-1)}{\gamma{u_2}} \text{ seperately} \\ \Rightarrow & \frac{2{c_1}^2}{\gamma{u_1}} + \frac{{u_1}(\gamma-1)}{\gamma} = \frac{(\gamma+1)c_{*}}{\gamma{u_1}} \\ & \frac{2{c_2}^2}{\gamma{u_2}} + \frac{{u_2}(\gamma-1)}{\gamma} = \frac{(\gamma+1)c_{*}}{\gamma{u_2}} \\ \Rightarrow & \frac{2{c_1}^2}{\gamma{u_1}} = \frac{(\gamma+1)c_{*}}{\gamma{u_1}} - \frac{{u_1}(\gamma-1)}{\gamma} \\ & \frac{2{c_2}^2}{\gamma{u_2}} = \frac{(\gamma+1)c_{*}}{\gamma{u_2}} - \frac{{u_2}(\gamma-1)}{\gamma} \\ \Rightarrow & \frac{{c_1}^2}{\gamma{u_1}} = \frac{(\gamma+1)c_{*}}{2\gamma{u_1}} - \frac{{u_1}(\gamma-1)}{2\gamma} = [\frac{(\gamma+1)c_{*}}{\gamma-1}+{u_1}^2] (\frac{(\gamma-1)}{2\gamma{u_1})}) \\ & \frac{{c_2}^2}{\gamma{u_2}} = \frac{(\gamma+1)c_{*}}{2\gamma{u_2}} - \frac{{u_2}(\gamma-1)}{2\gamma} = [\frac{(\gamma+1)c_{*}}{\gamma-1}+{u_2}^2] (\frac{(\gamma-1)}{2\gamma{u_2})}) \\ \Rightarrow & \frac{{c_1}^2}{\gamma{u_1}} - \frac{{c_2}^2}{\gamma{u_2}} = \frac{(\gamma+1)c_{*}}{2\gamma{u_1}} - \frac{{u_1}(\gamma-1)}{2\gamma} - \frac{(\gamma+1)c_{*}}{2\gamma{u_2}} + \frac{{u_2}(\gamma-1)}{2\gamma}]


please recall (12), thus


[image: u_2 - u_1 & = \frac{(\gamma+1)c_{*}}{2\gamma{u_1}} - \frac{{u_1}(\gamma-1)}{2\gamma} - \frac{(\gamma+1)c_{*}}{2\gamma{u_2}} + \frac{{u_2}(\gamma-1)}{2\gamma} \\ \Rightarrow & c_{*}(\frac{(\gamma+1)}{2\gamma{u_1}} - \frac{(\gamma+1)}{2\gamma{u_2}}) = u_2\frac{\gamma+1}{2\gamma} + u_1\frac{\gamma+1}{2\gamma} \\ \Rightarrow & c_{*}(\frac{1}{u_1}-\frac{1}{u_2}) = u_2 - u_1 \\ \Rightarrow & c_{*} = {u_1}{u_2}]


The relation


(14)[image: c_{*} = {u_1}{u_2}]


is called Prandel-Meyer relation.
It means the flow at one side of a shock must be supersonic,
and the other side must be subsonic.

Now defining the Mach number [image: M_1 = \frac{u_1}{c_1}] and
[image: M^{*} = \frac{u}{c_*}], we get from (13):


[image: & \frac{{c_1}^2}{(\gamma - 1)} + \frac{{u_1}^2}{2} = \frac{(\gamma+1)}{2(\gamma-1)}{c^2_{*}} \\ \Rightarrow & \frac{{c_1}^2}{(u_1)^2}\frac{(u_1)^2}{\gamma - 1} + \frac{{u_1}^2}{2} = \frac{(\gamma+1)}{2(\gamma-1)}{c^2_{*}} \\ \text{dividied by } c^2_{*} \Rightarrow & \frac{{c_1}^2}{(u_1)^2}\frac{(u_1)^2}{c^2_{*}(\gamma - 1)} + \frac{{u_1}^2}{(c^2_{*})2} = \frac{(\gamma+1)}{2(\gamma-1)} \\ & \frac{M^*_1}{M_1(\gamma-1)} + \frac{M^{*2}_{1}}{2} = \frac{{u_1}^2}{(c^2_{*})2}]
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Simulation

The modules defining the physics process and the numerical methods are:


	solvcon.parcel.gas.case

	solvcon.parcel.gas.solver




case


	
class solvcon.parcel.gas.case.GasCase(**kw)

	Temporal loop for the gas-dynamic solver.


[image: Inheritance diagram of GasCase]














solver


	
class solvcon.parcel.gas.solver.GasSolver(blk, **kw)

	Spatial loops for the gas-dynamics solver.


[image: Inheritance diagram of GasSolver]







	
__init__(blk, **kw)

	Create a _algorithm.GasAlgorithm object.

>>> # create a valid solver as the test fixture.
>>> from solvcon.testing import create_trivial_2d_blk
>>> blk = create_trivial_2d_blk()
>>> blk.clgrp.fill(0)
>>> blk.grpnames.append('blank')
>>> class SubSolver(GasSolver):
...     pass
>>> svr = SubSolver(blk)
>>> # number of equations.
>>> svr.neq
4
>>> # valid GasAlgorithm.
>>> svr.alg is not None
True
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Boundary-Condition Treatment


boundcond

All these treatments are in solvcon.parcel.gas.boundcond module.


	
class solvcon.parcel.gas.boundcond.GasBC(**kw)

	Base class for all boundary conditions of the gas solver.


[image: Inheritance diagram of GasBC]






The base class for all boundary-condition treatments in this module.  It
should not be used in simulations directly.






	
class solvcon.parcel.gas.boundcond.GasNonrefl(**kw)

	
[image: Inheritance diagram of GasNonrefl]












	
class solvcon.parcel.gas.boundcond.GasWall(**kw)

	
[image: Inheritance diagram of GasWall]












	
class solvcon.parcel.gas.boundcond.GasInlet(**kw)

	
[image: Inheritance diagram of GasInlet]
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Callback

Useful callbacks are included in:


	solvcon.parcel.gas.probe

	solvcon.parcel.gas.physics

	solvcon.parcel.gas.inout




probe


	
class solvcon.parcel.gas.probe.ProbeHook(cse, **kw)

	Point probe.


[image: Inheritance diagram of ProbeHook]













physics


	
class solvcon.parcel.gas.physics.DensityInitAnchor(svr, **kw)

	Initialize only density.

FIXME: Give me doctests.


[image: Inheritance diagram of DensityInitAnchor]











	
class solvcon.parcel.gas.physics.PhysicsAnchor(svr, **kw)

	Calculates physical quantities for output.  Implements (i) provide() and
(ii) postfull() methods.

FIXME: I should be more integrated with GasSolver.





	Variables:	gasconst – gas constant.






[image: Inheritance diagram of PhysicsAnchor]













inout


	
class solvcon.parcel.gas.inout.MeshInfoHook(cse, show_bclist=False, perffn=None, **kw)

	Print mesh information.


[image: Inheritance diagram of MeshInfoHook]











	
class solvcon.parcel.gas.inout.ProgressHook(cse, linewidth=50, **kw)

	Print simulation progess.


[image: Inheritance diagram of ProgressHook]











	
class solvcon.parcel.gas.inout.FillAnchor(svr, mappers=None, **kw)

	Fill the specified arrays of a GasSolver with
corresponding value.


[image: Inheritance diagram of FillAnchor]











	
class solvcon.parcel.gas.inout.CflAnchor(svr, rsteps=None, **kw)

	Counting CFL numbers.  Use MeshSolver.marchret to return results.  Overrides
postmarch() method.

Pair with CflHook.


[image: Inheritance diagram of CflAnchor]







	
__init__(svr, rsteps=None, **kw)

	>>> from solvcon.testing import create_trivial_2d_blk
>>> from solvcon.solver import MeshSolver
>>> svr = MeshSolver(create_trivial_2d_blk())
>>> ank = CflAnchor(svr)
Traceback (most recent call last):
    ...
TypeError: int() argument must be a string or a number, not 'NoneType'
>>> ank = CflAnchor(svr, 1)
>>> ank.rsteps
1














	
class solvcon.parcel.gas.inout.CflHook(cse, name='cfl', cflmin=0.0, cflmax=1.0, fullstop=True, rsteps=None, **kw)

	Makes sure CFL number is bounded and print averaged CFL number over time.
Reports CFL information per time step and on finishing.  Overrides (i)
postmarch() and (ii)
postloop() methods.

Pair with CflAnchor.


[image: Inheritance diagram of CflHook]











	
class solvcon.parcel.gas.inout.MarchSaveAnchor(svr, anames=None, compressor=None, fpdtype=None, psteps=None, vtkfn_tmpl=None, **kw)

	Save solution data into VTK XML format for a solver.


[image: Inheritance diagram of MarchSaveAnchor]











	
class solvcon.parcel.gas.inout.PMarchSave(cse, anames=None, compressor='gz', fpdtype=None, altdir='', altsym='', vtkfn_tmpl=None, **kw)

	Save the geometry and variables in a case when time marching in parallel
VTK XML format.


[image: Inheritance diagram of PMarchSave]
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Related Links


This page collects information about software related to SOLVCON:



		Grid generator
		CUBIT [http://cubit.sandia.gov/]: an advanced mesh generator developed at Sandia [http://www.sandia.gov/] National
Laboratories.  CUBIT has a very easy-to-use graphical interface and a
comprehensive and productive command line interface.  CUBIT can generate
very large meshes and supports parallel mesh generation.


		FLUENT GAMBIT: a mesh generator widely used for CFD.  GAMBIT is supported
by ANSYS [http://www.ansys.com/].








		Numerical library
		LAPACK [http://www.netlib.org/lapack/] (Linear Algebra PACKage): the de facto tool set for linear algebra.
LAPACK solves linear systems, eigen problems, and singular value problems.


		METIS [http://glaros.dtc.umn.edu/gkhome/views/metis]: a software library for graph partitioning, developed by George
Karypis [http://glaros.dtc.umn.edu/gkhome/] at University of Minnesota, Twin Cities.


		numpy [http://numpy.scipy.org/]: the de facto software package for N-dimensional array in Python [http://python.org/].
numpy is the core of scipy [http://www.scipy.org/], a comprehensive tool box for scientific
computing in Python.








		GPU computing
		CUDA [http://www.nvidia.com/object/cuda_home_new.html] (Compute Unified Device Architecture): CUDA is the most widely used
programming environment for General-Purpose Graphic Processing Unit (GPGPU)
computing.  CUDA is developed and provided by NVIDIA [http://www.nvidia.com/].  It supports only
the hardware made by NVIDIA, in general.








		I/O and Visualization
		NetCDF [http://www.unidata.ucar.edu/software/netcdf/index.html]: a library for array data in scientific applications.  The file
format has several versions, and the newer ones are based on HDF5 [http://www.hdfgroup.org/HDF5/].  The
Genesis/ExodusII mesh format is based on netCDF.


		ParaView [http://www.paraview.org/]: a powerful, open-source post-processing tool developed by
Kitware [http://www.kitware.com/], Inc.  ParaView support parallel visualization, and provides a
comprehensive set of functionalities.  ParaView is scriptable by using
Python [http://python.org/].  It is build upon VTK [http://www.vtk.org/].


		VTK [http://www.vtk.org/] (Visualization Toolkit): an open-source software library for computer
graphics and visualization.  It is developed with C++ and provides a
Python [http://python.org/] interface.  It is very easy to invoke VTK in Python.  For example,
MayaVi [http://code.enthought.com/projects/mayavi/] is a Python package that uses VTK.








		Miscellaneous
		Epydoc [http://epydoc.sf.net/]: a tool for generating API documentation for Python
packages/modules.  Epydoc supports multiple text markups, including
epytext [http://epydoc.sourceforge.net/epytextintro.html], reStructuredText [http://docutils.sourceforge.net/rst.html], and Javadoc [http://java.sun.com/j2se/javadoc/].


		MPI (Message-Passing Interface): the de facto standard for
distributed-memory parallel computing.  Multiple implementations of the
standard exist, including MPICH [http://www.mcs.anl.gov/research/projects/mpich2/], MVAPICH [http://mvapich.cse.ohio-state.edu/], Open MPI [http://www.open-mpi.org/], etc.


		nose [http://somethingaboutorange.com/mrl/projects/nose/]: a comprehensive test runner for Python code.  nose supports many
unit test discovery modes and makes running unit tests easy.


		SCons [http://www.scons.org/]: a software construction tool.  SCons is fundamentally a huge set of
rule implemented in Python, and manipulated in Python.  The control files
of SCons are nothing more than Python scripts that follow the special
context management imposed by SCons.  SCons is a convenient replacement of
make [http://www.gnu.org/software/make/].











You may also want to check Other Software for Solving PDEs






          

      

      

    


    
        © Copyright 2009-2014, SOLVCON Project.
      Created using Sphinx 1.3.1.
    

  

history.html


    
      Navigation


      
        		
          index


        		
          modules |


        		SOLVCON 0.1.4 documentation »

 
      


    


    
      
          
            
  
History



Version 0.1.4


Release date: 2015/2/9 (GMT+0800)


This is released simply because PyPI doesn’t allow re-uploading a file of the
same name, and I didn’t know it and deleted the file for version 0.1.3.  See
https://mail.python.org/pipermail/distutils-sig/2015-January/025683.html.





Version 0.1.3


Release date: 2015/2/9 (GMT+0800)


Changes:



		#75 [https://bitbucket.org/solvcon/solvcon/issue/75/] Change the default dependency directory ($SCROOT) from
$HOME/opt/scruntime to $root/opt.


		#77 [https://bitbucket.org/solvcon/solvcon/issue/77/] SCons script should respect LIBPATH environment variable.


		#95 [https://bitbucket.org/solvcon/solvcon/issue/95/]: Support anaconda/miniconda/conda for managing dependencies


		#98 [https://bitbucket.org/solvcon/solvcon/issue/98/]: Migrate the old gas-dynamics solvers into the new MeshSolver system


		#103 [https://bitbucket.org/solvcon/solvcon/issue/103/], #106 [https://bitbucket.org/solvcon/solvcon/issue/106/], #110 [https://bitbucket.org/solvcon/solvcon/issue/110/]: Improve documents





Bug-fixes:



		#73 [https://bitbucket.org/solvcon/solvcon/issue/73/] scotch build script doesn’t work in OS X.


		#74 [https://bitbucket.org/solvcon/solvcon/issue/74/] SCons doesn’t build Python extension modules.


		#78 [https://bitbucket.org/solvcon/solvcon/issue/78/] solvcon.rpc.Dealer.bridge doesn’t work for localhost in OS X


		#79 [https://bitbucket.org/solvcon/solvcon/issue/79/] Legacy case setting steps_dump results into error


		#82 [https://bitbucket.org/solvcon/solvcon/issue/82/]: SCons stops when there’s file removed/moved


		#87 [https://bitbucket.org/solvcon/solvcon/issue/87/]: Fix run_vewave_cvg.sh solution test


		#89 [https://bitbucket.org/solvcon/solvcon/issue/89/]: examples/vewave/cvg/go failed due to missing mesh


		#90 [https://bitbucket.org/solvcon/solvcon/issue/90/]: parcel/* solvers miss ghostgeom


		#92 [https://bitbucket.org/solvcon/solvcon/issue/92/]: Clean up solvcon.parcel.bulk.solver.BulkSolver initial condition code


		#93 [https://bitbucket.org/solvcon/solvcon/issue/93/]: http://ci.solvcon.net/job/examples.vewave_cvg/ fails around revision
51e85bf107a3a85b9930b4cabc5f3aa13b9c59bf


		#99 [https://bitbucket.org/solvcon/solvcon/issue/99/]: Move solvcon.solver.ALMOST_ZERO into
solvcon.solver.MeshSolver.ALMOST_ZERO


		#100 [https://bitbucket.org/solvcon/solvcon/issue/100/]: The exception wrapper in solvcon.cmdutil.go is not useful


		#101 [https://bitbucket.org/solvcon/solvcon/issue/101/]: MeshSolver should use MeshAnchorList instead of AnchorLIst (legacy)


		#109 [https://bitbucket.org/solvcon/solvcon/issue/109/]: Add dependency package gmp (required by Gmsh) packaging


		#114 [https://bitbucket.org/solvcon/solvcon/issue/114/]: Add missing package to dependency installation scripts packaging








Version 0.1.2


Release date: 2013/8/8 (GMT+0800)


This release starts to document by using Sphinx and renew the architecture of
problem solvers.


Changes:



		Remove the SCons METIS builder and the corresponding options of
--download, --extract, and --apply-patches.  Now the SCOTCH
library is used for graph partitioning with its METIS interface.


		Move the counter of lines of code in SOLVCON from SCons into a standalone
script contrib/countloc, and thus remove the SCons option --count.


		Remove the SCons option --cmpvsn.  For changing the command of C
compiler, you can now set the environment variable CC to whatever the
command you want.


		Renovate the documentation by using Sphinx.  (#61 [https://bitbucket.org/solvcon/solvcon/issue/61/])


		Add a directory contrib/verify_scripts to collect scripts for running
verification examples.


		Design a new hierarchy for solvers by using Cython.  (#59 [https://bitbucket.org/solvcon/solvcon/issue/59/], #60 [https://bitbucket.org/solvcon/solvcon/issue/60/], #62 [https://bitbucket.org/solvcon/solvcon/issue/62/], #63 [https://bitbucket.org/solvcon/solvcon/issue/63/],
#65 [https://bitbucket.org/solvcon/solvcon/issue/65/])
		A new series of “sach” (MeshSolver,
MeshAnchor, MeshCase, and MeshHook)
is built.


		The new sach is built upon pure Python Block and Cython Mesh.














Version 0.1.1


Release date: 2012/1/21 (GMT+0800)


This release adds a loader of Gmsh mesh format and fixes several bugs.


New features:



		Add a loader for Gmsh ASCII mesh format.  The loader locates in
solvcon.io.gmsh and is implemented as pure Python code.  scg mesh command
line tool can recognize the format.  Issue #52 [https://bitbucket.org/solvcon/solvcon/issue/52/].


		Revamp the dependency building system to support older OSes and proxies that
need authentication.  Issue #53 [https://bitbucket.org/solvcon/solvcon/issue/53/].


		Extract the SCons commands for building the Epydoc and Sphinx document from
SConstruct into standalone SCons tools.  Two new tools are added in the
directory site_scons/site_tools/: sphinx.py and scons_epydoc.py.
Note that the SCons tool for Epydoc cannot be named as epydoc.py or the
name collides with the real epydoc package.


		Add Gmsh and Sphinx into ground/.





Bug-fix:



		Issue #49 [https://bitbucket.org/solvcon/solvcon/issue/49/]: “No Vtk for final time step”.  Output timing of CollectHook and
MarchSave.


		Issue #54 [https://bitbucket.org/solvcon/solvcon/issue/54/]: “Shared objects are not found under Mac OS X”.


		Issue #38 [https://bitbucket.org/solvcon/solvcon/issue/38/]: “soln/dsoln shouldn’t be hard-coded”.








Version 0.1


Release date: 2011/8/11 (GMT-0500)


This release marks a milestone of SOLVCON.  Future development of SOLVCON will
focus on production use.  The planned directions include (i) the high-order
CESE method, (ii) improving the scalability by consolidating the
distributed-memory parallel code, (iii) expanding the capabilities of the
existing solver kernels, and (iv) incorporating more physical processes.


New features:



		Glue BCs are added.  A pair of collocated BCs can now be glued together to
work as an internal interface.  The glued BCs helps to dynamically turn on or
off the BC pair.


		solvcon.kerpak.cuse series solver kernels are changed to use OpenMP for
multi-threaded computing.  They were using a thread pool built-in SOLVCON for
multi-threading.  OpenMP makes multi-threaded functions more flexible in
argument specification.


		Add the soil/ directory for providing building helpers for GCC 4.6.1.
Note, the name gcc/ is deliberately avoided for the directory, because of
a bug in gcc itself (bug id 48306
http://gcc.gnu.org/bugzilla/show_bug.cgi?id=48306 ).


		Add -j command line option for building dependencies in the ground/
directory and the soil/ directory.  Note that ATLAS doesn’t work with
make -j N.





Bug-fix:



		METIS changes its download URL.  Modify SConstruct accordingly.








Version 0.0.7


Release date: 2011/6/8 (GMT-0500)


In this release, SOLVCON starts to support using incenters or centroids for
constructing basic Conservation Elements (BCEs) of the CESE method.  Incenters
are only enabled for simplex cells.  Three more examples for supersonic flows
are also added, in addition to the new capability.


New features:



		A set of building scripts for dependencies of SOLVCON is written in
ground/ directory.  A Python script ground/get download all depended
source tarballs according to ground/get.ini.  A make file
ground/Makefile directs the building with targets binary, python,
vtk.  The targets must be built in order.  An environment variable
$SCPREFIX can be set when making to specify the destination of
installation.  The make file will create a shell script
$SCROOT/bin/scvars.sh exporting necessary environment variables for using
the customized runtime.  $SCROOT is the installing destination (i.e.,
$SCPREFIX), and is set in the shell script as well.


		The center of a cell can now be calculated as an incenter.  Use of incenter
or centroid is controlled by a keyword parameter use_incenter of
solvcon.block.Block constructor.  This enables incenter-based CESE
implementation that will benefit calculating Navier-Stokes equations in the
future.


		More examples for compressible inviscid flows are provided.





Bug-fix:



		A bug in coordiate transformation for wall boundary conditions of gas
dynamics module (solvcon.kerpak.gasdyn).








Version 0.0.6


Release date: 2011/5/18 (GMT-0500)


This release also contains enhancements planned for 0.0.5, which would not be
released.  SOLVCON now partially supports GPU clusters.  Solvers for linear
equations and the velocity-stress equations are updated.  The CESE base solver
is enhanced.


New features:



		Support GPU clusters.  SOLVCON can spread decomposed sub-domains to multiple
GPU devices distributed over network.  Currently only one GPU device per
compute node is supported.


		A generic solver for linear equations: solvcon.kerpak.lincuse.  The new
version of generic linear solver support both CPU and CPU.


		A velocity-stress equaltions solver is ported to be based on
solvcon.kerpak.lincuse.  The new solver is packaged in
solvcon.kerpak.vslin.


		Add W-3 weighting scheme to solvcon.kerpak.cuse.  W-3 scheme is more
stable than W-1 and W-2.





Bug-fixes:



		Consolidate reading quadrilateral mesh from CUBIT/Genesis/ExodusII; CUBIT
uses ‘SHELL4’ for 2D quad.


		Update SCons scripts for the upgrade of METIS to 4.0.3.








Version 0.0.4


Release date: 2011/3/2 (GMT-0500)


This release enhances pre-procesing and start-up for large-scale simulations.
Unstructured meshes using up to 66 million elements have been tested.  Two new
options to solvcon.case.BlockCase are added: (i) io.domain.with_arrs
and (ii) io.domain.with_whole.  They can be used to turn off arrays in the
Collective object.  By omitting those arrays on head node, memory usage is
significantly reduced.  Available memory on head node will not constrain the
size of simulations.


Bug-fix:



		Issue #12 [https://bitbucket.org/solvcon/solvcon/issue/12/]: Order of variables for in situ visualization can be specified to
make the order of data arrays of VTK poly data consistent among head and
slave nodes.








Version 0.0.3


Release date: 2011/2/20 (GMT-0500)


The biggest improvement of this release is the addition of CUDA-enabled, CESE
base solver kernel solvcon.kerpak.cuse.  cuse module is designed to use
either pthread on CPU or CUDA on GPU.  The release also contains many important
features for future development, including interface with CUBIT, incorporation
of SCOTCH-5.1 for partitioning large graph.


New features:



		Add ctypes-based netCDF reading support in solvcon.io.netcdf.


		Add Cubit/Genesis/ExodosII reader in solvcon.io.genesis.


		Add Cubit invocation helper for on-the-fly mesh generation.


		Add special CESE solver for linear equations in solvcon.kerpak.lincese.


		Add 2/3D anisotropic, linear elastic solver based on linear CESE solver in
solvcon.kerpak.elaslin.


		Add an example for custom solver in examples/misc/elas3d.


		Add a ctypes-based CUDA wrapper in solvcon.scuda.


		Add CUDA-enabled 2nd-order CESE solver.


		Add non-slip wall to solvcon.kerpak.gasdyn.





Changes:



		Refactor coupling of periodic boundary condition.


		Remove *ptr in solvcon.dependency.


		Correct sol() to soln() and dsol() to dsoln() in BC.


		Move sol()/soln() and dsol()/dsoln() from solvcon.boundcond to kerpak.


		Remove FORTRAN-related code.


		Create include/ directory and put header files in it.


		By default, use SCOTCH-5.1 instead of METIS-4.  METIS-4 fails on allocating
memory for meshes with more than 35 million cells.  If SCOTCH cannot be found
in system, fall back to METIS-4.


		Refactor solvcon.domain.Collective.split().








Version 0.0.2



		Bring in anisotropic elastic solver.


		Implement proof-of-concept in situ visualization.


		Refactor str_path property in solvcon.batch.Batch.








Version 0.0.1



		The first alpha release: a technology preview.
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Hidden Applications




		Second-Order Linear Solver (solvcon.parcel.linear)


		Hydro-Acoustics (Under Development)


		Viscoelastic Wave (Under Development)
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Python Style Guide


It’s important to have consistent coding style.  Quoted from
http://google-styleguide.googlecode.com/svn/trunk/pyguide.html:



BE CONSISTENT.


If you’re editing code, take a few minutes to look at the code around you and
determine its style. If they use spaces around all their arithmetic
operators, you should too. If their comments have little boxes of hash marks
around them, make your comments have little boxes of hash marks around them
too.


The point of having style guidelines is to have a common vocabulary of coding
so people can concentrate on what you’re saying rather than on how you’re
saying it. We present global style rules here so people know the vocabulary,
but local style is also important. If code you add to a file looks
drastically different from the existing code around it, it throws readers out
of their rhythm when they go to read it. Avoid this.







Import


Only import modules, like:


# modules in standard library.
import os
import sys

# modules from third-party.
import numpy as np

# modules in the current project.
import solvcon as sc
from solvcon import boundcond
from solvcon.io import vtkxml

# explicit relative import is OK.
from . import solver
from . import case






Never import multiple modules in one line:


# BAD BAD BAD
import os, sys






Never do implicit relative import:


# BAD for modules in the current project.
import block









Py3k Compatibility


Enable three Py3k features by adding the following line at top of modules:


from __future__ import division, absolute_import, print_function









Indentation


Always use four white spaces for indentation.  Never use a tab.  Below is
an example vim mode line for Python:


# vim: set ff=unix fenc=utf8 ft=python ai et sw=4 ts=4 tw=79:






It’s good to limit a line to 79 characters.  Width of everyone’s monitor is
different.





File Format



		Always use UTF-8 as file encoding.


		Always use UNIX text file format [http://en.wikipedia.org/wiki/Newline];
NEVER use DOS text file format.








Blank Lines


Major sections are seperated by two blank lines, while lower-level entities use
one blank line.


import os
import sys


class Class(object):
    def __init__(self):
        pass

    def method(self):
        pass


class Another(object):
    def __init__(self):
        pass









Naming


Here show some naming rules that help readability.  These conventions should be
followed as much as possible, so that the code can be self-explanary.



		Names of frequently used instances should use 3 letters:
		blk: Block.


		svr: MeshSolver.


		ank: MeshAnchor.


		cse: MeshCase.


		hok: MeshHook.








		The following two-character names have specific meaning:
		nd: node/vertex.


		fc: face.


		cl: cell.








		The following prefices often (but not always) have specific meanings:
		nxx: number of xx.


		mxx: maximum number of xx.








		Names of iterating counters start with i, j, k, e.g., icl
denoting a counter of cell.
		However standalone i, j, and k should NEVER be used to name a
variable.  Variables must not use only one character.


		Trivial indexing variables can be named as it, jt, or kt.











For example,



		clnnd means number of nodes belonging to a cell.


		FCMND means maximum number of nodes for a face.


		icl means the first-level (iterating) index of cell.


		jfc means the second-level (iterating) index of face.


		Some special iterators used in code, such as:
		clfcs[icl,ifl]: get the ifl-th face in icl-th cell.


		fcnds[ifc,inf]: get the inf-th fact in ifc-th face.











Other than the above specific rules, here is a table for other stuff:



General Naming Convention






		Type
		Public
		Internal





		Packages
		lower_with_under
		 



		Modules
		lower_with_under
		_lower_with_under



		Classes
		CapWords
		_CapWords



		Exceptions
		CapWords
		 



		Functions
		lower_with_under()
		_lower_with_under()



		Global/Class Constants
		CAPS_WITH_UNDER
		_CAPS_WITH_UNDER



		Global/Class Variablesi
		lower_with_under
		_lower_with_under



		Instance Variables
		lower_with_under
		_lower_with_under (protected) or __lower_with_under (private)



		Method Names
		lower_with_under()
		_lower_with_under() (protected) or __lower_with_under() (private)



		Function/Method Parameters
		lower_with_under
		 



		Local Variables
		lower_with_under
		 







It’s good to name functions or methods as verb_objective(), such that code
can look like:


# function.
make_some_action(from_this, with_that)
# method.
some_object.do_something(with_some_information)









Copyright Notice


SOLVCON uses the BSD license [http://opensource.org/licenses/BSD-3-Clause].
When creating a new file, put the following text at the top of the file
(replace <Year> with the year you create the file and <Your Name> with
your name and maybe email):


# -*- coding: UTF-8 -*-
#
# Copyright (c) <Year>, <Your Name>
#
# All rights reserved.
#
# Redistribution and use in source and binary forms, with or without
# modification, are permitted provided that the following conditions are met:
#
# - Redistributions of source code must retain the above copyright notice, this
#   list of conditions and the following disclaimer.
# - Redistributions in binary form must reproduce the above copyright notice,
#   this list of conditions and the following disclaimer in the documentation
#   and/or other materials provided with the distribution.
# - Neither the name of the SOLVCON nor the names of its contributors may be
#   used to endorse or promote products derived from this software without
#   specific prior written permission.
#
# THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS"
# AND ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE
# IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE
# ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR CONTRIBUTORS BE
# LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR
# CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF
# SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS
# INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN
# CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE)
# ARISING IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE
# POSSIBILITY OF SUCH DAMAGE.






The first line tells Python interpreter to use UTF-8, as required in File
Format.  It is not part of the copyright notice.
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Time-Domain Numerical Methods (Under Development)


This document introduces time-domain numerical methods for partial differential
equations (PDEs).  Readers are expected to have the background of a first-year
graduate school student in engineering.




		What Are Partial Differential Equations?
		Method of Characteristics


		Second-Order PDE


		Canonical Form


		Hyperbolic PDEs
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What Are Partial Differential Equations?


A partial differential equation (PDE) is an equation that contains partial
derivatives of the unknown [image: u].  For example,



[image: a_1\dpd[2]{u}{x} + a_2\dmd{u}{2}{x}{}{t}{} + a_3\dpd[2]{u}{t}
+ a_4\dpd{u}{x} + a_5\dpd{u}{t} + a_6u + a_0 = 0]



where [image: u = u(x, t)].  For convenience, sometimes subscripts
([image: \square_x, \square_t]) are used to denote partial derivatives.  With
the convention we can simplify the notation of the above PDE:



(1)[image: a_1u_{xx} + a_2u_{xt} + a_3u_{tt} + a_4u_x + a_5u_t + a_6u + a_0 = 0]



The order of a PDE is determined by its highest-order derivative.  For
example, Eq. (1) is second order.  A PDE is linear if every
term behaves linearly in the equation.  The linearity can be defined after
temporarily excluding the constant term from the equation ([image: a_0] in
(1)):



		If [image: u_1] and [image: u_2] are both a solution of the modified equation,
then [image: u_1 + u_2] is also a solution.


		If [image: u_1] is a solution of the modified equation, then [image: cu_1] is
also a solution where [image: c] is a constant.





Otherwise it’s nonlinear.  (Another way to define the linearity is to use a
linear operator, which is not discussed here.)  If (1) is
linear and [image: a_0] is indeed zero, the equation is a homogeneous linear
PDE, and the principle of superposition applies.  For example, let
[image: \hat{u}] and [image: \tilde{u}] be solution of



[image: a u_{xx} + b u_{xt} + c u_{tt} = 0]



Thus [image: a \hat{u}_{xx} + b \hat{u}_{xt} + c \hat{u}_{tt} = 0] and [image: a
\tilde{u}_{xx} + b \tilde{u}_{xt} + c \tilde{u}_{tt} = 0] hold true.  We have



[image: a (\hat{u}_{xx}+\tilde{u}_{xx}) + b (\hat{u}_{xt}+\tilde{u}_{xt})
+ c (\hat{u}_{tt}+\tilde{u}_{tt}) = 0]



In general a PDE can have two or more independent variables.  For the sake of
conciseness, the discussion is focused on equations of two independent
variables.



Method of Characteristics


A linear PDE



(2)[image: A u_x + B u_y = F]



where [image: A = A(x,y)], [image: B = B(x,y)], and [image: u = u(x,y)] can be
solved by using the method of characteristics, which reduces the PDE of two
independent variables to an ordinary differential equation (ODE).  First
consider the homogeneous part of (2)



(3)[image: A u_x + B u_y = 0]



In the two-dimensional space [image: (x, y)], (3) can be
written as



[image: (A, B)\cdot(u_x, u_y) = 0 \quad\mbox{or}\quad (A, B)\cdot\nabla u = 0]



It can be seen that along the direction [image: (A, B)], the solution of
[image: u] doesn’t change.  The vector [image: (A, B)] can form a curve that is
called the characteristic curve of (2), and its slope is



[image: \dod{y}{x} = \frac{B}{A}]



To solve the homogeneous equation (3), choose a coordinate
transformation



[image: \left\{\begin{aligned}
  \xi &= \xi(x, y) \\
  \eta &= \eta(x, y)
\end{aligned}\right.]



Aided by the chain rule, we have



[image: \left\{\begin{aligned}
  u_x &= u_{\xi}\xi_x + u_{\eta}\eta_x \\
  u_y &= u_{\xi}\xi_y + u_{\eta}\eta_y
\end{aligned}\right.]



Substitute the above into (3) and get



[image: (A\xi_x + B\xi_y) u_{\xi} + (A\eta_x + B\eta_y) u_{\eta} = 0]



By requiring [image: A\eta_x + B\eta_y = 0], [image: u_{\eta}] is eliminated from
the above equation.  Further, we choose to obtain the solution on the
characteristic curve on which [image: \dif y/\dif x = B/A], and then



[image: \dod{\eta}{x} &= \eta_x + \eta_y\dod{y}{x} = \eta_x + \frac{B}{A}\eta_y
= 0 \\
\dod{\eta}{y} &= \eta_x\dod{x}{y} + \eta_y = \frac{A}{B}\eta_x + \eta_y
= 0]



([image: A] and [image: B] are assumed to be non-zero.)  [image: \xi] and
[image: \eta] should be chosen so that the Jacobian determinant



[image: J = \dpd{(\xi, \eta)}{(x, y)} = \left|\begin{array}{cc}
  \xi_x & \xi_y \\ \eta_x & \eta_y
\end{array}\right| \neq 0]



which means the coordinate transformation is non-degenerate.  Finally, the
original equation (2) is transformed to an ODE:



(4)[image: (A\xi_x + B\xi_y) u_{\xi} = F]



If [image: A] and [image: B] are constant, we have a straight characteristic
line.



Alternative Way to the Characteristic Curve



[image: \dif u = u_x\dif x + u_y\dif y
\Rightarrow u_x = \frac{\dif u - u_y \dif y}{\dif x}]



Substituting above into (2) gives



[image: & A \frac{\dif u - u_y\dif y}{\dif x} + B u_y = F \\
\Rightarrow\quad & A (\dif u - u_y \dif y) + B u_y \dif x = F \dif x \\
\Rightarrow\quad & A \dif u + (B \dif x - A \dif y)u_y = F \dif x]



If requiring



[image: B\dif x - A\dif y = 0 \quad\mbox{or}\quad \dod{y}{x} = \frac{B}{A}]



we have



[image: A \dif u = F \dif x \quad\mbox{or}\quad A \dod{u}{x} = F]



It is the same result as (4) when we choose [image: \xi = x].





Example


Let [image: A = a], [image: B = 1], [image: F = 0]



[image: u_y + a u_x = 0]



is a one-way, one-dimensional, scalar wave equation.  Let [image: y = t] to
make it in space-time:



[image: u_t + a u_x = 0]



Thus, along [image: \frac{\dif t}{\dif x} = \frac{B}{A} = \frac{1}{a}],
[image: a\dod{u}{x} = 0], or simply [image: \dod{u}{x} = 0].  [image: \dod{x}{t}
= a] is the wave speed.


Integrate along the characteristic line



[image: x = a t + x_0]




[image: \dod{u}{t}(at+x_0, x) = \dpd{u}{x}\dod{x}{t} + \dpd{u}{t}\dod{t}{t}
  = u_x a + u_t = 0]



[image: u] is constant along the characteristic line [image: \dod{x}{t} = a].


The solution of [image: u] in the space-time depends on the initial condition
at [image: x = x_0, t = 0].



[image: u(x, t) = f(x_0) = f(x - at)]



where [image: u(x, 0) = f(x_0)] is the initial condition.


Across the characteristic lines the solution of [image: u] can be
discontinuous.  [image: u_t] and [image: u_x] can be undefined.




In the inviscid Burger’s equation



[image: u_t + u u_x = 0]



the wave speed is [image: u] itself.  The profile of [image: u] would change in
the time-evolving solution of [image: u].





Second-Order PDE


Consider a linear second-order PDE



(5)[image: A u_{xx} + B u_{xy} + C u_{yy} + D u_x + E u_y + F u + G = 0]



where [image: A, B, C, D, E, F, G] are functions of [image: x] and [image: y].
Because the order of a PDE is determined by the leading order terms, we let
[image: H = -(D u_x + E u_y+ F u + G)] and make (5) become



(6)[image: A u_{xx} + B u_{xy} + C u_{yy} = H]



We want to find the characteristic curve on which the equation
(5) can be simplified.  To do it, we define a non-degenerate
(Jacobian determinant [image: J = \partial(\xi, \eta)/\partial(x, y) \neq 0])
coordinate transformation (like what we did in Method of Characteristics):



[image: \left\{\begin{aligned}
  \xi &= \xi(x, y) \\
  \eta &= \eta(x, y)
\end{aligned}\right.]



Write and substitute



[image: u_x &= u_{\xi}\xi_x + u_{\eta}\eta_x \\
u_y &= u_{\xi}\xi_y + u_{\eta}\eta_y \\
u_{xx} &= \dpd{(u_{\xi}\xi_x + u_{\eta}\eta_x)}{x} \\
&= (u_{\xi\xi} \xi_x + u_{\xi\eta} \eta_x)\xi_x  + u_{\xi} \xi_{xx}
 + (u_{\eta\xi}\xi_x + u_{\eta\eta}\eta_x)\eta_x + u_{\eta}\eta_{xx} \\
&= u_{\xi\xi}\xi_x^2 + 2u_{\xi\eta}\xi_x\eta_x + u_{\eta\eta}\eta_x^2
 + u_{\xi}\xi_{xx} + u_{\eta}\eta_{xx} \\
u_{xy} &= \dpd{(u_{\xi}\xi_x + u_{\eta}\eta_x)}{y} \\
&= (u_{\xi\xi} \xi_y + u_{\xi\eta} \eta_y)\xi_x  + u_{\xi} \xi_{xy}
 + (u_{\eta\xi}\xi_y + u_{\eta\eta}\eta_y)\eta_x + u_{\eta}\eta_{xy} \\
&= u_{\xi\xi}\xi_x\xi_y + (\xi_x\eta_y + \xi_y\eta_x)u_{\xi\eta}
 + u_{\eta\eta}\eta_x\eta_y + u_{\xi}\xi_{xy} + u_{\eta}\eta_{xy} \\
u_{yy} &= \dpd{(u_{\xi}\xi_y + u_{\eta}\eta_y)}{y} \\
&= (u_{\xi\xi} \xi_y + u_{\xi\eta} \eta_y)\xi_y  + u_{\xi} \xi_{yy}
 + (u_{\eta\xi}\xi_y + u_{\eta\eta}\eta_y)\eta_y + u_{\eta}\eta_{yy} \\
&= u_{\xi\xi}\xi_y^2 + 2u_{\xi\eta}\xi_y\eta_y + u_{\eta\eta}\eta_y^2
 + u_{\xi}\xi_{yy} + u_{\eta}\eta_{yy}]



into (6) and obtain



[image: & A(u_{\xi\xi}\xi_x^2 + 2u_{\xi\eta}\xi_x\eta_x + u_{\eta\eta}\eta_x^2
 + u_{\xi}\xi_{xx} + u_{\eta}\eta_{xx}) + \\
& B[u_{\xi\xi}\xi_x\xi_y + (\xi_x\eta_y + \xi_y\eta_x)u_{\xi\eta}
 + u_{\eta\eta}\eta_x\eta_y + u_{\xi}\xi_{xy} + u_{\eta}\eta_{xy}] + \\
& C(u_{\xi\xi}\xi_y^2 + 2u_{\xi\eta}\xi_y\eta_y + u_{\eta\eta}\eta_y^2
 + u_{\xi}\xi_{yy} + u_{\eta}\eta_{yy})
= H \\
\Rightarrow\quad &
\bar{A}u_{\xi\xi} + \bar{B}u_{\xi\eta} + \bar{C}u_{\eta\eta} = \bar{H}]



where



[image: \bar{A} &\defeq A\xi_x^2 + B\xi_x\xi_y + C\xi_y^2 \\
\bar{B} &\defeq
  2A\xi_x\eta_x + B\xi_x\eta_y + B\xi_y\eta_x + 2C\xi_y\eta_y \\
\bar{C} &\defeq A\eta_x^2 + B\eta_x\eta_y + C\eta_y^2]



It can be shown by straight-forward algebra that



(7)[image: \bar{B}^2 - 4\bar{A}\bar{C} = (\xi_x\eta_y - \xi_y\eta_x)^2 (B^2 - 4AC)
= J^2 (B^2 - 4AC)]



Thus [image: B^2 - 4AC] and [image: \bar{B}^2 - 4\bar{A}\bar{C}] have the same
sign, because we require a non-degenerate coordinate transform ([image: J =
\xi_x\eta_y - \xi_y\eta_x \ne 0]).  The expression [image: B^2 - 4AC] or
[image: \bar{B}^2 - 4\bar{A}\bar{C}] is called the discriminant for the
equation (5).  Based on the discriminant, the second-order PDE
can be categorized into three classes:



		When [image: B^2 - 4AC > 0], equation (5) is hyperbolic.


		When [image: B^2 - 4AC = 0], equation (5) is parabolic.


		When [image: B^2 - 4AC < 0], equation (5) is elliptic.






Aside


Recall the quadratic equation (second-order polymonial with two variables)



[image: a x^2 + b xy + c y^2 + d x + e y + f = 0]




		[image: b^2-4ac > 0] means the equation is hyperbolic; [image: xy = k,
\frac{x^2}{a^2} - \frac{y^2}{b^2} = k].


		[image: b^2-4ac = 0] means the equation is parabolic; [image: y^2 = 4p x].


		[image: b^2-4ac < 0] means the equation is elliptic; [image: \frac{x^2}{a^2}
+ \frac{y^2}{b^2} = k]







An important fact is that, because of (7), after an
arbitrary coordinate transformation, the class of the PDE does not change!


To simplify (5), we choose the coordinate transformation to
make [image: \bar{A} = \bar{B} = 0].  In this way, we write



(8)[image: A \zeta_x^2 + B \zeta_x\zeta_y + C \zeta_y^2 = 0]



where [image: \zeta] is used to denote [image: \xi] or [image: \eta].  Equation
(8) will be used to find the characteristic curves, on which
[image: \zeta(x, y) = \mbox{constant}], and we can write



[image: \dif \zeta = \zeta_x \dif x + \zeta_y \dif y = 0]



From the above equation the slope of the characteristic curves can be found to be



[image: \dod{y}{x} = -\frac{\zeta_x}{\zeta_y}]



By using the above equation and dividing the both sides of (8)
by [image: \zeta_y], we have



[image: A \left(\dod{y}{x}\right)^2 - B \left(\dod{y}{x}\right) + C = 0]



Then the slope of the characteristic curves will be obtained by solving the
above equation, and it is



[image: \dod{y}{x} = \frac{B \pm \sqrt{B^2 - 4AC}}{2A}]






Canonical Form


By following the analysis in Second-Order PDE, we can further reduce the
second-order PDE with two independent variables to their representative
canonical form:



		Hyperbolic PDE:



[image: u_{\xi\eta} &= \tilde{H}(\xi, \eta, u, u_{\xi}, u_{\eta}) \\
u_{\xi\xi} - u_{\eta\eta} &= \tilde{H}^*(\xi, \eta, u, u_{\xi}, u_{\eta})]






		Parabolic PDE:



[image: u_{\xi\xi} = \tilde{H}(\xi, \eta, u, u_{\xi}, u_{\eta})]






		Elliptic PDE:



[image: u_{\xi\xi} + u_{\eta\eta} = \tilde{H}(\xi, \eta, u, u_{\xi}, u_{\eta})]












Hyperbolic PDEs


For hyperbolic PDEs, we have



[image: & \dod{y}{x} = \frac{B \pm \sqrt{B^2 - 4AC}}{2A} \\
\Rightarrow\quad & \frac{B \pm \sqrt{B^2 - 4AC}}{2A}x - y = c]



where [image: c = \mbox{constant}].  Then we can write the coordinate
transformation as



[image: \arraycolsep=1.4pt\def\arraystretch{1.5}
\left\{\begin{array}{rcl}
  \xi & = & \frac{B + \sqrt{B^2 - 4AC}}{2A}x - y \\
  \eta & = & \frac{B - \sqrt{B^2 - 4AC}}{2A}x - y \\
\end{array}\right.]



Because of (8), [image: \bar{A} = \bar{B} = 0].  Equation
(5) is then reduced to a canonical form of the hyperbolic PDE:



[image: \bar{B} u_{\xi\eta} = \bar{H} \;\mbox{or}\;
u_{\xi\eta} = \tilde{H}(\xi, \eta, u, u_{\xi}, u_{\eta})]
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Viscoelastic Wave (Under Development)



Viscoelastic Model


[Yang13]





Mathematical Model


For isothermal viscoelastic material, the model equations consist conservation
of mass and momentum as follows,



(1)[image: & \dpd{v_i}{t} - \frac{1}{\rho} \sum_{j=1}^3\dpd{\sigma_{ji}}{x_j} = 0 \\
& \dpd{\sigma_{ij}}{t}
  - \delta_{ij} \left( G^{\psi}_e + \sum^L_{l=1} G^{\psi}_l \right)
    \sum_{k=1}^3 \dpd{v_k}{x_k}
  + \left( G^{\mu}_e + \sum^L_{l=1}G^{\mu}_l \right)
    \left(
    2 \delta_{ij} \sum_{k=1}^3 \dpd{v_k}{x_k}
    - \dpd{v_i}{x_j} - \dpd{v_j}{x_i} \right)
  = \sum^L_{l=1}\gamma^l_{ij} \\
& \dpd{\gamma^l_{ij}}{t}
  + \delta_{ij} \frac{G^{\psi}_l - G^{\mu}_l}{\tau_{\sigma l}}
    \sum_{k=1}^3 \dpd{v_k}{x_k}
  + \frac{G^{\mu}_l}{\tau_{\sigma l}}
    \left( \dpd{v_i}{x_j} + \dpd{v_j}{x_i} \right)
  = -\frac{1}{\tau_{\sigma l}}\gamma^l_{ij}]



where [image: v_i] are the Cartesian component of the velocity, [image: \rho] the
density, [image: \sigma_{ij}] the stress tensor, [image: \gamma_{ij}] the
internal variables, and [image: \delta_{ij}] the Kronecker delta.  Subscripts
[image: i, j, k = 1, 2, 3] are for the Cartesian tensors.  [image: G^{\psi}_l,
G^{\mu}_e, G^{\mu}_l], and [image: \tau_{\sigma l}] are the constants of the
standard linear solid (SLS) model with [image: l = 1, 2, \ldots, L].  [image: L]
is the number of the employed SLS model components.


Equation (1) can be further organized to a vector form:



(2)[image: \dpd{\bvec{u}}{t} + \sum_{k=1}^3 \dpd{\bvec{f}^{(k)}}{x_k} = \bvec{s}]



where [image: \bvec{u}] is the solution variable, [image: \bvec{f}^{(1)}],
[image: \bvec{f}^{(2)}], and [image: \bvec{f}^{(3)}] flux functions, and
[image: \bvec{s}] the source term.



Jacobian Matrices


By applying the chain rule to Eq.  (2), we can derive the
Jacobian matrices:



(3)[image: \dpd{\bvec{u}}{t} + \sum_{k=1}^3 \mathrm{A}^{(k)} \dpd{\bvec{u}}{x_k}
= \bvec{s}]



where [image: \mathrm{A}^{(1)}], [image: \mathrm{A}^{(2)}], and
[image: \mathrm{A}^{(3)}] are [image: (9+6L)\times(9+6L)] are the Jacobian
matrices:



(4)[image: \mathrm{A}^{(i)} \defeq \dpd{\bvec{f}^{(i)}}{\bvec{u}}
= \left( \begin{array}{c|c|c}
  \mathrm{0}_{3\times3} & \mathrm{C}^{(i)} & \mathrm{0}_{3\times(6L)} \\
  \hline
  \mathrm{B}^{(i)} & \mathrm{0}_{(6+6L)\times6} &
  \mathrm{0}_{(6+6L)\times(6L)}
\end{array} \right), \quad i = 1, 2, 3]



where



[image: \mathrm{B}^{(i)} \defeq \left( \begin{array}{ccc}
  \left[ 2(G^{\mu}_e  + \sum^L_{l=1} G^{\mu}_l)
        - (G^{\psi}_e + \sum^L_{l=1} G^{\psi}_l) \right]
  \mathrm{M}^{(i)}
  - (G^{\psi}_e+\sum^L_{l=1}G^{\psi}_l) \mathrm{K}^{(i)}
  \\
  \frac{G^{\phi}_1 - G^{\mu}_1}{\tau_{\sigma 1}} \mathrm{M}^{(i)}
  + \frac{G^{\phi}_1}{\tau_{\sigma 1}} \mathrm{N}^{(i)}
  + \frac{G^{\mu}_1}{\tau_{\sigma 1}} \mathrm{K}^{(i)}
  \\
  \vdots \\
  \frac{G^{\phi}_L - G^{\mu}_L}{\tau_{\sigma 1}} \mathrm{M}^{(i)}
  + \frac{G^{\phi}_L}{\tau_{\sigma 1}} \mathrm{N}^{(i)}
  + \frac{G^{\mu}_L}{\tau_{\sigma 1}} \mathrm{K}^{(i)}
\end{array} \right), \,
\mathrm{C}^{(i)} \defeq -\frac{1}{\rho} {\mathrm{K}^{(i)}}^t,
\quad i = 1, 2, 3]



and



(5)[image: \mathrm{M}^{(1)} \defeq \left( \begin{array}{ccc}
  0 & 0 & 0 \\
  1 & 0 & 0 \\
  1 & 0 & 0 \\
  0 & 0 & 0 \\ 0 & 0 & 0 \\ 0 & 0 & 0
\end{array} \right), \,
\mathrm{M}^{(2)} \defeq \left( \begin{array}{ccc}
  0 & 1 & 0 \\
  0 & 0 & 0 \\
  0 & 1 & 0 \\
  0 & 0 & 0 \\ 0 & 0 & 0 \\ 0 & 0 & 0
\end{array} \right), \,
\mathrm{M}^{(3)} \defeq \left( \begin{array}{ccc}
  0 & 0 & 1 \\
  0 & 0 & 1 \\
  0 & 0 & 0 \\
  0 & 0 & 0 \\ 0 & 0 & 0 \\ 0 & 0 & 0
\end{array} \right)]




(6)[image: \mathrm{N}^{(1)} \defeq \left( \begin{array}{ccc}
  1 & 0 & 0 \\
  0 & 0 & 0 \\
  0 & 0 & 0 \\
  0 & 0 & 0 \\ 0 & 0 & 0 \\ 0 & 0 & 0
\end{array} \right), \,
\mathrm{N}^{(2)} \defeq \left( \begin{array}{ccc}
  0 & 0 & 0 \\
  0 & 1 & 0 \\
  0 & 0 & 0 \\
  0 & 0 & 0 \\ 0 & 0 & 0 \\ 0 & 0 & 0
\end{array} \right), \,
\mathrm{N}^{(3)} \defeq \left( \begin{array}{ccc}
  0 & 0 & 0 \\
  0 & 0 & 0 \\
  0 & 0 & 1 \\
  0 & 0 & 0 \\ 0 & 0 & 0 \\ 0 & 0 & 0
\end{array} \right)]




(7)[image: \mathrm{K}^{(1)} \defeq \left( \begin{array}{ccc}
  1 & 0 & 0 \\
  0 & 0 & 0 \\
  0 & 0 & 0 \\
  0 & 0 & 0 \\
  0 & 0 & 1 \\
  0 & 1 & 0
\end{array} \right), \,
\mathrm{K}^{(2)} \defeq \left( \begin{array}{ccc}
  0 & 0 & 0 \\
  0 & 1 & 0 \\
  0 & 0 & 0 \\
  0 & 0 & 1 \\
  0 & 0 & 0 \\
  1 & 0 & 0
\end{array} \right), \,
\mathrm{K}^{(3)} \defeq \left( \begin{array}{ccc}
  0 & 0 & 0 \\
  0 & 0 & 0 \\
  0 & 0 & 1 \\
  0 & 1 & 0 \\
  1 & 0 & 0 \\
  0 & 0 & 0
\end{array} \right)]



[image: \mathrm{B}^{(1)}], [image: \mathrm{B}^{(2)}], and
[image: \mathrm{B}^{(3)}] are [image: (6+6L)\times3] matrices.
[image: \mathrm{C}^{(1)}], [image: \mathrm{C}^{(2)}], and
[image: \mathrm{C}^{(3)}] are [image: 3\times6] matrices.





Hyperbolicity


The left hand side of the model equation Eq. (3) can be proved
as a hyperbolic system.  The method of proof is similar to the
Hydro-Acoustics (Under Development).  The list of the eigenvalues is provided:



(8)[image: \lambda_{1,2,3,4,5,6\cdots} =
\pm\sqrt{ar(k^2_1+k^2_2+k^2_3)},
\pm\sqrt{br(k^2_1+k^2_2+k^2_3)},
\pm\sqrt{br(k^2_1+k^2_2+k^2_3)},
0,\cdots,]



where [image: r = \frac{1}{\rho}, a = G^{\psi}_e+\sum^L_{l=1}G^{\psi}_l], and
[image: b = G^{\mu}_e+\sum^L_{l=1}G^{\mu}_l].  The [image: k_1, k_2], and
[image: k_3] are the components of a direction vector, as used in
Hydro-Acoustics (Under Development).
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Second-Order Linear Solver (solvcon.parcel.linear)


This package implements a basic second-order, three-dimensional CESE solver
that uses the CFL-insensitive [image: c\mbox{-}\tau] scheme.  The basic solver
can be extended to solver for any linear system of first-order hyperbolic PDEs.
An example is the velocity-stress equation solver in .velstress.



Numerical Implementation (._algorithm)


Let



		[image: u_m] be the [image: m]-th solution variable and [image: m = 1, \ldots,
M].  [image: M] is the total number of variables.


		[image: u_{mx_{\mu}}] be the component of the gradient of [image: u_m] along
the [image: x_{\mu}] axis in a Cartesian coordinate system.  [image: \mu = 1,
2] in two-dimensional space and [image: \mu = 1, 2, 3] in three-dimensional
space.






Common Data Structure



		
sc_linear_algorithm_t


		Basic Information of the Solver



		
int neq


		
double time


		
double time_increment


		sc_linear_algorithm_t.neq is the number of equations or the number
of variables in a mesh cell.  sc_linear_algorithm_t.time is the
current time of the solver.  sc_linear_algorithm_t.time_increment
is [image: \Delta t].








Parameters to the [image: c\mbox{-}\tau] Scheme



		
int alpha


		
double sigma0


		
double taylor


		
double cnbfac


		
double sftfac


		
double taumin


		
double tauscale


		





Metric Arrays for the CESE Method



		
double *cecnd


		
double *cevol


		
double *sfmrc


		





Group Data



		
int ngroup


		
int gdlen


		
double *grpda


		





Scalar Parameters



		
int nsca


		
double *amsca


		





Vector Parameters



		
int nvec


		
double *amvec


		





Solution Arrays



		
double *sol


		
double *soln


		
double *solt


		
double *dsol


		
double *dsoln


		






		
double *stm


		
double *cfl


		
double *ocfl


		














Metric for CEs & SEs



		
void sc_linear_prepare_ce_3d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		
void sc_linear_prepare_ce_2d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		Calculate the volume and centroid of conservation elements.









		
void sc_linear_prepare_sf_3d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		
void sc_linear_prepare_sf_2d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		Calculate the centroid and normal of hyperplanes of conservation elements
and solution elements.











Time Marching



		
void sc_linear_calc_soln_3d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		
void sc_linear_calc_soln_2d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		Calculate the solutions of the next half time step ([image: (u_m)_j^{n+1/2})]
based on the informaiton at the current time step ([image: n]).









		
void sc_linear_calc_solt_3d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		
void sc_linear_calc_solt_2d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		Calculate the changing rate of solutions ([image: (u_mt)_j^n]).









		
void sc_linear_calc_jaco_3d(sc_mesh_t *msd, sc_linear_algorithm_t *alg, int icl, double fcn[NEQ][NDIM], double jacos[NEQ][NEQ][NDIM])


		
void sc_linear_calc_jaco_2d(sc_mesh_t *msd, sc_linear_algorithm_t *alg, int icl, double fcn[NEQ][NDIM], double jacos[NEQ][NEQ][NDIM])


		Calculate the Jacobian matrices.









		
void sc_linear_calc_dsoln_3d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		
void sc_linear_calc_dsoln_2d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		Calculate the gradient of solutions of the next half time step
([image: (u_{mx_{\mu}})_j^{n+1/2}]) based on the information at the current
time step ([image: n]).









		
void sc_linear_calc_cfl_3d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		
void sc_linear_calc_cfl_2d(sc_mesh_t *msd, sc_linear_algorithm_t *alg)


		Calculate the CFL number based on the eigenvalues of the linear Jacobian
matrices.











Plane Wave Solution



		
void sc_linear_calc_planewave_3d(sc_mesh_t *msd, sc_linear_algorithm_t *alg, double *asol, double *adsol, double *amp, double *ctr, double *wvec, double afreq)


		
void sc_linear_calc_planewave_2d(sc_mesh_t *msd, sc_linear_algorithm_t *alg, double *asol, double *adsol, double *amp, double *ctr, double *wvec, double afreq)


		Calculate the plane-wave solutions.











Wrapper for Numerical Code



		
class solvcon.parcel.linear.LinearAlgorithm


		This class wraps around the C functions for the second-order CESE method.













Numerical Controller (.solver)



		
class solvcon.parcel.linear.solver.LinearSolver(blk, **kw)


		This class controls the underneath algorithm LinearAlgorithm.



[image: Inheritance diagram of LinearSolver]














		
class solvcon.parcel.linear.solver.LinearPeriodic(**kw)


		General periodic boundary condition for sequential runs.



[image: Inheritance diagram of LinearPeriodic]

















Simulation Controller (.case)



		
class solvcon.parcel.linear.case.LinearCase(**kw)


		Basic case with linear CESE method.



[image: Inheritance diagram of LinearCase]

















Helpers for Plane Wave (.planewave)



		
class solvcon.parcel.linear.planewave.PlaneWaveSolution(**kw)


		






		
class solvcon.parcel.linear.planewave.PlaneWaveAnchor(svr, planewaves=None, **kw)


		Use PlaneWaveSolution to calculate plane-wave solutions for
LinearSolver.



[image: Inheritance diagram of PlaneWaveAnchor]








		
planewaves = None


		Sequence of PlaneWaveSolution objects.















		
class solvcon.parcel.linear.planewave.PlaneWaveHook(svr, planewaves=None, **kw)


		
[image: Inheritance diagram of PlaneWaveHook]








		
planewaves = None


		Sequence of PlaneWaveSolution objects.









		
norm = None


		A dict [http://docs.python.org/2.7/library/stdtypes.html#dict] holding the calculated norm.

















Helpers for I/O (.inout)



		
class solvcon.parcel.linear.inout.MeshInfoHook(cse, show_bclist=False, perffn=None, **kw)


		Print mesh information.



[image: Inheritance diagram of MeshInfoHook]








		
show_bclist = None


		Flag to show the list of boundary conditions.  Default is False.









		
perffn = None


		Performance file name.















		
class solvcon.parcel.linear.inout.ProgressHook(cse, linewidth=50, **kw)


		Print simulation progess.



[image: Inheritance diagram of ProgressHook]








		
linewidth = None


		The maximum width for progress mark.















		
class solvcon.parcel.linear.inout.FillAnchor(svr, mappers=None, **kw)


		Fill the specified arrays of a LinearSolver with corresponding value.



[image: Inheritance diagram of FillAnchor]








		
mappers = None


		A dict [http://docs.python.org/2.7/library/stdtypes.html#dict] maps the names of attributes of the
MeshAnchor.svr to the
filling value.















		
class solvcon.parcel.linear.inout.CflAnchor(svr, rsteps=None, **kw)


		Counting CFL numbers.  Use MeshSolver.marchret to return results.  Implements
postmarch() method.



[image: Inheritance diagram of CflAnchor]








		
rsteps = None


		Steps to run (int [http://docs.python.org/2.7/library/functions.html#int]).















		
class solvcon.parcel.linear.inout.CflHook(cse, name='cfl', cflmin=0.0, cflmax=1.0, fullstop=True, rsteps=None, **kw)


		Makes sure CFL number is bounded and print averaged CFL number over time.
Reports CFL information per time step and on finishing.  Implements (i)
postmarch() and (ii) postloop() methods.



[image: Inheritance diagram of CflHook]








		
rsteps = None


		Steps to run.









		
name = None


		Name of the CFL tool.









		
cflmin = None


		Miminum CFL value.









		
cflmax = None


		Maximum CFL value.









		
fullstop = None


		Flag to stop when CFL is out of bound.  Default is True.









		
aCFL = None


		Accumulated CFL.









		
mCFL = None


		Mean CFL.









		
hnCFL = None


		Hereditary minimum CFL.









		
hxCFL = None


		Hereditary maximum CFL.









		
aadj = None


		Number of adjusted CFL accumulated since last report.









		
haadj = None


		Total number of adjusted CFL since simulation started.















		
class solvcon.parcel.linear.inout.MarchSaveAnchor(svr, anames=None, compressor=None, fpdtype=None, psteps=None, vtkfn_tmpl=None, **kw)


		Save solution data into VTK XML format for a solver.



[image: Inheritance diagram of MarchSaveAnchor]








		
anames = None


		The arrays in LinearSolver or
MeshSolver.der to be
saved.









		
compressor = None


		Compressor for binary data.  Can be either 'gz' or ''.









		
fpdtype = None


		String for floating point data type (NumPy convention).









		
psteps = None


		The interval in step to save data.









		
vtkfn_tmpl = None


		The template string for the VTK file.















		
class solvcon.parcel.linear.inout.PMarchSave(cse, anames=None, compressor='gz', fpdtype=None, altdir='', altsym='', vtkfn_tmpl=None, **kw)


		Save the geometry and variables in a case when time marching in parallel
VTK XML format.



[image: Inheritance diagram of PMarchSave]








		
anames = None


		The arrays in LinearSolver or
MeshSolver.der to be
saved.  Format is (name, inder, ndim), (name, inder, ndim) ...  For
ndim > 0 the array is a spatial vector, for ndim == 0 a simple
scalar, and ndim < 0 a list of scalar.









		
compressor = None


		Compressor for binary data.  Can be either 'gz' or ''.









		
fpdtype = None


		String for floating point data type (NumPy convention).









		
altdir = None


		The alternate directory to save the VTK files.









		
altsym = None


		The symbolic link in basedir pointing to the alternate directory to
save the VTK files.









		
vtkfn_tmpl = None


		The template string for the VTK file.









		
pextmpl = None


		














Velocity-Stress Equation Solver (.velstress)


See [1] for the basic formulation.



Solver Logic (.velstress.logic)



		
class solvcon.parcel.linear.velstress.logic.VslinPWSolution(**kw)


		Plane-wave solutions for the velocity-stress equations.









		
class solvcon.parcel.linear.velstress.logic.VslinSolver(blk, mtrldict=None, **kw)


		Basic elastic solver.



		
mtrldict = None


		A dict [http://docs.python.org/2.7/library/stdtypes.html#dict] that maps names to Material object.









		
mtrllist = None


		A list [http://docs.python.org/2.7/library/functions.html#list] of all Material
objects.















		
class solvcon.parcel.linear.velstress.logic.VslinCase(**kw)


		Case for anisotropic elastic solids.











Material Definition (.velstress.material)



		
solvcon.parcel.linear.velstress.material.mltregy = {'GaAs': <class 'solvcon.parcel.linear.velstress.material.GaAs'>, 'Acmite': <class 'solvcon.parcel.linear.velstress.material.Acmite'>, 'Trigonal': <class 'solvcon.parcel.linear.velstress.material.Trigonal'>, 'Monoclinic': <class 'solvcon.parcel.linear.velstress.material.Monoclinic'>, 'Cubic': <class 'solvcon.parcel.linear.velstress.material.Cubic'>, 'BariumTitanate': <class 'solvcon.parcel.linear.velstress.material.BariumTitanate'>, 'Orthorhombic': <class 'solvcon.parcel.linear.velstress.material.Orthorhombic'>, 'Material': <class 'solvcon.parcel.linear.velstress.material.Material'>, 'ZnO': <class 'solvcon.parcel.linear.velstress.material.ZnO'>, 'Albite': <class 'solvcon.parcel.linear.velstress.material.Albite'>, 'RickerSample': <class 'solvcon.parcel.linear.velstress.material.RickerSample'>, 'Beryl': <class 'solvcon.parcel.linear.velstress.material.Beryl'>, 'AlphaUranium': <class 'solvcon.parcel.linear.velstress.material.AlphaUranium'>, 'Isotropic': <class 'solvcon.parcel.linear.velstress.material.Isotropic'>, 'Zinc': <class 'solvcon.parcel.linear.velstress.material.Zinc'>, 'CdS': <class 'solvcon.parcel.linear.velstress.material.CdS'>, 'Tetragonal': <class 'solvcon.parcel.linear.velstress.material.Tetragonal'>, 'Triclinic': <class 'solvcon.parcel.linear.velstress.material.Triclinic'>, 'Hexagonal': <class 'solvcon.parcel.linear.velstress.material.Hexagonal'>, 'RickerSampleLight': <class 'solvcon.parcel.linear.velstress.material.RickerSampleLight'>, 'AlphaQuartz': <class 'solvcon.parcel.linear.velstress.material.AlphaQuartz'>}


		Registry class for the name of types.









		
class solvcon.parcel.linear.velstress.material.Material(rho=None, al=None, be=None, ga=None, **kw)


		Material properties.  The constitutive relation needs not be symmetric.



		
rho = None


		Density.









		
al = None


		Alpha angle.









		
be = None


		Beta angle.









		
ga = None


		Gamma angle.









		
origstiff = None


		Stiffness matrix in the crystal coordinate.









		
stiff = None


		Stiffness matrix in the transformed global coordinate.
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Other Software for Solving PDEs


There has been a number of great projects dedicated to solving general partial
differential equations.  You may want to check them out when evaluating whether
SOLVCON is the right tool for you.  This is not a comprehensive list of
existing software.



		FEniCS [http://www.fenicsproject.org/]/DOLFIN: a PDE-solving tool writtin in C++ with a Python [http://www.python.org/] interface,
developed at Simula [http://simula.no/] Research Laboratory.  FEniCS/DOLFIN is based on finite
element method (FEM).


		FiPy [http://www.ctcms.nist.gov/fipy/]: a PDE solver written in Python [http://www.python.org/] at National Institute of Standards and
Technology (NIST [http://www.nist.gov/]).  FiPy is based on projction method with finite volume
(FV) formulation.


		hpFEM/Hermes [http://hpfem.org/hermes/]: a C++ library for FEM and hp-FEM/hp-DG solvers with
hp-adaptive algorithms, developed at University of Nevada, Reno.


		hpGEM [http://wwwhome.math.utwente.nl/~hpgemdev/]: a C++ software framework for discontinuous Galerkin (DG) method
developed at University of Twente [http://www.math.utwente.nl/nacm/].


		Kestrel [http://pdf.aiaa.org/preview/2010/CDReadyMASM10_1812/PV2010_511.pdf]: a parallelized CFD solver for high-resolution solutions of gas
dynamics, and is constructed by using Python [http://www.python.org/].


		SfePy [http://sfepy.org/]: a FEM solver for PDEs, written in Python [http://www.python.org/] and C/FORTRAN.  SfePy
stresses on mixing languages.


		Sundance [http://www.math.ttu.edu/~kelong/Sundance/html/index.html]: a FEM solver for PDEs, written in C++.  Sundance uses Trilinos [http://trilinos.sandia.gov/]
for parallel computing.





Additionally, there are other more general tools of which the purpose is to
help building PDE solvers.



		Hypre [http://acts.nersc.gov/hypre/]: a library for solving large and sparse linear systems in parallel.


		PETSc [http://www.mcs.anl.gov/petsc/petsc-as/]: a tool set for constructing parallel PDE solvers.  A large portion of
PETSc is for linear algebra.  PETSc is developed at Argonne [http://www.anl.gov/] National
Laboratory.


		Trilinos [http://trilinos.sandia.gov/]: a collection of software packages for linear algebra, parallel
processing, I/O, and thus solving PDEs.  Trilinos is developed at Sandia [http://www.sandia.gov/]
National Laboratories.
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Air Flow over Cylindar (Under Development)


In this chapter we perform the numerical simulations for acoustic field
generated by air flowing over a cylinder.  This problem is chosen to verify the
accuracy of the developed solver.  The acoustic fields are calculated for
different Reynolds numbers



(1)[image: \mathrm{Re} \defeq \frac{\rho vD}{\mu}]



The density of air is [image: \rho = 1.2250 \,\mathrm{kg}/\mathrm{m}^3].  The
dynamic viscosity is [image: \mu = 1.983\times10^{-5}
\,\mathrm{kg}/\mathrm{(m\cdot s)}].  Choose the diameter of the cylinder to be
[image: D = 0.1 \,\mathrm{m}].  Then, at the three given Reynolds numbers, the
velocity can be calcuated from (1):



[image: v = \frac{\mu\mathrm{Re}}{\rho D}]











		Reynolds number
		89,000
		46,000
		22,000





		Velocity (m/s)
		14.407102
		7.446367
		3.561306








Note


In examples/bulk/air run the following commands to obtain the above
numbers:


./go velocity --density 1.225 --diameter 0.1 --dvisco 1.983e-5 --reynolds 89000
./go velocity --density 1.225 --diameter 0.1 --dvisco 1.983e-5 --reynolds 46000
./go velocity --density 1.225 --diameter 0.1 --dvisco 1.983e-5 --reynolds 22000








The bulk modulus of air is [image: K = 1.42 \times 10^5 \, \mathrm{Pa}].
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Formulations (Under Development)


The governing equations of the hydro-acoustic wave include the continuity
equation



(1)[image: \dpd{\rho}{t} + \sum_{i=1}^3 \dpd{\rho v_i}{x_i} = 0]



and the momentum equations



(2)[image: \dpd{\rho v_j}{t}
+ \sum_{i=1}^3 \dpd{(\rho v_iv_j + \delta_{ij}p)}{x_i}
= \dpd{}{x_j}\left(\lambda\sum_{k=1}^3\dpd{v_k}{x_k}\right)
+ \sum_{i=1}^3 \dpd{}{x_i}
               \left[\mu \left( \dpd{v_i}{x_j}+\dpd{v_j}{x_i} \right)\right],
               \quad j = 1, 2, 3]



where [image: \rho] is the density, [image: v_1, v_2,] and [image: v_3] the
Cartesian component of the velocity, [image: p] the pressure,
[image: \delta_{ij}, i, j = 1, 2, 3] the Kronecker delta, [image: \lambda] the
second viscosity coefficien, [image: \mu] the dynamic viscosity coefficient,
[image: t] the time, and [image: x_1, x_2], and [image: x_3] the Cartesian
coordinate axes.  Newtonian fluid is assumed.


The above four equations in (1) and (2) have five
independent variables [image: \rho, p, v_1, v_2], and [image: v_3], and hence are
not closed without a constitutive relation.  In the bulk package,
the constitutive relation (or the equation of state) of choice is



[image: K = \rho\dpd{p}{\rho}]



where [image: K] is a constant and the bulk modulus.  We chose to use the
density [image: \rho] as the independent variable, and integrate the equation of
state to be



(3)[image: p = p_0 + K \ln\frac{\rho}{\rho_0}]



where [image: p_0] and [image: \rho_0] are constants.  Substituting (3)
into (2) gives



(4)[image: \dpd{\rho v_j}{t} + \sum_{i=1}^3\dpd{}{x_i}
\left[\rho v_iv_j
    + \delta_{ij}\left(p_0 + K\ln\frac{\rho}{\rho_0}\right) \right]
= \sum_{i=1}^3 \dpd{}{x_i}
               \left[\delta_{ij} \lambda \sum_{k=1}^3 \dpd{v_k}{x_k}
                   + \mu \left( \dpd{v_i}{x_j}+\dpd{v_j}{x_i} \right)\right],
               \quad j = 1, 2, 3]




Jacobian Matrices


We proceed to analyze the advective part of the governing equations
(1) and (4).  Define the conservation variables



(5)[image: \bvec{u} \defeq \left(\begin{array}{c}
  \rho \\ \rho v_1 \\ \rho v_2 \\ \rho v_3
\end{array}\right)]



and flux functions



(6)[image: \bvec{f}^{(1)} \defeq \left(\begin{array}{c}
  \rho v_1 \\
  \rho v_1^2 + K\ln\frac{\rho}{\rho_0} + p_0 \\
  \rho v_1v_2 \\ \rho v_1v_3
\end{array}\right), \quad
\bvec{f}^{(2)} \defeq \left(\begin{array}{c}
  \rho v_2 \\ \rho v_1v_2 \\
  \rho v_2^2 + K\ln\frac{\rho}{\rho_0} + p_0 \\
  \rho v_2v_3
\end{array}\right), \quad
\bvec{f}^{(3)} \defeq \left(\begin{array}{c}
  \rho v_3 \\ \rho v_1v_3 \\ \rho v_2v_3 \\
  \rho v_3^2 + K\ln\frac{\rho}{\rho_0} + p_0
\end{array}\right)]



Aided by the definition of conservation variables in (5), the flux
functions defined in (6) can be rewritten with [image: u_1, u_2, u_3],
and [image: u_4]



(7)[image: \bvec{f}^{(1)} = \left(\begin{array}{c}
  u_2 \\
  \frac{u_2^2}{u_1} + K\ln\frac{u_1}{\rho_0} + p_0 \\
  \frac{u_2u_3}{u_1} \\ \frac{u_2u_4}{u_1}
\end{array}\right), \quad
\bvec{f}^{(2)} = \left(\begin{array}{c}
  u_3 \\ \frac{u_2u_3}{u_1} \\
  \frac{u_3^2}{u_1} + K\ln\frac{u_1}{\rho_0} + p_0 \\
  \frac{u_3u_4}{u_1}
\end{array}\right), \quad
\bvec{f}^{(3)} = \left(\begin{array}{c}
  u_4 \\ \frac{u_2u_4}{u_1} \\ \frac{u_3u_4}{u_1} \\
  \frac{u_4^2}{u_1} + K\ln\frac{u_1}{\rho_0} + p_0
\end{array}\right)]



By using (5) and (7), the left-hand-side of the governing
equations can be cast into the conservative form



(8)[image: \dpd{\bvec{u}}{t} + \sum_{i=1}^3\dpd{\bvec{f}^{(i)}}{x_i} = 0]



Aided by using the chain rule, (8) can be rewritten in the
quasi-linear form



(9)[image: \dpd{\bvec{u}}{t} + \sum_{i=1}^3\mathrm{A}^{(i)}\dpd{\bvec{u}}{x_i} = 0]



where the Jacobian matrices [image: \mathrm{A}^{(1)}, \mathrm{A}^{(2)}], and
[image: \mathrm{A}^{(3)}] are defined as



(10)[image: \mathrm{A}^{(i)} \defeq \left(\begin{array}{cccc}
  \pd{f_1^{(i)}}{u_1} & \pd{f_1^{(i)}}{u_2} &
  \pd{f_1^{(i)}}{u_3} & \pd{f_1^{(i)}}{u_4} \\
  \pd{f_2^{(i)}}{u_1} & \pd{f_2^{(i)}}{u_2} &
  \pd{f_2^{(i)}}{u_3} & \pd{f_2^{(i)}}{u_4} \\
  \pd{f_3^{(i)}}{u_1} & \pd{f_3^{(i)}}{u_2} &
  \pd{f_3^{(i)}}{u_3} & \pd{f_3^{(i)}}{u_4} \\
  \pd{f_4^{(i)}}{u_1} & \pd{f_4^{(i)}}{u_2} &
  \pd{f_4^{(i)}}{u_3} & \pd{f_4^{(i)}}{u_4}
\end{array}\right), \quad i = 1, 2, 3]



Aided by using (7), the Jacobian matrices defined in (10) can
be written out as



(11)[image: \mathrm{A}^{(1)} = \left(\begin{array}{cccc}
  0 & 1 & 0 & 0 \\
  -\frac{u_2^2}{u_1^2} + \frac{K}{u_1} & 2\frac{u_2}{u_1} & 0 & 0 \\
  -\frac{u_2u_3}{u_1^2} & \frac{u_3}{u_1} & \frac{u_2}{u_1} & 0 \\
  -\frac{u_2u_4}{u_1^2} & \frac{u_4}{u_1} & 0 & \frac{u_2}{u_1}
\end{array}\right), \quad
\mathrm{A}^{(2)} = \left(\begin{array}{cccc}
  0 & 0 & 1 & 0 \\
  -\frac{u_2u_3}{u_1^2} & \frac{u_3}{u_1} & \frac{u_2}{u_1} & 0 \\
  -\frac{u_3^2}{u_1^2} + \frac{K}{u_1} & 0 & 2\frac{u_3}{u_1} & 0 \\
  -\frac{u_3u_4}{u_1^2} & 0 & \frac{u_4}{u_1} & \frac{u_3}{u_1}
\end{array}\right), \quad
\mathrm{A}^{(3)} = \left(\begin{array}{cccc}
  0 & 0 & 0 & 1 \\
  -\frac{u_2u_4}{u_1^2} & \frac{u_4}{u_1} & 0 & \frac{u_2}{u_1} \\
  -\frac{u_3u_4}{u_1^2} & 0 & \frac{u_4}{u_1} & \frac{u_3}{u_1} \\
  -\frac{u_4^2}{u_1^2} & 0 & 0 & 2\frac{u_4}{u_1}
\end{array}\right)]






Hyperbolicity


Hyperbolicity is a prerequisite for us to apply the space-time CESE method to a
system of first-order PDEs.  For the governing equations, (1) and
(4), to be hyperbolic, the linear combination of the three
Jacobian matrices of their quasi-linear for must be diagonalizable.  The
spectrum of the linear combination must be all real, too [Warming75],
[Chen12].


To facilitate the analysis, we chose to use the non-conservative version of the
governing equations.  Define the non-conservative variables



(12)[image: \tilde{\bvec{u}} \defeq \left(\begin{array}{c}
  \rho \\ v_1 \\ v_2 \\ v_3
\end{array}\right) =
\left(\begin{array}{c}
  u_1 \\ \frac{u_2}{u_1} \\ \frac{u_3}{u_1} \\ \frac{u_4}{u_1}
\end{array}\right)]



Aided by using (12) and (5), the transformation between the
conservative variables and the non-conservative variables can be done with the
transformation Jacobian defined as



(13)[image: \mathrm{P} \defeq \dpd{\tilde{\bvec{u}}}{\bvec{u}} =
\left(\begin{array}{cccc}
  \pd{\tilde{u}_1}{u_1} & \pd{\tilde{u}_1}{u_2} &
  \pd{\tilde{u}_1}{u_3} & \pd{\tilde{u}_1}{u_4} \\
  \pd{\tilde{u}_2}{u_1} & \pd{\tilde{u}_2}{u_2} &
  \pd{\tilde{u}_2}{u_3} & \pd{\tilde{u}_2}{u_4} \\
  \pd{\tilde{u}_3}{u_1} & \pd{\tilde{u}_3}{u_2} &
  \pd{\tilde{u}_3}{u_3} & \pd{\tilde{u}_3}{u_4} \\
  \pd{\tilde{u}_4}{u_1} & \pd{\tilde{u}_4}{u_2} &
  \pd{\tilde{u}_4}{u_3} & \pd{\tilde{u}_4}{u_4}
\end{array}\right) = \left(\begin{array}{cccc}
  1 & 0 & 0 & 0 \\
  -\frac{u_2}{u_1^2} & \frac{1}{u_1} & 0 & 0 \\
  -\frac{u_3}{u_1^2} & 0 & \frac{1}{u_1} & 0 \\
  -\frac{u_4}{u_1^2} & 0 & 0 & \frac{1}{u_1}
\end{array}\right) = \left(\begin{array}{cccc}
  1 & 0 & 0 & 0 \\
  -\frac{v_1}{\rho} & \frac{1}{\rho} & 0 & 0 \\
  -\frac{v_2}{\rho} & 0 & \frac{1}{\rho} & 0 \\
  -\frac{v_3}{\rho} & 0 & 0 & \frac{1}{\rho}
\end{array}\right)]



Aided by writing (5) as



[image: \bvec{u} = \left(\begin{array}{c}
  \tilde{u}_1 \\
  \tilde{u}_1\tilde{u}_2 \\ \tilde{u}_1\tilde{u}_3 \\ \tilde{u}_1\tilde{u}_4
\end{array}\right)]



the inverse matrix of [image: \mathrm{P}] can be obtained



(14)[image: \mathrm{P}^{-1} = \dpd{\bvec{u}}{\tilde{\bvec{u}}} =
\left(\begin{array}{cccc}
  1 & 0 & 0 & 0 \\
  \tilde{u}_2 & \tilde{u}_1 & 0 & 0 \\
  \tilde{u}_3 & 0 & \tilde{u}_1 & 0 \\
  \tilde{u}_4 & 0 & 0 & \tilde{u}_1
\end{array}\right) = \left(\begin{array}{cccc}
  1 & 0 & 0 & 0 \\
  v_1 & \rho & 0 & 0 \\
  v_2 & 0 & \rho & 0 \\
  v_3 & 0 & 0 & \rho
\end{array}\right)]



and [image: \mathrm{P}^{-1}\mathrm{P} = \mathrm{P}\mathrm{P}^{-1} =
\mathrm{I}_{4\times4}].


The transformation matrix [image: \mathrm{P}] can be used to cast the
conservative equations, (9), into non-conservative ones.
Pre-multiplying [image: \pd{\tilde{\bvec{u}}}{\bvec{u}}] to (9) gives



(15)[image: \dpd{\tilde{\bvec{u}}}{t} +
\sum_{i=1}^3\tilde{\mathrm{A}}^{(i)}\dpd{\tilde{\bvec{u}}}{x_i} = 0]



where



(16)[image: \tilde{\mathrm{A}}^{(1)} \defeq
  \mathrm{P}\mathrm{A}^{(1)}\mathrm{P}^{-1}, \quad
\tilde{\mathrm{A}}^{(2)} \defeq
  \mathrm{P}\mathrm{A}^{(2)}\mathrm{P}^{-1}, \quad
\tilde{\mathrm{A}}^{(3)} \defeq
  \mathrm{P}\mathrm{A}^{(3)}\mathrm{P}^{-1}]



To help obtaining the expression of [image: \tilde{\mathrm{A}}^{(1)},
\tilde{\mathrm{A}}^{(2)}], and [image: \tilde{\mathrm{A}}^{(3)}], we substitute
(5) into (11) and get



(17)[image: \mathrm{A}^{(1)} = \left(\begin{array}{cccc}
  0 & 1 & 0 & 0 \\
  -v_1^2 + \frac{K}{\rho} & 2v_1 & 0 & 0 \\
  -v_1v_2 & v_2 & v_1 & 0 \\
  -v_1v_3 & v_3 & 0 & v_1
\end{array}\right), \quad
\mathrm{A}^{(2)} = \left(\begin{array}{cccc}
  0 & 0 & 1 & 0 \\
  -v_1v_2 & v_2 & v_1 & 0 \\
  -v_2^2 + \frac{K}{\rho} & 0 & 2v_2 & 0 \\
  -v_2v_3 & 0 & v_3 & v_2
\end{array}\right), \quad
\mathrm{A}^{(3)} = \left(\begin{array}{cccc}
  0 & 0 & 0 & 1 \\
  -v_1v_3 & v_3 & 0 & v_1 \\
  -v_2v_3 & 0 & v_3 & v_2 \\
  -v_3^2 + \frac{K}{\rho} & 0 & 0 & 2v_3
\end{array}\right)]



The Jacobian matrices in (16) can be spelled out with the
expressions in (13), (14), and (17)



(18)[image: \tilde{\mathrm{A}}^{(1)} = \left(\begin{array}{cccc}
  v_1 & \rho & 0 & 0 \\
  \frac{K}{\rho^2} & v_1 & 0 & 0 \\
  0 & 0 & v_1 & 0 \\
  0 & 0 & 0 & v_1
\end{array}\right), \quad
\tilde{\mathrm{A}}^{(2)} = \left(\begin{array}{cccc}
  v_2 & 0 & \rho & 0 \\
  0 & v_2 & 0 & 0 \\
  \frac{K}{\rho^2} & 0 & v_2 & 0 \\
  0 & 0 & 0 & v_2
\end{array}\right), \quad
\tilde{\mathrm{A}}^{(3)} = \left(\begin{array}{cccc}
  v_3 & 0 & 0 & \rho \\
  0 & v_3 & 0 & 0 \\
  0 & 0 & v_3 & 0 \\
  \frac{K}{\rho^2} & 0 & 0 & v_3
\end{array}\right)]



(15) is hyperbolic where the linear combination of its Jacobian
matrices [image: \tilde{\mathrm{A}}^{(1)}], [image: \tilde{\mathrm{A}}^{(2)}],
and [image: \tilde{\mathrm{A}}^{(3)}]



(19)[image: \tilde{\mathrm{R}} \defeq \sum_{i=1}^3 k_i\tilde{\mathrm{A}}^{(i)}
= \left(\begin{array}{cccc}
  \sum_{i=1}^3 k_iv_i & k_1\rho & k_2\rho & k_3\rho \\
  \frac{k_1K}{\rho^2} & \sum_{i=1}^3 k_iv_i & 0 & 0 \\
  \frac{k_2K}{\rho^2} & 0 & \sum_{i=1}^3 k_iv_i & 0 \\
  \frac{k_3K}{\rho^2} & 0 & 0 & \sum_{i=1}^3 k_iv_i
\end{array}\right)]



where [image: k_1, k_2], and [image: k_3] are real and bounded.


The linearly combined Jacobian matrix can be used to rewrite the
three-dimensional governing equation, (15), into one-dimensional
space



(20)[image: \dpd{\tilde{\bvec{u}}}{t} + \tilde{\mathrm{R}}\dpd{\tilde{\bvec{u}}}{y} = 0]



where



(21)[image: y \defeq \sum_{i=1}^3 k_ix_i]



and aided by (19) and the chain rule



[image: \sum_{i=1}^3 \tilde{\mathrm{A}}^{(i)}
             \dpd{\tilde{\bvec{u}}}{x_i} =
\sum_{i=1}^3 \tilde{\mathrm{A}}^{(i)}
             \dpd{\tilde{\bvec{u}}}{y} \dpd{y}{x_i} =
\sum_{i=1}^3 k_{i} \tilde{\mathrm{A}}^{(i)}
             \dpd{\tilde{\bvec{u}}}{y} =
\tilde{\mathrm{R}}\dpd{\tilde{\bvec{u}}}{y}]



The eigenvalues of [image: \tilde{\mathrm{R}}] can be found by solving the
polynomial equation [image: \det(\tilde{\mathrm{R}} -
\lambda\mathrm{I}_{4\times4}) = 0] for [image: \lambda], and are



(22)[image: \lambda_{1, 2, 3, 4} = \phi, \phi,
                       \phi+\sqrt{\frac{K\psi}{\rho}},
                       \phi-\sqrt{\frac{K\psi}{\rho}}]



where [image: \phi \defeq \sum_{i=1}^3 k_iv_i], and [image: \psi \defeq
\sum_{i=1}^3 k_i^2].  The corresponding eigenvector matrix is



(23)[image: \mathrm{T} = \left(\begin{array}{cccc}
  0 & 0 &
  \sqrt{\frac{\rho^3\psi}{K}} & \sqrt{\frac{\rho^3\psi}{K}} \\
  k_3 &  0   & k_1 & -k_1 \\
  0   &  k_3 & k_2 & -k_2 \\
 -k_1 & -k_2 & k_3 & -k_3
\end{array}\right)]



The left eigenvector matrix is



(24)[image: \mathrm{T}^{-1} = \left(\begin{array}{cccc}
  0 & -\frac{k_1^2-\psi}{k_3\psi} & -\frac{k_1k_2}{k_3\psi} & -\frac{k_1}{\psi} \\
  0 & -\frac{k_1k_2}{k_3\psi} & -\frac{k_2^2-\psi}{k_3\psi} & -\frac{k_2}{\psi} \\
  \frac{1}{2\sqrt{\frac{\rho^3\psi}{K}}} &
  \frac{k_1}{2\psi} &  \frac{k_2}{2\psi} &  \frac{k_3}{2\psi} \\
  \frac{1}{2\sqrt{\frac{\rho^3\psi}{K}}} &
 -\frac{k_1}{2\psi} & -\frac{k_2}{2\psi} & -\frac{k_3}{2\psi}
\end{array}\right)]






Riemann Invariants


Aided by (23) and (24), [image: \tilde{\mathrm{R}}]
can be diagonalized as



(25)[image: \mathrm{\Lambda} \defeq \left(\begin{array}{cccc}
  \lambda_1 & 0 & 0 & 0 \\
  0 & \lambda_2 & 0 & 0 \\
  0 & 0 & \lambda_3 & 0 \\
  0 & 0 & 0 & \lambda_4
\end{array}\right) = \left(\begin{array}{cccc}
  \phi & 0 & 0 & 0 \\
  0 & \phi & 0 & 0 \\
  0 & 0 & \phi + \sqrt{\frac{K\psi}{\rho}} & 0 \\
  0 & 0 & 0 & \phi - \sqrt{\frac{K\psi}{\rho}}
\end{array}\right) = \mathrm{T}^{-1}\tilde{\mathrm{R}}\mathrm{T}]



(25) defines the eigenvalue matrix of [image: \tilde{\mathrm{R}}].
Aach element in the diagonal of the eigenvalue matrix is the eigenvalue listed
in (22).  Pre-multiplying (20) with
[image: \mathrm{T}^{-1}] gives



[image: \mathrm{T}^{-1}\dpd{\tilde{\bvec{u}}}{t}
+ \mathrm{\Lambda}\mathrm{T}^{-1}\dpd{\tilde{\bvec{u}}}{y} = 0]



Define the characteristic variables



(26)[image: \hat{\bvec{u}} \defeq \left(\begin{array}{c}
 -\frac{k_1^2-\psi}{k_3\psi}v_1 - \frac{k_1k_2}{k_3\psi}v_2 - \frac{k_1}{\psi}v_3 \\
 -\frac{k_1k_2}{k_3\psi}v_1 - \frac{k_2^2-\psi}{k_3\psi}v_2 - \frac{k_2}{\psi}v_3 \\
 -\sqrt{\frac{K}{\rho\psi}} + \frac{k_1}{2\psi}v_1 + \frac{k_2}{2\psi}v_2 + \frac{k_3}{2\psi}v_3 \\
 -\sqrt{\frac{K}{\rho\psi}} - \frac{k_1}{2\psi}v_1 - \frac{k_2}{2\psi}v_2 - \frac{k_3}{2\psi}v_3
\end{array}\right)]



such that



[image: \mathrm{T}^{-1} = \dpd{\hat{\bvec{u}}}{\tilde{\bvec{u}}}]



Then aided by the chain rule, we can write



(27)[image: \dpd{\hat{\bvec{u}}}{t} + \mathrm{\Lambda}\dpd{\hat{\bvec{u}}}{y} = 0]



The components of [image: \hat{\bvec{u}}] defined in (26) are the
Riemann invariants.





Diffusion Term Treatment


The momentum equation (4) contains the diffusion term



[image: \sum_{i=1}^3 \dpd{}{x_i}
             \left[\delta_{ij} \lambda \sum_{k=1}^3 \dpd{v_k}{x_k}
                 + \mu \left( \dpd{v_i}{x_j}+\dpd{v_j}{x_i} \right)\right],
             \quad j = 1, 2, 3]



Define



(28)[image: \bvec{g}^{(1)} \defeq \left(\begin{array}{c}
  0 \\
  \lambda\sum_{k=1}^3\dpd{v_k}{x_k} + 2\mu\dpd{v_1}{x_1} \\
  \mu(\dpd{v_1}{x_2} + \dpd{v_2}{x_1}) \\
  \mu(\dpd{v_1}{x_3} + \dpd{v_3}{x_1})
\end{array}\right), \quad
\bvec{g}^{(2)} \defeq \left(\begin{array}{c}
  0 \\
  \mu(\dpd{v_2}{x_1} + \dpd{v_1}{x_2}) \\
  \lambda\sum_{k=1}^3\dpd{v_k}{x_k} + 2\mu\dpd{v_2}{x_2} \\
  \mu(\dpd{v_2}{x_3} + \dpd{v_3}{x_2})
\end{array}\right), \quad
\bvec{g}^{(3)} \defeq \left(\begin{array}{c}
  0 \\
  \mu(\dpd{v_3}{x_1} + \dpd{v_1}{x_3}) \\
  \mu(\dpd{v_3}{x_2} + \dpd{v_2}{x_3}) \\
  \lambda\sum_{k=1}^3\dpd{v_k}{x_k} + 2\mu\dpd{v_3}{x_3}
\end{array}\right)]
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Published Applications of SOLVCON



		Po-Hsien Lin, Yung-Yu Chen, and S.-T. John Yu,
“Density-Velociy Equations with Bulk Modulus for Computational
Hydro-Acoustics”,
Theoretical and Computational Fluid Dynamics,
Accepted.
doi: 10.1007/s00162-013-0301-6 [http://dx.doi.org/10.1007/s00162-013-0301-6]


		Lixiang Yang, Yung-Yu Chen, and Sheng-Tao John Yu,
“Velocity-Stress Equations for Waves in Solids of Hexagonal Symmetry Solved
by the Space-Time CESE Method”,
ASME Journal of Vibration and Acoustics,
Volume 133, Issue 2, April 2011, Page 021001 (13 pages).
doi: 10.1115/1.4002170 [http://dx.doi.org/10.1115/1.4002170]


		Yung-Yu Chen, Lixiang Yang, and Sheng-Tao John Yu,
“Simulations of Waves in Elastic Solids of Cubic Symmetry by the
Conservation Element and Solution Element Method”,
Wave Motion,
Volume 48, Issue 1, Jan. 2011, Pages 39-61.
doi: 10.1016/j.wavemoti.2010.07.001 [http://dx.doi.org/10.1016/j.wavemoti.2010.07.001]
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Jenkins Slave Setup


If you have extra machines, we welcome you to set them up as Jenkins slaves for
SOLVCON.  The first step is to contact the site admin to set up a node for you.
Then, you can configure your machines as headless slaves.  If you are running
Debian or Ubuntu, we’ve prepared the configuration scripts for you: (i) the
init script file /etc/init.d/jenkins-slave and (ii) the default file
/etc/default/jenkins-slave.  To run the slave, you need at least two
prerequisite packages and they can be installed by:


$ apt-get install daemon sun-java6-jre






Before starting the slave, don’t forget to supply the settings
JENKINS_SLAVE_USER and JENKINS_SLAVE_HOME in the default file
/etc/default/jenkins-slave.


If everything runs correctly, then you can install the init script to rc.d:


$ update-rc.d jenkins-slave defaults






so that the slave can automatically run on machine start-up.


In the directory contrib/ of the source package of SOLVCON,
/etc/init.d/jenkins-slave, /etc/default/jenkins-slave, and a install
script that does the above actions are supplied for your convenience.



File Listings



/etc/init.d/jenkins-slave


#! /bin/sh
### BEGIN INIT INFO
# Provides:          jenkins-slave
# Required-Start:    $remote_fs $syslog
# Required-Stop:     $remote_fs $syslog
# Default-Start:     2 3 4 5
# Default-Stop:      0 1 6
# Short-Description: Example initscript
# Description:       This file should be used to construct scripts to be
#                    placed in /etc/init.d.
### END INIT INFO

# Author: Yung-Yu Chen <yyc@solvcon.net>
#
# Please remove the "Author" lines above and replace them
# with your own name if you copy and modify this script.

# Do NOT "set -e"

# PATH should only include /usr/* if it runs after the mountnfs.sh script
PATH=/sbin:/usr/sbin:/bin:/usr/bin
DESC="jenkins slave"
NAME=jenkins-slave
#DAEMON=/usr/bin/java
DAEMON=/usr/bin/daemon
SCRIPTNAME=/etc/init.d/$NAME

WGET=wget
SU=/bin/su

# Read configuration variable file if it is present
[ -r /etc/default/$NAME ] && . /etc/default/$NAME

# Load the VERBOSE setting and other rcS variables
. /lib/init/vars.sh

# Define LSB log_* functions.
# Depend on lsb-base (>= 3.2-14) to ensure that this file is present
# and status_of_proc is working.
. /lib/lsb/init-functions

PIDFILE=$JENKINS_SLAVE_ROOT/$NAME.pid
DAEMON_ARGS="--user=$JENKINS_SLAVE_USER --output=$JENKINS_SLAVE_LOG "\
"--pidfile=$PIDFILE --command=java -- "\
"-jar $JENKINS_SLAVE_JAR -jnlpUrl $JENKINS_NODE_URL"

#
# Function that starts the daemon/service
#
do_start()
{
	# Return
	#   0 if daemon has been started
	#   1 if daemon was already running
	#   2 if daemon could not be started
	[ "$JENKINS_SLAVE_USER" = "" ] && return 2
	[ "$JENKINS_SLAVE_HOME" = "" ] && return 2
	start-stop-daemon --start --quiet --pidfile $PIDFILE --exec $DAEMON --test > /dev/null \
		|| return 1
	mkdir $JENKINS_SLAVE_ROOT > /dev/null 2>&1 || true
	chown $JENKINS_SLAVE_USER $JENKINS_SLAVE_ROOT
	cd $JENKINS_SLAVE_ROOT
	$SU -l $JENKINS_SLAVE_USER -c \
		"wget -q -r $JENKINS_SLAVE_JAR_URL -O $JENKINS_SLAVE_JAR"
	# XXX: a hack to make ssh key-auth work for solvcon.helper.get_username().
	export LOGNAME=$JENKINS_SLAVE_USER
	# XXX: similar to the hack, but not of real use.
	export USER=$JENKINS_SLAVE_USER
	export USERNAME=$JENKINS_SLAVE_USER
	export HOME=$JENKINS_SLAVE_HOME
	start-stop-daemon --start --pidfile $PIDFILE --exec $DAEMON \
		-- $DAEMON_ARGS || return 2
}

#
# Function that stops the daemon/service
#
do_stop()
{
	# Return
	#   0 if daemon has been stopped
	#   1 if daemon was already stopped
	#   2 if daemon could not be stopped
	#   other if a failure occurred
	#start-stop-daemon --stop --retry=TERM/30/KILL/5 --pidfile $PIDFILE --name $NAME
	RETVAL="$?"
	#[ "$RETVAL" = 2 ] && return 2
	# Wait for children to finish too if this is a daemon that forks
	# and if the daemon is only ever run from this initscript.
	# If the above conditions are not satisfied then add some other code
	# that waits for the process to drop all resources that could be
	# needed by services started subsequently.  A last resort is to
	# sleep for some time.
	start-stop-daemon --stop --oknodo --retry=TERM/30/KILL/5 --exec $DAEMON
	[ "$?" = 2 ] && return 2
	RETVAL="$?"
	# Many daemons don't delete their pidfiles when they exit.
	rm -f $PIDFILE
	return "$RETVAL"
}

#
# Function that sends a SIGHUP to the daemon/service
#
do_reload() {
	#
	# If the daemon can reload its configuration without
	# restarting (for example, when it is sent a SIGHUP),
	# then implement that here.
	#
	start-stop-daemon --stop --signal 1 --quiet --pidfile $PIDFILE --name $NAME
	return 0
}

case "$1" in
  start)
	[ "$VERBOSE" != no ] && log_daemon_msg "Starting $DESC" "$NAME"
	do_start
	case "$?" in
		0|1) [ "$VERBOSE" != no ] && log_end_msg 0 ;;
		2) [ "$VERBOSE" != no ] && log_end_msg 1 ;;
	esac
	;;
  stop)
	[ "$VERBOSE" != no ] && log_daemon_msg "Stopping $DESC" "$NAME"
	do_stop
	case "$?" in
		0|1) [ "$VERBOSE" != no ] && log_end_msg 0 ;;
		2) [ "$VERBOSE" != no ] && log_end_msg 1 ;;
	esac
	;;
  restart|force-reload)
	#
	# If the "reload" option is implemented then remove the
	# 'force-reload' alias
	#
	log_daemon_msg "Restarting $DESC" "$NAME"
	do_stop
	case "$?" in
	  0|1)
		do_start
		case "$?" in
			0) log_end_msg 0 ;;
			1) log_end_msg 1 ;; # Old process is still running
			*) log_end_msg 1 ;; # Failed to start
		esac
		;;
	  *)
	  	# Failed to stop
		log_end_msg 1
		;;
	esac
	;;
  *)
	#echo "Usage: $SCRIPTNAME {start|stop|restart|reload|force-reload}" >&2
	echo "Usage: $SCRIPTNAME {start|stop|status|restart|force-reload}" >&2
	exit 3
	;;
esac

:









/etc/default/jenkins-slave


# defaults for jenkins continuous integration slave.

# usually set to host name.
JENKINS_SLAVE_NAME=`hostname`

# slave admin must provide this.
JENKINS_SLAVE_USER=

# usually the home of the local slave user.
JENKINS_SLAVE_HOME=

# slave admin must set which host to connect to.
JENKINS_MASTER_LOCATION="ci.solvcon.net"

# slave admin doesn't need to change these.
JENKINS_SLAVE_ROOT="$JENKINS_SLAVE_HOME/$JENKINS_SLAVE_NAME"
JENKINS_SLAVE_JAR="$JENKINS_SLAVE_ROOT/slave.jar"
JENKINS_SLAVE_LOG="$JENKINS_SLAVE_ROOT/slave.log"
JENKINS_SLAVE_JAR_URL="http://$JENKINS_MASTER_LOCATION/jnlpJars/slave.jar"
JENKINS_NODE_URL="http://$JENKINS_MASTER_LOCATION/computer/$JENKINS_SLAVE_NAME/slave-agent.jnlp"
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Hydro-Acoustics (Under Development)


This package solvcon.parcel.bulk contains code that perform
computational hydra acoustics (CHA) by using the CESE method.  The model
equations employed are the continuity equation and the momentum equations.  To
relate the density to the pressure, the definition of bulk modulus is employed.




		Formulations (Under Development)
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		Air Flow over Cylindar (Under Development)
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