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Chapter 1

INTRODUCTION

1.1 Motivation

The material in this book originated from attempts to understand and systemize nu-
merical solution techniques for the partial differential equations governing the physics
of fluid flow. As time went on and these attempts began to crystallize, underlying
constraints on the nature of the material began to form. The principal such constraint
was the demand for unification. Was there one mathematical structure which could
be used to describe the behavior and results of most numerical methods in common
use in the field of fluid dynamics? Perhaps the answer is arguable, but the authors
believe the answer is affirmative and present this book as justification for that be-
lief. The mathematical structure is the theory of linear algebra and the attendant
eigenanalysis of linear systems.

The ultimate goal of the field of computational fluid dynamics (CFD) is to under-
stand the physical events that occur in the flow of fluids around and within designated
objects. These events are related to the action and interaction of phenomena such
as dissipation, diffusion, convection, shock waves, slip surfaces, boundary layers, and
turbulence. In the field of aerodynamics, all of these phenomena are governed by
the compressible Navier-Stokes equations. Many of the most important aspects of
these relations are nonlinear and, as a consequence, often have no analytic solution.
This, of course, motivates the numerical solution of the associated partial differential
equations. At the same time it would seem to invalidate the use of linear algebra for
the classification of the numerical methods. Experience has shown that such is not
the case.

As we shall see in a later chapter, the use of numerical methods to solve partial
differential equations introduces an approximation that, in effect, can change the
form of the basic partial differential equations themselves. The new equations, which
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are the ones actually being solved by the numerical process, are often referred to as
the modified partial differential equations. Since they are not precisely the same as
the original equations, they can, and probably will, simulate the physical phenomena
listed above in ways that are not exactly the same as an exact solution to the basic
partial differential equation. Mathematically, these differences are usually referred to
as truncation errors. However, the theory associated with the numerical analysis of
fluid mechanics was developed predominantly by scientists deeply interested in the
physics of fluid flow and, as a consequence, these errors are often identified with a
particular physical phenomenon on which they have a strong effect. Thus methods are
said to have a lot of “artificial viscosity” or said to be highly dispersive. This means
that the errors caused by the numerical approximation result in a modified partial
differential equation having additional terms that can be identified with the physics
of dissipation in the first case and dispersion in the second. There is nothing wrong,
of course, with identifying an error with a physical process, nor with deliberately
directing an error to a specific physical process, as long as the error remains in some
engineering sense “small”. It is safe to say, for example, that most numerical methods
in practical use for solving the nondissipative Euler equations create a modified partial
differential equation that produces some form of dissipation. However, if used and
interpreted properly, these methods give very useful information.

Regardless of what the numerical errors are called, if their effects are not thor-
oughly understood and controlled, they can lead to serious difficulties, producing
answers that represent little, if any, physical reality. This motivates studying the
concepts of stability, convergence, and consistency. On the other hand, even if the
errors are kept small enough that they can be neglected (for engineering purposes),
the resulting simulation can still be of little practical use if inefficient or inappropriate
algorithms are used. This motivates studying the concepts of stiffness, factorization,
and algorithm development in general. All of these concepts we hope to clarify in
this book.

1.2 Background

The field of computational fluid dynamics has a broad range of applicability. Indepen-
dent of the specific application under study, the following sequence of steps generally
must be followed in order to obtain a satisfactory solution.

1.2.1 Problem Specification and Geometry Preparation

The first step involves the specification of the problem, including the geometry, flow
conditions, and the requirements of the simulation. The geometry may result from
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measurements of an existing configuration or may be associated with a design study.
Alternatively, in a design context, no geometry need be supplied. Instead, a set
of objectives and constraints must be specified. Flow conditions might include, for
example, the Reynolds number and Mach number for the flow over an airfoil. The
requirements of the simulation include issues such as the level of accuracy needed, the
turnaround time required, and the solution parameters of interest. The first two of
these requirements are often in conflict and compromise is necessary. As an example
of solution parameters of interest in computing the flowfield about an airfoil, one may
be interested in i) the lift and pitching moment only, ii) the drag as well as the lift
and pitching moment, or iii) the details of the flow at some specific location.

1.2.2 Selection of Governing Equations and Boundary Con-
ditions

Once the problem has been specified, an appropriate set of governing equations and
boundary conditions must be selected. It is generally accepted that the phenomena of
importance to the field of continuum fluid dynamics are governed by the conservation
of mass, momentum, and energy. The partial differential equations resulting from
these conservation laws are referred to as the Navier-Stokes equations. However, in
the interest of efficiency, it is always prudent to consider solving simplified forms
of the Navier-Stokes equations when the simplifications retain the physics which are
essential to the goals of the simulation. Possible simplified governing equations include
the potential-flow equations, the Euler equations, and the thin-layer Navier-Stokes
equations. These may be steady or unsteady and compressible or incompressible.
Boundary types which may be encountered include solid walls, inflow and outflow
boundaries, periodic boundaries, symmetry boundaries, etc. The boundary conditions
which must be specified depend upon the governing equations. For example, at a solid
wall, the Euler equations require flow tangency to be enforced, while the Navier-Stokes
equations require the no-slip condition. If necessary, physical models must be chosen
for processes which cannot be simulated within the specified constraints. Turbulence
is an example of a physical process which is rarely simulated in a practical context (at
the time of writing) and thus is often modelled. The success of a simulation depends
greatly on the engineering insight involved in selecting the governing equations and
physical models based on the problem specification.

1.2.3 Selection of Gridding Strategy and Numerical Method

Next a numerical method and a strategy for dividing the flow domain into cells, or
elements, must be selected. We concern ourselves here only with numerical meth-
ods requiring such a tessellation of the domain, which is known as a grid, or mesh.
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Many different gridding strategies exist, including structured, unstructured, hybrid,
composite, and overlapping grids. Furthermore, the grid can be altered based on
the solution in an approach known as solution-adaptive gridding. The numerical
methods generally used in CFD can be classified as finite-difference, finite-volume,
finite-element, or spectral methods. The choices of a numerical method and a grid-
ding strategy are strongly interdependent. For example, the use of finite-difference
methods is typically restricted to structured grids. Here again, the success of a sim-
ulation can depend on appropriate choices for the problem or class of problems of
interest.

1.2.4 Assessment and Interpretation of Results

Finally, the results of the simulation must be assessed and interpreted. This step can
require post-processing of the data, for example calculation of forces and moments,
and can be aided by sophisticated flow visualization tools and error estimation tech-
niques. It is critical that the magnitude of both numerical and physical-model errors
be well understood.

1.3 Overview

It should be clear that successful simulation of fluid flows can involve a wide range of
issues from grid generation to turbulence modelling to the applicability of various sim-
plified forms of the Navier-Stokes equations. Many of these issues are not addressed
in this book. Some of them are presented in the books by Anderson, Tannehill, and
Pletcher [1] and Hirsch [2]. Instead we focus on numerical methods, with emphasis
on finite-difference and finite-volume methods for the Euler and Navier-Stokes equa-
tions. Rather than presenting the details of the most advanced methods, which are
still evolving, we present a foundation for developing, analyzing, and understanding
such methods.

Fortunately, to develop, analyze, and understand most numerical methods used to
find solutions for the complete compressible Navier-Stokes equations, we can make use
of much simpler expressions, the so-called “model” equations. These model equations
isolate certain aspects of the physics contained in the complete set of equations. Hence
their numerical solution can illustrate the properties of a given numerical method
when applied to a more complicated system of equations which governs similar phys-
ical phenomena. Although the model equations are extremely simple and easy to
solve, they have been carefully selected to be representative, when used intelligently,
of difficulties and complexities that arise in realistic two- and three-dimensional fluid
flow simulations. We believe that a thorough understanding of what happens when
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numerical approximations are applied to the model equations is a major first step in
making confident and competent use of numerical approximations to the Euler and
Navier-Stokes equations. As a word of caution, however, it should be noted that,
although we can learn a great deal by studying numerical methods as applied to the
model equations and can use that information in the design and application of nu-
merical methods to practical problems, there are many aspects of practical problems
which can only be understood in the context of the complete physical systems.

1.4 Notation

The notation is generally explained as it is introduced. Bold type is reserved for real
physical vectors, such as velocity. The vector symbol ™ is used for the vectors (or
column matrices) which contain the values of the dependent variable at the nodes
of a grid. Otherwise, the use of a vector consisting of a collection of scalars should
be apparent from the context and is not identified by any special notation. For
example, the variable u can denote a scalar Cartesian velocity component in the Euler
and Navier-Stokes equations, a scalar quantity in the linear convection and diffusion
equations, and a vector consisting of a collection of scalars in our presentation of
hyperbolic systems. Some of the abbreviations used throughout the text are listed
and defined below.

PDE Partial differential equation
ODE Ordinary differential equation

OAE Ordinary difference equation
RHS Right-hand side

P.S. Particular solution of an ODE or system of ODE’s
S.S. Fixed (time-invariant) steady-state solution

k-D k-dimensional space

(1;0) Boundary conditions, usually a vector

O(«) A term of order (i.e., proportional to) «
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Chapter 2

CONSERVATION LAWS AND
THE MODEL EQUATIONS

We start out by casting our equations in the most general form, the integral conserva-
tion-law form, which is useful in understanding the concepts involved in finite-volume
schemes. The equations are then recast into divergence form, which is natural for
finite-difference schemes. The Euler and Navier-Stokes equations are briefly discussed
in this Chapter. The main focus, though, will be on representative model equations,
in particular, the convection and diffusion equations. These equations contain many
of the salient mathematical and physical features of the full Navier-Stokes equations.
The concepts of convection and diffusion are prevalent in our development of nu-
merical methods for computational fluid dynamics, and the recurring use of these
model equations allows us to develop a consistent framework of analysis for consis-
tency, accuracy, stability, and convergence. The model equations we study have two
properties in common. They are linear partial differential equations (PDE’s) with
coefficients that are constant in both space and time, and they represent phenomena
of importance to the analysis of certain aspects of fluid dynamic problem:s.

2.1 Conservation Laws

Conservation laws, such as the Euler and Navier-Stokes equations and our model
equations, can be written in the following integral form:

to to
/ QdV — / QdV + / 75 n.FdSdt / / PdVdt (2.1)
V(tg) V(t1) t1 S(t) t1 V(t)

In this equation, @) is a vector containing the set of variables which are conserved,
e.g., mass, momentum, and energy, per unit volume. The equation is a statement of

7
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the conservation of these quantities in a finite region of space with volume V(¢) and
surface area S(t) over a finite interval of time ¢5 — ¢;. In two dimensions, the region
of space, or cell, is an area A(t) bounded by a closed contour C(t). The vector n is
a unit vector normal to the surface pointing outward, F is a set of vectors, or tensor,
containing the flux of ) per unit area per unit time, and P is the rate of production
of () per unit volume per unit time. If all variables are continuous in time, then Eq.
2.1 can be rewritten as

i/ de+7f n.FdS:/ PV (2.2)
dt Jv(t) 5(t) v(t)

Those methods which make various numerical approximations of the integrals in Eqs.
2.1 and 2.2 and find a solution for ) on that basis are referred to as finite-volume
methods. Many of the advanced codes written for CFD applications are based on the
finite-volume concept.

On the other hand, a partial derivative form of a conservation law can also be
derived. The divergence form of Eq. 2.2 is obtained by applying Gauss’s theorem to
the flux integral, leading to

0Q

o +V.F=P (2.3)

where V. is the well-known divergence operator given, in Cartesian coordinates, by
0 0 0

V.= i—+j— +k— . 2.4

(lax +‘]3y + 32) (24)

and i, j, and k are unit vectors in the x,y, and z coordinate directions, respectively.
Those methods which make various approximations of the derivatives in Eq. 2.3 and
find a solution for ) on that basis are referred to as finite-difference methods.

2.2 The Navier-Stokes and Euler Equations

The Navier-Stokes equations form a coupled system of nonlinear PDE’s describing
the conservation of mass, momentum and energy for a fluid. For a Newtonian fluid
in one dimension, they can be written as

0Q OE
S ta =0 (2.5)
with
p pu 0

(2.6)

Wl
=

2

SIS

Q=|pu|, E=|pi+p|~

e u(e +p) dpult + k2
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where p is the fluid density, u is the velocity, e is the total energy per unit volume, p is
the pressure, T is the temperature, y is the coefficient of viscosity, and « is the thermal
conductivity. The total energy e includes internal energy per unit volume pe (where
¢ is the internal energy per unit mass) and kinetic energy per unit volume pu?/2.
These equations must be supplemented by relations between p and x and the fluid
state as well as an equation of state, such as the ideal gas law. Details can be found
in Anderson, Tannehill, and Pletcher [1] and Hirsch [2]. Note that the convective
fluxes lead to first derivatives in space, while the viscous and heat conduction terms
involve second derivatives. This form of the equations is called conservation-law or
conservative form. Non-conservative forms can be obtained by expanding derivatives
of products using the product rule or by introducing different dependent variables,
such as v and p. Although non-conservative forms of the equations are analytically
the same as the above form, they can lead to quite different numerical solutions in
terms of shock strength and shock speed, for example. Thus the conservative form is
appropriate for solving flows with features such as shock waves.

Many flows of engineering interest are steady (time-invariant), or at least may be
treated as such. For such flows, we are often interested in the steady-state solution of
the Navier-Stokes equations, with no interest in the transient portion of the solution.
The steady solution to the one-dimensional Navier-Stokes equations must satisfy

OF
5 =0 (2.7)

If we neglect viscosity and heat conduction, the Fuler equations are obtained. In
two-dimensional Cartesian coordinates, these can be written as

0QQ OFE OF
AT A E 2.8
ot + ox + dy (28)
with
il p pu pu
2
q2 pu pu” +p puv
= = s E = ; F = 29
©=1g pv puv pv* +p (2.9)
Q1 e u(e + p) v(e+p)

where u and v are the Cartesian velocity components. Later on we will make use of
the following form of the Euler equations as well:

8@ 8@ 6@

= 2.1
at aac 8y 0 (2.10)

The matrices A = and B = Q are known as the flux Jacobians. The flux vectors
given above are ertten in terms of the primitive variables, p, u, v, and p. In order
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to derive the flux Jacobian matrices, we must first write the flux vectors £ and F' in
terms of the conservative variables, ¢i, ¢, g3, and ¢4, as follows:

B ] o
—~q2 ~14q2
E, (v = Dgs+ 5522 — 114
E= = (2.11)
9392
E, -
By

L q1

[ UE]
)a q3q2
2 q1
F = _ i ; (2.12)
2 q 2 q
Fy qags _ =1 (9393 | a4
- - L v Q ( (Zlf + Qiz)) i

We have assumed that the pressure satisfies p = (v — 1)[e — p(u? + v?)/2] from the
ideal gas law, where v is the ratio of specific heats, ¢,/c,. From this it follows that
the flux Jacobian of E' can be written in terms of the conservative variables as

] . 1 0 .
OE, o B-N(&) 0-n(E) -1
4= dg; ©\ (G ds . (2.13)
o -@@ (@) (Z) o
I a41 Q4o Q43 ,Y((q]_i) |

where
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o = o) () @] - (GG

a = —(v—1) (%) (%) (2.14)

and in terms of the primitive variables as

A= (2.15)

—u v U 0

Q41 Q42 Q43 yu
where

-1 3 —
o1 = fy—UQ — —’YU?

2 2
an = (y= Dl +0%) ==
Ay = *yg— 7—_1(3u2+02)
p 2
a3 = (1—7v)uv (2.16)

Derivation of the two forms of B = 0F/0Q) is similar. The eigenvalues of the flux
Jacobian matrices are purely real. This is the defining feature of hyperbolic systems
of PDE’s, which are further discussed in Section 2.5. The homogeneous property of
the Euler equations is discussed in Appendix C.

The Navier-Stokes equations include both convective and diffusive fluxes. This
motivates the choice of our two scalar model equations associated with the physics
of convection and diffusion. Furthermore, aspects of convective phenomena associ-
ated with coupled systems of equations such as the Euler equations are important in
developing numerical methods and boundary conditions. Thus we also study linear
hyperbolic systems of PDE’s.
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2.3 The Linear Convection Equation

2.3.1 Differential Form

The simplest linear model for convection and wave propagation is the linear convection
equation given by the following PDE:

ou ou
—+a—=0 2.17
ot ox (2.17)
Here u(x,t) is a scalar quantity propagating with speed a, a real constant which may
be positive or negative. The manner in which the boundary conditions are specified
separates the following two phenomena for which this equation is a model:

(1) In one type, the scalar quantity u is given on one boundary, corresponding
to a wave entering the domain through this “inflow” boundary. No bound-
ary condition is specified at the opposite side, the “outflow” boundary. This
is consistent in terms of the well-posedness of a 1*-order PDE. Hence the
wave leaves the domain through the outflow boundary without distortion or
reflection. This type of phenomenon is referred to, simply, as the convection
problem. It represents most of the “usual” situations encountered in convect-
ing systems. Note that the left-hand boundary is the inflow boundary when
a is positive, while the right-hand boundary is the inflow boundary when a is
negative.

(2) In the other type, the flow being simulated is periodic. At any given time,
what enters on one side of the domain must be the same as that which is
leaving on the other. This is referred to as the biconvection problem. Tt is
the simplest to study and serves to illustrate many of the basic properties of
numerical methods applied to problems involving convection, without special
consideration of boundaries. Hence, we pay a great deal of attention to it in
the initial chapters.

Now let us consider a situation in which the initial condition is given by u(z,0) =
up(z), and the domain is infinite. It is easy to show by substitution that the exact
solution to the linear convection equation is then

u(z,t) = uo(z — at) (2.18)

The initial waveform propagates unaltered with speed |a| to the right if a is positive
and to the left if a is negative. With periodic boundary conditions, the waveform
travels through one boundary and reappears at the other boundary, eventually re-
turning to its initial position. In this case, the process continues forever without any
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change in the shape of the solution. Preserving the shape of the initial condition
up(z) can be a difficult challenge for a numerical method.

2.3.2 Solution in Wave Space

We now examine the biconvection problem in more detail. Let the domain be given
by 0 < x < 27. We restrict our attention to initial conditions in the form

u(z,0) = f(0)e™* (2.19)

where f(0) is a complex constant, and « is the wavenumber. In order to satisfy the
periodic boundary conditions, x must be an integer. It is a measure of the number of
wavelengths within the domain. With such an initial condition, the solution can be
written as

u(z,t) = f(t)e™” (2.20)

where the time dependence is contained in the complex function f(¢). Substituting
this solution into the linear convection equation, Eq. 2.17, we find that f(t) satisfies
the following ordinary differential equation (ODE)

d
d_{ = —takf (2.21)
which has the solution .
f(t) = f(0)ee (2.22)
Substituting f(¢) into Eq. 2.20 gives the following solution
u(z,t) = f(0)e™@= = f(0)ellrr=wb (2.23)

where the frequency, w, the wavenumber, k, and the phase speed, a, are related by
w=Ka (2.24)

The relation between the frequency and the wavenumber is known as the dispersion
relation. The linear relation given by Eq. 2.24 is characteristic of wave propagation
in a nondispersive medium. This means that the phase speed is the same for all
wavenumbers. As we shall see later, most numerical methods introduce some disper-
sion; that is, in a simulation, waves with different wavenumbers travel at different
speeds.

An arbitrary initial waveform can be produced by summing initial conditions of
the form of Eq. 2.19. For M modes, one obtains

u(z,0) = Zl fin(0)e™m® (2.25)
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where the wavenumbers are often ordered such that x; < k9 < .-+ < Kgjr. Since the
wave equation is linear, the solution is obtained by summing solutions of the form of
Eq. 2.23, giving

M

w(a,t) =Y fn(0)erm@=ad (2.26)
m=1
Dispersion and dissipation resulting from a numerical approximation will cause the
shape of the solution to change from that of the original waveform.

2.4 The Diffusion Equation

2.4.1 Differential Form

Diffusive fluxes are associated with molecular motion in a continuum fluid. A simple
linear model equation for a diffusive process is

ou 0%u

where v is a positive real constant. For example, with u representing the tempera-
ture, this parabolic PDE governs the diffusion of heat in one dimension. Boundary
conditions can be periodic, Dirichlet (specified u), Neumann (specified du/dx), or
mixed Dirichlet/Neumann.

In contrast to the linear convection equation, the diffusion equation has a nontrivial
steady-state solution, which is one that satisfies the governing PDE with the partial
derivative in time equal to zero. In the case of Eq. 2.27, the steady-state solution
must satisfy

0%u
Ox?
Therefore, v must vary linearly with x at steady state such that the boundary con-

ditions are satisfied. Other steady-state solutions are obtained if a source term g(z)
is added to Eq. 2.27, as follows:

=0 (2.28)

2—7: = [% - (x)] (2.29)

giving a steady state-solution which satisfies

0%u
g~ gl() =0 (2.30)
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In two dimensions, the diffusion equation becomes

ou u  0%u

where g(z,y) is again a source term. The corresponding steady equation is

?u  0%u
~ — 2.32
0x?  Oy? (+.9) =0 (2:32)

While Eq. 2.31 is parabolic, Eq. 2.32 is elliptic. The latter is known as the Poisson
equation for nonzero ¢, and as Laplace’s equation for zero g.

2.4.2 Solution in Wave Space

We now consider a series solution to Eq. 2.27. Let the domain be given by 0 <z < 7
with boundary conditions u(0) = u,, u(m) = wu,. It is clear that the steady-state
solution is given by a linear function which satisfies the boundary conditions, i.e.,
h(x) = uq + (up — ug)x/m. Let the initial condition be

u(z,0) = 2—1 fm(0) sin £, + h(z) (2.33)

where x must be an integer in order to satisfy the boundary conditions. A solution
of the form

u(z,t) = Zl fm(t)sin £z + h(x) (2.34)

satisfies the initial and boundary conditions. Substituting this form into Eq. 2.27
gives the following ODE for f,,:

% = —K2Vfm (2.35)

and we find )
fin(t) = frn(0)e Fm¥t (2.36)
Substituting f,,(¢) into equation 2.34, we obtain

u(z,t) = i/[: Fm(0Ye ™ "t sin Kz + h(x) (2.37)
m=1

The steady-state solution (¢ — oo) is simply h(z). Eq. 2.37 shows that high wavenum-
ber components (large k,,) of the solution decay more rapidly than low wavenumber
components, consistent with the physics of diffusion.
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2.5 Linear Hyperbolic Systems

The Euler equations, Eq. 2.8, form a hyperbolic system of partial differential equa-
tions. Other systems of equations governing convection and wave propagation phe-
nomena, such as the Maxwell equations describing the propagation of electromagnetic
waves, are also of hyperbolic type. Many aspects of numerical methods for such sys-
tems can be understood by studying a one-dimensional constant-coefficient linear
system of the form

ou ou
o tAZ =0 (2.38)

where v = wu(z,t) is a vector of length m and A is a real m x m matrix. For
conservation laws, this equation can also be written in the form

ou Of

—+—=—=0 2.39
ot ox (2:39)
where f is the flux vector and A = %5 is the flux Jacobian matrix. The entries in the
flux Jacobian are
ofi
i = 2.40
a J an ( )

The flux Jacobian for the Euler equations is derived in Section 2.2.
Such a system is hyperbolic if A is diagonalizable with real eigenvalues.! Thus

A= X"TAX (2.41)

where A is a diagonal matrix containing the eigenvalues of A, and X is the matrix
of right eigenvectors. Premultiplying Eq. 2.38 by X !, postmultiplying A by the
product XX !, and noting that X and X ! are constants, we obtain

1 I\ 1
0X'u 00X "AX X 'u
5 + o =0 (2.42)
With w = X !u, this can be rewritten as
0 0
a—;” + Aa—f ~0 (2.43)

When written in this manner, the equations have been decoupled into m scalar equa-
tions of the form
8wi 8w,»

1See Appendix A for a brief review of some basic relations and definitions from linear algebra.
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The elements of w are known as characteristic variables. Each characteristic variable
satisfies the linear convection equation with the speed given by the corresponding
eigenvalue of A.

Based on the above, we see that a hyperbolic system in the form of Eq. 2.38 has a
solution given by the superposition of waves which can travel in either the positive or
negative directions and at varying speeds. While the scalar linear convection equation
is clearly an excellent model equation for hyperbolic systems, we must ensure that
our numerical methods are appropriate for wave speeds of arbitrary sign and possibly
widely varying magnitudes.

The one-dimensional Euler equations can also be diagonalized, leading to three
equations in the form of the linear convection equation, although they remain non-
linear, of course. The eigenvalues of the flux Jacobian matrix, or wave speeds, are
u,u+ ¢, and u — ¢, where u is the local fluid velocity, and ¢ = /yp/p is the local
speed of sound. The speed u is associated with convection of the fluid, while u + ¢
and u — ¢ are associated with sound waves. Therefore, in a supersonic flow, where
|u| > ¢, all of the wave speeds have the same sign. In a subsonic flow, where |u| < ¢,
wave speeds of both positive and negative sign are present, corresponding to the fact
that sound waves can travel upstream in a subsonic flow.

The signs of the eigenvalues of the matrix A are also important in determining
suitable boundary conditions. The characteristic variables each satisfy the linear con-
vection equation with the wave speed given by the corresponding eigenvalue. There-
fore, the boundary conditions can be specified accordingly. That is, characteristic
variables associated with positive eigenvalues can be specified at the left boundary,
which corresponds to inflow for these variables. Characteristic variables associated
with negative eigenvalues can be specified at the right boundary, which is the in-
flow boundary for these variables. While other boundary condition treatments are
possible, they must be consistent with this approach.

2.6 Problems

1. Show that the 1-D Euler equations can be written in terms of the primitive

variables R = [p, u, p]T as follows:
OR OR
R ) Sk
ot + ox
where
u p 0
M=|0 u pt
0 vp wu
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Assume an ideal gas, p = (7 — 1)(e — pu?/2).

. Find the eigenvalues and eigenvectors of the matrix M derived in question 1.

. Derive the flux Jacobian matrix A = 0E/0Q for the 1-D Euler equations result-

ing from the conservative variable formulation (Eq. 2.5). Find its eigenvalues
and compare with those obtained in question 2.

. Show that the two matrices M and A derived in questions 1 and 3, respectively,

are related by a similarity transform. (Hint: make use of the matrix S =

9Q/R.)

. Write the 2-D diffusion equation, Eq. 2.31, in the form of Eq. 2.2.

. Given the initial condition u(x,0) = sinx defined on 0 < x < 27, write it in the

form of Eq. 2.25, that is, find the necessary values of f,,(0). (Hint: use M = 2
with k1 = 1 and k2 = —1.) Next consider the same initial condition defined
only at © = 275 /4, j = 0,1,2,3. Find the values of f,,(0) required to reproduce
the initial condition at these discrete points using M = 4 with k,, = m — 1.

. Plot the first three basis functions used in constructing the exact solution to

the diffusion equation in Section 2.4.2. Next consider a solution with boundary
conditions u, = u, = 0, and initial conditions from Eq. 2.33 with f,,(0) =1
for 1 <m <3, f,,(0) =0 for m > 3. Plot the initial condition on the domain
0 <z <. Plot the solution at t = 1 with v = 1.

. Write the classical wave equation 90%*u/dt? = ¢?0%u/0z? as a first-order system,

i.e., in the form

oU QU
S+ AS =0

where U = [0u/0x, du/0t]". Find the eigenvalues and eigenvectors of A.

. The Cauchy-Riemann equations are formed from the coupling of the steady

compressible continuity (conservation of mass) equation

dpu  Opv
i
ox + dy

and the vorticity definition

ov au_

——+—=0
6$+6y

w =
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where w = 0 for irrotational flow. For isentropic and homenthalpic flow, the
system is closed by the relation

_ _7_1 2 2 =
p—(l 5 (w? +v 1))

Note that the variables have been nondimensionalized. Combining the two
PDE’s, we have

df(q) , 9g(q)
ox + Jy

_(u ([ —pu [ —pv
q_(v>’ f_( v ) g_(—U>
One approach to solving these equations is to add a time-dependent term and
find the steady solution of the following equation:

=0

where

00, 0f , O

-4 -0

ot ar oy

(a) Find the flux Jacobians of f and g with respect to gq.
(b) Determine the eigenvalues of the flux Jacobians.

(c) Determine the conditions (in terms of p and u) under which the system is
hyperbolic, i.e., has real eigenvalues.

(d) Are the above fluxes homogeneous? (See Appendix C.)
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Chapter 3

FINITE-DIFFERENCE
APPROXIMATIONS

In common with the equations governing unsteady fluid flow, our model equations
contain partial derivatives with respect to both space and time. One can approximate
these simultaneously and then solve the resulting difference equations. Alternatively,
one can approximate the spatial derivatives first, thereby producing a system of or-
dinary differential equations. The time derivatives are approximated next, leading to
a time-marching method which produces a set of difference equations which can be
solved. This is the approach emphasized here. In this chapter, the concept of finite-
difference approximations to partial derivatives is presented. These can be applied
either to spatial derivatives or time derivatives. Our emphasis in this Chapter is on
spatial derivatives; time derivatives are treated in Chapter 6. Strategies for applying
these finite-difference approximations will be discussed in Chapter 4.

All of the material below is presented in a Cartesian system. We emphasize the
fact that quite general classes of meshes expressed in general curvilinear coordinates
in physical space can be transformed to a uniform Cartesian mesh with equispaced
intervals in a so-called computational space, as shown in Figure 3.1. The computational
space is uniform; all the geometric variation is absorbed into variable coefficients of the
transformed equations. For this reason, in much of the following accuracy analysis
we use an equispaced Cartesian system without being unduly restrictive or losing
practical application.

3.1 Meshes and Finite-Difference Notation

The simplest mesh involving both time and space is shown in Figure 3.2. An inspec-
tion of this figure permits us to define the terms and notation needed to describe

21
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Figure 3.1: Physical and computational spaces.

finite difference approximations. In general, the dependent variables, u, for example,
are functions of the independent variables ¢, and z, y, z. For the first several chapters
we consider primarily the 1-D case u = u(z,t). When only one variable is denoted,
dependence on the other is assumed. The mesh index for z is always j, and that for
t is always n. Then on an equispaced grid

r = z;=jAz (3.1)
t = t,=nAt=nh (3.2)

where Az is the spacing in z and At the spacing in ¢, as shown in Figure 3.2. Note
that h = At throughout. Later k£ and [ are used for y and z in a similar way. When
n,j, k,l are used for other purposes (which is sometimes necessary), local context
should make the meaning obvious.

The convention for subscript and superscript indexing is as follows:

u(t+kh) = u([n+kJh) = Upix
u(x +mAz) = u([j+m|Az) = ujim (3.3)
u(x + mAx,t + kh) = ugﬂf)
Notice that when used alone, both the time and space indices appear as a subscript,
but when used together, time is always a superscript and is usually enclosed with
parentheses to distinguish it from an exponent.
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Figure 3.2: Space-time grid arrangement.

Derivatives are expressed according to the usual conventions. Thus for partial
derivatives in space or time we use interchangeably

ou ou 0%u

axu = a—x, atu = E, 3wu = @, etc. (34)

For the ordinary time derivative in the study of ODE’s we use

, _du

== (3.5)

u

In this text subscripts on dependent variables are never used to express derivatives.
Thus u, will not be used to represent the first derivative of u with respect to x.

The notation for difference approximations follows the same philosophy but (with
one exception) it is not unique. By this we mean that the symbol 4 is used to represent
a difference approximation to a derivative such that, for example,

but the precise nature (and order) of the approximation is not carried in the symbol
0. Other ways are used to determine its precise meaning. The one exception is the
symbol A, which is defined such that

Aty =tpi1 —tn, Azj=2j01 — 25, AUy = Upy1 — Up, etc. (3.7)

When there is no subscript on At or Az, the spacing is uniform.
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3.2 Space Derivative Approximations

A difference approximation can be generated or evaluated by means of a simple Taylor
series expansion. For example, consider u(z,t) with ¢ fixed. Then, following the
notation convention given in Eqs. 3.1 to 3.3, x = jAz and u(z + kAz) = u(jAz +
kAz) = u;i;. Expanding the latter term about z gives

Uik = Uj + (kAx)(?Z)j 5 (kAa)? (g;) +---+%(kAx)”<g;:>j+--- (3.8)

Local difference approximations to a given partial derivative can be formed from linear
combinations of u; and u;s for k = £1,£2,---
For example, consider the Taylor series expansion for wu;:

Ui = (Ax)@;‘) +E(Ax)2<%>j+---+%(Ax)"<g;ﬁ>j+--- (3.9)

Now subtract u; and divide by Az to obtain

Ujr1 — Uj ou 1 0%u
Y1 — Uy _ (91 (A [ 22 1
Az (8:6)]. * 2( 7) (83:2 ; * (3.10)

ou
oz

Az is small. Next consider the space difference approximation (u;+1 — u;_1)/(2Az).
Expand the terms in the numerator about j and regroup the result to form the
following equation

Ujp1 — Uj1 ou 1 9 @ RS u
27z (6:v> =507 (8303 +120A 923 ), (3:11)

When expressed in this manner, it is clear that the discrete terms on the left side of
the equation represent a first derivative with a certain amount of error which appears
on the right side of the equal sign. It is also clear that the error depends on the
grid spacing to a certain order. The error term containing the grid spacing to the
lowest power gives the order of the method. From Eq. 3.10, we see that the expression
(uj41—u;)/Az is a first-order approximation to ( o ) Similarly, Eq. 3.11 shows that
(uj+1 —uj—1)/(2Az) is a second-order approximation to a first derivative. The latter
is referred to as the three-point centered difference approximation, and one often sees
the summary result presented in the form

Ou) _ iy —uj 2
<8x>j = WU L oA (3.12)

Thus the expression (u;41 —u;)/Ax is a reasonable approximation for ( ) as long as
J
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3.3 Finite-Difference Operators

3.3.1 Point Difference Operators

Perhaps the most common examples of finite-difference formulas are the three-point
centered-difference approximations for the first and second derivatives:!

ou 1
J
0%u 1
J

These are the basis for point difference operators since they give an approximation to
a derivative at one discrete point in a mesh in terms of surrounding points. However,
neither of these expressions tell us how other points in the mesh are differenced or
how boundary conditions are enforced. Such additional information requires a more
sophisticated formulation.

3.3.2 Matrix Difference Operators

Consider the relation
1
(Oaot); = 15 (Ujs1 — 2uj +uj1) (3.15)

which is a point difference approximation to a second derivative. Now let us derive a
matriz operator representation for the same approximation. Consider the four point
mesh with boundary points at @ and b shown below. Notice that when we speak of
“the number of points in a mesh”, we mean the number of interior points excluding
the boundaries.

Four point mesh. Az =7 /(M + 1)

Now impose Dirichlet boundary conditions, u(0) = u,, u(m) = up and use the
centered difference approximation given by Eq. 3.15 at every point in the mesh. We

'We will derive the second derivative operator shortly.
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arrive at the four equations:

1

(Oggu), = Ag;2( — 2u; + ug)
1
(5$$u)2 = N (U,l — 2U2 + Ug)
1
(5mu)3 = A2 (u2 — 2us + ’U,4)
1
(Oggu), = IN" —(ug — 2uyq + up) (3.16)
Writing these equations in the more suggestive form
(Ogzu); = ( ug —2u;  +us )/Ax?
(Orat)y = ( w —2u;  fug o (3.17)
(Ogzt); = ( Us —2us  +Uus )/ Az? '
( ;c;cu)4 = ( us —2uy +Up )/A.”Ez

it is clear that we can express them in a vector-matrix form, and further, that the
resulting matrix has a very special form. Introducing

Ui Ug,
S | U2 -1 0
Uy Up
and
-2 1
1 1 -2 1
A= N 1 —9 1 (3.19)
1 -2
we can rewrite Eq. 3.17 as
Ot = Ail + (be) (3.20)

This example illustrates a matrix difference operator. Each line of a matrix dif-
ference operator is based on a point difference operator, but the point operators used
from line to line are not necessarily the same. For example, boundary conditions may
dictate that the lines at or near the bottom or top of the matrix be modified. In the
extreme case of the matrix difference operator representing a spectral method, none
of the lines is the same. The matrix operators representing the three-point central-
difference approximations for a first and second derivative with Dirichlet boundary
conditions on a four-point mesh are
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0 1 -2 1
1 -1 0 1 1 1 -2 1
0p = AL 1 01 , Opg = A2 1 -2 1 (3.21)
-1 0 1 -2

As a further example, replace the fourth line in Eq. 3.16 by the following point
operator for a Neumann boundary condition (See Section 3.6.):

21 (ou) 2 1
), = () 2 (- 29
(Oratt)s = 37 <8x>b 3 A2 U4~ Us) (3.22)

where the boundary condition is

%)_ - @_Z)b (3.23)

Then the matrix operator for a three-point central-differencing scheme at interior
points and a second-order approrimation for a Neumann condition on the right is
given by

—2 1
1 1 -2 1

2/3 —2/3

Each of these matrix difference operators is a square matrix with elements that
are all zeros except for those along bands which are clustered around the central
diagonal. We call such a matrix a banded matriz and introduce the notation

- b - 1
a

LS 0
>0

B(M :a,b,c) = (3.25)

| AP

where use of M in the argument is optional and the illustration is given for a simple
tridiagonal matrix although any number of bands is a possibility. A tridiagonal matrix
without constants along the bands can be expressed as B((;, l_;, Z) The arguments for
a banded matrix are always odd in number and the central one always refers to the

central diagonal.
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We can now generalize our previous examples. Defining @ as?

]
U2
u3 (3.26)

IS
Il

Upng

we can approximate the second derivative of @ by

- 1

ot = 5 B(1, =2, 1)u + (be) (3.27)

where (bz) stands for the vector holding the Dirichlet boundary conditions on the
left and right sides:

- 1
(bc) = ?[ua, 0,---,0,u)" (3.28)
If we prescribe Neumann boundary conditions on the right side, as in Eqgs. 3.24 and
3.22, we find

- 1

Opeh = A—xQB(a’b’l)u+(bc) (3.29)
where

a = [1,1,---,2/3]"

b = [-2,-2,-2,---,—2/3]"

- 1 oAz (u\ 1"
®) = gafwoo 25 (3))

Notice that the matrix operators given by Eqgs. 3.27 and 3.29 carry more informa-
tion than the point operator given by Eq. 3.15. In Egs. 3.27 and 3.29, the boundary
conditions have been uniquely specified and it is clear that the same point operator
has been applied at every point in the field except at the boundaries. The ability to
specify in the matrix derivative operator the exact nature of the approximation at the
various points in the field including the boundaries permits the use of quite general
constructions which will be useful later in considerations of stability.

2Note that @ is a function of time only since each element corresponds to one specific spatial
location.
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Since we make considerable use of both matrix and point operators, it is important
to establish a relation between them. A point operator is generally written for some
derivative at the reference point j in terms of neighboring values of the function. For
example

((5wu)3 = QUj—2 + a1Uj—1 + bU,j + C1Uj+1 (330)

might be the point operator for a first derivative. The corresponding matrix operator
has for its arguments the coefficients giving the weights to the values of the function
at the various locations. A j-shift in the point operator corresponds to a diagonal
shift in the matrix operator. Thus the matrix equivalent of Eq. 3.30 is

595’1_1: = B(CLQ, ai, b, Cy, 0)’1_1: (331)

Note the addition of a zero in the fifth element which makes it clear that b is the
coefficient of u,;.

3.3.3 Periodic Matrices

The above illustrated cases in which the boundary conditions are fixed. If the bound-
ary conditions are periodic, the form of the matrix operator changes. Consider the
eight-point periodic mesh shown below. This can either be presented on a linear mesh
with repeated entries, or more suggestively on a circular mesh as in Figure 3.3. When
the mesh is laid out on the perimeter of a circle, it doesn’t really matter where the
numbering starts as long as it “ends” at the point just preceding its starting location.

-7 8 1 2 3 4 5 6 7 8 1 2
r= — — 0 - - — — — - = 21 -
j= o1 - - -« -« <« M

Eight points on a linear periodic mesh. Ax = 2x/M

The matrix that represents differencing schemes for scalar equations on a periodic
mesh is referred to as a periodic matrix. A typical periodic tridiagonal matrix operator
with nonuniform entries is given for a 6-point mesh by

[ b1 Co Qg T
aq bg C3
B,(6:a,b,c) = = 2?; Z‘; .. (3.32)
ay b5 Cg
L €1 as bs |
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Figure 3.3:

3.3.4 Circulant Matrices

1

5

Eight points on a circular mesh.

In general, as shown in the example, the elements along the diagonals of a periodic
matrix are not constant. However, a special subset of a periodic matrix is the circulant
matrix, formed when the elements along the various bands are constant. Circulant
matrices play a vital role in our analysis. We will have much more to say about them

later. The most general circulant matrix of order 4 is

bs
by
by
b

(3.33)

Notice that each row of a circulant matrix is shifted (see Figure 3.3) one element to
the right of the one above it. The special case of a tridiagonal circulant matrix is

given by

B,(M :a,b,c) =

L o

Cc

SO

a b
a

c
b -

M

(3.34)

When the standard three-point central-differencing approximations for a first and
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second derivative, see Eq. 3.21, are used with periodic boundary conditions, they take
the form

0 1 -1
1 -1 0 1 1
8p) = ——— =_——B,(-1,0,1
(92), 2Ax -1 0 1 2Ax bl )
1 -1 0
and
-2 1 1
1 1 -2 1 1
(0az), = A2 L o 1| = EaB -2 (3.35)
1 1 -

Clearly, these special cases of periodic operators are also circulant operators. Later
on we take advantage of this special property. Notice that there are no boundary
condition vectors since this information is all interior to the matrices themselves.

3.4 Constructing Differencing Schemes of Any Or-
der

3.4.1 Taylor Tables

The Taylor series expansion of functions about a fixed point provides a means for
constructing finite-difference point-operators of any order. A simple and straight
forward way to carry this out is to construct a “Taylor table,” which makes extensive
use of the expansion given by Eq. 3.8. As an example, consider Table 3.1 which
represents a Taylor table for an approximation of a second derivative using three
values of the function centered about the point at which the derivative is to be
evaluated.
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0%u 1 0
@ ' + A—_’L'Q(auj_l + buj =+ Cu]'_|_1) = !
j
Azx- Ax?. Az3. Azt
d 82 & a4
wo (&), @), (&), &),
62
Ax? - (8—;2‘)3, 1
cun o e (D) E @ (P e ()P e ()t
b- Uj b
cups e e (b () e (Pl e (D4
Table 3.1. Taylor table for centered 3-point Lagrangian approximation to a second
derivative.

The table is constructed so that some of the algebra is simplified. At the top
of the table we see an expression with a question mark. This represents one of the
questions that a study of this table can answer; namely, what is the local error caused
by the use of this approximation? Notice that all of the terms in the equation appear
in a column at the left of the table (although, in this case, Az? has been multiplied
into each term which simplifes the terms to be put into the table.). Then notice
that at the head of each column there appears the common factor that occurs in the
expansion of each term about the point 7, that is,

k
Aack-<au> k=0,1,2,---
J

dzk

The columns to the right of the leftmost one, under the headings, make up the Taylor
table. Each entry is the coefficient of the term at the top of the corresponding column
in the Taylor series expansion of the term to the left of the corresponding row. For
example, the last row in the table corresponds to the Taylor series expansion of cu;,1:

1 ou 1 0%u
ZAx - | 2= (1)2- A2 ==
1 o <8x>j+c (1) 2 o (8:5‘2)].

Gl ot

1 1
+c-(1)%- éAms : <@> +c-(1)*- ﬂAaJA : (8334) +--- (3.36)
J J

cujy1 = cuj+c-(1)-

A Taylor table is simply a convenient way of forming linear combinations of Taylor
series on a term by term basis.
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Consider the sum of each of these columns. To maximize the order of accuracy
of the method, we proceed from left to right and force, by the proper choice of a, b,
and c, these sums to be zero. One can easily show that the sums of the first three
columns are zero if we satisfy the equation

1 1 1f]a 0
-1 0 1||b]|= 0
1 0 1] |c -2

The solution is given by |[a, b, ¢] = —[1, =2, 1].
The columns that do not sum to zero constitute the error.

We designate the first nonvanishing sum to be er;, and refer to
it as the Taylor series error.

In this case er; occurs at the fifth column in the table (for this example all even
columns will vanish by symmetry) and one finds

1 gJa ¢ ff( 0% Az® (0
= 34351 + 21) 7 (w); 2 (ax4 j (3:37)

Note that the Az? has been divided through to make the error term consistent. We
have just derived the familiar 3-point central differencing point operator for a second
derivative

0%u 1 2
J

The Taylor table for a 3-point backward-differencing operator representing a first
derivative is shown in Table 3.2.

ou 1
( ) + —(azu]'_z + a1Uj—1 + buj) =7
J

oz Ax
Ax- Az?- Az3- Azt
du u Bu 'y
Uj (%)] (W)] (W)] (W)]

Az - (2% 1
z (3w)j
az-uj—z  ay  ap(2) -7 (2?5 az-(2)° % az - (-2)" - o
ay - Uj—q a1 ar- (1)1 ar-(-1)25 ar-(-1)25 ar- ()5
b'U,j b

Table 3.2. Taylor table for backward 3-point Lagrangian approximation to a first
derivative.
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This time the first three columns sum to zero if

1 1 1 Qo 0
2 1 0 a | =11
4 1 0 b 0
which gives [ag,a1,b] = —3[1,—4,3]. In this case the fourth column provides the
leading truncation error term:
1 [ 8ax a1], 3(%u Az? (DPu
= |- = _ A== ==/ (= 3.39
T Aw[ 6 617" ((%3 i 3 \oz3 i (3:39)

Thus we have derived a second-order backward difference approximation of a first
derivative:

0 1
(8%:) ‘ — E(U,j_g — 4Uj_1 + 311,]) = O(ALEQ) (340)
J

3.4.2 Generalization of Difference Formulas

In general, a difference approximation to the mth derivative at grid point j can be
cast in terms of ¢ + p + 1 neighboring points as

m q
(8_u> + Z ajlUjy; = €ry (3.41)
J

m
Oz =

where the a; are coefficients to be determined through the use of Taylor Tables to
produce approximations of a given order. Clearly this process can be used to find
forward, backward, skewed, or central point operators of any order for any derivative.
It could be computer automated and extended to higher dimensions. More important,
however, is the fact that it can be further generalized. In order to do this, let us
approach the subject in a slightly different way, that is from the point of view of
interpolation formulas. These formulas are discussed in many texts on numerical
analysis.

3.4.3 Lagrange and Hermite Interpolation Polynomials

The Lagrangian interpolation polynomial is given by

u(z) = ap(w)uk (3.42)
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where ay(z) are polynomials in z of degree K. The construction of the ax(z) can be
taken from the simple Lagrangian formula for quadratic interpolation (or extrapola-
tion) with non-equispaced points

o (z1 — ) (22 — ) u (w0 — 2)(22 — 2)
u(z) = 0(:[3‘1 = 20) (22 = 70) + Uy (:(L‘o _ xl;gxz — x;)
) — ) .

Notice that the coefficient of each w; is one when =z = 1z, and zero when x takes
any other discrete value in the set. If we take the first or second derivative of u(z),
impose an equispaced mesh, and evaluate these derivatives at the appropriate dis-
crete point, we rederive the finite difference approximations just presented. Finite
difference schemes that can be derived from Eq. 3.42 are referred to as Lagrangian
approximations.

A generalization of the Lagrangian approach is brought about by using Hermitian
interpolation. To construct a polynomial for u(z), Hermite formulas use values of the
function and its derivative(s) at given points in space. Our illustration is for the case
in which discrete values of the function and its first derivative are used, producing
the expression

u(@) = Y ax(@)ur + Y bi(a) (%) k (3.44)

Obviously higher-order derivatives could be included as the problems dictate. A com-
plete discussion of these polynomials can be found in many references on numerical
methods, but here we need only the concept.

The previous examples of a Taylor table constructed ezplicit point difference op-
erators from Lagrangian interpolation formulas. Consider next the Taylor table for
an tmplicit space differencing scheme for a first derivative arising from the use of a
Hermite interpolation formula. Based on Eq. 3.44, a generalization of Eq. 3.41 can
include derivatives at neighboring points, i.e.,

s amu q
Z bz a—m + Z A;Uj4q = €T (345)
T i

t=—r i=—p

analogous to Eq. 3.44. An example formula is illustrated at the top of Table 3.3. Here
not only is the derivative at point j represented, but also included are derivatives at
points j — 1 and j + 1, which also must be expanded using Taylor Series about point
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j. This requires the following generalization of the Taylor series expansion given in

Eq. 3.8:
I [

n=0

The derivative terms now have coefficients (the coefficient on the j point is taken
as one to simplify the algebra) which must be determined using the Taylor Table

approach as outlined below.

d<8u> + (8u> +e(au> + ! (auj—1 +buj + cujyr) =7
a e e o lauj—y + ouj + cugp) =
ox i1 ox i ox i1 Azx
Azx- Ax?. Ax3- Azt Axd-
ou 8%u 3By 9%y 3%u
wo (&), @), G, &), ()
Az - d(g_z)j,l d d-(-1)-1  d-(1)2-1  d-(1)F-L 0 d-(1)t 4
Az - (a—g)J 1
Az - e(a—z)jJr1 e e-(1)-1 e-(1)2-2 e (15 e ()5
a-uj_q a a-(-1)-7 a-(-1)*3 a-(-1P%-% a- (D5 a (1P o5
b- Uj
- Ujr c c-(1)-1 c-(1)?-3 c- (125 (D) e (1)P 5
Table 3.3. Taylor table for central 3-point Hermitian approximation to a first derivative.

To maximize the order of accuracy, we must satisfy the relation

1 1 1 0 07fa 0
-1 0 1 1 1]]b -1
1 01 -2 2||c|=1|020
-1 01 3 3)||d 0
1 0 1 —4 41 1Le 0

having the solution [a, b, ¢, d,e] = 1[3,0,—3,1,1]. Under these conditions the sixth

column sums to
Azt [ 0°u
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and the method can be expressed as

8u au au 3 B .
(8_$>j_1 * 4(8_,7;>j + (6_x>j+1 — x, (T uin) = O(A7) (3.48)

This is also referred to as a Padé formula.

3.4.4 Practical Application of Padé Formulas

It is one thing to construct methods using the Hermitian concept and quite another
to implement them in a computer code. In the form of a point operator it is probably
not evident at first just how Eq. 3.48 can be applied. However, the situation is quite
easy to comprehend if we express the same method in the form of a matrix operator.
A banded matrix notation for Eq. 3.48 is

1 - 1 - -

sBLA DG = o —B(=1,0,1)u+ (bc) (3.49)
in which Dirichlet boundary conditions have been imposed.®> Mathematically this is
equivalent to

Syu = 6[B(1,4,1)]" ﬁB(—l, 0,1)u+ (b?;)] (3.50)

which can be reexpressed by the “predictor-corrector” sequence

Sy
|

2Ax

LB(—L 0,1)u + (be)
S,u = 6[B(1,4,1)] '

(3.51)

With respect to practical implementation, the meaning of the predictor in this
sequence should be clear. It simply says — take the vector array 17, difference it,
add the boundary conditions, and store the result in the intermediate array . The
meaning of the second row is more subtle, since it is demanding the evaluation of an
inverse operator, but it still can be given a simple interpretation. An inverse matrix
operator implies the solution of a coupled set of linear equations. These operators
are very common in finite difference applications. They appear in the form of banded
matrices having a small bandwidth, in this case a tridiagonal. The evaluation of
[B(1,4, 1)]71 is found by means of a tridiagonal “solver”, which is simple to code,
efficient to run, and widely used. In general, Hermitian or Padé approximations can
be practical when they can be implemented by the use of efficient banded solvers.

3In this case the vector containing the boundary conditions would include values of both u and
Ou/dz at both boundaries.
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3.4.5 Other Higher-Order Schemes

Hermitian forms of the second derivative can also be easily derived by means of a
Taylor table. For example

1
Az?
is O(Az*) and makes use of only tridiagonal operations. It should be mentioned that

the spline approximation is one form of a Padé matrix difference operator. It is given
by

8.2t = 12[B(1, 10, 1)]—1[ B(1,-2,1)u+ (bé)] (3.52)

5rt = 6 [B(1,4, 1)]—1[ !

B2, 1)u + (be)

(3.53)

but its order of accuracy is only O(Az?). How much this reduction in accuracy is
offset by the increased global continuity built into a spline fit is not known. We note
that the spline fit of a first derivative is identical to any of the expressions in Egs.
3.48 to 3.51.

A final word on Hermitian approximations. Clearly they have an advantage over
3-point Lagrangian schemes because of their increased accuracy. However, a more
subtle point is that they get this increase in accuracy using information that is still
local to the point where the derivatives are being evaluated. In application, this can
be advantageous at boundaries and in the vicinity of steep gradients. It is obvious, of
course, that five point schemes using Lagrangian approximations can be derived that
have the same order of accuracy as the methods given in Eqs. 3.48 and 3.52, but they
will have a wider spread of space indices. In particular, two Lagrangian schemes with
the same order of accuracy are (here we ignore the problem created by the boundary
conditions, although this is one of the principal issues in applying these schemes):

ou 1 - .

5n ~ Toag Be(1,=8,0.8, ~1)u = O(Az*) (3.54)
Pu 1 - 4
573 ~ Taaga Be(—1,16,=30, 16, —1)u = O(Aa?) (3.55)

3.5 Fourier Error Analysis

In order to select a finite-difference scheme for a given application one must be able
to assess the accuracy of the candidate schemes. The accuracy of an operator is often
expressed in terms of the order of the leading error term determined from a Taylor
table. While this is a useful measure, it provides a fairly limited description. Further
information about the error behavior of a finite-difference scheme can be obtained
using Fourier error analysis.
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3.5.1 Application to a Spatial Operator

An arbitrary periodic function can be decomposed into its Fourier components, which
are in the form e*®, where & is the wavenumber. It is therefore of interest to examine
how well a given finite-difference operator approximates derivatives of e**. We will
concentrate, here, on first derivative approximations, although the analysis is equally
applicable to higher derivatives.

The exact first derivative of e is

aeinz

0z

= ike'” (3.56)

If we apply, for example, a second-order centered difference operator to u; = e*%,
where z; = jAz, we get

Uiyl — Uj—1
S - Jt J
() 2Az
einAz(j-i—l) _ einAz(j—l)

2Azx
(einAz o e—inAm)einz

2Ax

1 .. ..
= m[(cos kAx + isin kKAzx) — (cos KAz — isin kAx)]e

_ .sin KAZ
= k"™ (3.57)

KT

KT
(&

where «* is the modified wavenumber. The modified wavenumber is so named because
it appears where the wavenumber, , appears in the exact expression. Thus the degree
to which the modified wavenumber approximates the actual wavenumber is a measure
of the accuracy of the approximation.
For the second-order centered difference operator the modified wavenumber is
given by
_ sinkAx

Note that k* approximates k to second-order accuracy, as is to be expected, since

sin KAz K3Ax?

Az : 6
Equation 3.58 is plotted in Figure 3.4, along with similar relations for the stan-
dard fourth-order centered difference scheme and the fourth-order Padé scheme. The
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3,
2.5+
* 2r
K AX
e SN
1.5+ /- 4 Pade
. \
yan ) .
th / \
4 Central - \
1r S SN
‘- / RN N
4 d N
/ 2" central N \
0.5f / N
N \
A
A
0 0.5 1 1.5 2 25 3
KAX

Figure 3.4: Modified wavenumber for various schemes.

expression for the modified wavenumber provides the accuracy with which a given
wavenumber component of the solution is resolved for the entire wavenumber range
available in a mesh of a given size, 0 < KAz < 7.

In general, finite-difference operators can be written in the form

(02); = (32); + (03);

where (62); is an antisymmetric operator and (0%); is a symmetric operator. If we
restrict our interest to schemes extending from j — 3 to j + 3, then

1

(0gu); = xloa (g — ujon) + a2(ujr2 — ujo2) + as(ujes — vj-3)]
and
1
(gu); = R ldowj + di(tj +ujm1) + da(ujio +ujmz) + dalujia + uj-s)]
The corresponding modified wavenumber is
1
K = A_[do + 2(d; cos KAZ + ds cos 26Ax + d3 cos 3kAx)
x
+ 2i(a; sin KAx + a9 sin 2kAz + a3 sin 3kAx) (3.59)

“In terms of a circulant matrix operator A, the antisymmetric part is obtained from (A — AT)/2
and the symmetric part from (4 + AT)/2.
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When the finite-difference operator is antisymmetric (centered), the modified wavenum-
ber is purely real. When the operator includes a symmetric component, the modified
wavenumber is complex, with the imaginary component being entirely error. The
fourth-order Padé scheme is given by

3
(0ot)j—1 + 4(0z0); + (0att)j1 = 1 (Wj1 = ujm1)

The modified wavenumber for this scheme satisfies®

i ; 3, . .
ili*G_MAw + dik* + ,L-K*emAw — A (6mAz . 6—mAzc)
which gives
- 3isin kAx
1K =
(2 + cos kKAx)Ax

The modified wavenumber provides a useful tool for assessing difference approx-
imations. In the context of the linear convection equation, the errors can be given
a physical interpretation. Consider once again the linear convection equation in the
form

ou ou

o or T
on a domain extending from —oo to co. Recall from Section 2.3.2 that a solution
initiated by a harmonic function with wavenumber « is

0

u(z,t) = f(t)e™® (3.60)
where f(t) satisfies the ODE
U s
o = Tk

Solving for f(¢) and substituting into Eq. 3.60 gives the exact solution as
u(z,t) = f((])ei"(w_at)

If second-order centered differences are applied to the spatial term, the following
ODE is obtained for f(t):

df ~ [sinkAzx o
prie —ia [7&% ] f=—tiar™f

®Note that terms such as (J,u);—1 are handled by letting d,u = ik*e A% and evaluating the
shift in j.
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Solving this ODE exactly (since we are considering the error from the spatial approx-
imation only) and substituting into Eq. 3.60, we obtain

u (z,t) = f(0)e==aD (3.61)

numerical

where a* is the numerical (or modified) phase speed, which is related to the modified
wavenumber by

a* K
o K
For the above example,
a*  sin KAz
a KAz

The numerical phase speed is the speed at which a harmonic function is propagated
numerically. Since a¢*/a < 1 for this example, the numerical solution propagates
too slowly. Since a* is a function of the wavenumber, the numerical approximation
introduces dispersion, although the original PDE is nondispersive. As a result, a
waveform consisting of many different wavenumber components eventually loses its
original form.

Figure 3.5 shows the numerical phase speed for the schemes considered previously.
The number of points per wavelength (PPW) by which a given wave is resolved is
given by 27 /kAz. The resolving efficiency of a scheme can be expressed in terms
of the PPW required to produce errors below a specified level. For example, the
second-order centered difference scheme requires 80 PPW to produce an error in
phase speed of less than 0.1 percent. The 5-point fourth-order centered scheme and
the fourth-order Padé scheme require 15 and 10 PPW respectively to achieve the
same error level.

From the form of Eq. 3.61, we see that the real part of the modified wavenumber
leads to an error in the propagation speed, while the imaginary part leads to an
error in the amplitude of the solution. Thus the antisymmetric portion of the spatial
difference operator determines the error in speed and the symmetric portion the error
in amplitude. This is further discussed in Section 11.2.

3.6 Difference Operators at Boundaries

As discussed in Section 3.3.2, a matrix difference operator incorporates both the
difference approximation in the interior of the domain and that at the boundaries.
In this section, we consider the boundary operators needed for our model equations
for convection and diffusion. In the case of periodic boundary conditions, no special
boundary operators are required.
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Figure 3.5: Numerical phase speed for various schemes.

3.6.1 The Linear Convection Equation

Referring to Section 2.3, the boundary conditions for the linear convection equation
can be either periodic or of inflow-outflow type. In the latter case, a Dirichlet bound-
ary condition is given at the inflow boundary, while no condition is specified at the
outflow boundary. Here we assume that the wave speed a is positive; thus the left-
hand boundary is the inflow boundary, and the right-hand boundary is the outflow
boundary. Thus the vector of unknowns is

i = [uy, ug, -.., up]" (3.62)

and wug is specified.

Consider first the inflow boundary. It is clear that as long as the interior difference
approximation does not extend beyond u;_;, then no special treatment is required
for this boundary. For example, with second-order centered differences we obtain

0, = At + (be) (3.63)

with
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However, if we use the fourth-order interior operator given in Eq. 3.54, then the
approximation at j = 1 requires a value of u;_o, which is outside the domain. Hence
a different operator is required at ;7 = 1 which extends only to j — 1, while having
the appropriate order of accuracy. Such an operator, known as a numerical boundary
scheme, can have an order of accuracy which is one order lower than that of the
interior scheme, and the global accuracy will equal that of the interior scheme. For
example, with fourth-order centered differences, we can use the following third-order
operator at j = 1:

1
(0gu), = @(—QUO — 3uy + 6ug — u3) (3.65)

which is easily derived using a Taylor table. The resulting difference operator has the
form of Eq. 3.63 with

—6 12 —2 —duo
1| -8 0 8 -1 DN
Ahag| 18 o sl (9= o (3.66)

This approximation is globally fourth-order accurate.

At the outflow boundary, no boundary condition is specified. We must approx-
imate du/0x at node M with no information about us1. Thus the second-order
centered-difference operator, which requires u;;1, cannot be used at j = M. A back-
ward difference formula must be used. With a second-order interior operator, the
following first-order backward formula can be used:

(0p) py = A%C(uM — Upr-1) (3.67)

This produces a difference operator with

0 1 L
-1 01 00
-1 -1 0 1 o -1
- _ 1 0
2z - - (be) 28z | (3.68)
-1 01 '
I -2 2 L 0

In the case of a fourth-order centered interior operator the last two rows of A require
modification.
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Another approach to the development of boundary schemes is in terms of space
extrapolation. The following formula allows us1 to be extrapolated from the interior
data to arbitrary order on an equispaced grid:

(1—E YPup =0 (3.69)

where F is the shift operator defined by Eu; = u;, and the order of the approxima-
tion is p — 1. For example, with p = 2 we obtain

(1 —2FE! =+ EiQ)UM_f_l = UM+1 — 2upy +upy—1=0 (370)
which gives the following first-order approximation to wuas1:
UpM+1 — 2UM — Up—1 (371)

Substituting this into the second-order centered difference operator applied at node
M gives

1 1

(0gu),, = E(UM—H —Up—1) = E(QUM — Upr—1 — Upr—1)
1
= M(UM — Upn-1) (3.72)

which is identical to Eq. 3.67.

3.6.2 The Diffusion Equation

In solving the diffusion equation we must consider Dirichlet and Neumann boundary
conditions. The treatment of a Dirichlet boundary condition proceeds along the same
lines as the inflow boundary for the convection equation discussed above. With the
second-order centered interior operator

1
(Ozzu); = @(uﬂl —2uj +uj_q) (3.73)
no modifications are required near boundaries, leading to the difference operator given

in Eq. 3.27.
For a Neumann boundary condition, we assume that du/0z is specified at j =

M + 1, that is
<8u> <8u> (3.74)
o0x M1 ox b
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Thus we design an operator at node M which is in the following form:

1 c [O0u
(5$$u) = —(auM + buM_l) + — (—> (375)
M Ag? Az \ 0z M

where a, b, and ¢ are constants which can easily be determined using a Taylor table,
as shown in Table 3.4.

82_11, +L( . +b )+i a_u — ?
0x? ; Ax? Alj—1 T Ol Az \ Oz j+1_.

Azx A2:v2- A333 A43:
uo (3), &), G, &),
Az? - (%)j 1
a - Ujy a a-(1)-7 a- (1?5 a (1?5 a (1)t
b-u; b
Ax'c'(é_Z)jH c c-(1) -1 c-(1)2-1 c-(1)3-1

Table 3.4. Taylor table for Neumann boundary condition.

Solving for a, b, and ¢, we obtain the following operator:

1 2

(bust)r = 575 (s — 2un) + 5o (%) - (3.76)
which produces the difference operator given in Eq. 3.29. Notice that this operator
is second-order accurate. In the case of a numerical approximation to a Neumann
boundary condition, this is necessary to obtain a globally second-order accurate for-
mulation. This contrasts with the numerical boundary schemes described previously

which can be one order lower than the interior scheme.
We can also obtain the operator in Eq. 3.76 using the space extrapolation idea.
Consider a second-order backward-difference approximation applied at node M + 1:

8u> 1 9
— = —(UM_1 —duny + 3uM+1) + O(AJL‘ ) (377)
<8x M1 2Ax

Solving for upri1 gives

Up+1 =

[4UM —Up—1 + 2Azx <8_u> ] + 0(Az?) (3.78)
0 ) pr1

Q| =
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Substituting this into the second-order centered difference operator for a second
derivative applied at node M gives

1
1 0
= 5 3upr_1 — 6upy + 4dup — upy—1 + 2Ax (_u) ]
3Az ox M1
1 2 ou
= Q1 —2 — | — 3.80
3A:U2( UM um) + 3Az <8x>M+1 ( )

which is identical to Eq. 3.76.

3.7 Problems

1. Derive a third-order finite-difference approximation to a first derivative in the
form

1
(0gu); = E(auj,2 + buj 1 + cuj + dujyq)

Find the leading error term.

2. Derive a finite-difference approximation to a first derivative in the form

1
a(6zu)j1 + (0zu); = A—x(buj,l + cuj + dujyq)

Find the leading error term.

3. Using a 4 (interior) point mesh, write out the 4x4 matrices and the boundary-
condition vector formed by using the scheme derived in question 2 when both
u and Ju/0x are given at j = 0 and u is given at j = 5.

4. Repeat question 2 with d = 0.

5. Derive a finite-difference approximation to a third derivative in the form

1
(Opgatt)j = A—m?)(auj_g + buj_y + cuj + dujiy + eujio)

Find the leading error term.
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Derive a compact (or Padé) finite-difference approximation to a second deriva-
tive in the form

1
d(0gzt)j—1 + (0220); + €(0zz0)j41 = A—./EQ(GUj_l + buj + cujq1)

Find the leading error term.

Find the modified wavenumber for the operator derived in question 1. Plot the
real and imaginary parts of kK*Az vs. KAz for 0 < KAz < 7. Compare the real
part with that obtained from the fourth-order centered operator (Eq. 3.54).

KT

. Application of the second-derivative operator to the function e"* gives
82em:c _ _K2ein$
ox?

Application of a difference operator for the second derivative gives
(5mm€mjA$)j — _K,*2eimc

thus defining the modified wavenumber x* for a second derivative approxima-
tion. Find the modified wavenumber for the second-order centered difference
operator for a second derivative, the noncompact fourth-order operator (Eq.
3.55), and the compact fourth-order operator derived in question 6. Plot k*Ax
vs. kAx for 0 < kAz < 7.

Find the grid-points-per-wavelength (PPW) requirement to achieve a phase
speed error less than 0.1 percent for sixth-order noncompact and compact cen-
tered approximations to a first derivative.

Consider the following one-sided differencing schemes, which are first-, second-,
and third-order, respectively:

(Oau); = (uj —uj) [Az
(0au); = (Buj — duj—1 + uj—2) /(2Az)

(6zu)] = (1111,] — 18Uj_1 + 9Uj_2 — 2Uj_3) /(6A$)

Find the modified wavenumber for each of these schemes. Plot the real and
imaginary parts of k*Ax vs. KAz for 0 < kAzx < w. Derive the two leading
terms in the truncation error for each scheme.



Chapter 4

THE SEMI-DISCRETE
APPROACH

One strategy for obtaining finite-difference approximations to a PDE is to start by
differencing the space derivatives only, without approximating the time derivative.
In the following chapters, we proceed with an analysis making considerable use of
this concept, which we refer to as the semi-discrete approach. Differencing the space
derivatives converts the basic PDE into a set of coupled ODE’s. In the most general
notation, these ODE’s would be expressed in the form

Z—? = F(i,t) (4.1)
which includes all manner of nonlinear and time-dependent possibilities. On occasion,
we use this form, but the rest of this chapter is devoted to a more specialized matrix
notation described below.

Another strategy for constructing a finite-difference approximation to a PDE is
to approximate all the partial derivatives at once. This generally leads to a point
difference operator (see Section 3.3.1) which, in turn, can be used for the time advance
of the solution at any given point in the mesh. As an example let us consider the
model equation for diffusion

ou 0%u

D

ot Ox?
Using three-point central-differencing schemes for both the time and space derivatives,
we find

ug‘nH) — ugn_l) _, Ugﬁ—)l — 2u§-n) + ugfi)l
2h A2
or
n+1 n—1 2hl/ n n n
i = Tl - 2 (4.2
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Clearly Eq. 4.2 is a difference equation which can be used at the space point j to
advance the value of u from the previous time levels n and n — 1 to the level n + 1.
It is a full discretization of the PDE. Note, however, that the spatial and temporal
discretizations are separable. Thus, this method has an intermediate semi-discrete
form and can be analyzed by the methods discussed in the next few chapters.

Another possibility is to replace the value of ug-”) in the right hand side of Eq. 4.2

with the time average of u at that point, namely (ug-"H) + ug."‘”)/z This results in
the formula

_ 2h
u('n—l—l) _ u(n 1) + v

J J Ax2

> (4.3)

(n+1) (n—1)
n Uy + Uy n
U§'+)1—2< ’ ’ )+U§-_)1

which can be solved for «(™*t") and time advanced at the point j. In this case, the
spatial and temporal discretizations are not separable, and no semi-discrete form
exists.

Equation 4.2 is sometimes called Richardson’s method of overlapping steps and
Eq. 4.3 is referred to as the DuFort-Frankel method. As we shall see later on, there
are subtle points to be made about using these methods to find a numerical solution
to the diffusion equation. There are a number of issues concerning the accuracy,
stability, and convergence of Eqs. 4.2 and 4.3 which we cannot comment on until we
develop a framework for such investigations. We introduce these methods here only to
distinguish between methods in which the temporal and spatial terms are discretized
separately and those for which no such separation is possible. For the time being, we
shall separate the space difference approximations from the time differencing. In this
approach, we reduce the governing PDE’s to ODFE’s by discretizing the spatial terms
and use the well-developed theory of ODE solutions to aid us in the development of
an analysis of accuracy and stability.

4.1 Reduction of PDE’s to ODE’s

4.1.1 The Model ODE'’s

First let us consider the model PDE’s for diffusion and biconvection described in
Chapter 2. In these simple cases, we can approximate the space derivatives with
difference operators and express the resulting ODE’s with a matrix formulation. This
is a simple and natural formulation when the ODE’s are linear.
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Model ODE for Diffusion

For example, using the 3-point central-differencing scheme to represent the second
derivative in the scalar PDE governing diffusion leads to the following ODE diffusion
model

—

du v - -

with Dirichlet boundary conditions folded into the (bz) vector.

Model ODE for Biconvection

The term biconvection was introduced in Section 2.3. It is used for the scalar con-
vection model when the boundary conditions are periodic. In this case, the 3-point
central-differencing approximation produces the ODE model given by

du a -

—=——-B,(-1,0,1)u 4.5

= B(-1,0,1) (4.5)
where the boundary condition vector is absent because the flow is periodic.

Eqs. 4.4 and 4.5 are the model ODE’s for diffusion and biconvection of a scalar in

one dimension. They are linear with coefficient matrices which are independent of x
and 7.

4.1.2 The Generic Matrix Form

The generic matrix form of a semi-discrete approximation is expressed by the equation

- = Au— f(t) (4.6)

Note that the elements in the matrix A depend upon both the PDE and the type of
differencing scheme chosen for the space terms. The vector f(t) is usually determined
by the boundary conditions and possibly source terms. In general, even the Euler
and Navier-Stokes equations can be expressed in the form of Eq. 4.6. In such cases
the equations are nonlinear, that is, the elements of A depend on the solution # and
are usually derived by finding the Jacobian of a flux vector. Although the equations
are nonlinear, the linear analysis presented in this book leads to diagnostics that are
surprisingly accurate when used to evaluate many aspects of numerical methods as
they apply to the Euler and Navier-Stokes equations.
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4.2 Exact Solutions of Linear ODE’s

In order to advance Eq. 4.1 in time, the system of ODE’s must be integrated using a
time-marching method. In order to analyze time-marching methods, we will make use
of exact solutions of coupled systems of ODE’s, which exist under certain conditions.
The ODE’s represented by Eq. 4.1 are said to be linear if F is linearly dependent on
u (i.e., if 0F/0u = A where A is independent of u). As we have already pointed out,
when the ODE’s are linear they can be expressed in a matrix notation as Eq. 4.6 in
which the coefficient matrix, A, is independent of u. If A does depend explicitly on
t, the general solution cannot be written; whereas, if A does not depend explicitly on
t, the general solution to Eq. 4.6 can be written. This holds regardless of whether or
not the forcing function, f, depends explicitly on ¢.

As we shall soon see, the exact solution of Eq. 4.6 can be written in terms of
the eigenvalues and eigenvectors of A. This will lead us to a representative scalar
equation for use in analyzing time-marching methods. These ideas are developed in
the following sections.

4.2.1 Eigensystems of Semi-Discrete Linear Forms
Complete Systems

An M x M matrix is represented by a complete eigensystem if it has a complete set
of linearly independent eigenvectors (see Appendix A) . An eigenvector, x,,, and its
corresponding eigenvalue, ),,, have the property that

Afm = )\mfm or
A=\l = 0 (4.7)
The eigenvalues are the roots of the equation

det[A — A[] =0

We form the right-hand eigenvector matrix of a complete system by filling its columns

with the eigenvectors x,,:
X = [1‘1 , Lo ... ,.’L‘M]

The inverse is the left-hand eigenvector matrix, and together they have the property
that

X 1'AX = A (4.8)

where A is a diagonal matrix whose elements are the eigenvalues of A.
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Defective Systems

If an M x M matrix does not have a complete set of linearly independent eigenvectors,
it cannot be transformed to a diagonal matrix of scalars, and it is said to be defective.
It can, however, be transformed to a diagonal set of blocks, some of which may be
scalars (see Appendix A). In general, there exists some S which transforms any
matrix A such that

ST'AS =J
where
Ji
Ja
J =
Im
and
A 1 1
J = Ao
1
Al T

The matrix J is said to be in Jordan canonical form, and an eigenvalue with multi-
plicity n within a Jordan block is said to be a defective eigenvalue. Defective systems
play a role in numerical stability analysis.

4.2.2 Single ODE’s of First- and Second-Order
First-Order Equations

The simplest nonhomogeneous ODE of interest is given by the single, first-order
equation

du

T \u + aet (4.9)

where A, a, and p are scalars, all of which can be complex numbers. The equation
is linear because A does not depend on u, and has a general solution because A does
not depend on ¢. It has a steady-state solution if the right-hand side is independent
of t, i.e., if p = 0, and is homogeneous if the forcing function is zero, i.e., if a = 0.
Although it is quite simple, the numerical analysis of Eq. 4.9 displays many of the
fundamental properties and issues involved in the construction and study of most
popular time-marching methods. This theme will be developed as we proceed.
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The exact solution of Eq. 4.9 is, for u # A,

aett

= A

u(t) = cre +

where ¢; is a constant determined by the initial conditions. In terms of the initial
value of u, it can be written

N eut o eAt
u(t) =u(0)e™ +a
(1) = u()e +a= =
The interesting question can arise: What happens to the solution of Eq. 4.9 when

i = A7 This is easily found by setting © = A + ¢, solving, and then taking the limit

as € — 0. Using this limiting device, we find that the solution to

d
d_jfb = \u + ae (4.10)

is given by
u(t) = [u(0) + at]eM

As we shall soon see, this solution is required for the analysis of defective systems.

Second-Order Equations

The homogeneous form of a second-order equation is given by

d? d
d—tzb+a1d_?+a0u:0 (4.11)

where a; and a¢ are complex constants. Now we introduce the differential operator
D such that

D

a
dt

and factor u(t) out of Eq. 4.11, giving
(D*+a1D + ap) u(t) =0

The polynomial in D is referred to as a characteristic polynomial and designated
P(D). Characteristic polynomials are fundamental to the analysis of both ODE’s and
OAE’s, since the roots of these polynomials determine the solutions of the equations.
For ODE’s, we often label these roots in order of increasing modulus as A\, Ag, - - -, Ay,



4.2. EXACT SOLUTIONS OF LINEAR ODE’S o7

-+, Apr. They are found by solving the equation P(A\) = 0. In our simple example,
there would be two roots, A; and Ay, determined from

PA) =X +a)d+a;=0 (4.12)
and the solution to Eq. 4.11 is given by
u(t) = c Mt 4 cpet?!t (4.13)

where ¢; and ¢, are constants determined from initial conditions. The proof of this
is simple and is found by substituting Eq. 4.13 into Eq. 4.11. One finds the result

1M (A + ar + ag) + 2™ (A3 + a1 hs + ag)
which is identically zero for all ¢q, ¢o, and ¢ if and only if the \’s satisfy Eq. 4.12.

4.2.3 Coupled First-Order ODE’s
A Complete System

A set of coupled, first-order, homogeneous equations is given by

uy = apup + apus
Uy = Qo1 Uy + Ao Us (4.14)
which can be written
u=Au , u=[u,u)’ , A=(ay) = [ G ]
g1 Qa2
Consider the possibility that a solution is represented by
U = ,1‘116/\1t + Co 1‘126)\2t
Uy = €1 ToreM + ¢y Toge? (4.15)

By substitution, these are indeed solutions to Eq. 4.14 if and only if

@11 Aa12 T11 =\ T11 ’ a11 A12 T2 W T2 (4.16)
G21 A22 T21 T21 Q21 Q22 X922 X922
Notice that a higher-order equation can be reduced to a coupled set of first-order

equations by introducing a new set of dependent variables. Thus, by setting

w=u , wuy=u |,
we find Eq. 4.11 can be written

uy = —aju; — agus
uy = U (4.17)
which is a subset of Eq. 4.14.
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A Derogatory System

Eq. 4.15 is still a solution to Eq. 4.14 if A\; = Ay = A, provided two linearly independent
vectors exist to satisfy Eq. 4.16 with A = A. In this case

o allo)=2lo) e 5 B] 1] =01

provide such a solution. This is the case where A has a complete set of eigenvectors
and is not defective.

A Defective System

If A is defective, then it can be represented by the Jordan canonical form

u A0 uy
= 4.18
=1 1)
whose solution is not obvious. However, in this case, one can solve the top equation

first, giving u(t) = u1(0)e*. Then, substituting this result into the second equation,

one finds
d’U,Q

i My + up (0)eM
which is identical in form to Eq. 4.10 and has the solution
Uus(t) = [uz(0) + uy (0)t]eM
From this the reader should be able to verify that
us(t) = (a+ bt + ct?) e

is a solution to

u) A uy
ub | =11 A Us
u’ 1A |us
if
1
a=u3(0) , b=uy(0) , c= §u1(0) (4.19)

The general solution to such defective systems is left as an exercise.
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4.2.4 General Solution of Coupled ODE’s with Complete Eigen-
systems

Let us consider a set of coupled, nonhomogeneous, linear, first-order ODE’s with
constant coefficients which might have been derived by space differencing a set of
PDE’s. Represent them by the equation

—

= = Au—f(1) (4.20)

Our assumption is that the M x M matrix A has a complete eigensystem' and can

be transformed by the left and right eigenvector matrices, X! and X, to a diagonal
matrix A having diagonal elements which are the eigenvalues of A, see Section 4.2.1.
Now let us multiply Eq. 4.20 from the left by X! and insert the identity combination
XX ! =1 between A and u. There results
-1 dﬁ -1 -1 -17%

X E:X AX - X u— X f(t) (4.21)
Since A is independent of both @ and ¢, the elements in X' and X are also indepen-
dent of both « and ¢, and Eq. 4.21 can be modified to

%Xlﬁ = AX lu— XF(t)

Finally, by introducing the new variables w and § such that
w=X"u , git)=X""f@t) (4.22)

we reduce Eq. 4.20 to a new algebraic form

—

dw - -

— = Aw —g(t 4.23

7 9(t) (4.23)
It is important at this point to review the results of the previous paragraph. Notice

that Eqgs. 4.20 and 4.23 are expressing exactly the same equality. The only difference

between them was brought about by algebraic manipulations which regrouped the

variables. However, this regrouping is crucial for the solution process because Eqs.

'In the following, we exclude defective systems, not because they cannot be analyzed (the example
at the conclusion of the previous section proves otherwise), but because they are only of limited
interest in the general development of our theory.
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4.23 are no longer coupled. They can be written line by line as a set of independent,
single, first-order equations, thus

wy = Mwy — gi(t)
w;n = ApWpy, — Im (t)

For any given set of g,,,(t) each of these equations can be solved separately and then
recoupled, using the inverse of the relations given in Eqs. 4.22:

u(t) = Xuw(t)

= > wp(t)Tm (4.25)

where 7, is the m’th column of X, i.e., the eigenvector corresponding to \,,.

We next focus on the very important subset of Eq. 4.20 when neither A nor f has
any explicit dependence on ¢. In such a case, the g, in Eqgs. 4.23 and 4.24 are also
time invariant and the solution to any line in Eq. 4.24 is

1

ﬂgm

where the ¢, are constants that depend on the initial conditions. Transforming back
to the u-system gives

u(t) = Xuw(t)

= Z Wiy () Ty

m=1

M . Mo .
= Z cmeAmt T + Z )\— ImTm

m=1 m=1 7'M

M — —
= Z em€ ™t T + XATIX T

m=1

M — —
— Z eme ™t T + Alf
m=1

~ v
-~

. (4.26)
Transient Steady-state
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Note that the steady-state solution is A*If, as might be expected.

The first group of terms on the right side of this equation is referred to classically
as the complementary solution or the solution of the homogeneous equations. The
second group is referred to classically as the particular solution or the particular
integral. In our application to fluid dynamics, it is more instructive to refer to these
groups as the transient and steady-state solutions, respectively. An alternative, but
entirely equivalent, form of the solution is

u(t) = M T A A @ Ty A ey Ty + ATV (4.27)

4.3 Real Space and Eigenspace

4.3.1 Definition

Following the semi-discrete approach discussed in Section 4.1, we reduce the partial
differential equations to a set of ordinary differential equations represented by the
generic form

du -

i Au— f (4.28)
The dependent variable @ represents some physical quantity or quantities which relate
to the problem of interest. For the model problems on which we are focusing most
of our attention, the elements of A are independent of both u and ¢. This permits
us to say a great deal about such problems and serves as the basis for this section.
In particular, we can develop some very important and fundamental concepts that
underly the global properties of the numerical solutions to the model problems. How
these relate to the numerical solutions of more practical problems depends upon the
problem and, to a much greater extent, on the cleverness of the relator.

We begin by developing the concept of “spaces”. That is, we identify different
mathematical reference frames (spaces) and view our solutions from within each.
In this way, we get different perspectives of the same solution, and this can add
significantly to our understanding.

The most natural reference frame is the physical one. We say

If a solution is expressed in terms of u, it is said
to be in real space.

There is, however, another very useful frame. We saw in Sections 4.2.1 and 4.2 that
pre- and post-multiplication of A by the appropriate similarity matrices transforms A
into a diagonal matrix, composed, in the most general case, of Jordan blocks or, in the
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simplest nondefective case, of scalars. Following Section 4.2 and, for simplicity, using
only complete systems for our examples, we found that Eq. 4.28 had the alternative
form

-

2 Av—a
ar T

which is an uncoupled set of first-order ODE’s that can be solved independently for
the dependent variable vector w. We say

If a solution is expressed in terms of 1;, it is said to
be in eigenspace (often referred to as wave space).

The relations that transfer from one space to the other are:

w = X 'u w = Xuw
g = X7'f f =Xy

The elements of u relate directly to the local physics of the problem. However, the
elements of w are linear combinations of all of the elements of 17, and individually
they have no direct local physical interpretation.
When the forcing function f is independent of ¢, the solutions in the two spaces
are represented by
u(t) = > et T+ XATTX LS

and )
Wi (t) = e + —gm 3 m=1,2,---, M
Am

for real space and eigenspace, respectively. At this point we make two observations:

1. the transient portion of the solution in real space consists of a linear combination
of contributions from each eigenvector, and

2. the transient portion of the solution in eigenspace provides the weighting of
each eigenvector component of the transient solution in real space.

4.3.2 Eigenvalue Spectrums for Model ODE’s

It is instructive to consider the eigenvalue spectrums of the ODE’s formulated by
central differencing the model equations for diffusion and biconvection. These model
ODE’s are presented in Section 4.1. Equations for the eigenvalues of the simple
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tridiagonals, B(M : a,b, ¢) and B,(M : a,b, ), are given in Appendix B. From Section
B.1, we find for the model diffusion equation with Dirichlet boundary conditions

14 mm
S
Am Aﬁ[ + COS<M+1>]

—4v ., mm
= — i — ) =1,2,---, M 4.29
A;I;2 Sin (2(M+].)> y m ) &y ) ( )
and, from Section B.4, for the model biconvection equation
A = A—stin<%> m=0,1,---,M—1
= —ik,a m=20,1,---,M—1 (4.30)
where
ink, A
K;:% m=0,1,- M—1 (4.31)

is the modified wavenumber from Section 3.5, k,, = m, and Az = 27/M. Notice
that the diffusion eigenvalues are real and negative while those representing periodic
convection are all pure imaginary. The interpretation of this result plays a very
important role later in our stability analysis.

4.3.3 Eigenvectors of the Model Equations

Next we consider the eigenvectors of the two model equations. These follow as special
cases from the results given in Appendix B.

The Diffusion Model

Consider Eq. 4.4, the model ODE’s for diffusion. First, to help visualize the matrix
structure, we present results for a simple 4-point mesh and then we give the general
case. The right-hand eigenvector matrix X is given by

sin (z1) sin (2z;) sin (3zy) sin (42y)

sin (z3) sin (2zy) sin (3x2) sin (4zz)

sin (z3) sin (2z3) sin (3x3) sin (4z3)

sin (z4) sin (2z4) sin (3x4) sin (4zy)
The columns of the matrix are proportional to the eigenvectors. Recall that z; =
jAx = jn /(M + 1), so in general the relation @ = X can be written as

M
uj= > wpsinmx; ; j=1,2,--- M (4.32)

m=1
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For the inverse, or left-hand eigenvector matrix X !, we find

sin (x1)  sin (x9)  sin (x3)  sin (x4)

sin (2z1) sin (2zy) sin (2x3) sin (2z4)

sin (3x1) sin (3xz2) sin (3xz3) sin (3xy)

sin (4x1) sin (4xe) sin (4dxg) sin (4dxy)
The rows of the matrix are proportional to the eigenvectors. In general @ = X '@
gives

M
Wy =Y ujsinmz; ; m=1,2 M (4.33)

=1

In the field of harmonic analysis, Eq. 4.33 represents a sine transform of the func-
tion u(x) for an M-point sample between the boundaries z = 0 and x = 7 with the
condition u(0) = u(w) = 0. Similarly, Eq. 4.32 represents the sine synthesis that
companions the sine transform given by Eq. 4.33. In summary,

For the model diffusion equation:

w= X"'u is a sine transform from real space to (sine) wave
space.

u= Xw is a sine synthesis from wave space back to real
space.

The Biconvection Model

Next consider the model ODE’s for periodic convection, Eq. 4.5. The coefficient
matrices for these ODE’s are always circulant. For our model ODE, the right-hand
eigenvectors are given by

5 — eij(27rm/M) .7 = 071, ')M_ 1
" " m =0,1,---,M -1
With z; = j - Az = j - 27 /M, we can write @ = X as
M—-1 )
uj = Z wmezmmj ; .7 = 0717 te '7M —1 (434)

m=0
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For a 4-point periodic mesh, we find the following left-hand eigenvector matrix
from Appendix B.4:

w1 1 1 1 1 U1
Wy 111 672i7r/4 674i7r/4 676i7r/4 Us .
ws = 411 e dim/a gsim/A 12im/4 us =X"u
w, 1 e—6im/4 —12im/4  —18in/4 Uy

In general
1 M—-1

wmzﬂjz%uje_’m‘”f : m=0,1,---,M—1

This equation is identical to a discrete Fourier transform of the periodic dependent

variable u using an M-point sample between and including x = 0 and x = 27 — Ax.
For circulant matrices, it is straightforward to establish the fact that the relation

u=Xuw represents the Fourier synthesis of the variable w back to u. In summary,

For any circulant system:

w= X"'u isa complex Fourier transform from real space to
wave space.
u=Xw is a complex Fourier synthesis from wave space

back to real space.

4.3.4 Solutions of the Model ODE’s

We can now combine the results of the previous sections to write the solutions of our
model ODE’s.
The Diffusion Equation
For the diffusion equation, Eq. 4.27 becomes
M
ui(t) = > eme ' sinmz; + (A7), =12, M (4.35)
m=1

where

—4v ., mm
— & - 4.
Am = Rz sin (2(M+1)> (4:36)
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With the modified wavenumber defined as

Ky = 2 sin </<;mAx> (4.37)

and using k,, = m, we can write the ODE solution as
M * 2
uj(t) =Y cpe™ m tsinkpa; + (A7), j=1,2,--- M (4.38)
m=1

This can be compared with the exact solution to the PDE, Eq. 2.37, evaluated at the
nodes of the grid:

M
wj(t) = Y eme " sin iy 4 h(xy),  j=1,2,---, M (4.39)

m=1

We see that the solutions are identical except for the steady solution and the
modified wavenumber in the transient term. The modified wavenumber is an approx-
imation to the actual wavenumber. The difference between the modified wavenumber
and the actual wavenumber depends on the differencing scheme and the grid resolu-
tion. This difference causes the various modes (or eigenvector components) to decay
at rates which differ from the exact solution. With conventional differencing schemes,
low wavenumber modes are accurately represented, while high wavenumber modes (if
they have significant amplitudes) can have large errors.

The Convection Equation
For the biconvection equation, we obtain
M—1 4
ui(t) =Y cpmetrte i j=0,1,---,M—1 (4.40)

m=0
where
Am = —ikp,Q (4.41)
with the modified wavenumber defined in Eq. 4.31. We can write this ODE solution
as
M-1

uj(t) = Y cpe Fmateitmis j=0,1,---,M -1 (4.42)

m=0
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and compare it to the exact solution of the PDE, Eq. 2.26, evaluated at the nodes of
the grid:
M-1
ui(t) = " fu(0)e mmetetmTi i =0,1,--, M —1 (4.43)
m=0
Once again the difference appears through the modified wavenumber contained in
Am- As discussed in Section 3.5, this leads to an error in the speed with which various
modes are convected, since k* is real. Since the error in the phase speed depends on
the wavenumber, while the actual phase speed is independent of the wavenumber,
the result is erroneous numerical dispersion. In the case of non-centered differencing,
discussed in Chapter 11, the modified wavenumber is complex. The form of Eq. 4.42
shows that the imaginary portion of the modified wavenumber produces nonphysical
decay or growth in the numerical solution.

4.4 The Representative Equation
In Section 4.3, we pointed out that Eqs. 4.20 and 4.23 express identical results but in

terms of different groupings of the dependent variables, which are related by algebraic
manipulation. This leads to the following important concept:

The numerical solution to a set of linear ODE’s (in which A is
not a function of ¢) is entirely equivalent to the solution obtained
if the equations are transformed to eigenspace, solved there in
their uncoupled form, and then returned as a coupled set to real
space.

The importance of this concept resides in its message that we can analyze time-
marching methods by applying them to a single, uncoupled equation and our con-
clusions will apply in general. This is helpful both in analyzing the accuracy of
time-marching methods and in studying their stability, topics which are covered in
Chapters 6 and 7.

Our next objective is to find a “typical” single ODE to analyze. We found the
uncoupled solution to a set of ODE’s in Section 4.2. A typical member of the family
is

dw,,

Bm A w, — g (1 4.44
yr Wy, — G (1) (4.44)

The goal in our analysis is to study typical behavior of general situations, not partic-
ular problems. For such a purpose Eq. 4.44 is not quite satisfactory. The role of \,, is
clear; it stands for some representative eigenvalue in the original A matrix. However,
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the question is: What should we use for g,,,(¢) when the time dependence cannot be
ignored? To answer this question, we note that, in principle, one can express any one

of the forcing terms g,,(¢) as a finite Fourier series. For example
—g(t) — Z akeikt
k

for which Eq. 4.44 has the exact solution:

kt

Y ape’
w(t) = ce +;7z'k'—)\

From this we can extract the k’th term and replace ik with . This leads to

The Representative ODE

d
d—z) = \w + aet

(4.45)

which can be used to evaluate all manner of time-marching methods. In such evalua-
tions the parameters A and g must be allowed to take the worst possible combination
of values that might occur in the ODE eigensystem. The exact solution of the repre-

sentative ODE is (for pu # \):

w(t) = ce™ e
= A

4.5 Problems

(4.46)

1. Consider the finite-difference operator derived in question 1 of Chapter 3. Using
this operator to approximate the spatial derivative in the linear convection equa-
tion, write the semi-discrete form obtained with periodic boundary conditions

on a 5-point grid (M = 5).

2. Consider the application of the operator given in Eq. 3.52 to the 1-D diffusion
equation with Dirichlet boundary conditions. Write the resulting semi-discrete

ODE form. Find the entries in the boundary-condition vector.

3. Write the semi-discrete form resulting from the application of second-order cen-
tered differences to the following equation on the domain 0 < x < 1 with

boundary conditions u(0) = 0, u(1) = 1:
ou  d*u

— = 6z

ot Ox2
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4. Consider a grid with 10 interior points spanning the domain 0 < x < 7. For
initial conditions u(z, 0) = sin(mz) and boundary conditions u(0,t) = u(rw,t) =
0, plot the exact solution of the diffusion equation with v = 1 at ¢ = 1 with
m =1 and m = 3. (Plot the solution at the grid nodes only.) Calculate the
corresponding modified wavenumbers for the second-order centered operator
from Eq. 4.37. Calculate and plot the corresponding ODE solutions.

5. Consider the matrix
A= —Bp(10, —1,0,1)/(2Ax)

corresponding to the ODE form of the biconvection equation resulting from the
application of second-order central differencing on a 10-point grid. Note that
the domain is 0 < z < 27 and Az = 27/10. The grid nodes are given by
xzj =jAz, j=0,1,...9. The eigenvalues of the above matrix A, as well as the
matrices X and X!, can be found from Appendix B.4. Using these, compute
and plot the ODE solution at ¢ = 27 for the initial condition u(z,0) = sinz.
Compare with the exact solution of the PDE. Calculate the numerical phase
speed from the modified wavenumber corresponding to this initial condition
and show that it is consistent with the ODE solution. Repeat for the initial
condition u(z,0) = sin 2x.
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Chapter 5

FINITE-VOLUME METHODS

In Chapter 3, we saw how to derive finite-difference approximations to arbitrary
derivatives. In Chapter 4, we saw that the application of a finite-difference approxi-
mation to the spatial derivatives in our model PDE’s produces a coupled set of ODE’s.
In this Chapter, we will show how similar semi-discrete forms can be derived using
finite-volume approximations in space. Finite-volume methods have become popu-
lar in CFD as a result, primarily, of two advantages. First, they ensure that the
discretization is conservative, i.e., mass, momentum, and energy are conserved in a
discrete sense. While this property can usually be obtained using a finite-difference
formulation, it is obtained naturally from a finite-volume formulation. Second, finite-
volume methods do not require a coordinate transformation in order to be applied on
irregular meshes. As a result, they can be applied on unstructured meshes consisting
of arbitrary polyhedra in three dimensions or arbitrary polygons in two dimensions.
This increased flexibility can be used to great advantage in generating grids about
arbitrary geometries.

Finite-volume methods are applied to the integral form of the governing equations,
either in the form of Eq. 2.1 or Eq. 2.2. Consistent with our emphasis on semi-discrete
methods, we will study the latter form, which is

d
—/ de+7f nFdS = [ Pdv (5.1)
dt Jv(t) 5(t)

V(t)

We will begin by presenting the basic concepts which apply to finite-volume strategies.
Next we will give our model equations in the form of Eq. 5.1. This will be followed
by several examples which hopefully make these concepts clear.

71
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5.1 Basic Concepts

The basic idea of a finite-volume method is to satisfy the integral form of the con-
servation law to some degree of approximation for each of many contiguous control
volumes which cover the domain of interest. Thus the volume V in Eq. 5.1 is that of a
control volume whose shape is dependent on the nature of the grid. In our examples,
we will consider only control volumes which do not vary with time. Examining Eq.
5.1, we see that several approximations must be made. The flux is required at the
boundary of the control volume, which is a closed surface in three dimensions and a
closed contour in two dimensions. This flux must then be integrated to find the net
flux through the boundary. Similarly, the source term P must be integrated over the
control volume. Next a time-marching method! can be applied to find the value of

A;de (5.2)

at the next time step.
Let us consider these approximations in more detail. First, we note that the
average value of () in a cell with volume V' is

9
Q:VAQW (5.3)

and Eq. 5.1 can be written as

d -
V£Q+£HH$_APM’ (5.4)

for a control volume which does not vary with time. Thus after applying a time-
marching method, we have updated values of the cell-averaged quantities (). In order
to evaluate the fluxes, which are a function of (), at the control-volume boundary, @)
can be represented within the cell by some piecewise approximation which produces
the correct value of (). This is a form of interpolation often referred to as recon-
struction. As we shall see in our examples, each cell will have a different piecewise
approximation to ). When these are used to calculate F(Q), they will generally
produce different approximations to the flux at the boundary between two control
volumes, that is, the flux will be discontinuous. A nondissipative scheme analogous
to centered differencing is obtained by taking the average of these two fluxes. Another
approach known as flux-difference splitting is described in Chapter 11.
The basic elements of a finite-volume method are thus the following:

!Time-marching methods will be discussed in the next chapter.
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1. Given the value of () for each control volume, construct an approximation to
Q(z,y,2) in each control volume. Using this approximation, find @ at the
control-volume boundary. Evaluate F(Q) at the boundary. Since there is a
distinct approximation to Q(z,y, z) in each control volume, two distinct values
of the flux will generally be obtained at any point on the boundary between two
control volumes.

2. Apply some strategy for resolving the discontinuity in the flux at the control-
volume boundary to produce a single value of F(Q) at any point on the bound-
ary. This issue is discussed in Section 11.4.2.

3. Integrate the flux to find the net flux through the control-volume boundary
using some sort of quadrature.

4. Advance the solution in time to obtain new values of Q.

The order of accuracy of the method is dependent on each of the approximations.
These ideas should be clarified by the examples in the remainder of this chapter.

In order to include diffusive fluxes, the following relation between V(@ and @ is
sometimes used:

/ vVQdV = ?f nQds (5.5)
v S
or, in two dimensions,

/A VQdA = 740 nQdl (5.6)

where the unit vector n points outward from the surface or contour.

5.2 Model Equations in Integral Form

5.2.1 The Linear Convection Equation

A two-dimensional form of the linear convection equation can be written as

ou ou . 0u
E—l—acosﬁg—i—asmﬁa—o (5.7)

This PDE governs a simple plane wave convecting the scalar quantity, u(z,y,t) with
speed a along a straight line making an angle # with respect to the z-axis. The
one-dimensional form is recovered with # = 0.
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For unit speed a, the two-dimensional linear convection equation is obtained from
the general divergence form, Eq. 2.3, with

Q = u
F = iucosf + jusinf )
P =0 (5.10)

Since @ is a scalar, F is simply a vector. Substituting these expressions into a two-
dimensional form of Eq. 2.2 gives the following integral form

i/ udA+7f n. (it cos 0 + jusin B)ds = 0 (5.11)
dt Ja c

where A is the area of the cell which is bounded by the closed contour C.

5.2.2 The Diffusion Equation

The integral form of the two-dimensional diffusion equation with no source term and
unit diffusion coefficient v is obtained from the general divergence form, Eq. 2.3, with

Q = u (5.12)
F = —Vu (5.13)

_ _(%Hg_;) (514
P =0 (5.15)

Using these, we find

dt/ udA = 7! <1—+ 8—“) ds (5.16)

to be the integral form of the two-dimensional diffusion equation.

5.3 One-Dimensional Examples

We restrict our attention to a scalar dependent variable v and a scalar flux f, as in
the model equations. We consider an equispaced grid with spacing Az. The nodes of
the grid are located at z; = jAz as usual. Control volume j extends from x; — Az/2
to x; + Ax/2, as shown in Fig. 5.1. We will use the following notation:

Tj 12 =a; —Ax/2,  xjy10 =5+ Az/2 (5.17)
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e
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Figure 5.1: Control volume in one dimension.

Ujt1/2 = u(Tj11/2), fix12 = fujs1/2) (5.18)
With these definitions, the cell-average value becomes
1 Tjt1/2
w;(t E—/ u(x,t)dx 5.19
0 =55 [ utw) (.19
and the integral form becomes
d _ Tjt1/2
E(AIL‘U]) + fj+1/2 - fj,1/2 = /11‘1/2 Pdx (520)

Now with & = x — x;, we can expand u(z) in Eq. 5.19 in a Taylor series about z;
(with ¢ fixed) to get

1 Az/2 ou £ (0u & (Pu
i = A—x/wl“ﬁf(%)j*ﬂ@)ﬁa i) Tl ®
Az? (0% Azt (0% 6
- “j*ﬂ(@)j@(@)ﬁ()(m) -2
or
u; = u; + O(Ax?) (5.22)

where u; is the value at the center of the cell. Hence the cell-average value and the
value at the center of the cell differ by a term of second order.

5.3.1 A Second-Order Approximation to the Convection Equa-
tion

In one dimension, the integral form of the linear convection equation, Eq. 5.11, be-
comes
du

Axd—tj + fiv12 = fj—12=0 (5.23)
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with f = u. We choose a piecewise constant approximation to u(z) in each cell such
that

uw() =15 T ST < Tjyg (5.24)
Evaluating this at j + 1/2 gives
ij+1/2 = f(ujLJrl/Q) = UJL+1/2 = U (5.25)

where the L indicates that this approximation to f;;/ is obtained from the approx-
imation to u(x) in the cell to the left of 2,19, as shown in Fig. 5.1. The cell to the
right of 2,12, which is cell j + 1, gives

flae =i (5.26)
Similarly, cell j is the cell to the right of z;_; /5, giving
fiiie =1 (5.27)
and cell j — 1 is the cell to the left of z;_; /5, giving

We have now accomplished the first step from the list in Section 5.1; we have defined
the fluxes at the cell boundaries in terms of the cell-average data. In this example,
the discontinuity in the flux at the cell boundary is resolved by taking the average of
the fluxes on either side of the boundary. Thus

A 1 1, _ _

Fivre = 5y + Fiiage) = (85 + Tja) (5.29)
and

¢ [ R L _ =

fi—12 = §(fj71/2 + fj71/2) = 5(“;'*1 + 1) (5.30)

where f denotes a numerical flux which is an approximation to the exact flux.
Substituting Eqgs. 5.29 and 5.30 into the integral form, Eq. 5.23, we obtain
du; 1 1 du; 1
Amd—t] + 5(71] + 71]‘4_1) - §(ﬂj_1 + ﬂj) - Axd—t] + 5(71]‘4_1 - 11]‘_1) - 0 (531)
With periodic boundary conditions, this point operator produces the following semi-
discrete form:

1 o
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This is identical to the expression obtained using second-order centered differences,
except it is written in terms of the cell average @, rather than the nodal values, 7.
Hence our analysis and understanding of the eigensystem of the matrix B,(—1,0,1)
is relevant to finite-volume methods as well as finite-difference methods. Since the
eigenvalues of B,(—1,0,1) are pure imaginary, we can conclude that the use of the
average of the fluxes on either side of the cell boundary, as in Eqs. 5.29 and 5.30, can
lead to a nondissipative finite-volume method.

5.3.2 A Fourth-Order Approximation to the Convection Equa-
tion

Let us replace the piecewise constant approximation in Section 5.3.1 with a piecewise
quadratic approximation as follows

u(€) = a&® + b€ + ¢ (5.33)

where ¢ is again equal to x — x;. The three parameters a, b, and ¢ are chosen to
satisty the following constraints:

L gy =,

Ax J-3Az/2
1 Az /2
. = U, .34
Ax /Am/2 u(§)ds = (5:34)

1 3Ax/2 B
- /. RRGLEL

These constraints lead to
_ Ty — 205 + Ty
2Az2

Ujp1 — Uj—1

h—
2Ax

(5.35)
—ﬂj_1 + 26’&] — ﬂj-‘rl
24

With these values of a, b, and ¢, the piecewise quadratic approximation produces
the following values at the cell boundaries:

CcC =

L. -
u]L-H/Q = 6(2uj+1 +5u; — Uj_1) (5.36)



78 CHAPTER 5. FINITE-VOLUME METHODS

1
uitae = (=1 + 50 + 20;) (5.37)
R L _ _
Uity = 6(_Uj+2 + 5ujiq + 2u;) (5.38)
L L _ _
Uj_1/2 = 6(2% + 51 — Uj-2) (5.39)

using the notation defined in Section 5.3.1. Recalling that f = u, we again use the
average of the fluxes on either side of the boundary to obtain

A 1
fixvi2 = §[f(uf+1/2) + f(uf+1/2)]

L _ o
= E(—Uj+2 + 7’Ll,j+1 + 7Uj — Ujfl) (540)

and

~

1
ficip2 = §[f(%{1/2) + f(ufflﬁ)]

1
- E(—ﬂj+1 + 771]‘ + 7ﬂj_1 - ﬂj_Q) (541)

Substituting these expressions into the integral form, Eq. 5.23, gives
1
Ar—= + —(—tjro + 8ujp1 — 8uj_1 + uj_s) =0 (5.42)

This is a fourth-order approximation to the integral form of the equation, as can be
verified using Taylor series expansions (see question 1 at the end of this chapter).
With periodic boundary conditions, the following semi-discrete form is obtained:

di 1 .
— =———B,(1,— —1)i 4
dt 12A{L‘ p( ) 870,87 )U' (5 3)

This is a system of ODE’s governing the evolution of the cell-average data.

5.3.3 A Second-Order Approximation to the Diffusion Equa-
tion
In this section, we describe two approaches to deriving a finite-volume approximation

to the diffusion equation. The first approach is simpler to extend to multidimensions,
while the second approach is more suited to extension to higher order accuracy.
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In one dimension, the integral form of the diffusion equation, Eq. 5.16, becomes

du;
Al‘d—t] + fj+1/2 - fj_1/2 =0 (544)
with f = —=Vu = —0u/0dx. Also, Eq. 5.6 becomes
b9
[ %dm = u(b) — u(a) (5.45)

We can thus write the following expression for the average value of the gradient of u
over the interval z; <z < x;,1:

1 @i+ Ju 1

— —dr = — (U1 — u; 5.46
R e U (5.46)
From Eq. 5.22, we know that the value of a continuous function at the center of a given
interval is equal to the average value of the function over the interval to second-order
accuracy. Hence, to second-order, we can write

N ou 1
frn=-(5) =g - (5.47)
I ox it1/2 Az J
Similarly,
) 1
fimape = =5 (w5 = 1) (5.48)

Substituting these into the integral form, Eq. 5.44, we obtain

du, 1 L
Z‘d—; = A—l'(u]'_l - 2Uj + Uj_H) (549)

or, with Dirichlet boundary conditions,

A

di 1 Y

— = —=B(1,-2,1)u+ (bc 5.50

o = Az D( )i + (be) (5.50)
This provides a semi-discrete finite-volume approximation to the diffusion equation,
and we see that the properties of the matrix B(1,—2,1) are relevant to the study of
finite-volume methods as well as finite-difference methods.

For our second approach, we use a piecewise quadratic approximation as in Section
5.3.2. From Eq. 5.33 we have
Ou  Odu

e 20 + b (5.51)
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with a and b given in Eq. 5.35. With f = —0u/0dz, this gives

r _
ﬁl/2 = ij+1/2 = _E(uﬂl — 1) (5.52)
R L Lo
fj71/2 = Jj—1/2 = _E(uj — Uj-1) (5.53)
Notice that there is no discontinuity in the flux at the cell boundary. This produces
di,; 1, L
d—tj = A—J'Q(uj_l — 2’LL]' + ’LL]'_H) (554)

which is identical to Eq. 5.49. The resulting semi-discrete form with periodic bound-
ary conditions is
di 1 -
—=—B,(1,-2,1)u 5.55
dt AI,Q p( ) ) )U' ( )

which is written entirely in terms of cell-average data.

5.4 A Two-Dimensional Example

The above one-dimensional examples of finite-volume approximations obscure some
of the practical aspects of such methods. Thus our final example is a finite-volume
approximation to the two-dimensional linear convection equation on a grid consisting
of regular triangles, as shown in Figure 5.2. As in Section 5.3.1, we use a piecewise
constant approximation in each control volume and the flux at the control volume
boundary is the average of the fluxes obtained on either side of the boundary. The
nodal data are stored at the vertices of the triangles formed by the grid. The control
volumes are regular hexagons with area A, A is the length of the sides of the triangles,
and / is the length of the sides of the hexagons. The following relations hold between
l, A, and A.

~
I

|
>

A = =52
5 l
l 2

The two-dimensional form of the conservation law is

d
%/AQdA—i— 7§Cn.Fdz —0 (5.57)
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Figure 5.2: Triangular grid.

where we have ignored the source term. The contour in the line integral is composed
of the sides of the hexagon. Since these sides are all straight, the unit normals can
be taken outside the integral and the flux balance is given by

d 5
2 [ 0adA ,,-/Fdl:
dt/AQ +V§n y 0

where v indexes a side of the hexagon, as shown in Figure 5.2. A list of the normals
for the mesh orientation shown is given in Table 5.1.

Side,» Outward Normal, n
(i—+v3j)/2

(i+v3])/2
(—i+V31)/2

(—i—-+v3j)/2

Gt W N+~ O

Table 5.1. Outward normals, see Fig. 5.2.
i and j are unit normals along = and y, respectively.
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For Eq. 5.11, the two-dimensional linear convection equation, we have for side v

/2
n,,-/Fdl —n, - (icosf +jsin9)/ JRAGL (5.58)
v —£/2
where ¢ is a length measured from the middle of a side v. Making the change of
variable z = £/, one has the expression

/ P u©ede =0 [ u(z)dz (5.59)

—1/2 ~1/2
Then, in terms of u and the hexagon area A, we have

v u(z)dz] =0 (5.60)

v

d 5

& [ wda+ Y n, - (icos + jsin0) |¢ [
dt /A 112:;) ( J ) l ~1/2
The values of n,, - (icosf + jsin#) are given by the expressions in Table 5.2. There
are no numerical approximations in Eq. 5.60. That is, if the integrals in the equation
are evaluated exactly, the integrated time rate of change of the integral of u over the
area of the hexagon is known exactly.

Side,v mn, - (icosf + jsinf)

(cosf — \/3sinf)/2
cos 6
(cosf + /3sin ) /2
(—cosf +/3sind)/2
—cos 0

(—cosf — \/3sinfh)/2

Ct i W N+~ O

Table 5.2. Weights of flux integrals, see Eq. 5.60.

Introducing the cell average,
/ wdA = Ag, (5.61)
A

and the piecewise-constant approximation u = 4, over the entire hexagon, the ap-
proximation to the flux integral becomes trivial. Taking the average of the flux on
either side of each edge of the hexagon gives for edge 1:

/u(z)dz = M/ dy = o Tl (5.62)
1 2 ~1/2 2
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Similarly, we have for the other five edges:

Up + Uy

/ u(z)ds = 2 (5.63)

iy + e

/3u(z)dz =g (5.64)

Uy + Uqg

/ u(z)dz = 22 (5.65)

Uy + e

/ u(z)dz = (5.66)

Up + Uf

/0 u(z)ds = 2 (5.67)

Substituting these into Eq. 5.60, along with the expressions in Table 5.2, we obtain

A% + é[(Q cos 0) (T — 1ig) + (cos @ + /3 sin 0)(w, — 1)

+(—cos @ + V/3sin 8) (i, — ;)] =0 (5.68)
dﬂp 1 9 0) (@ _ 0 \/g inf)(u m
— + 3_A[( cos 0) (i, — tg) + (cos O + V3sin0)(up, — )

+(—cos @ + V/3sin 0) (i, — ;)] = 0 (5.69)

The reader can verify, using Taylor series expansions, that this is a second-order
approximation to the integral form of the two-dimensional linear convection equation.

5.5 Problems

1. Use Taylor series to verify that Eq. 5.42 is a fourth-order approximation to Eq.
5.23.

2. Find the semi-discrete ODE form governing the cell-average data resulting from
the use of a linear approximation in developing a finite-volume method for the
linear convection equation. Use the following linear approximation:

u(€) =a&+b
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where b = @; and

Ujp1 — Uj—1

2Ax

and use the average flux at the cell interface.

3. Using the first approach given in Section 5.3.3, derive a finite-volume approx-
imation to the spatial terms in the two-dimensional diffusion equation on a
square grid.

4. Repeat question 3 for a grid consisting of equilateral triangles.



Chapter 6

TIME-MARCHING METHODS
FOR ODE’S

After discretizing the spatial derivatives in the governing PDE’s (such as the Navier-
Stokes equations), we obtain a coupled system of nonlinear ODE’s in the form
di =
— = F(u,t 6.1
= F(i (61)
These can be integrated in time using a time-marching method to obtain a time-
accurate solution to an wunsteady flow problem. For a steady flow problem, spatial
discretization leads to a coupled system of nonlinear algebraic equations in the form

F(i)=0 (6.2)
As a result of the nonlinearity of these equations, some sort of iterative method is
required to obtain a solution. For example, one can consider the use of Newton’s
method, which is widely used for nonlinear algebraic equations (See Section 6.10.3.).
This produces an iterative method in which a coupled system of linear algebraic
equations must be solved at each iteration. These can be solved iteratively using
relaxation methods, which will be discussed in Chapter 9, or directly using Gaussian
elimination or some variation thereof.
Alternatively, one can consider a time-dependent path to the steady state and use
a time-marching method to integrate the unsteady form of the equations until the
solution is sufficiently close to the steady solution. The subject of the present chapter,
time-marching methods for ODE’s, is thus relevant to both steady and unsteady flow
problems. When using a time-marching method to compute steady flows, the goal is
simply to remove the transient portion of the solution as quickly as possible; time-
accuracy is not required. This motivates the study of stability and stiffness, topics
which are covered in the next two chapters.

85
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Application of a spatial discretization to a PDE produces a coupled system of
ODE’s. Application of a time-marching method to an ODE produces an ordinary
difference equation (OAE ). In earlier chapters, we developed exact solutions to our
model PDE’s and ODE’s. In this chapter we will present some basic theory of linear
OAE’s which closely parallels that for linear ODE’s, and, using this theory, we will
develop exact solutions for the model OAE’s arising from the application of time-
marching methods to the model ODE’s.

6.1 Notation

Using the semi-discrete approach, we reduce our PDE to a set of coupled ODE’s
represented in general by Eq. 4.1. However, for the purpose of this chapter, we need
only consider the scalar case

2—? =u' = F(u,t) (6.3)
Although we use u to represent the dependent variable, rather than w, the reader
should recall the arguments made in Chapter 4 to justify the study of a scalar ODE.
Our first task is to find numerical approximations that can be used to carry out the
time integration of Eq. 6.3 to some given accuracy, where accuracy can be measured
either in a local or a global sense. We then face a further task concerning the numerical
stability of the resulting methods, but we postpone such considerations to the next
chapter.

In Chapter 2, we introduced the convention that the n subscript, or the (n) su-
perscript, always points to a discrete time value, and h represents the time interval
At. Combining this notation with Eq. 6.3 gives

u, = F, = F(up,t,) ; t,=nh

Often we need a more sophisticated notation for intermediate time steps involving
temporary calculations denoted by u, @, etc. For these we use the notation

i, = ~n—l—oz = F(an—l—aa tn + Oth)

n+oa

The choice of u' or F' to express the derivative in a scheme is arbitrary. They are
both commonly used in the literature on ODE’s.

The methods we study are to be applied to linear or nonlinear ODE’s, but the
methods themselves are formed by linear combinations of the dependent variable and
its derivative at various time intervals. They are represented conceptually by

Up41 = f(/Blu;L-‘rl’ ﬁOu;w 67171’;;—17 T QoUn, X Up—1, " ) (64)
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With an appropriate choice of the o’s and 's, these methods can be constructed
to give a local Taylor series accuracy of any order. The methods are said to be
explicit if 51 = 0 and implicit otherwise. An explicit method is one in which the new
predicted solution is only a function of known data, for example, ), u! |, u,, and
un_1 for a method using two previous time levels, and therefore the time advance is
simple. For an implicit method, the new predicted solution is also a function of the
time derivative at the new time level, that is, u;,,,. As we shall see, for systems of
ODE’s and nonlinear problems, implicit methods require more complicated strategies

to solve for u, 1 than explicit methods.

6.2 Converting Time-Marching Methods to OAE’s

Examples of some very common forms of methods used for time-marching general
ODE’s are:

Upy1 = U + hu, (6.5)
Upt1 = Up + huj, (6.6)
and
an-l—l = Up+ hU;L
1 _ _
Uy = §[un + Uny1 + hil, ] (6.7)

According to the conditions presented under Eq. 6.4, the first and third of these are
examples of explicit methods. We refer to them as the explicit Euler method and the
MacCormack predictor-corrector method,! respectively. The second is implicit and
referred to as the implicit (or backward) Euler method.

These methods are simple recipes for the time advance of a function in terms of its
value and the value of its derivative, at given time intervals. The material presented
in Chapter 4 develops a basis for evaluating such methods by introducing the concept
of the representative equation

d
d_:: =u' = \u+ ae™ (6.8)

written here in terms of the dependent variable, u. The value of this equation arises
from the fact that, by applying a time-marching method, we can analytically convert

'Here we give only MacCormack’s time-marching method. The method commonly referred to as
MacCormack’s method, which is a fully-discrete method, will be presented in Section 11.3
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such a linear ODE into a linear OAE . The latter are subject to a whole body of
analysis that is similar in many respects to, and just as powerful as, the theory of
ODE’s. We next consider examples of this conversion process and then go into the
general theory on solving OAE’s.

Apply the simple explicit Euler scheme, Eq. 6.5, to Eq. 6.8. There results

Upy1 = Uy + h(Au, + ae™™)
or
Uny1 — (1 + Ah)u, = hae'™ (6.9)

Eq. 6.9 is a linear OAE , with constant coefficients, expressed in terms of the depen-
dent variable u, and the independent variable n. As another example, applying the
implicit Euler method, Eq. 6.6, to Eq. 6.8, we find

Upi1 = Up + h(/\unﬂ + ae“h(”“))
or
(1 — M) tpyy — up = he!™ - get™ (6.10)
As a final example, the predictor-corrector sequence, Eq. 6.7, gives

Uyt — (1 + AD)u, = ahet™
1 1 1
—5(1 + )\h)ﬂn_H + Up+1 — §Un = iahe“h("ﬂ) (611)
which is a coupled set of linear OAE’s with constant coefficients. Note that the first
line in Eq. 6.11 is identical to Eq. 6.9, since the predictor step in Eq. 6.7 is simply

the explicit Euler method. The second line in Eq. 6.11 is obtained by noting that
a;z+1 = F(an+1,tn + h’)
= Aipy1 + aethn D) (6.12)

Now we need to develop techniques for analyzing these difference equations so that
we can compare the merits of the time-marching methods that generated them.

6.3 Solution of Linear OAE’s With Constant Co-
efficients

The techniques for solving linear difference equations with constant coefficients is as
well developed as that for ODE’s and the theory follows a remarkably parallel path.
This is demonstrated by repeating some of the developments in Section 4.2, but for
difference rather than differential equations.
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6.3.1 First- and Second-Order Difference Equations
First-Order Equations

The simplest nonhomogeneous OAE of interest is given by the single first-order equa-
tion

Upi1 = OUy + ab” (6.13)
where o, a, and b are, in general, complex parameters. The independent variable is

now n rather than ¢, and since the equations are linear and have constant coefficients,
o is not a function of either n or u. The exact solution of Eq. 6.13 is

ab”

b—o

Uy = 10" +

where ¢; is a constant determined by the initial conditions. In terms of the initial
value of u it can be written

" — o™

b—o

Uy = UG + a

Just as in the development of Eq. 4.10, one can readily show that the solution of the
defective case, (b= o),

Upi1 = OUy + ac”
is

Uy = [uo + ana’l]a

This can all be easily verified by substitution.

Second-Order Equations

The homogeneous form of a second-order difference equation is given by
Upso + QU1 + agt, =0 (6.14)

Instead of the differential operator D = % used for ODE’s, we use for OAE’s the
difference operator E (commonly referred to as the displacement or shift operator)
and defined formally by the relations

Up1 = FEu, Untk = Ekun
Further notice that the displacement operator also applies to exponents, thus

ba.bn:bn—&-a:Ea‘bn
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where « can be any fraction or irrational number.

The roles of D and F are the same insofar as once they have been introduced to
the basic equations the value of u(t) or u, can be factored out. Thus Eq. 6.14 can
now be re-expressed in an operational notion as

(E* + a1 E + ap)u, =0 (6.15)

which must be zero for all u,,. Eq. 6.15 is known as the operational form of Eq. 6.14.
The operational form contains a characteristic polynomial P(E) which plays the same
role for difference equations that P(D) played for differential equations; that is, its
roots determine the solution to the OAE. In the analysis of OAE’s, we label these
roots oy, 03, - - -, etc, and refer to them as the o-roots. They are found by solving the
equation P(o) = 0. In the simple example given above, there are just two o roots
and in terms of them the solution can be written

Up = Cl(O'l)n + CQ(UQ)” (616)
where ¢; and ¢y depend upon the initial conditions. The fact that Eq. 6.16 is a
solution to Eq. 6.14 for all ¢; , ¢; and n should be verified by substitution.

6.3.2 Special Cases of Coupled First-Order Equations
A Complete System

Coupled, first-order, linear homogeneous difference equations have the form

U§n+1) = cnug") + Cmugn)
ué"*” = c21u§") + c22u§") (6.17)
which can also be written
- - - n n T c c
i = Ctin = [u” ] = [0 0]

The operational form of Eq. 6.17 can be written

Uy
U

(01162—1 E) (62;1_2 B) }

which must be zero for all u; and u,. Again we are led to a characteristic polynomial,
this time having the form P(E) =det [C' — E I']. The o-roots are found from

() .
} —[C—E i, =0

P(o) = det [(C“ —o) e } —0

C21 (022 - 0)
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Obviously the o are the eigenvalues of C' and, following the logic of Section 4.2,
if x are its eigenvectors, the solution of Eq. 6.17 is

2

ﬁn = Z Ck(ak)ngk

k=1

where ¢, are constants determined by the initial conditions.

A Defective System

The solution of OAFE’s with defective eigensystems follows closely the logic in Section
4.2.2 for defective ODE’s. For example, one can show that the solution to

an—l—l o Up
{Ln+1 = 1 o {Ln
Upt1 1 o Up,
is
an = ?7/00'”
~ _ ~ — 1| .n
Uy = [u0+u0na ]0
R _ _nn-—-1) _
Uy, = |"LLO+U07LU 1+’U;0%0 2]0” (618)

6.4 Solution of the Representative OAE’s

6.4.1 The Operational Form and its Solution

Examples of the nonhomogeneous, linear, first-order ordinary difference equations,
produced by applying a time-marching method to the representative equation, are
given by Egs. 6.9 to 6.11. Using the displacement operator, F, these equations can
be written

[E — (1 + Ah)|up, = h - ae™™ (6.19)
(1= AR)E —1u, =h- E - ae'"™ (6.20)

E —(IT+A) ][ a 1 ihn
la+me E-1 Hu]n:h'l%E]'“e (6:21)
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All three of these equations are subsets of the operational form of the representative
OAE

P(E)u, = Q(E) - ae’"™ (6.22)

which is produced by applying time-marching methods to the representative ODE, Eq.
4.45. We can express in terms of Eq. 6.22 all manner of standard time-marching meth-
ods having multiple time steps and various types of intermediate predictor-corrector
families. The terms P(FE) and Q(F) are polynomials in E referred to as the charac-
teristic polynomaial and the particular polynomial, respectively.

The general solution of Eq. 6.22 can be expressed as

K wh
Up = /;1 cr(on)" + aethn . 7?)5;,1;

where oy are the K roots of the characteristic polynomial, P(c) = 0. When determi-
nants are involved in the construction of P(E) and Q(FE), as would be the case for
Eq. 6.21, the ratio Q(E)/P(FE) can be found by Kramer’s rule. Keep in mind that
for methods such as in Eq. 6.21 there are multiple (two in this case) solutions, one
for u,, and %, and we are usually only interested in the final solution u,. Notice also,
the important subset of this solution which occurs when p = 0, representing a time
invariant particular solution, or a steady state. In such a case

S Q1)

Uy = k;lck(ak)" +a- m

(6.23)

6.4.2 Examples of Solutions to Time-Marching OAE’s

As examples of the use of Eqs. 6.22 and 6.23, we derive the solutions of Eqgs. 6.19 to
6.21. For the explicit Euler method, Eq. 6.19, we have

P(E) = E—1-Mh

QE) = h (6.24)
and the solution of its representative OAE follows immediately from Eq. 6.23:
Up = c1(1 + Ah)™ + aet™™ . __h
" eth —1— \h

For the implicit Euler method, Eq. 6.20, we have

P(E) = (1—Ah)E—1
Q(E) = hE (6.25)
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SO

m ()
"1 - (1= Ah)e™ —1

In the case of the coupled predictor-corrector equations, Eq. 6.21, one solves for the
final family w,, (one can also find a solution for the intermediate family @), and there
results

E —(1+ Ah) 1 22)
P(E) = det —EB(E—1-Ah— =A%
(B) = de [—%(lJr)\h)E E-3 ] ( 2
E ool
Q(E)—det{_%(lJr)\h)E %hE}_ihE(EJrHAh)

The o-root is found from
1
P(o) = a<a ISV §A2h2> —0

which has only one nontrivial root (¢ = 0 is simply a shift in the reference index).
The complete solution can therefore be written

1

] n Sh{e™ + 1+ \h)

Up = €1 (1 + M\ + §>\2h2> 4 gethn . 2 1
e —1—\h — §A2h2

(6.26)

6.5 The )\ — o Relation

6.5.1 Establishing the Relation

We have now been introduced to two basic kinds of roots, the A-roots and the o-roots.
The former are the eigenvalues of the A matrix in the ODE’s found by space differ-
encing the original PDE, and the latter are the roots of the characteristic polynomial
in a representative OAE found by applying a time-marching method to the repre-
sentative ODE. There is a fundamental relation between the two which can be used
to identify many of the essential properties of a time-march method. This relation is
first demonstrated by developing it for the explicit Euler method.

First we make use of the semi-discrete approach to find a system of ODE’s and
then express its solution in the form of Eq. 4.27. Remembering that t = nh, one can
write

u(t) = ¢ (@M)n T +Cm(exmh)" O +CM(€AMh)" v + P.S. (6.27)
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where for the present we are not interested in the form of the particular solution
(P.S.). Now the explicit Euler method produces for each A-root, one o-root, which
is given by 0 = 1 + Ah. So if we use the Euler method for the time advance of the
ODE’s, the solution? of the resulting OAE is

-

Up = 1(01)" Z1 4 - + en(Om)" T + - + car(on)" s + P.S. (6.28)

where the ¢, and the fm in the two equations are identical and o, = (1 4+ \,h).

Comparing Eq. 6.27 and Eq. 6.28, we see a correspondence between o, and e*".

Since the value of e can be expressed in terms of the series

1 1 1
M =14 h+ ZX2R2 4+ XR34S ATR
2 6 n!

the truncated expansion ¢ = 1 + M is a reasonable® approximation for small enough
Ah.

Suppose, instead of the Euler method, we use the leapfrog method for the time
advance, which is defined by

Ups1 = Up—1 + 2hul, (6.29)

Applying Eq. 6.8 to Eq. 6.29, we have the characteristic polynomial P(E) = E? —

2AhE — 1, so that for every A the ¢ must satisfy the relation
02 — 2 pho, —1=0 (6.30)
Now we notice that each A produces two o-roots. For one of these we find
Om = Aph+/1+ 2202 (6.31)
= 1+A,h+ %Afnh? - éAfnh‘* 4o (6.32)

This is an approximation to e*" with an error O(A*h3). The other root, A, h —

\/1+ A2 h%, will be discussed in Section 6.5.3.

2Based on Section 4.4.
3The error is O(A2h?).
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6.5.2 The Principal o-Root

Based on the above we make the following observation:

Application of the same time-marching method to all of the equations in
a coupled system linear ODE’s in the form of Eq. 4.6, always produces

one o-root for every A-root that satisfies the relation
(6.33)

_ 122 ]' ki1 k k+1
0 =14 Mt S Nh o N +O(h )

where k is the order of the time-marching method.

We refer to the root that has the above property as the principal o-root, and designate
it (0m)1- The above property can be stated regardless of the details of the time-

marching method, knowing only that its leading error is O(h’“‘l). Thus the principal

root is an approximation to e* up to O(hk).
Note that a second-order approximation to a derivative written in the form

(Ot = — (1 — 1) (6.34)

~2h
has a leading truncation error which is O(h?), while the second-order time-marching
method which results from this approximation, which is the leapfrog method:

Upy1 = Up_1 + 2hu, (6.35)

has a leading truncation error O(h*). This arises simply because of our notation
for the time-marching method in which we have multiplied through by h to get an
approximation for the function wu,; rather than the derivative as in Eq. 6.34. The
following example makes this clear. Consider a solution obtained at a given time 7T’
using a second-order time-marching method with a time step h. Now consider the
solution obtained using the same method with a time step h/2. Since the error per
time step is O(h?), this is reduced by a factor of eight (considering the leading term
only). However, twice as many time steps are required to reach the time 7". Therefore
the error at the end of the simulation is reduced by a factor of four, consistent with
a second-order approximation.

6.5.3 Spurious o-Roots

We saw from Eq. 6.30 that the A — o relation for the leapfrog method produces two
o-roots for each A. One of these we identified as the principal root which always
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has the property given in 6.33. The other is referred to as a spurious o-root and
designated (0,,)2. In general, the A — o relation produced by a time-marching scheme
can result in multiple o-roots all of which, except for the principal one, are spurious.
All spurious roots are designated (o0,,)r where k = 2,3,---. No matter whether a
o-root is principal or spurious, it is always some algebraic function of the product Ah.
To express this fact we use the notation o = a(\h).

If a time-marching method produces spurious o-roots, the solution for the OAE in
the form shown in Eq. 6.28 must be modified. Following again the message of Section
4.4, we have

Up = 611(0'1)? I;l —+ .. +Cm1(0'm)? I;m + "‘+CM1(O'M)? (;M—FPS

+012(01)§ 51 + e CmQ(Um)g f;m +ee CM?(UM)S EM

—|-013(O'1)g le + -t CmS(Um)g f;m + e+ CM3(UM)g ‘,;M

+ete., if there are more spurious roots (6.36)

Spurious roots arise if a method uses data from time level n — 1 or earlier to
advance the solution from time level n to n + 1. Such roots originate entirely from
the numerical approximation of the time-marching method and have nothing to do
with the ODE being solved. However, generation of spurious roots does not, in itself,
make a method inferior. In fact, many very accurate methods in practical use for
integrating some forms of ODE’s have spurious roots.

It should be mentioned that methods with spurious roots are not self starting.
For example, if there is one spurious root to a method, all of the coefficients (¢y,)2
in Eq. 6.36 must be initialized by some starting procedure. The initial vector g
does not provide enough data to initialize all of the coefficients. This results because
methods which produce spurious roots require data from time level n — 1 or earlier.
For example, the leapfrog method requires #, ; and thus cannot be started using
only .

Presumably (i.e., if one starts the method properly) the spurious coefficients are
all initialized with very small magnitudes, and presumably the magnitudes of the
spurious roots themselves are all less than one (see Chapter 7). Then the presence of
spurious roots does not contaminate the answer. That is, after some finite time the
amplitude of the error associated with the spurious roots is even smaller then when
it was initialized. Thus while spurious roots must be considered in stability analysis,
they play virtually no role in accuracy analysis.

6.5.4 One-Root Time-Marching Methods

There are a number of time-marching methods that produce only one o-root for each
A-root. We refer to them as one-root methods. They are also called one-step methods.
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They have the significant advantage of being self-starting which carries with it the
very useful property that the time-step interval can be changed at will throughout
the marching process. Three one-root methods were analyzed in Section 6.4.2. A
popular method having this property, the so-called §-method, is given by the formula

Upy1 = Up + h[(l - 9)11,;1 + 0u11+1]

The f-method represents the explicit Euler (# = 0), the trapezoidal (f = 3), and the
implicit Euler methods (§ = 1), respectively. Its A — o relation is

14+ (1-0)Ah
Y

It is instructive to compare the exact solution to a set of ODE’s (with a complete
eigensystem) having time-invariant forcing terms with the exact solution to the OAE’s
for one-root methods. These are

u(t) = (M) Fit et en(e ) T ear (€M) ar+ ATF
Up = c1(0)" T1+ -+ Cm(0m)" Tm + -+ crrlon) Ty + Af (6.37)
respectively. Notice that when ¢ and n = 0, these equations are identical, so that all
the constants, vectors, and matrices are identical except the u and the terms inside
the parentheses on the right hand sides. The only error made by introducing the time
marching is the error that o makes in approximating e*".

6.6 Accuracy Measures of Time-Marching Meth-
ods

6.6.1 Local and Global Error Measures

There are two broad categories of errors that can be used to derive and evaluate time-
marching methods. One is the error made in each time step. This is a local error such
as that found from a Taylor table analysis, see Section 3.4. It is usually used as the
basis for establishing the order of a method. The other is the error determined at the
end of a given event which has covered a specific interval of time composed of many
time steps. This is a global error. It is useful for comparing methods, as we shall see
in Chapter 8.

It is quite common to judge a time-marching method on the basis of results found
from a Taylor table. However, a Taylor series analysis is a very limited tool for finding
the more subtle properties of a numerical time-marching method. For example, it is
of no use in:
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finding spurious roots.

evaluating numerical stability and separating the errors in phase and amplitude.

analyzing the particular solution of predictor-corrector combinations.

finding the global error.

The latter three of these are of concern to us here, and to study them we make use of
the material developed in the previous sections of this chapter. Our error measures
are based on the difference between the exact solution to the representative ODE,
given by

aett

u(t) = ce* + (6.38)

= A

and the solution to the representative OAE’s, including only the contribution from
the principal root, which can be written as

Q")

u, = ci(o)" + aet™ .
n 1( 1) P(e“h)

(6.39)

6.6.2 Local Accuracy of the Transient Solution (er), |o|,er,)
Transient error

The particular choice of an error measure, either local or global, is to some extent
arbitrary. However, a necessary condition for the choice should be that the measure
can be used consistently for all methods. In the discussion of the \-o relation we
saw that all time-marching methods produce a principal o-root for every A-root that
exists in a set of linear ODE’s. Therefore, a very natural local error measure for the
transient solution is the value of the difference between solutions based on these two
roots. We designate this by er, and make the following definition

b

ery=e o1

The leading error term can be found by expanding in a Taylor series and choosing
the first nonvanishing term. This is similar to the error found from a Taylor table.
The order of the method is the last power of Ah matched exactly.
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Amplitude and Phase Error

Suppose a A eigenvalue is imaginary. Such can indeed be the case when we study the
equations governing periodic convection which produces harmonic motion. For such
cases it is more meaningful to express the error in terms of amplitude and phase.
Let A\ = iw where w is a real number representing a frequency. Then the numerical
method must produce a principal o-root that is complex and expressible in the form

o = 0, +io; ~ et (6.40)

From this it follows that the local error in amplitude is measured by the deviation of
|o1| from unity, that is

erg=1—|oy| =1—/(01)2 + (01)?

and the local error in phase can be defined as

er, = wh —tan * [(01);/(01),)] (6.41)

Amplitude and phase errors are important measures of the suitability of time-marching
methods for convection and wave propagation phenomena.

The approach to error analysis described in Section 3.5 can be extended to the
combination of a spatial discretization and a time-marching method applied to the
linear convection equation. The principal root, o;(\h), is found using A = —iax*,
where x* is the modified wavenumber of the spatial discretization. Introducing the
Courant number, C, = ah/Azx, we have \h = —iC,xk*Ax. Thus one can obtain
values of the principal root over the range 0 < kAz < 7 for a given value of the
Courant number. The above expression for er, can be normalized to give the error
in the phase speed, as follows

er., tan~" [(c1)i/(01),)]
=—=1 6.42
v wh + CoeAx ( )
where w = —ak. A positive value of er,, corresponds to phase lag (the numerical phase

speed is too small), while a negative value corresponds to phase lead (the numerical
phase speed is too large).

6.6.3 Local Accuracy of the Particular Solution (er),)

The numerical error in the particular solution is found by comparing the particular
solution of the ODE with that for the OAE. We have found these to be given by

1

P.S. . —
©OPE) =4I
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and
Q")
P(e!)

P-S-(OAE) = ae“t .

respectively. For a measure of the local error in the particular solution we introduce
the definition

P.S.(OAE)
=h{ ———m—1 6.43

The multiplication by h converts the error from a global measure to a local one, so
that the order of ery and er, are consistent. In order to determine the leading error
term, Eq. 6.43 can be written in terms of the characteristic and particular polynomials
as

er, = M C_O 3 {(u - )\)Q(e“h) - P(e“h)} (6.44)
where
¢, = lim M
h—0 p(euh)

The value of ¢, is a method-dependent constant that is often equal to one. If the
forcing function is independent of time, p is equal to zero, and for this case, many
numerical methods generate an er, that is also zero.

The algebra involved in finding the order of er, can be quite tedious. However,
this order is quite important in determining the true order of a time-marching method
by the process that has been outlined. An illustration of this is given in the section
on Runge-Kutta methods.

6.6.4 Time Accuracy For Nonlinear Applications

In practice, time-marching methods are usually applied to nonlinear ODFE’s, and it
is necessary that the advertised order of accuracy be valid for the nonlinear cases as
well as for the linear ones. A necessary condition for this to occur is that the local
accuracies of both the transient and the particular solutions be of the same order.
More precisely, a time-marching method is said to be of order k if

ery = cp- (AT (6.45)
er, = cy- (AR)F2H (6.46)
where k= smallest of(ky, k») (6.47)
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The reader should be aware that this is not sufficient. For example, to derive all of
the necessary conditions for the fourth-order Runge-Kutta method presented later
in this chapter the derivation must be performed for a nonlinear ODE. However, the
analysis based on a linear nonhomogeneous ODE produces the appropriate conditions
for the majority of time-marching methods used in CFD.

6.6.5 Global Accuracy

In contrast to the local error measures which have just been discussed, we can also
define global error measures. These are useful when we come to the evaluation of
time-marching methods for specific purposes. This subject is covered in Chapter 8
after our introduction to stability in Chapter 7.

Suppose we wish to compute some time-accurate phenomenon over a fixed interval
of time using a constant time step. We refer to such a computation as an “event”.
Let T be the fixed time of the event and h be the chosen step size. Then the required
number of time steps, is N, given by the relation

T=Nh

Global error in the transient

A natural extension of ery to cover the error in an entire event is given by

Ery= e — (o(Ah)Y (6.48)

Global error in amplitude and phase

If the event is periodic, we are more concerned with the global error in amplitude and
phase. These are given by

Ero—1— ( ()2 + (01)3>N (6.49)

oo (@)

= wT — Ntan™'[(01)i/(o1),] (6.50)

and

Er,
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Global error in the particular solution

Finally, the global error in the particular solution follows naturally by comparing the
solutions to the ODE and the OAE. It can be measured by

Q(e")

)

Er,=(u— )

6.7 Linear Multistep Methods

In the previous sections, we have developed the framework of error analysis for time
advance methods and have randomly introduced a few methods without addressing
motivational, developmental or design issues. In the subsequent sections, we introduce
classes of methods along with their associated error analysis. We shall not spend much
time on development or design of these methods, since most of them have historic
origins from a wide variety of disciplines and applications. The Linear Multistep
Methods (LMM’s) are probably the most natural extension to time marching of the
space differencing schemes introduced in Chapter 3 and can be analyzed for accuracy
or designed using the Taylor table approach of Section 3.4.

6.7.1 The General Formulation
When applied to the nonlinear ODE

du

= u' = F(u,t)

all linear multistep methods can be expressed in the general form

1 1
Z CpUnt+k = h Z ﬂk:Fn—I—k: (651)
=1-

k K k=1-K

where the notation for F'is defined in Section 6.1. The methods are said to be linear
because the o’s and (3’s are independent of v and n, and they are said to be K-step
because K time-levels of data are required to marching the solution one time-step, h.
They are explicit if 51 = 0 and implicit otherwise.

When Eq. 6.51 is applied to the representative equation, Eq. 6.8, and the result is
expressed in operational form, one finds

k=1-K

( 21: OtlcEk) Up = h( 21: ﬁkEk> (Auy, + aet™™) (6.52)
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We recall from Section 6.5.2 that a time-marching method when applied to the repre-
sentative equation must provide a o-root, labeled oy, that approximates e*" through
the order of the method. The condition referred to as consistency simply means that
o — 1 as h — 0, and it is certainly a necessary condition for the accuracy of any
time marching method. We can also agree that, to be of any value in time accuracy,
a method should at least be first-order accurate, that is 0 — (1+ Ah) as h — 0. One
can show that these conditions are met by any method represented by Eq. 6.51 if

Zak:() and Zﬁk:Z(K—f—k—l)Ozk
k k k

Since both sides of Eq. 6.51 can be multiplied by an arbitrary constant, these methods
are often “normalized” by requiring

S B=1
i

Under this condition ¢, = 1 in Eq. 6.44.

6.7.2 Examples

There are many special explicit and implicit forms of linear multistep methods. Two
well-known families of them, referred to as Adams-Bashforth (explicit) and Adams-
Moulton (implicit), can be designed using the Taylor table approach of Section 3.4.
The Adams-Moulton family is obtained from Eq. 6.51 with

a=1, a=-1, a =0, k=-1,-2--- (6.53)

The Adams-Bashforth family has the same a’s with the additional constraint that
B1 = 0. The three-step Adams-Moulton method can be written in the following form

Unt1 = Un + W(Bruy, 4 + Bouy, + Brty,_y + foou;,_y) (6.54)
A Taylor table for Eq. 6.54 can be generated as

Un, h-ul h? - h3 -l Rt -yl
u 1 1 1 1 1
nt1 2 6 21
—Up, —1
—hp 0 b —63 —bh
—hByus, —Bo
—hﬁ—luln_1 -6 B —5—1% 5—1%
—hB_sul_, —(=2)%82 —(-2)'B —(-2)?B2f —(-2)*Bf

Table 6.1. Taylor table for the Adams-Moulton three-step linear multistep method.
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This leads to the linear system

11 1 11[&
2.0 -2 —4 || B

—_ = = =

30 3 12 B | (6.55)
4 0 —4 =32 B2
to solve for the 3’s, resulting in
By =9/24, o =19/24, B4 = —5/24, fo=1/24 (6.56)
which produces a method which is fourth-order accurate.* With 3, = 0 one obtains
T 1 1 Bo 1
0 -2 —4 By | =11 (6.57)
0 3 12 B_s 1
giving
Bo = 23/12, B4 =-16/12, B9 =>5/12 (6.58)

This is the third-order Adams-Bashforth method.

A list of simple methods, some of which are very common in CFD applications,
is given below together with identifying names that are sometimes associated with
them. In the following material AB(n) and AM(n) are used as abbreviations for the
(n)th order Adams-Bashforth and (n)th order Adams-Moulton methods. One can
verify that the Adams type schemes given below satisfy Eqgs. 6.55 and 6.57 up to the
order of the method.

Explicit Methods

Upt1 = Uy + hul, Euler
Upt1l = Up 1+ 2hu, Leapfrog
Upi1 = Uy + %h[?)u;l —u, AB2

Unpr =g+ {5[23u), —16u, | +5u, ,]  AB3

Implicit Methods

Upt1 = Up + huy, Implicit Euler
Upt1 = Up + %h[u; + u;H} Trapezoidal (AM2)
Upy1 = %[4'&” — Up_1 + 2hu%+1] 2nd-order Backward
Upy1 = Up + 1% [5u§1+1 + 8ul — u%fl] AM3

4Recall from Section 6.5.2 that a kth-order time-marching method has a leading truncation error
term which is O(R*+1).
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6.7.3 Two-Step Linear Multistep Methods

High resolution CFD problems usually require very large data sets to store the spatial
information from which the time derivative is calculated. This limits the interest
in multistep methods to about two time levels. The most general two-step linear
multistep method (i.e., K=2 in Eq. 6.51), that is at least first-order accurate, can be
written as

(14 ttng1 = [(1+28)tn — Eun] + h[Oup, + (1= 0+ @)ul, — pu,_, | (6.59)

Clearly the methods are explicit if # = 0 and implicit otherwise. A list of methods
contained in Eq. 6.59 is given in Table 6.2. Notice that the Adams methods have
¢ = 0, which corresponds to a_; = 0 in Eq. 6.51. Methods with £ = —1/2, which
corresponds to ay = 0 in Eq. 6.51, are known as Milne methods.

0 ¢ o Method | Order
0 0 0 | Euler | 1
1 0 0 Implicit Euler 1
1/2 0 0 Trapezoidal or AM2 2
1 1/2 0 2nd Order Backward 2
3/4 0 -1/4 Adams type 2
1/3 —-1/2 -1/3 Lees Type 2
1/2 —-1/2 —-1/2 Two-step trapezoidal 2
5/9 —-1/6 —-2/9 A-contractive 2
0o -1/2 0 Leapfrog 2
0o 0 1/2 AB2 2
0 —-5/6 —1/3 Most accurate explicit 3
1/3 —-1/6 0 Third-order implicit 3
5/12 0 1/12 AM3 3
1/6 —1/2 —1/6 Milne 4

Table 6.2. Some linear one- and two-step methods, see Eq. 6.59.

One can show after a little algebra that both er, and ery are reduced to 0(h?)
(i.e., the methods are 2nd-order accurate) if

1

— 0+ -

p=E8—0+3

The class of all 3rd-order methods is determined by imposing the additional constraint
5

=20— -
¢ 6

Finally a unique fourth-order method is found by setting § = —p = —£/3 = %
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6.8 Predictor-Corrector Methods

There are a wide variety of predictor-corrector schemes created and used for a variety
of purposes. Their use in solving ODFE’s is relatively easy to illustrate and understand.
Their use in solving PDE’s can be much more subtle and demands concepts® which
have no counterpart in the analysis of ODE’s.

Predictor-corrector methods constructed to time-march linear or nonlinear ODE’s
are composed of sequences of linear multistep methods, each of which is referred to
as a family in the solution process. There may be many families in the sequence, and
usually the final family has a higher Taylor-series order of accuracy than the inter-
mediate ones. Their use is motivated by ease of application and increased efficiency,
where measures of efficiency are discussed in the next two chapters.

A simple one-predictor, one-corrector example is given by

Upia = Up—+ ahul
Unir = Up+ h|Bil,,, +yu,] (6.60)
where the parameters «, 3 and 7 are arbitrary parameters to be determined. One
can analyze this sequence by applying it to the representative equation and using
the operational techniques outlined in Section 6.4. It is easy to show, following the
example leading to Eq. 6.26, that
P(E) = E*-[E—1-(y+B)Ah— af\*h?] (6.61)
Q(E) = E“-h-[fE“+ v+ afAh] (6.62)
Considering only local accuracy, one is led, by following the discussion in Section 6.6,

to the following observations. For the method to be second-order accurate both er)
and er, must be O(h?). For this to hold for ery, it is obvious from Eq. 6.61 that

1
y+08=1 ; 04525

which provides two equations for three unknowns. The situation for er, requires some
algebra, but it is not difficult to show using Eq. 6.44 that the same conditions also
make it O(h?). One concludes, therefore, that the predictor-corrector sequence

~ !/
Upta = Up+ ahu,

1 1 20— 1
Uny1 = un+§h[(a>a;+a+( @ >u] (6.63)

«

is a second-order accurate method for any a.

5Such as alternating direction, fractional-step, and hybrid methods.
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A classical predictor-corrector sequence is formed by following an Adams-Bashforth
predictor of any order with an Adams-Moulton corrector having an order one higher.
The order of the combination is then equal to the order of the corrector. If the order
of the corrector is (k), we refer to these as ABM (k) methods. The Adams-Bashforth-
Moulton sequence for k£ = 3 is

1
Upy1r = Up+ §h[3u; — u;_l]
. h ~1 1 1
Upt1 = Up+ D) [5un+1 + 8u,, — Un—1] (6.64)

Some simple, specific, second-order accurate methods are given below. The Gazdag
method, which we discuss in Chapter 8, is

i1 = tn+ %h[sa’n — ]

n—1
o 1 ~r ~/
Upir = Up+ ih[un + unﬂ] (6.65)
The Burstein method, obtained from Eq. 6.63 with o = 1/2 is
Un+1/2 = u, -+ §hun

and, finally, MacCormack’s method, presented earlier in this chapter, is
Upy1 = Uy + hul,
Unir = Sl g+ iy ] (6.67)
Note that MacCormack’s method can also be written as
Upy1 = Up+ hu,
Uer = un+ %h[u’n i) (6.68)

from which it is clear that it is obtained from Eq. 6.63 with a = 1.

6.9 Runge-Kutta Methods

There is a special subset of predictor-corrector methods, referred to as Runge-Kutta
methods,® that produce just one o-root for each A-root such that o(Ah) corresponds

6 Although implicit and multi-step Runge-Kutta methods exist, we will consider only single-step,
explicit Runge-Kutta methods here.
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to the Taylor series expansion of e*” out through the order of the method and then
truncates. Thus for a Runge-Kutta method of order & (up to 4th order), the principal
(and only) o-root is given by

1 1
oc=1+\h+ §A2h2 et E)\’“h’“ (6.69)

It is not particularly difficult to build this property into a method, but, as we pointed
out in Section 6.6.4, it is not sufficient to guarantee k’th order accuracy for the solution
of u' = F(u,t) or for the representative equation. To ensure k’th order accuracy, the
method must further satisfy the constraint that

er, = O(h*) (6.70)

and this is much more difficult.

The most widely publicized Runge-Kutta process is the one that leads to the
fourth-order method. We present it below in some detail. It is usually introduced in
the form

ki = hF(up,t,)

kg = hF(U +ﬁk1,t +Oéh)

kg = hF(’LL + ﬁlkl + ’Ylkg,t + Oélh)

k'4 = hF( + 62k'1 + ’}/QkQ + (52k'3,t + Oégh,)

followed by
U(tn + h,) — U(tn) = ,qu'l + /Lgk'g + /L3k’3 + M4k4 (671)

However, we prefer to present it using predictor-corrector notation. Thus, a scheme
entirely equivalent to 6.71 is

Upia = Up+ Bhul,
Unta, = Up+ Bihu, +yihi,,,
Uptas = Up+ Bohuy, +vhty, ,, + 02hi, .
U1 = Up + pihuy, + pohtn, o\ + pshity, o + pah, (6.72)

Appearing in Eqgs. 6.71 and 6.72 are a total of 13 parameters which are to be
determined such that the method is fourth-order according to the requirements in
Eqgs. 6.69 and 6.70. First of all, the choices for the time samplings, «, aq, and as, are
not arbitrary. They must satisfy the relations

a =
B+
ay = [Bo+ v+ 0o (6.73)

51
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The algebra involved in finding algebraic equations for the remaining 10 parameters
is not trivial, but the equations follow directly from finding P(F) and Q(F) and then
satisfying the conditions in Eqs. 6.69 and 6.70. Using Eq. 6.73 to eliminate the (3’s
we find from Eq. 6.69 the four conditions

| e (e = 1 (1)
Mo X + M3 + jayxes) = 1/2 (2) (6 74)
psay + pa(ys +ardy) = 1/6 (3) '
gy 0o = 1/24 (4)

These four relations guarantee that the five terms in o exactly match the first 5 terms
in the expansion of e’ . To satisfy the condition that er, = O(k®), we have to fulfill
four more conditions

/LQO(2 + /LgOé% + /L40é% = 1/3 (3)
/LQO;’ + /LgOéz{’ + /L40é§ = 1/4 (4) (6 75)
30y + pug(0Pye +03dy) = 1/12 (4) .
MUz yr + ,Uz4C¥2(Oé’)/2 + 04162) = 1/8 (4)

The number in parentheses at the end of each equation indicates the order that
is the basis for the equation. Thus if the first 3 equations in 6.74 and the first
equation in 6.75 are all satisfied, the resulting method would be third-order accurate.
As discussed in Section 6.6.4, the fourth condition in Eq. 6.75 cannot be derived
using the methodology presented here, which is based on a linear nonhomogenous
representative ODE. A more general derivation based on a nonlinear ODE can be
found in several books.”

There are eight equations in 6.74 and 6.75 which must be satisfied by the 10
unknowns. Since the equations are overdetermined, two parameters can be set arbi-
trarily. Several choices for the parameters have been proposed, but the most popular
one is due to Runge. It results in the “standard” fourth-order Runge-Kutta method
expressed in predictor-corrector form as

1

ﬂn_H/Q = U+ §hu;1
_ L,
Un+1 = Up + hfbln_i_l/Q
1 ! ~1 ~1 —
Upt1 = Up+ gh[un + Q(Un+1/2 + Un+1/2) + ’LLn_H] (676)

"The present approach based on a linear inhomogeneous equation provides all of the necessary
conditions for Runge-Kutta methods of up to third order.
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Notice that this represents the simple sequence of conventional linear multistep meth-
ods referred to, respectively, as

Euler Predictor
Euler Corrector
Leapfrog Predictor
Milne Corrector

= RK4

One can easily show that both the Burstein and the MacCormack methods given by
Egs. 6.66 and 6.67 are second-order Runge-Kutta methods, and third-order methods
can be derived from Eqgs. 6.72 by setting 14 = 0 and satisfying only Eqs. 6.74 and the
first equation in 6.75. It is clear that for orders one through four, RK methods of order
k require k evaluations of the derivative function to advance the solution one time
step. We shall discuss the consequences of this in Chapter 8. Higher-order Runge-
Kutta methods can be developed, but they require more derivative evaluations than
their order. For example, a fifth-order method requires six evaluations to advance
the solution one step. In any event, storage requirements reduce the usefulness of
Runge-Kutta methods of order higher than four for CFD applications.

6.10 Implementation of Implicit Methods

We have presented a wide variety of time-marching methods and shown how to derive
their A — o relations. In the next chapter, we will see that these methods can have
widely different properties with respect to stability. This leads to various trade-
offs which must be considered in selecting a method for a specific application. Our
presentation of the time-marching methods in the context of a linear scalar equation
obscures some of the issues involved in implementing an implicit method for systems
of equations and nonlinear equations. These are covered in this Section.

6.10.1 Application to Systems of Equations

Consider first the numerical solution of our representative ODE
u' = \u + aet (6.77)

using the implicit Euler method. Following the steps outlined in Section 6.2, we
obtained

(1 = AR)Upiq — uy = het™ - get™ (6.78)
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Solving for u, gives

1 n
Upy1 = m(un + he! . ger™) (6.79)

This calculation does not seem particularly onerous in comparison with the applica-
tion of an explicit method to this ODE, requiring only an additional division.

Now let us apply the implicit Euler method to our generic system of equations
given by

i = A — f(t) (6.80)

where « and fare vectors and we still assume that A is not a function of @ or . Now
the equivalent to Eq. 6.78 is

—

(I — hA)iy iy — @ = —hf(t + h) (6.81)
or
1 = (I — hA)" i, — hf(t + h)] (6.82)

The inverse is not actually performed, but rather we solve Eq. 6.81 as a linear system
of equations. For our one-dimensional examples, the system of equations which must
be solved is tridiagonal (e.g., for biconvection, A = —aB,(—1,0,1)/2Az), and hence
its solution is inexpensive, but in multidimensions the bandwidth can be very large. In
general, the cost per time step of an implicit method is larger than that of an explicit
method. The primary area of application of implicit methods is in the solution of
stiff ODE’s, as we shall see in Chapter 8.

6.10.2 Application to Nonlinear Equations

Now consider the general nonlinear scalar ODE given by

du
— = F(u,t 6.83
= Fu,) (6.8
Application of the implicit Euler method gives

Upt+1 = Up + h/F(U/rH_l, tn+1) (684)

This is a nonlinear difference equation. As an example, consider the nonlinear ODE

— 4+ -u?=0 (6.85)



112 CHAPTER 6. TIME-MARCHING METHODS FOR ODE’S

solved using implicit Euler time marching, which gives

1
Upy1 + hiui = U (6.86)

which requires a nontrivial method to solve for w,.;. There are several different
approaches one can take to solving this nonlinear difference equation. An iterative
method, such as Newton’s method (see below), can be used. In practice, the “initial
guess” for this nonlinear problem can be quite close to the solution, since the “initial
guess” is simply the solution at the previous time step, which implies that a lineariza-
tion approach may be quite successful. Such an approach is described in the next
Section.

6.10.3 Local Linearization for Scalar Equations
General Development

Let us start the process of local linearization by considering Eq. 6.83. In order to
implement the linearization, we expand F'(u,t) about some reference point in time.
Designate the reference value by ¢, and the corresponding value of the dependent
variable by u,. A Taylor series expansion about these reference quantities gives

F(u,t) = Fl(up,ty)+ <2—5>n(u — uy) + <aa—f>n(t —tp)

+%<637F>(u )t ( SUQ;)(U )t~ )
%<832Tf>n(t_tn)2+m (6.87)

On the other hand, the expansion of u(t) in terms of the independent variable ¢ is

ou 1 o[ 0%u
u(t) _un+(t—tn)<%>n+§(t—tn) <@>n+--- (6.88)
If ¢ is within h of ¢,, both (¢t —t,)* and (u — u,)* are O(h*), and Eq. 6.87 can be

written

F(u,t) = F, + <g—5>n(u — uy) + @—f)n(t —tn) + O(h?) (6.89)
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Notice that this is an expansion of the derivative of the function. Thus, relative to the
order of expansion of the function, it represents a second-order-accurate, locally-linear
approximation to F'(u,t) that is valid in the vicinity of the reference station ¢, and
the corresponding u, = u(t,). With this we obtain the locally (in the neighborhood
of t,) time-linear representation of Eq. 6.83, namely

o _ (Z_f)u . <F _ (Z—f)) . (%—f)n(t _h)+0() (6.90)

Implementation of the Trapezoidal Method

As an example of how such an expansion can be used, consider the mechanics of
applying the trapezoidal method for the time integration of Eq. 6.83. The trapezoidal
method is given by

1

where we write hO(h?) to emphasize that the method is second order accurate. Using
Eq. 6.89 to evaluate F, 1 = F(Upy1,tn11), one finds

1 oOF oOF
npr =t 5h[F" ! (a—>( ~un) h(%) +OR)+ F]

+hO(h?) (6.92)

Note that the O(h?) term within the brackets (which is due to the local linearization)
is multiplied by h and therefore is the same order as the hO(h?) error from the
Trapezoidal Method. The use of local time linearization updated at the end of each
time step, and the trapezoidal time march, combine to make a second-order-accurate
numerical integration process. There are, of course, other second-order implicit time-
marching methods that can be used. The important point to be made here is that
local linearization updated at each time step has not reduced the order of accuracy of
a second-order time-marching process.
A very useful reordering of the terms in Eq. 6.92 results in the expression

1, (9F B 1,(0F

which is now in the delta form which will be formally introduced in Section 12.6. In
many fluid mechanic applications the nonlinear function F' is not an ezplicit function
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of . In such cases the partial derivative of F'(u) with respect to ¢ is zero and Eq. 6.93
simplifies to the second-order accurate expression

oF

l1 - %h(a—uﬂ Auy = hF, (6.94)

Notice that the RHS is extremely simple. It is the product of A~ and the RHS of
the basic equation evaluated at the previous time step. In this example, the basic
equation was the simple scalar equation 6.83, but for our applications, it is generally
the space-differenced form of the steady-state equation of some fluid flow problem.

A numerical time-marching procedure using Eq. 6.94 is usually implemented as
follows:

1. Solve for the elements of hﬁn, store them in an array say }?, and save 1i,.

2. Solve for the elements of the matrix multiplying A, and store in some appro-
priate manner making use of sparseness or bandedness of the matrix if possible.
Let this storage area be referred to as B.

3. Solve the coupled set of linear equations
BAd, =R
for Aii,. (Very seldom does one find B! in carrying out this step).
4. Find i, by adding Aw, to u,, thus
Upy1 = Aty + iy

The solution for i, is generally stored such that it overwrites the value of i,
and the process is repeated.

Implementation of the Implicit Euler Method

We have seen that the first-order implicit Euler method can be written
Up+1 = Up + h,Fn+1 (695)

if we introduce Eq. 6.90 into this method, rearrange terms, and remove the explicit
dependence on time, we arrive at the form

1-1(2) Jwe - 630
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We see that the only difference between the implementation of the trapezoidal method
and the implicit Euler method is the factor of % in the brackets of the left side of
Egs. 6.94 and 6.96. Omission of this factor degrades the method in time accuracy by
one order of h. We shall see later that this method is an excellent choice for steady
problems.

Newton’s Method

Consider the limit A — oo of Eq. 6.96 obtained by dividing both sides by h and
setting 1/h = 0. There results

oF
B <a_u>nm" _F, (6.97)
or
- [(PEY ] E (6.99)
Up+1 = Un ou . n .

This is the well-known Newton method for finding the roots of a nonlinear equation
F(u) = 0. The fact that it has quadratic convergence is verified by a glance at Eqgs.
6.87 and 6.88 (remember the dependence on t has been eliminated for this case). By
quadratic convergence, we mean that the error after a given iteration is proportional
to the square of the error at the previous iteration, where the error is the difference
between the current solution and the converged solution. Quadratic convergence is
thus a very powerful property. Use of a finite value of h in Eq. 6.96 leads to linear
convergence, i.e., the error at a given iteration is some multiple of the error at the
previous iteration. The reader should ponder the meaning of letting h — oo for the
trapezoidal method, given by Eq. 6.94.

6.10.4 Local Linearization for Coupled Sets of Nonlinear Equa-
tions

In order to present this concept, let us consider an example involving some sim-
ple boundary-layer equations. We choose the Falkner-Skan equations from classical
boundary-layer theory. Our task is to apply the implicit trapezoidal method to the

equations
2
CF—f+fCF—f+ﬁ(1—<ﬁ>):0 (6.99)

Here f represents a dimensionless stream function, and [ is a scaling factor.
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First of all we reduce Eq. 6.99 to a set of first-order nonlinear equations by the
transformations

d’f df
= W y U2 = E )
This gives the coupled set of three nonlinear equations
uy = Flz—ulu;),—ﬁ(l—u%)
uy, = Fy=uwu
uy = Fz=uy (6.101)

Uy

uz = f (6.100)

and these can be represented in vector notation as

du = -
i F(u) (6.102)

Now we seek to make the same local expansion that derived Eq. 6.90, except that
this time we are faced with a nonlinear vector function, rather than a simple nonlinear
scalar function. The required extension requires the evaluation of a matrix, called
the Jacobian matrix.® Let us refer to this matrix as A. It is derived from Eq. 6.102
by the following process

For the general case involving a third order matrix this is

i 3F1 3F1 8F1 T
3u1 3u2 8U3
_ | 0F, 0F, OF:
0F; 0F; O0F;

L 8u1 8u2 8U3 J

The expansion of F (ﬁ) about some reference state u, can be expressed in a way
similar to the scalar expansion given by eq 6.87. Omitting the explicit dependency
on the independent variable t, and defining F',, as F(ﬁn), one has *

8Recall that we derived the Jacobian matrices for the two-dimensional Euler equations in Section
2.2

9The Taylor series expansion of a vector contains a vector for the first term, a matrix times a
vector for the second term, and tensor products for the terms of higher order.
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F(i) = Fy+ Au (il — i) + O(h?) (6.105)

where ¢ — t,, and the argument for O(h?) is the same as in the derivation of Eq. 6.88.
Using this we can write the local linearization of Eq. 6.102 as

—

d - -
d—? — Apu+ [Fn . Anun] +O(h?) (6.106)
~— ———
“constant”

which is a locally-linear, second-order-accurate approximation to a set of coupled
nonlinear ordinary differential equations that is valid for ¢ < ¢, + h. Any first- or
second-order time-marching method, explicit or implicit, could be used to integrate
the equations without loss in accuracy with respect to order. The number of times,
and the manner in which, the terms in the Jacobian matrix are updated as the solution
proceeds depends, of course, on the nature of the problem.
Returning to our simple boundary-layer example, which is given by Eq. 6.101, we
find the Jacobian matrix to be
—uz 20uy —u
A= 1 0 0 (6.107)
0 1 0

The student should be able to derive results for this example that are equivalent to
those given for the scalar case in Eq. 6.93. Thus for the Falkner-Skan equations the
trapezoidal method results in

L+ Bus), —ph(u2), B, |1 (2w, ~ (wyuy), — B(1 —ud).
-4 1 0 || (Aug)y |=h (1),

2
We find ﬁnﬂ from Aﬁn + ﬁn, and the solution is now advanced one step. Re-evaluate

the elements using u, 1 and continue. Without any iterating within a step advance,
the solution will be second-order-accurate in time.

6.11 Problems

1. Find an expression for the nth term in the Fibonacci series, which is given
by 1,1,2,3,5,8,... Note that the series can be expressed as the solution to a
difference equation of the form u, 1 = u, + u,_1. What is uos5? (Let the first
term given above be uy.)
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2. The trapezoidal method w,y1 = w, + $h(ul,,, + u},) is used to solve the repre-
sentative ODE.
(a) What is the resulting OAE?
(b) What is its exact solution?
(c) How does the exact steady-state solution of the OAE compare with the
exact steady-state solution of the ODE if y = 07

3. The 2nd-order backward method is given by

1
Uni1 = 3 [4un — Up_1 + 2hu;, 4

(a) Write the OAE for the representative equation. Identify the polynomials
P(F) and Q(F).

(b) Derive the A-o relation. Solve for the o-roots and identify them as principal
or spurious.

(c) Find ery and the first two nonvanishing terms in a Taylor series expansion
of the spurious root.

(d) Perform a o-root trace relative to the unit circle for both diffusion and

convection.

4. Consider the time-marching scheme given by

_ / / I
Upt+1 = Up—1 + ?(U’nJrl + uy, 4+ up, )

(a) Write the OAE for the representative equation. Identify the polynomials
P(F) and Q(F).

(b) Derive the A — o relation.
(c) Find er.
5. Find the difference equation which results from applying the Gazdag predictor-

corrector method (Eq. 6.65) to the representative equation. Find the A-o rela-
tion.

6. Consider the following time-marching method:

rLNLn+1/3 = Uup+ hu'n/?)
Unti/z = Un+ hilyyy3/2
Uni1 = Un+ Ny
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Find the difference equation which results from applying this method to the
representative equation. Find the A-o relation. Find the solution to the differ-
ence equation, including the homogeneous and particular solutions. Find er)
and er,. What order is the homogeneous solution? What order is the particular
solution? Find the particular solution if the forcing term is fixed.

. Write a computer program to solve the one-dimensional linear convection equa-

tion with periodic boundary conditions and @ = 1 on the domain 0 < z < 1.
Use 2nd-order centered differences in space and a grid of 50 points. For the
initial condition, use

u(x,O) _ 670.5[(9370.5)/0]2

with o = 0.08. Use the explicit Euler, 2nd-order Adams-Bashforth (AB2), im-
plicit Euler, trapezoidal, and 4th-order Runge-Kutta methods. For the explicit
Euler and AB2 methods, use a Courant number, ah/Ax, of 0.1; for the other
methods, use a Courant number of unity. Plot the solutions obtained at ¢t = 1
compared to the exact solution (which is identical to the initial condition).

Repeat problem 7 using 4th-order (noncompact) differences in space. Use only
4th-order Runge-Kutta time marching at a Courant number of unity. Show
solutions at £ = 1 and ¢ = 10 compared to the exact solution.

Using the computer program written for problem 7, compute the solution at
t = 1 using 2nd-order centered differences in space coupled with the 4th-order
Runge-Kutta method for grids of 100, 200, and 400 nodes. On a log-log scale,
plot the error given by

M
Z ('LL]‘ u;;:nact)?
j=1 M

where M is the number of grid nodes and u®**“ is the exact solution. Find the

global order of accuracy from the plot.

Using the computer program written for problem 8, repeat problem 9 using
4th-order (noncompact) differences in space.

Write a computer program to solve the one-dimensional linear convection equa-
tion with inflow-outflow boundary conditions and @ = 1 on the domain 0 <
x < 1. Let u(0,t) = sinwt with w = 107. Run until a periodic steady state
is reached which is independent of the initial condition and plot your solution
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compared with the exact solution. Use 2nd-order centered differences in space
with a Ist-order backward difference at the outflow boundary (as in Eq. 3.69)
together with 4th-order Runge-Kutta time marching. Use grids with 100, 200,
and 400 nodes and plot the error vs. the number of grid nodes, as described in
problem 9. Find the global order of accuracy.

Repeat problem 11 using 4th-order (noncompact) centered differences. Use a
third-order forward-biased operator at the inflow boundary (as in Eq. 3.67). At
the last grid node, derive and use a 3rd-order backward operator (using nodes
j—3,7—2,7—1,and j) and at the second last node, use a 3rd-order backward-
biased operator (using nodes j —2, j—1, j, and j+1; see problem 1 in Chapter
3).

Using the approach described in Section 6.6.2, find the phase speed error, er,,
and the amplitude error, er,, for the combination of second-order centered dif-
ferences and 1st, 2nd, 3rd, and 4th-order Runge-Kutta time-marching at a
Courant number of unity. Also plot the phase speed error obtained using exact
integration in time, i.e., that obtained using the spatial discretization alone.
Note that the required o-roots for the various Runge-Kutta methods can be
deduced from Eq. 6.69, without actually deriving the methods. Explain your
results.



Chapter 7

STABILITY OF LINEAR
SYSTEMS

A general definition of stability is neither simple nor universal and depends on the
particular phenomenon being considered. In the case of the nonlinear ODE’s of
interest in fluid dynamics, stability is often discussed in terms of fixed points and
attractors. In these terms a system is said to be stable in a certain domain if, from
within that domain, some norm of its solution is always attracted to the same fixed
point. These are important and interesting concepts, but we do not dwell on them in
this work. Our basic concern is with time-dependent ODE’s and OAE ’s in which the
coefficient matrices are independent of both u and ?; see Section 4.2. We will refer
to such matrices as stationary. Chapters 4 and 6 developed the representative forms
of ODE’s generated from the basic PDE’s by the semidiscrete approach, and then
the OAE’s generated from the representative ODE’s by application of time-marching
methods. These equations are represented by

— = Au— f(t) (7.1)
and
tnt1 = Cup — g, (7.2)

respectively. For a one-step method, the latter form is obtained by applying a time-
marching method to the generic ODE form in a fairly straightforward manner. For
example, the explicit Euler method leads to C' = I + hA, and §, = f| (nh). Methods
involving two or more steps can always be written in the form of Eq. 7.2 by introducing
new dependent variables. Note also that only methods in which the time and space
discretizations are treated separately can be written in an intermediate semi-discrete
form such as Eq. 7.1. The fully-discrete form, Eq. 7.2 and the associated stability

definitions and analysis are applicable to all methods.

123
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7.1 Dependence on the Eigensystem

Our definitions of stability are based entirely on the behavior of the homogeneous
parts of Egs. 7.1 and 7.2. The stability of Eq. 7.1 depends entirely on the eigensys-
tem! of A. The stability of Eq. 7.2 can often also be related to the eigensystem of
its matrix. However, in this case the situation is not quite so simple since, in our
applications to partial differential equations (especially hyperbolic ones), a stability
definition can depend on both the time and space differencing. This is discussed in
Section 7.4. Analysis of these eigensystems has the important added advantage that
it gives an estimate of the rate at which a solution approaches a steady-state if a
system is stable. Consideration will be given to matrices that have both complete
and defective eigensystems, see Section 4.2.3, with a reminder that a complete system
can be arbitrarily close to a defective one, in which case practical applications can
make the properties of the latter appear to dominate.

If A and C are stationary, we can, in theory at least, estimate their fundamental
properties. For example, in Section 4.3.2 we found from our model ODE’s for dif-
fusion and periodic convection what could be expected for the eigenvalue spectrums
of practical physical problems containing these phenomena, see Fig. 4.1. These ex-
pectations are referred to many times in the following analysis of stability properties.
They are important enough to be summarized by the following:

e For diffusion dominated flows the A-eigenvalues tend to lie along the negative
real axis.

e For periodic convection-dominated flows the A-eigenvalues tend to lie along the
imaginary axis.

In many interesting cases, the eigenvalues of the matrices in Eqgs. 7.1 and 7.2
are sufficient to determine the stability. In previous chapters, we designated these
eigenvalues as A, and o, for Egs. 7.1 and 7.2, respectively, and we will find it
convenient to examine the stability of various methods in both the complex A and
complex ¢ planes.

I This is not the case if the coefficient matrix depends on ¢ even if it is linear.
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7.2 Inherent Stability of ODE’s

7.2.1 The Criterion

Here we state the standard stability criterion used for ordinary differential equa-
tions.

For a stationary matrix A, Eq. 7.1 is inherently stable if, when f is (7.3)
constant, u remains bounded as t — oc.

Note that inherent stability depends only on the transient solution of the ODE’s.

7.2.2 Complete Eigensystems

If a matrix has a complete eigensystem, all of its eigenvectors are linearly independent,
and the matrix can be diagonalized by a similarity transformation. In such a case it
follows at once from Eq. 6.27, for example, that the ODE’s are inherently stable if
and only if

R(A\yn) <0 forall m (7.4)

This states that, for inherent stability, all of the A eigenvalues must lie on, or to
the left of, the imaginary axis in the complex )\ plane. Inspecting Fig. 4.1, we see
that this criterion is satisfied for the model ODE’s representing both diffusion and
biconvection. It should be emphasized (as it is an important practical consideration
in convection-dominated systems) that the special case for which A\ = 4 is included
in the domain of stability. In this case it is true that u does not decay as t — oo, but
neither does it grow, so the above condition is met. Finally we note that for ODE’s
with complete eigensystems the eigenvectors play no role in the inherent stability
criterion.

7.2.3 Defective Eigensystems

In order to understand the stability of ODE’s that have defective eigensystems, we
inspect the nature of their solutions in eigenspace. For this we draw on the results in
Sections 4.2.3 and especially on Eqs. 4.18 to 4.19 in that section. In an eigenspace
related to defective systems the form of the representative equation changes from a
single equation to a Jordan block. For example, instead of Eq. 4.45 a typical form of
the homogeneous part might be

u} A Uy
ub | =11 A Uo
ub 1 A [us
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for which one finds the solution
u(t) = ul(O)e’\t
us(t) = [ug(0) + ui(0)t]e
1
Ug(t) = Ug(O) + UQ(O)t + 571:1 (O)tQ 6)‘t (75)

Inspecting this solution, we see that for such cases condition 7.4 must be modified
to the form

R(A\n) <0 forall m (7.6)

since for pure imaginary A, us and uz would grow without bound (linearly or quadrat-
ically) if u2(0) # 0 or u1(0) # 0. Theoretically this condition is sufficient for stability
in the sense of Statement 7.3 since t*e¢~I¢* — 0 as t — oo for all non-zero e. However,
in practical applications the criterion may be worthless since there may be a very
large growth of the polynomial before the exponential “takes over” and brings about
the decay. Furthermore, on a computer such a growth might destroy the solution
process before it could be terminated.

Note that the stability condition 7.6 ezcludes the imaginary axis which tends to be
occupied by the eigenvalues related to biconvection problems. However, condition 7.6
is of little or no practical importance if significant amounts of dissipation are present.

7.3 Numerical Stability of OAE ’s

7.3.1 The Criterion

The OAE companion to Statement 7.3 is

For a stationary matrix C, Eq. 7.2 is numerically stable if, when § is (7.7)
constant, u,, remains bounded as n — oo.

We see that numerical stability depends only on the transient solution of the OAE ’s.
This definition of stability is sometimes referred to as asymptotic or time stability.

As we stated at the beginning of this chapter, stability definitions are not unique.
A definition often used in CFD literature stems from the development of PDE so-
lutions that do not necessarily follow the semidiscrete route. In such cases it is
appropriate to consider simultaneously the effects of both the time and space ap-
proximations. A time-space domain is fixed and stability is defined in terms of what
happens to some norm of the solution within this domain as the mesh intervals go to
zero at some constant ratio. We discuss this point of view in Section 7.4.
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7.3.2 Complete Eigensystems

Consider a set of OAE ’s governed by a complete eigensystem. The stability criterion,
according to the condition set in Eq. 7.7, follows at once from a study of Eq. 6.28
and its companion for multiple o-roots, Eq. 6.36. Clearly, for such systems a time-
marching method is numerically stable if and only if

|(om),] <1 forall m and k& (7.8)

This condition states that, for numerical stability, all of the o eigenvalues (both
principal and spurious, if there are any) must lie on or inside the unit circle in the
complex o-plane.

This definition of stability for OAE ’s is consistent with the stability definition for
ODE’s. Again the sensitive case occurs for the periodic-convection model which places
the “correct” location of the principal o—root precisely on the unit circle where the
solution is only neutrally stable. Further, for a complete eigensystem, the eigenvectors
play no role in the numerical stability assessment.

7.3.3 Defective Eigensystems

The discussion for these systems parallels the discussion for defective ODE’s. Examine
Eq. 6.18 and note its similarity with Eq. 7.5. We see that for defective OAE’s the
required modification to 7.8 is

|(om),| <1 forall m and k (7.9)

since defective systems do not guarantee boundedness for |o| = 1, for example in Eq.
7.5 if |o| = 1 and either uy(0) or u;(0) # 0 we get linear or quadratic growth.

7.4 Time-Space Stability and Convergence of OAE’s

Let us now examine the concept of stability in a different way. In the previous
discussion we considered in some detail the following approach:

1. The PDE’s are converted to ODE’s by approximating the space derivatives on
a finite mesh.

2. Inherent stability of the ODE’s is established by guaranteeing that ®(\) < 0.

3. Time-march methods are developed which guarantee that |o(Ah)| < 1 and this
is taken to be the condition for numerical stability.
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This does guarantee that a stationary system, generated from a PDE on some fized
space mesh, will have a numerical solution that is bounded as t = nh — oc. This
does not guarantee that desirable solutions are generated in the time march process
as both the time and space mesh intervals approach zero.

Now let us define stability in the time-space sense. First construct a finite time-
space domain lying within 0 <z < L and 0 < ¢ < T. Cover this domain with a grid
that is equispaced in both time and space and fix the mesh ratio by the equation?

A
Az

Cn

Next reduce our OAE approximation of the PDE to a two-level (i.e., two time-planes)
formula in the form of Eq. 7.2. The homogeneous part of this formula is

Eq. 7.10 is said to be stable if any bounded initial vector, iy, produces a bounded
solution vector, ,, as the mesh shrinks to zero for a fixed ¢,. This is the classical
definition of stability. It is often referred to as Lax or Lax-Richtmyer stability. Clearly
as the mesh intervals go to zero, the number of time steps, /N, must go to infinity in
order to cover the entire fixed domain, so the criterion in 7.7 is a necessary condition
for this stability criterion.

The significance of this definition of stability arises through Laz’s Theorem, which
states that, if a numerical method is stable (in the sense of Lax) and consistent then
it is convergent. A method is consistent if it produces no error (in the Taylor series
sense) in the limit as the mesh spacing and the time step go to zero (with ¢, fixed, in
the hyperbolic case). This is further discussed in Section 7.8. A method is convergent
if it converges to the exact solution as the mesh spacing and time step go to zero in
this manner.® Clearly, this is an important property.

Applying simple recursion to Eq. 7.10, we find

U, = C"ip

and using vector and matrix p-norms (see Appendix A) and their inequality relations,
we have

[l = ||C || < [IC™[] - [[dol] < |ICI[* - |[do]| (7.11)

2This ratio is appropriate for hyperbolic problems; a different ratio may be needed for parabolic
problems such as the model diffusion equation.

3In the CFD literature, the word converge is used with two entirely different meanings. Here we
refer to a numerical solution converging to the exact solution of the PDE. Later we will refer to the
numerical solution converging to a steady state solution.
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Since the initial data vector is bounded, the solution vector is bounded if
ICll <1 (7.12)

where ||C|| represents any p-norm of C. This is often used as a sufficient condition
for stability.

Now we need to relate the stability definitions given in Eqs. 7.8 and 7.9 with that
given in Eq. 7.12. In Egs. 7.8 and 7.9, stability is related to the spectral radius of
C, i.e., its eigenvalue of maximum magnitude. In Eq. 7.12, stability is related to a
p-norm of C. It is clear that the criteria are the same when the spectral radius is a
true p-norm.

Two facts about the relation between spectral radii and matrix norms are well
known:

1. The spectral radius of a matrix is its L, norm when the matrix is normal, i.e.,
it commutes with its transpose.

2. The spectral radius is the lower bound of all norms.

Furthermore, when C' is normal, the second inequality in Eq. 7.11 becomes an equal-
ity. In this case, Eq. 7.12 becomes both necessary and sufficient for stability. From
these relations we draw two important conclusions about the numerical stability of
methods used to solve PDE’s.

e The stability criteria in Eqs. 7.8 and 7.12 are identical for stationary systems
when the governing matrix is normal. This includes symmetric, asymmetric,
and circulant matrices. These criteria are both necessary and sufficient for
methods that generate such matrices and depend solely upon the eigenvalues of
the matrices.

o If the spectral radius of any governing matrix is greater than one, the method
is unstable by any criterion. Thus for general matrices, the spectral radius
condition is necessary* but not sufficient for stability.

4 Actually the necessary condition is that the spectral radius of C' be less than or equal to 1 +
O(At), but this distinction is not critical for our purposes here.
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7.5 Numerical Stability Concepts in the Complex
o-Plane

7.5.1 o-Root Traces Relative to the Unit Circle

Whether or not the semi-discrete approach was taken to find the differencing approx-
imation of a set of PDE’s, the final difference equations can be represented by

Uny1 = Cun — Gn

Furthermore if C has a complete® eigensystem, the solution to the homogeneous part
can always be expressed as

—

Up = CLOTT1 + *+ + CnOp T + + - + CON T

where the o, are the eigenvalues of C. If the semi-discrete approach is used, we can
find a relation between the o and the A eigenvalues. This serves as a very convenient
guide as to where we might expect the o-roots to lie relative to the unit circle in the
complex o-plane. For this reason we will proceed to trace the locus of the o-roots
as a function of the parameter Ah for the equations modeling diffusion and periodic
convection®.

Locus of the exact trace

Figure 7.1 shows the exact trace of the o-root if it is generated by e representing
either diffusion or biconvection. In both cases the e represents the starting value
where h = 0 and ¢ = 1. For the diffusion model, A\h is real and negative. As the
magnitude of A\h increases, the trace representing the dissipation model heads towards
the origin as Ah =— —o0. On the other hand, for the biconvection model, Ah = iwh
is always imaginary. As the magnitude of wh increases, the trace representing the
biconvection model travels around the circumference of the unit circle, which it never
leaves. We must be careful in interpreting o when it is representing e**. The fact
that it lies on the unit circle means only that the amplitude of the representation is
correct, it tells us nothing of the phase error (see Eq. 6.41). The phase error relates
to the position on the unit circle.

5The subject of defective eigensystems has been addressed. From now on we will omit further
discussion of this special case.

60r, if you like, the parameter h for fixed values of A equal to -1 and 4 for the diffusiion and
biconvection cases, respectively.
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Examples of some methods

Now let us compare the exact o-root traces with some that are produced by actual
time-marching methods. Table 7.1 shows the A-o relations for a variety of methods.
Figures 7.2 and 7.3 illustrate the results produced by various methods when they are
applied to the model ODE’s for diffusion and periodic-convection, Eqs. 4.4 and 4.5.
It is implied that the behavior shown is typical of what will happen if the methods
are applied to diffusion- (or dissipation-) dominated or periodic convection-dominated
problems as well as what does happen in the model cases. Most of the important
possibilities are covered by the illustrations.

1 o—-1—-Xh=0 Explicit Euler
2 02—-2\ho—1=0 Leapfrog

3 o2—(1+3\h)o+ i h=0 AB2

4 0= (1+ZAh)o?+ EBAho — SAL =0 AB3

5 ol1-Ah)—1=0 Implicit Euler
6 o(l— 1)\h) (1 +iAh) =0 Trapezoidal
7 0’(1—2M\h)—30+3=0 2nd O Backward
8 02(1 5 SAh) — (14 $Ah)o + 5 Ak =0 AM3

9 -1 1 BAh + 2Xh%)o + SAR(1+ 2AR) =0 ABM3

10 o3—(1+ 2)\h)02 + 2Xho — AL =0 Gazdag

11 0 —1—Ah—3Xh? =0 RK2

12 0 —1— Ak — IA2h% — IX3h% — LAtht =0 RK4

13 o%(1 — 2\h) — 3 ho — (1 + 1)\h) =0 Milne 4th

Table 7.1. Some A\ — o Relations

a. Explicit Euler Method

Figure 7.2 shows results for the explicit Euler method. When used for dissipation-
dominated cases it is stable for the range -2< Ah <0. (Usually the magnitude of A has
to be estimated and often it is found by trial and error). When used for biconvection
the o- trace falls outside the unit circle for all finite A, and the method has no range
of stability in this case.

b. Leapfrog Method

This is a two-root method, since there are two o’s produced by every A\. When
applied to dissipation dominated problems we see from Fig. 7.2 that the principal
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Figure 7.1: Exact traces of o-roots for model equations.

root is stable for a range of Ah, but the spurious root is not. In fact, the spurious
root starts on the unit circle and falls outside of it for all R(Ah) < 0. However, for
biconvection cases, when A is pure itmaginary, the method is not only stable, but it
also produces a ¢ that falls precisely on the unit circle in the range 0 < wh < 1.
As was pointed out above, this does not mean, that the method is without error.
Although the figure shows that there is a range of wh in which the leapfrog method
produces no error in amplitude, it says nothing about the error in phase. More is said
about this in Chapter 8.

c. Second-Order Adams-Bashforth Method

This is also a two-root method but, unlike the leapfrog scheme, the spurious root
starts at the origin, rather than on the unit circle, see Fig. 7.2. Therefore, there is
a range of real negative A\h for which the method will be stable. The figure shows
that the range ends when A\h < —1.0 since at that point the spurious root leaves the
circle and |o9| becomes greater than one. The situation is quite different when the
A-root is pure imaginary. In that case as wh increases away from zero the spurious
root remains inside the circle and remains stable for a range of wh. However, the
principal root falls outside the unit circle for all wh > 0, and for the biconvection
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Figure 7.2: Traces of o-roots for various methods.

model equation the method is unstable for all A.

d. Trapezoidal Method

The trapezoidal method is a very popular one for reasons that are partially illustrated
in Fig. 7.3. Its o-roots fall on or inside the unit circle for both the dissipating and
the periodic convecting case and, in fact, it is stable for all values of Ah for which
A itself is inherently stable. Just like the leapfrog method it has the capability of
producing only phase error for the periodic convecting case, but there is a major
difference between the two since the trapezoidal method produces no amplitude error
for any wh — not just a limited range between 0 < wh < 1.
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e. Gazdag Method

The Gazdag method was designed to produce low phase error. Since its characteristic
polynomial for ¢ is a cubic (Table 7.1, no. 10), it must have two spurious roots in
addition to the principal one. These are shown in Fig. 7.3. In both the dissipation
and biconvection cases, a spurious root limits the stability. For the dissipating case,
a spurious root leaves the unit circle when Ah < —%, and for the biconvecting case,
when wh > % Note that both spurious roots are located at the origin when A = 0.

f,g. Second- and Fourth-Order Runge-Kutta Methods, RK2 and RK4

Traces of the o-roots for the second- and fourth-order Runge-Kutta methods are
shown in Fig. 7.3. The figures show that both methods are stable for a range of
Ah when Ah is real and negative, but that the range of stability for RK4 is greater,
going almost all the way to -2.8, whereas RK2 is limited to -2. On the other hand for
biconvection RK2 is unstable for all wh, whereas RK4 remains inside the unit circle
for 0 < wh < 2v/2. One can show that the RK4 stability limit is about |Ah| < 2.8 for
all complex Ak for which (1) < 0.

7.5.2 Stability for Small At

It is interesting to pursue the question of stability when the time step size, h, is small
so that accuracy of all the A-roots is of importance. Situations for which this is not
the case are considered in Chapter 8.

Mild instability

All conventional time-marching methods produce a principal root that is very close
to e for small values of A\h. Therefore, on the basis of the principal root, the
stability of a method that is required to resolve a transient solution over a relatively
short time span may be a moot issue. Such cases are typified by the AB2 and RK2
methods when they are applied to a biconvection problem. Figs. 7.2c and 7.3f show
that for both methods the principal root falls outside the unit circle and is unstable
for all wh. However, if the transient solution of interest can be resolved in a limited
number of time steps that are small in the sense of the figure, the error caused by this
instability may be relatively unimportant. If the root had fallen inside the circle the
method would have been declared stable but an error of the same magnitude would
have been committed, just in the opposite direction. For this reason the AB2 and the
RK2 methods have both been used in serious quantitative studies involving periodic
convection. This kind of instability is referred to as mild instability and is not a
serious problem under the circumstances discussed.
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Figure 7.3: Traces of o-roots for various methods (cont’d).
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Catastrophic instability

There is a much more serious stability problem for small A that can be brought about
by the existence of certain types of spurious roots. One of the best illustrations of this
kind of problem stems from a critical study of the most accurate, explicit, two-step,
linear multistep method (see Table 7.1):

U1 = —4tp + 5ty 1 + 2h(2u;, +ul, ) (7.13)

One can show, using the methods given in Section 6.6, that this method is third-
order accurate both in terms of ery and er,, so from an accuracy point of view it is
attractive. However, let us inspect its stability even for very small values of Ah. This
can easily be accomplished by studying its characteristic polynomial when Ah — 0.
From Eq. 7.13 it follows that for Ah = 0, P(E) = E? + 4F — 5. Factoring P(c) =0
we find P(c) = (0 — 1)(o +5) = 0. There are two o-roots; oy, the principal one,
equal to 1, and o9, a spurious one, equal to -5!!

In order to evaluate the consequences of this result, one must understand how
methods with spurious roots work in practice. We know that they are not self start-
ing, and the special procedures chosen to start them initialize the coefficients of the
spurious roots, the ¢, for £ > 1 in Eq. 6.36. If the starting process is well designed
these coefficients are forced to be very small, and if the method is stable, they get
smaller with increasing n. However, if the magnitude of one of the spurious o is
equal to 5, one can see disaster is imminent because (5)!° ~ 107. Even a very small
initial value of ¢,,; is quickly overwhelmed. Such methods are called catastrophically
unstable and are worthless for most, if not all, computations.

Milne and Adams type methods

If we inspect the o-root traces of the multiple root methods in Figs. 7.2 and 7.3, we
find them to be of two types. One type is typified by the leapfrog method. In this
case a spurious root falls on the unit circle when h — 0. The other type is exemplified
by the 2nd-order Adams-Bashforth and Gazdag methods. In this case all spurious
roots fall on the origin when h — 0.

The former type is referred to as a Milne Method. Since at least one spurious root
for a Milne method always starts on the unit circle, the method is likely to become
unstable for some complex A as h proceeds away from zero. On the basis of a Taylor
series expansion, however, these methods are generally the most accurate insofar as
they minimize the coefficient in the leading term for er;.

The latter type is referred to as an Adams Method. Since for these methods
all spurious methods start at the origin for A = 0, they have a guaranteed range of
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stability for small enough h. However, on the basis of the magnitude of the coefficient
in the leading Taylor series error term, they suffer, relatively speaking, from accuracy.

For a given amount of computational work, the order of accuracy of the two
types is generally equivalent, and stability requirements in CFD applications generally
override the (usually small) increase in accuracy provided by a coefficient with lower
magnitude.

7.6 Numerical Stability Concepts in the Complex
Ah Plane

7.6.1 Stability for Large h.

The reason to study stability for small values of h is fairly easy to comprehend.
Presumably we are seeking to resolve some transient and, since the accuracy of the
transient solution for all of our methods depends on the smallness of the time-step,
we seek to make the size of this step as small as possible. On the other hand, the
cost of the computation generally depends on the number of steps taken to compute
a solution, and to minimize this we wish to make the step size as large as possible.
In the compromise, stability can play a part. Aside from ruling out catastrophically
unstable methods, however, the situation in which all of the transient terms are
resolved constitutes a rather minor role in stability considerations.

By far the most important aspect of numerical stability occurs under conditions
when:

e One has inherently stable, coupled systems with A-eigenvalues having widely
separated magnitudes.

or

e We seek only to find a steady-state solution using a path that includes the
unwanted transient.

In both of these cases there exist in the eigensystems relatively large values of
|Ah| associated with eigenvectors that we wish to drive through the solution process
without any regard for their individual accuracy in eigenspace. This situation is
the major motivation for the study of numerical stability. It leads to the subject of
stiffness discussed in the next chapter.
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7.6.2 Unconditional Stability, A-Stable Methods

Inherent stability of a set of ODE’s was defined in Section 7.2 and, for coupled sets
with a complete eigensystem, it amounted to the requirement that the real parts of all
A eigenvalues must lie on, or to the left of, the imaginary axis in the complex A plane.
This serves as an excellent reference frame to discuss and define the general stability
features of time-marching methods. For example, we start with the definition:

A numerical method is unconditionally stable if it is stable for all ODE’s
that are inherently stable.

A method with this property is said to be A-stable. A method is A,-stable if
the region of stability contains the negative real axis in the complex Ah plane, and
I-stable if it contains the entire imaginary axis. By applying a fairly simple test for
A-stability in terms of positive real functions to the class of two-step LMM’s given in
Section 6.59, one finds these methods to be A-stable if and only if

0>+ % (7.14)

1
£2—3 (7.15)

1
E<b+p—3 (7.16)

A set of A-stable implicit methods is shown in Table 7.2.

60 3 v | Method | Order
1 0 0 | Implicit Euler | 1
1/2 0 0 Trapezoidal 2
1 1/2 0 2nd O Backward 2
3/4 0 —1/4 Adams type 2
1/3 -1/2 -1/3 Lees 2
1/2 -1/2 -1/2 Two-step trapezoidal 2
5/8 —1/6 —2/9 A-contractive 2
Table 7.2. Some unconditionally stable (A-stable) implicit methods.

Notice that none of these methods has an accuracy higher than second-order. It can
be proved that the order of an A-stable LMM cannot exceed two, and, furthermore
that of all 2nd-order, A-stable methods the trapezoidal method has the smallest
truncation error.
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Returning to the stability test using positive real functions one can show that a
two-step LMM is A,-stable if and only if

0> ¢+ % (7.17)
1

£> (7.18)

0<0—¢ (7.19)

For first-order accuracy, the inequalities 7.17 to 7.19 are less stringent than 7.14 to
7.16. For second-order accuracy, however, the parameters (6, &, ) are related by the
condition

1
= —0 —
p=E& +2

and the two sets of inequalities reduce to the same set which is

£<2-1 (7.20)
£> -2 (7.21)

Hence, two-step, second-order accurate LMM’s that are A-stable and A,-stable share
the same (¢, &, ) parameter space. Although the order of accuracy of an A-stable
method cannot exceed two, A,-stable LMM methods exist which have an accuracy of
arbitrarily high order.

It has been shown that for a method to be I-stable it must also be A-stable.
Therefore, no further discussion is necessary for the special case of I-stability.

It is not difficult to prove that methods having a characteristic polynomial for
which the coefficient of the highest order term in E is unity’ can never be uncondi-
tionally stable. This includes all explicit methods and predictor-corrector methods
made up of explicit sequences. Such methods are referred to, therefore, as condition-
ally stable methods.

7.6.3 Stability Contours in the Complex Ah Plane.

A very convenient way to present the stability properties of a time-marching method
is to plot the locus of the complex Ah for which |o| = 1, such that the resulting
contour goes through the point Ah = 0. Here |o| refers to the maximum absolute
value of any o, principal or spurious, that is a root to the characteristic polynomial for

7Or can be made equal to unity by a trivial normalization (division by a constant independent of
Ah). The proof follows from the fact that the coefficients of such a polynomial are sums of various
combinations of products of all its roots.
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Figure 7.4: Stability Contours for the #-method.

a given \h. It follows from Section 7.3 that on one side of this contour the numerical
method is stable while on the other, it is unstable. We refer to it, therefore, as a
stability contour.

Typical stability contours for both explicit and implicit methods are illustrated in
Fig. 7.4, which is derived from the one-root §-method given in Section 6.5.4.

Contours for explicit methods

Fig. 7.4a shows the stability contour for the explicit Euler method. In the following
two ways it is typical of all stability contours for explicit methods:

1. The contour encloses a finite portion of the left-half complex AA-plane.

2. The region of stability is inside the boundary, and therefore, it is conditional.

However, this method includes no part of the imaginary axis (except for the origin)
and so it is unstable for the model biconvection problem. Although several explicit
methods share this deficiency (e.g., AB2, RK2), several others do not (e.g., leapfrog,
Gazdag, RK3, RK4), see Figs. 7.5 and 7.6. Notice in particular that the third- and
fourth-order Runge-Kutta methods, Fig. 7.6, include a portion of the imaginary axis
out to £1.95 and +2+/2i, respectively.

Contours for unconditionally stable implicit methods

Fig. 7.4c shows the stability contour for the implicit Euler method. It is typical of
many stability contours for unconditionally stable implicit methods. Notice that the
method is stable for the entire range of complex Ah that fall outside the boundary.
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Figure 7.6: Stability Contours for Runge-Kutta methods.



142 CHAPTER 7. STABILITY OF LINEAR SYSTEMS

A
I (Ah) _ I (Ah) _
Stable Outside Stable Outside

Unstable

Unstable

' \ \ \ I |
1.0 2.0 3.0 4.0 R()\h) 1.0 2.0 R(A)

a) 2nd Order Backward Inplicit b) Adans Type

Figure 7.7: Stability Contours for the 2 unconditionally stable implicit methods.

This means that the method is numerically stable even when the ODE’s that it is
being used to integrate are inherently unstable. Some other implicit unconditionally
stable methods with the same property are shown in Fig. 7.7. In all of these cases
the imaginary axis is part of the stable region.

Not all unconditionally stable methods are stable in some regions where the ODE’s
they are integrating are inherently unstable. The classic example of a method that
is stable only when the generating ODE’s are themselves inherently stable is the
trapezoidal method, i.e., the special case of the #-method for which 6 = % The
stability boundary for this case is shown in Fig. 7.4b. The boundary is the imaginary
axis and the numerical method is stable for Ak lying on or to the left of this axis.

Two other methods that have this property are the two-step trapezoidal method
Un+1 = Up—1 + h(u;Hl + u;_l)

and a method due to Lees

2
Upt1 = Up_1 + gh(%ﬂ + u,, + u;_l)

Notice that both of these methods are of the Milne type.

Contours for conditionally stable implicit methods

Just because a method is implicit does not mean that it is unconditionally stable.
Two illustrations of this are shown in Fig. 7.8. One of these is the Adams-Moulton
3rd-order method (no. 8, Table 7.1). Another is the 4th-order Milne method given
by the point operator

1
Un+1 = Up—1 + gh(u;hq + 4u), + u'n_l)

and shown in Table 7.1 as no. 13. It is stable only for A = +iw when 0 < w < V3.
Its stability boundary is very similar to that for the leapfrog method (see Fig. 7.5b).
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Figure 7.8: Stability Contours for the 2 conditionally stable implicit methods.

7.7 Fourier Stability Analysis

By far the most popular form of stability analysis for numerical schemes is the Fourier
or von Neumann approach. This analysis is usually carried out on point operators and
it does not depend on an intermediate stage of ODE’s. Strictly speaking it applies
only to difference approximations of PDE’s that produce OAE’s which are linear,
have no space or time varying coefficients, and have periodic boundary conditions.®
In practical application it is often used as a guide for estimating the worthiness of
a method for more general problems. It serves as a fairly reliable necessary stability
condition, but it is by no means a sufficient one.

7.7.1 The Basic Procedure

One takes data from a “typical” point in the flow field and uses this as constant
throughout time and space according to the assumptions given above. Then one
imposes a spatial harmonic as an initial value on the mesh and asks the question:
Will its amplitude grow or decay in time? The answer is determined by finding the
conditions under which

u(z,t) = e - e* (7.22)

is a solution to the difference equation, where k is real and kAz lies in the range

0 < kAz < 7. Since, for the general term,
(n+£) — ea(t—f—ZAt) . ein(m—l—mAm) — eaKAt . einmAz . ’U,(n)

Ujtm J

8 Another way of viewing this is to consider it as an initial value problem on an infinite space
domain.
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the quantity ug-”)

expressions, we find the term e

is common to every term and can be factored out. In the remaining
aAt which we represent by o, thus:

o= alAt

n
Then, since e = (e”‘At) = o™, it is clear that

For numerical stability |o| <1 (7.23)

and the problem is to solve for the ¢’s produced by any given method and, as a
necessary condition for stability, make sure that, in the worst possible combination
of parameters, condition 7.23 is satisfied®.

7.7.2 Some Examples

The procedure can best be explained by examples. Consider as a first example the
finite difference approximation to the model diffusion equation known as Richardson’s

method of overlapping steps. This was mentioned in Section 4.1 and given as Eq.
4.1:

n+1 n—1 2At n n n

Substitution of Eq. 7.22 into Eq. 7.24 gives the relation

2At /. '
o= O_—l Vsz <emAa: — 924 6—mA$)
or
4v At
2 _
o +\[ A2 (1 — cos nAx)]Jo —1=0 (7.25)
2b

Thus Eq. 7.22 is a solution of Eq. 7.24 if ¢ is a root of Eq. 7.25. The two roots of

7.25 are
01,2 = —b+ \/b2+1

from which it is clear that one |o| is always > 1. We find, therefore, that by the
Fourier stability test, Richardson’s method of overlapping steps is unstable for all v,
k and At.

9Tf boundedness is required in a finite time domain, the condition is often presented as |o| <
1+ O(Ad).
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As another example consider the finite-difference approximation for the model
biconvection equation

(nt1) _ () GAL )y )
In this case A
t

azl—aA—x-i-sin/@AaE

from which it is clear that |o| > 1 for all nonzero a and k. Thus we have another
finite-difference approximation that, by the Fourier stability test, is unstable for any
choice of the free parameters.

7.7.3 Relation to Circulant Matrices

The underlying assumption in a Fourier stability analysis is that the C' matrix, deter-
mined when the differencing scheme is put in the form of Eq. 7.2, is circulant. Such
being the case, the e*** in Eq. 7.22 represents an eigenvector of the system, and the
two examples just presented outline a simple procedure for finding the eigenvalues of
the circulant matrices formed by application of the two methods to the model prob-
lems. The choice of o for the stability parameter in the Fourier analysis, therefore,
is not an accident. It is exactly the same o we have been using in all of our previous
discussions, but arrived at from a different perspective.

If we examine the preceding examples from the viewpoint of circulant matrices
and the semi-discrete approach, the results present rather obvious conclusions. The
space differencing in Richardson’s method produces the matrix s - B,(1,—2,1) where
s is a positive scalar coefficient. From Appendix B we find that the eigenvalues of this
matrix are real negative numbers. Clearly, the time-marching is being carried out by
the leapfrog method and, from Fig. 7.5, this method is unstable for all eigenvalues with
negative real parts. On the other hand, the space matrix in Eq. 7.26 is B,(—1,0,1),
and according to Appendix B, this matrix has pure imaginary eigenvalues. However,
in this case the explicit Euler method is being used for the time-march and, according
to Fig. 7.4, this method is always unstable for such conditions.

7.8 Consistency
Consider the model equation for diffusion analysis

ou 0%u
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Many years before computers became available (1910, in fact), Lewis F. Richardson
proposed a method for integrating equations of this type. We presented his method
in Eq. 4.2 and analyzed its stability by the Fourier method in Section 7.7.

In Richardson’s time, the concept of numerical instability was not known. How-
ever, the concept is quite clear today and we now know immediately that his approach
would be unstable. As a semi-discrete method it can be expressed in matrix notation
as the system of ODE’s:

du v - -

i A—:c?B(l’ -2, 1)u + (bc) (7.28)
with the leapfrog method used for the time march. Our analysis in this Chapter
revealed that this is numerically unstable since the A-roots of B(1,-2,1) are all real
and negative and the spurious o-root in the leapfrog method is unstable for all such
cases, see Fig. 7.5b.

The method was used by Richardson for weather prediction, and this fact can
now be a source of some levity. In all probability, however, the hand calculations (the
only approach available at the time) were not carried far enough to exhibit strange
phenomena. We could, of course, use the 2nd-order Runge-Kutta method to integrate
Eq. 7.28 since it is stable for real negative A’s. It is, however, conditionally stable
and for this case we are rather severely limited in time step size by the requirement
At < Ax?/(2v).

There are many ways to manipulate the numerical stability of algorithms. One of
them is to introduce mixed time and space differencing, a possibility we have not yet
considered. For example, we introduced the DuFort-Frankel method in Chapter 4:

(n+1) (n—1)
u"t = ug-"*l) + 22—?; ul™ — 2 (uj R ) + u§"+)1

= 2

in which the central term in the space derivative in Eq. 4.2 has been replaced by its
average value at two different time levels. Now let

2UAL
Az?

(7.29)

o =

and rearrange terms

(1+ a)ug-nﬂ) =(1- a)ug-nfl) + oz[ug-@l + uﬁ)l

There is no obvious ODE between the basic PDE and this final OAE. Hence, there
is no intermediate A-root structure to inspect. Instead one proceeds immediately to
the o-roots.
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The simplest way to carry this out is by means of the Fourier stability analysis
introduced in Section 7.7. This leads at once to

(1+a)o=(1—-a)c '+ a(ei"Aw n 6—inAz)

or
(14 a)o? — 2ao cos(kAz) — (1 —a) =0

The solution of the quadratic is

acos kAz + V1 — a?sin® kAx

1+«

o =

There are 2M o-roots all of which are < 1 for any real « in the range 0 < o < oo.
This means that the method is unconditionally stable!

The above result seems too good to be true, since we have found an unconditionally
stable method using an ezplicit combination of Lagrangian interpolation polynomials.

The price we have paid for this is the loss of con-
sistency with the original PDE.

To prove this, we expand the terms in Eq. 7.29 in a Taylor series and reconstruct
the partial differential equation we are actually solving as the mesh size becomes very
small. For the time derivative we have

1 n e o1 i
Q—At[u; +1) _ u§ 1)] = (8tu)§. ) 4 gAt2(atttU)§- ) 4.

and for the mixed time and space differences

(n) (n+1) (n—1) (n) 2
Uiy — U —Uu; + u; n At n
o e (2 G +
L2 (n)
1 At\? n

Replace the terms in Eq. 7.29 with the above expansions and take the limit as
At , Az — 0. We find

ou _ u 5 0%u

o o o

(7.31)
where
At
7‘ = —

Ax
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Eq. 7.27 is parabolic. Eq. 7.31 is hyperbolic. Thus if At — 0 and Az — 0 in such
a way that ﬁ—; remains constant, the equation we actually solve by the method in
Eq. 7.29 is a wave equation, not a diffusion equation. In such a case Fq. 7.29 is not
uniformly consistent with the equation we set out to solve even for vanishingly small
step sizes. The situation is summarized in Table 7.3. If At — 0 and Az — 0 in such
a way that AA—; remains constant, then r? is O(At), and the method is consistent.
However, this leads to a constraint on the time step which is just as severe as that
imposed by the stability condition of the second-order Runge-Kutta method shown

in the table.

2nd-order Runge-Kutta DuFort—Frankel
For Stability
At < A2 At < 0o
Conditionally Stable Unconditionally Stable
For Consistency
Uniformly Consistent Conditionally Consistent,
with Approximates % = 1/%
%—;‘ = 1/% only if
at)?
V(A_J:) <e€
Therefore
At < Ax\/%

Table 7.3: Summary of accuracy and consistency conditions for RK2 and
Du Fort-Frankel methods. € = an arbitrary error bound.

7.9 Problems

1. Consider the ODE
du
!
= — = A
U o u—+ f
with

—-10 -0.1 —-0.1 —1
A= 1 -1 1|, f=| o
10 1 -1 0
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(a) Find the eigenvalues of A using a numerical package. What is the steady-
state solution? How does the ODE solution behave in time?

(b) Write a code to integrate from the initial condition »(0) = [1,1,1]7 from
time ¢ = 0 using the explicit Euler, implicit Euler, and MacCormack meth-
ods. In all three cases, use h = 0.1 for 1000 time steps, h = 0.2 for 500
time steps, h = 0.4 for 250 time steps and A = 1.0 for 100 time steps.
Compare the computed solution with the exact steady solution.

(c) Using the A-o relations for these three methods, what are the expected
bounds on A for stability? Are your results consistent with these bounds?

2. (a) Compute a table of the numerical values of the o-roots of the 2nd-order
Adams-Bashforth method when A = 4. Take h in intervals of 0.05 from 0
to 0.80 and compute the absolute values of the roots to at least 6 places.

(b) Plot the trace of the roots in the complex o-plane and draw the unit circle
on the same plot.

(c) Repeat the above for the RK2 method.

3. When applied to the linear convection equation, the widely known Lax—Wendroff
method gives:

1 1
SCn(ufy, —uf 1)+ ECfL(u?H —2uf +uj )

n+l
9 J j—1

Uj

where C,,, known as the Courant (or CFL) number, is ah/Az. Using Fourier
stability analysis, find the range of C), for which the method is stable.

4. Determine and plot the stability contours for the Adams-Bashforth methods of
order 1 through 4. Compare with the Runge-Kutta methods of order 1 through
4.

5. Recall the compact centered 3-point approximation for a first derivative:

3
(6zu)j—1 + 4(0u); + (0pu)j11 = A—x(uﬂ-l — uj-1)

By replacing the spatial index j by the temporal index n, obtain a time-marching
method using this formula. What order is the method? Is it explicit or implicit?
Is it a two-step LMM? If so, to what values of £, 0, and ¢ (in Eq. 6.59) does it
correspond? Derive the A-o relation for the method. Is it A-stable, A,-stable,
or I-stable?
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. Write the ODE system obtained by applying the 2nd-order centered difference

approximation to the spatial derivative in the model diffusion equation with
periodic boundary conditions. Using Appendix B.4, find the eigenvalues of the
spatial operator matrix. Given that the A\-o relation for the 2nd-order Adams-
Bashforth method is

0? — (14 3\h/2)o + A\h/2 =0

show that the maximum stable value of |Ah| for real negative ), i.e., the point
where the stability contour intersects the negative real axis, is obtained with
Ah = —1. Using the eigenvalues of the spatial operator matrix, find the maxi-
mum stable time step for the combination of 2nd-order centered differences and
the 2nd-order Adams-Bashforth method applied to the model diffusion equa-
tion. Repeat using Fourier analysis.

Consider the following PDE:

Ou _ 0%
ot 'ox?

where 7 = /—1. Which explicit time-marching methods would be suitable for
integrating this PDE, if 2nd-order centered differencing is used for the spa-
tial differences and the boundary conditions are periodic? Find the stability
condition for one of these methods.

Using Fourier analysis, analyze the stability of first-order backward differenc-
ing coupled with explicit Euler time marching applied to the linear convection
equation with positive a. Find the maximum Courant number for stability.

Consider the linear convection with a positive wave speed as in problem 8. Apply
a Dirichlet boundary condition at the left boundary. No boundary condition is
permitted at the right boundary. Write the system of ODE’s which results from
first-order backward spatial differencing in matrix-vector form. Using Appendix
B.1, find the A-eigenvalues. Write the OAE which results from the application
of explicit Euler time marching in matrix-vector form, i.e.,

Upy1 = Cun — Gn

Write C' in banded matrix notation and give the entries of g. Using the A-
o relation for the explicit Euler method, find the o-eigenvalues. Based on
these, what is the maximum Courant number allowed for asymptotic stability?
Explain why this differs from the answer to problem 8. Hint: is C' normal?



Chapter 8

CHOICE OF TIME-MARCHING
METHODS

In this chapter we discuss considerations involved in selecting a time-marching method
for a specific application. Examples are given showing how time-marching methods
can be compared in a given context. An important concept underlying much of this
discussion is stiffness, which is defined in the next section.

8.1 Stiffness Definition for ODE’s

8.1.1 Relation to A-Eigenvalues

The introduction of the concept referred to as “stiffness” comes about from the nu-
merical analysis of mathematical models constructed to simulate dynamic phenom-
ena containing widely different time scales. Definitions given in the literature are
not unique, but fortunately we now have the background material to construct a
definition which is entirely sufficient for our purposes.

We start with the assumption that our CFD problem is modeled with sufficient
accuracy by a coupled set of ODE’s producing an A matrix typified by Eq. 7.1.
Any definition of stiffness requires a coupled system with at least two eigenvalues,
and the decision to use some numerical time-marching or iterative method to solve
it. The difference between the dynamic scales in physical space is represented by
the difference in the magnitude of the eigenvalues in eigenspace. In the following
discussion we concentrate on the transient part of the solution. The forcing function
may also be time varying in which case it would also have a time scale. However,
we assume that this scale would be adequately resolved by the chosen time-marching
method, and, since this part of the ODE has no effect on the numerical stability of
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Figure 8.1: Stable and accurate regions for the explicit Euler method.

the homogeneous part, we exclude the forcing function from further discussion in this
section.

Consider now the form of the exact solution of a system of ODE’s with a com-
plete eigensystem. This is given by Eq. 6.27 and its solution using a one-root, time-
marching method is represented by Eq. 6.28. For a given time step, the time integra-
tion is an approximation in eigenspace that is different for every eigenvector Z,,. In
many numerical applications the eigenvectors associated with the small |\,,| are well
resolved and those associated with the large |\,,| are resolved much less accurately,
if at all. The situation is represented in the complex Ah plane in Fig. 8.1. In this
figure the time step has been chosen so that time accuracy is given to the eigenvectors
associated with the eigenvalues lying in the small circle and stability without time
accuracy is given to those associated with the eigenvalues lying outside of the small
circle but still inside the large circle.

The whole concept of stiffness in CFD arises from the fact that we often do
not need the time resolution of eigenvectors associated with the large |\,,| in
the transient solution, although these eigenvectors must remain coupled into
the system to maintain a high accuracy of the spatial resolution.
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8.1.2 Driving and Parasitic Eigenvalues

For the above reason it is convenient to subdivide the transient solution into two
parts. First we order the eigenvalues by their magnitudes, thus

Al < Aol < < ] (8.1)
Then we write
Transient P At M N
Solution mZ:1 Cm€™" T+ m:Zp+1 Cm€™ T (8.2)
Driving Paré;itic

This concept is crucial to our discussion. Rephrased, it states that we can separate
our eigenvalue spectrum into two groups; one [A; — A,] called the driving eigenvalues
(our choice of a time-step and marching method must accurately approximate the time
variation of the eigenvectors associated with these), and the other, [A,11 — Ap], called
the parasitic eigenvalues (no time accuracy whatsoever is required for the eigenvectors
associated with these, but their presence must not contaminate the accuracy of the
complete solution). Unfortunately, we find that, although time accuracy requirements
are dictated by the driving eigenvalues, numerical stability requirements are dictated
by the parasitic ones.

8.1.3 Stiffness Classifications

The following definitions are somewhat useful. An inherently stable set of ODE’s is
stiff if
Ap| < [Aw]
In particular we define the ratio
Cr = [Aul/ 1Nl
and form the categories
Mildly-stiff C. <10?
Strongly-stiff 103< C, <10°
Extremely-stiff 106 < C, < 108
Pathologically-stiff 10° < C,

It should be mentioned that the gaps in the stiff category definitions are intentional

because the bounds are arbitrary. It is important to notice that these definitions
make no distinction between real, complex, and imaginary eigenvalues.
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8.2 Relation of Stiffness to Space Mesh Size

Many flow fields are characterized by a few regions having high spatial gradients of
the dependent variables and other domains having relatively low gradient phenomena.
As a result it is quite common to cluster mesh points in certain regions of space and
spread them out otherwise. Examples of where this clustering might occur are at a
shock wave, near an airfoil leading or trailing edge, and in a boundary layer.

One quickly finds that this grid clustering can strongly affect the eigensystem of
the resulting A matrix. In order to demonstrate this, let us examine the eigensystems
of the model problems given in Section 4.3.2. The simplest example to discuss relates
to the model diffusion equation. In this case the eigenvalues are all real, negative
numbers that automatically obey the ordering given in Eq. 8.1. Consider the case
when all of the eigenvalues are parasitic, i.e., we are interested only in the converged
steady-state solution. Under these conditions, the stiffness is determined by the ratio
Anr/A1. A simple calculation shows that

N ey . N_<4_V><H>2__V
A2 bar ) T \aZ)\ 2 ) T

\ v, <7r> 4v
~N——s sin’ (=) =——=
M= A2 2 Az?
and the ratio is )
4 M+1
Aar/ M A s = 4 ( )
m/h Ax? T

The most important information found from this example is the fact that the
stiffness of the transient solution is directly related to the grid spacing. Furthermore,
in diffusion problems this stiffness is proportional to the reciprocal of the space mesh
size squared. For a mesh size M = 40, this ratio is about 680. Even for a mesh of
this moderate size the problem is already approaching the category of strongly stiff.

For the biconvection model a similar analysis shows that

1
A M|~ —
Al /1] = 5

Here the stiffness parameter is still space-mesh dependent, but much less so than for
diffusion-dominated problems.

We see that in both cases we are faced with the rather annoying fact that the more
we try to increase the resolution of our spatial gradients, the stiffer our equations tend
to become. Typical CFD problems without chemistry vary between the mildly and
strongly stiff categories, and are greatly affected by the resolution of a boundary layer
since it is a diffusion process. Our brief analysis has been limited to equispaced
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problems, but in general the stiffness of CFD problems is proportional to the mesh
intervals in the manner shown above where the critical interval is the smallest one in
the physical domain.

8.3 Practical Considerations for Comparing Meth-
ods

We have presented relatively simple and reliable measures of stability and both the
local and global accuracy of time-marching methods. Since there are an endless
number of these methods to choose from, one can wonder how this information is
to be used to pick a “best” choice for a particular problem. There is no unique
answer to such a question. For example, it is, among other things, highly dependent
upon the speed, capacity, and architecture of the available computer, and technology
influencing this is undergoing rapid and dramatic changes as this is being written.
Nevertheless, if certain ground rules are agreed upon, relevant conclusions can be
reached. Let us now examine some ground rules that might be appropriate. It should
then be clear how the analysis can be extended to other cases.

Let us consider the problem of measuring the efficiency of a time-marching method
for computing, over a fixed interval of time, an accurate transient solution of a coupled
set of ODE’s. The length of the time interval, 7', and the accuracy required of the
solution are dictated by the physics of the particular problem involved. For example,
in calculating the amount of turbulence in a homogeneous flow, the time interval
would be that required to extract a reliable statistical sample, and the accuracy
would be related to how much the energy of certain harmonics would be permitted
to distort from a given level. Such a computation we refer to as an event.

The appropriate error measures to be used in comparing methods for calculating
an event are the global ones, Er,, Er), and Er,, discussed in Section 6.6.5, rather
than the local ones ery, er,, and er, discussed earlier.

The actual form of the coupled ODE’s that are produced by the semi-discrete

approach is
2—? = F(u,t)
At every time step we must evaluate the function F (ﬁ, t) at least once. This function
is usually nonlinear, and its computation usually consumes the major portion of the
computer time required to make the simulation. We refer to a single calculation of the
vector F'(u,t) as a function evaluation and denote the total number of such evaluations
by F,.
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8.4 Comparing the Efficiency of Explicit Methods

8.4.1 Imposed Constraints

As mentioned above, the efficiency of methods can be compared only if one accepts a
set of limiting constraints within which the comparisons are carried out. The follow
assumptions bound the considerations made in this Section:

1. The time-march method is explicit.

2. Implications of computer storage capacity and access time are ignored. In some
contexts, this can be an important consideration.

3. The calculation is to be time-accurate, must simulate an entire event which
takes a total time 7', and must use a constant time step size, h, so that

T=Nh

where N is the total number of time steps.

8.4.2 An Example Involving Diffusion

Let the event be the numerical solution of

du
o7 8.3
from t = 0 to T'= —In(0.25) with u(0) = 1. Eq. 8.3 is obtained from our representa-
tive ODE with A = —1, a = 0. Since the exact solution is u(t) = u(0)e™*, this makes
the exact value of u at the end of the event equal to 0.25, i.e., u(T) = 0.25. To the
constraints imposed above, let us set the additional requirement

e The error in u at the end of the event, i.e., the global error, must be < 0.5%.

We judge the most efficient method as the one that satisfies these conditions and
has the fewest number of evaluations, F,,. Three methods are compared — explicit
Euler, AB2, and RK4.

First of all, the allowable error constraint means that the global error in the am-
plitude, see Eq. 6.48, must have the property:

ET/\

< 0.005
AT
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Then, since h =T/N = —1n(0.25)/N, it follows that
|1 = (o1(In(.25)/N))" /25| < 0.005

where o4 is found from the characteristic polynomials given in Table 7.1. The results
shown in Table 8.1 were computed using a simple iterative procedure.

Method N h o1 F,, Ery
Euler 193 .00718 .99282 193 .001248 worst
AB2 16 .0866 .9172 16 .001137
RK4 2 6931 5012 8 .001195 best

Table 8.1: Comparison of time-marching methods for a simple dissipation problem.

In this example we see that, for a given global accuracy, the method with the
highest local accuracy is the most efficient on the basis of the expense in evaluating
F,,. Thus the second-order Adams-Bashforth method is much better than the first-
order Euler method, and the fourth-order Runge-Kutta method is the best of all. The
main purpose of this exercise is to show the (usually) great superiority of second-order
over first-order time-marching methods.

8.4.3 An Example Involving Periodic Convection

Let us use as a basis for this example the study of homogeneous turbulence simulated
by the numerical solution of the incompressible Navier-Stokes equations inside a cube
with periodic boundary conditions on all sides. In this numerical experiment the
function evaluations contribute overwhelmingly to the CPU time, and the number of
these evaluations must be kept to an absolute minimum because of the magnitude of
the problem. On the other hand, a complete event must be established in order to
obtain meaningful statistical samples which are the essence of the solution. In this
case, in addition to the constraints given in Section 8.4.1, we add the following:

e The number of evaluations of F(i,1) is fixed.

Under these conditions a method is judged as best when it has the highest global
accuracy for resolving eigenvectors with imaginary eigenvalues. The above constraint
has led to the invention of schemes that omit the function evaluation in the cor-
rector step of a predictor-corrector combination, leading to the so-called incomplete
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predictor-corrector methods. The presumption is, of course, that more efficient meth-
ods will result from the omission of the second function evaluation. An example is
the method of Gazdag, given in Section 6.8. Basically this is composed of an AB2
predictor and a trapezoidal corrector. However, the derivative of the fundamental
family is never found so there is only one evaluation required to complete each cycle.
The A-o relation for the method is shown as entry 10 in Table 7.1.

In order to discuss our comparisions we introduce the following definitions:

e Let a k-evaluation method be defined as one that requires k evaluations of
F(i,t) to advance one step using that method’s time interval, h.

e Let K represent the total number of allowable F,.

e Let h; be the time interval advanced in one step of a one-evaluation method.

The Gazdag, leapfrog, and AB2 schemes are all 1-evaluation methods. The second
and fourth order RK methods are 2- and 4-evaluation methods, respectively. For a 1-
evaluation method the total number of time steps, /N, and the number of evaluations,
K, are the same, one evaluation being used for each step, so that for these methods
h = hy. For a 2-evaluation method N = K/2 since two evaluations are used for
each step. However, in this case, in order to arrive at the same time 7T after K
evaluations, the time step must be twice that of a one—evaluation method so h = 2h;.
For a 4-evaluation method the time interval must be h = 4h;, etc. Notice that
as k increases, the time span required for one application of the method increases.
However, notice also that as k increases, the power to which oy is raised to arrive
at the final destination decreases; see the Figure below. This is the key to the true
comparison of time-march methods for this type of problem.

0 T un
k=1 | ° ° ° ° ° ° ° | [J(Ahl)]i
k=2 | 2h e | [o(2Ah)]
k=4 | 4h, | o (4Mh))?

Step sizes and powers of o for k-evaluation methods used to get to the same value
of T if 8 evaluations are allowed.

In general, after K evaluations, the global amplitude and phase error for k-
evaluation methods applied to systems with pure imaginary A-roots can be written'

Erq = 1—|oi(ikwh)|"/* (8.4)
1See Egs. 6.38 and 6.39.
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Er, = wT — — tan~! [al(ZkWh’l)]zmagmary

i (o (1w Y]yeur (8:5)

Consider a convection-dominated event for which the function evaluation is very
time consuming. We idealize to the case where A = iw and set w equal to one. The
event must proceed to the time t = T = 10. We consider two maximum evaluation
limits A = 50 and K = 100 and choose from four possible methods, leapfrog, AB2,
Gazdag, and RK4. The first three of these are one-evaluation methods and the last
one is a four-evaluation method. It is not difficult to show that on the basis of local
error (made in a single step) the Gazdag method is superior to the RK4 method in
both amplitude and phase. For example, for wh = 0.2 the Gazdag method produces
a |o1] = 0.9992276 whereas for wh = 0.8 (which must be used to keep the number of
evaluations the same) the RK4 method produces a |o;| = 0.998324. However, we are
making our comparisons on the basis of global error for a fixed number of evaluations.

First of all we see that for a one-evaluation method h; = T'/K. Using this, and the
fact that w = 1, we find, by some rather simple calculations? made using Eqs. 8.4 and
8.5, the results shown in Table 8.2. Notice that to find global error the Gazdag root
must be raised to the power of 50 while the RK4 root is raised only to the power of
50/4. On the basis of global error the Gazdag method is not superior to RK4 in either
amplitude or phase, although, in terms of phase error (for which it was designed) it
is superior to the other two methods shown.

K leapfrog AB2 Gazdag RK4
why =.1 100 1.0 1.003  .995 999
why =.2 50 1.0 1.022  .962 979
a. Amplitude, exact = 1.0.

K leapfrog AB2 Gazdag RK4
why =.1 100 —.96 —2.4 45 12
why=.2 50 —-3.8 —-9.8 1.5 1.5

b. Phase error in degrees.

Table 8.2: Comparison of global amplitude and phase errors for four methods.

2The o, root for the Gazdag method can be found using a numerical root finding routine to trace
the three roots in the o-plane, see Fig. 7.3e.
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Using analysis such as this (and also considering the stability boundaries) the
RK4 method is recommended as a basic first choice for any explicit time-accurate
calculation of a convection-dominated problem.

8.5 Coping With Stiffness

8.5.1 Explicit Methods

The ability of a numerical method to cope with stiffness can be illustrated quite nicely
in the complex Ah plane. A good example of the concept is produced by studying
the Euler method applied to the representative equation. The transient solution is
up, = (1 + Ah)™ and the trace of the complex value of Ah which makes |1+ A\h| = 1
gives the whole story. In this case the trace forms a circle of unit radius centered at
(—1,0) as shown in Fig. 8.1. If h is chosen so that all Ah in the ODE eigensystem
fall inside this circle the integration will be numerically stable. Also shown by the
small circle centered at the origin is the region of Taylor series accuracy. If some \h
fall outside the small circle but stay within the stable region, these Ah are stiff, but
stable. We have defined these Ah as parasitic eigenvalues. Stability boundaries for
some explicit methods are shown in Figs. 7.5 and 7.6.

For a specific example, consider the mildly stiff system composed of a coupled
two-equation set having the two eigenvalues \y = —100 and A\, = —1. If uncoupled
and evaluated in wave space, the time histories of the two solutions would appear as a
rapidly decaying function in one case, and a relatively slowly decaying function in the
other. Analytical evaluation of the time histories poses no problem since =% quickly
becomes very small and can be neglected in the expressions when time becomes large.
Numerical evaluation is altogether different. Numerical solutions, of course, depend
upon [0(A,h)]" and no |o,,| can exceed one for any )\, in the coupled system or else
the process is numerically unstable.

Let us choose the simple explicit Euler method for the time march. The coupled
equations in real space are represented by

ul(n) = 01(1 — 100}1)”1'11 + 02(1 — h,)nl'm + (PS)l
’U,Q(TL) = 01(1 — 100}1)"1'21 + 02(1 — h,)nl'QQ + (PS)2 (86)

We will assume that our accuracy requirements are such that sufficient accuracy is
obtained as long as |[Ah| < 0.1. This defines a time step limit based on accuracy
considerations of A = 0.001 for A; and A = 0.1 for A\y. The time step limit based
on stability, which is determined from Ay, is A~ = 0.02. We will also assume that
¢y = ¢ = 1 and that an amplitude less than 0.001 is negligible. We first run 66
time steps with A = 0.001 in order to resolve the A\; term. With this time step the
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A9 term is resolved exceedingly well. After 66 steps, the amplitude of the A; term
(i.e., (1 —100Ah)™) is less than 0.001 and that of the Ay term (i.e., (1 — h)™) is 0.9361.
Hence the A; term can now be considered negligible. To drive the (1 — h)™ term to
zero (i.e., below 0.001), we would like to change the step size to h = 0.1 and continue.
We would then have a well resolved answer to the problem throughout the entire
relevant time interval. However, this is not possible because of the coupled presence
of (1 — 100h)", which in just 10 steps at A = 0.1 amplifies those terms by ~ 10?, far
outweighing the initial decrease obtained with the smaller time step. In fact, with
h = 0.02, the maximum step size that can be taken in order to maintain stability,
about 339 time steps have to be computed in order to drive e~! to below 0.001. Thus
the total simulation requires 405 time steps.

8.5.2 Implicit Methods

Now let us re-examine the problem that produced Eq. 8.6 but this time using an
unconditionally stable implicit method for the time march. We choose the trapezoidal
method. Its behavior in the Ah plane is shown in Fig. 7.4b. Since this is also a one-
root method, we simply replace the Euler o with the trapezoidal one and analyze the
result. It follows that the final numerical solution to the ODE is now represented in
real space by

1—50n\" 1—05h\"
ui(n) = Cl( ) $11+C2<7> T1z + (PS)h

1+ 50h 1+ 0.5h
1 —50n\" 1—05h\"
u>(n) Cl<1-r50h> x”'+02<14—a5h> T2+ (PS): 8.7

In order to resolve the initial transient of the term e %% we need to use a step size

of about h = 0.001. This is the same step size used in applying the explicit Euler
method because here accuracy is the only consideration and a very small step size
must be chosen to get the desired resolution. (It is true that for the same accuracy
we could in this case use a larger step size because this is a second-order method,
but that is not the point of this exercise). After 70 time steps the \; term has
amplitude less than 0.001 and can be neglected. Now with the implicit method we
can proceed to calculate the remaining part of the event using our desired step size
h = 0.1 without any problem of instability, with 69 steps required to reduce the
amplitude of the second term to below 0.001. In both intervals the desired solution
is second-order accurate and well resolved. It is true that in the final 69 steps one
o-root is [1 — 50(0.1)]/[1 + 50(0.1)] = 0.666 - - -, and this has no physical meaning
whatsoever. However, its influence on the coupled solution is negligible at the end
of the first 70 steps, and, since (0.666 ---)" < 1, its influence in the remaining 70
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steps is even less. Actually, although this root is one of the principal roots in the
system, its behavior for t > 0.07 is identical to that of a stable spurious root. The
total simulation requires 139 time steps.

8.5.3 A Perspective

It is important to retain a proper perspective on a problem represented by the above
example. It is clear that an unconditionally stable method can always be called upon
to solve stiff problems with a minimum number of time steps. In the example, the
conditionally stable Euler method required 405 time steps, as compared to about
139 for the trapezoidal method, about three times as many. However, the Euler
method is extremely easy to program and requires very little arithmetic per step. For
preliminary investigations it is often the best method to use for mildly-stiff diffusion
dominated problems. For refined investigations of such problems an explicit method
of second order or higher, such as Adams-Bashforth or Runge-Kutta methods, is
recommended. These explicit methods can be considered as effective mildly stiff-
stable methods. However, it should be clear that as the degree of stiffness of the
problem increases, the advantage begins to tilt towards implicit methods, as the
reduced number of time steps begins to outweigh the increased cost per time step.
The reader can repeat the above example with A\; = —10,000, Ay = —1, which is in
the strongly-stiff category.

There is yet another technique for coping with certain stiff systems in fluid dynamic
applications. This is known as the multigrid method. It has enjoyed remarkable
success in many practical problems; however, we need an introduction to the theory
of relaxation before it can be presented.

8.6 Steady Problems

In Chapter 6 we wrote the OAE solution in terms of the principal and spurious roots
as follows:

Uy = 611(0'1)? I;l —+ .. +Cm1(am)? :;m + "‘+CM1(O'M)? (;M—FPS

+c19(01)s 51 + ot Cma(Om)y :;m + -+ ema(on)y EM

n n 7

+ci3(01), Ty 4+ cm3(0m) 3 5m + -+ emslom)s Tm

+etc., if there are more spurious roots (8.8)

When solving a steady problem, we have no interest whatsoever in the transient por-
tion of the solution. Our sole goal is to eliminate it as quickly as possible. Therefore,
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the choice of a time-marching method for a steady problem is similar to that for a
stiff problem, the difference being that the order of accuracy is irrelevant. Hence the
explicit Euler method is a candidate for steady diffusion dominated problems, and
the fourth-order Runge-Kutta method is a candidate for steady convection dominated
problems, because of their stability properties. Among implicit methods, the implicit
Euler method is the obvious choice for steady problems.

When we seek only the steady solution, all of the eigenvalues can be considered to
be parasitic. Referring to Fig. 8.1, none of the eigenvalues are required to fall in the
accurate region of the time-marching method. Therefore the time step can be chosen
to eliminate the transient as quickly as possible with no regard for time accuracy.
For example, when using the implicit Euler method with local time linearization, Eq.
6.96, one would like to take the limit A — oo, which leads to Newton’s method, Eq.
6.98. However, a finite time step may be required until the solution is somewhat close
to the steady solution.

8.7 Problems

1. Repeat the time-march comparisons for diffusion (Section 8.4.2) and periodic
convection (Section 8.4.3) using 2nd- and 3rd-order Runge-Kutta methods.

2. Repeat the time-march comparisons for diffusion (Section 8.4.2) and periodic
convection (Section 8.4.3) using the 3rd- and 4th-order Adams-Bashforth meth-
ods. Considering the stability bounds for these methods (see problem 4 in
Chapter 7) as well as their memory requirements, compare and contrast them
with the 3rd- and 4th-order Runge-Kutta methods.

3. Consider the diffusion equation (with v = 1) discretized using 2nd-order central
differences on a grid with 10 (interior) points. Find and plot the eigenvalues
and the corresponding modified wavenumbers. If we use the explicit Euler time-
marching method what is the maximum allowable time step if all but the first
two eigenvectors are considered parasitic? Assume that sufficient accuracy is
obtained as long as |Ah| < 0.1. What is the maximum allowable time step if all
but the first eigenvector are considered parasitic?
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Chapter 9
RELAXATION METHODS

In the past three chapters, we developed a methodology for designing, analyzing,
and choosing time-marching methods. These methods can be used to compute the
time-accurate solution to linear and nonlinear systems of ODE’s in the general form

di =
— = F(u,t 1
= Fi, 1)

which arise after spatial discretization of a PDE. Alternatively, they can be used to
solve for the steady solution of Eq. 9.1, which satisfies the following coupled system
of nonlinear algebraic equations:

Fi) =0 9.2)

In the latter case, the unsteady equations are integrated until the solution converges
to a steady solution. The same approach permits a time-marching method to be used
to solve a linear system of algebraic equations in the form

AT =10 (9.3)

To solve this system using a time-marching method, a time derivative is introduced
as follows

— = AZ-b (9.4)

and the system is integrated in time until the transient has decayed to a sufficiently
low level. Following a time-dependent path to steady state is possible only if all of
the eigenvalues of the matrix A (or —A) have real parts lying in the left half-plane.
Although the solution ¥ = A~1p exists as long as A is nonsingular, the ODE given by
Eq. 9.4 has a stable steady solution only if A meets the above condition.

163



164 CHAPTER 9. RELAXATION METHODS

The common feature of all time-marching methods is that they are at least first-
order accurate. In this chapter, we consider iterative methods which are not time
accurate at all. Such methods are known as relaxation methods. While they are
applicable to coupled systems of nonlinear algebraic equations in the form of Eq. 9.2,
our analysis will focus on their application to large sparse linear systems of equations
in the form

Ay — f, =0 (9.5)

where Ay is nonsingular, and the use of the subscript b will become clear shortly. Such
systems of equations arise, for example, at each time step of an implicit time-marching
method or at each iteration of Newton’s method. Using an iterative method, we seek
to obtain rapidly a solution which is arbitrarily close to the exact solution of Eq. 9.5,
which is given by

ﬁoo - Ab_lfb (9.6)

9.1 Formulation of the Model Problem

9.1.1 Preconditioning the Basic Matrix

It is standard practice in applying relaxation procedures to precondition the basic
equation. This preconditioning has the effect of multiplying Eq. 9.5 from the left
by some nonsingular matrix. In the simplest possible case the conditioning matrix
is a diagonal matrix composed of a constant D(b). If we designate the conditioning
matrix by C', the problem becomes one of solving for u in

CAyi — Cfy, =0 (9.7)

Notice that the solution of Eq. 9.7 is

u=[CA)'Cf,=A;'C7'Cf, = AL f, (9.8)

which is identical to the solution of Eq. 9.5, provided C'~! exists.

In the following we will see that our approach to the iterative solution of Eq. 9.7
depends crucially on the eigenvalue and eigenvector structure of the matrix C'A4,, and,
equally important, does not depend at all on the eigensystem of the basic matrix A,.
For example, there are well-known techniques for accelerating relaxation schemes if
the eigenvalues of C'A, are all real and of the same sign. To use these schemes, the
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conditioning matrix C' must be chosen such that this requirement is satisfied. A
choice of C' which ensures this condition is the negative transpose of A,.

For example, consider a spatial discretization of the linear convection equation
using centered differences with a Dirichlet condition on the left side and no constraint
on the right side. Using a first-order backward difference on the right side (as in
Section 3.6), this leads to the approximation

0 1 —Ugq
. -1 0 1 0
Opth = —— -1 0 1 u+| 0 (9.9)
24z 10 1 0
—2 2 0

The matrix in Eq. 9.9 has eigenvalues whose imaginary parts are much larger than
their real parts. It can first be conditioned so that the modulus of each element is 1.
This is accomplished using a diagonal preconditioning matrix

10000
01000

D=2Az|0 010 0 (9.10)
00010
0000 3%

which scales each row. We then further condition with multiplication by the negative
transpose. The result is

AQ - —A{Al -
0 1 0 1
-1 0 1 -1 0 1
-1 0 1 -1 0 1
-1 0 1 -1 0 1
-1 -1 -1 1
-1 0 1
0 -2 0 1
= 1 0 -2 0 1 (9.11)
1 0 -2 1
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If we define a permutation matrix P * and carry out the process PT[—AT A;]P (which
just reorders the elements of A; and doesn’t change the eigenvalues) we find

01000][-1 o0 1 00001
000710 0 -2 0 1 10000
00001 1 0-2 0 1||00010
00100 1 0 -2 1|]01000
10000 1 1 -=2]][00100

—2 1

1 -2 1

= 1 -2 1 (9.12)
1 -2 1

which has all negative real eigenvalues, as given in Appendix B. Thus even when
the basic matrix A, has nearly imaginary eigenvalues, the conditioned matrix — A} A,
is nevertheless symmetric negative definite (i.e., symmetric with negative real eigen-
values), and the classical relaxation methods can be applied. We do not necessarily
recommend the use of — Al as a preconditioner; we simply wish to show that a broad
range of matrices can be preconditioned into a form suitable for our analysis.

9.1.2 The Model Equations

Preconditioning processes such as those described in the last section allow us to
prepare our algebraic equations in advance so that certain eigenstructures are guar-
anteed. In the remainder of this chapter, we will thoroughly investigate some simple
equations which model these structures. We will consider the preconditioned system
of equations having the form

—

Ap—f=0 (9.13)

where A is symmetric negative definite.? The symbol for the dependent variable has
been changed to ¢ as a reminder that the physics being modeled is no longer time

LA permutation matrix (defined as a matrix with exactly one 1 in each row and column and has
the property that PT = P~1) just rearranges the rows and columns of a matrix.

2We use a symmetric negative definite matrix to simplify certain aspects of our analysis. Relax-
ation methods are applicable to more general matrices. The classical methods will usually converge
if Ay is diagonally dominant, as defined in Appendix A.
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accurate when we later deal with ODE formulations. Note that the solution of Eq.
9.13, ¢ = A"1f, is guaranteed to exist because A is nonsingular. In the notation of
Egs. 9.5 and 9.7,

A=CA, and f=Cf, (9.14)

The above was written to treat the general case. It is instructive in formulating the
concepts to consider the special case given by the diffusion equation in one dimension
with unit diffusion coefficient v:

ou  0%*u
En = CrCh g(x) (9-15)

This has the steady-state solution

0*u
Ox?
which is the one-dimensional form of the Poisson equation. Introducing the three-

point central differencing scheme for the second derivative with Dirichlet boundary
conditions, we find

= g(v) (9.16)

—=—>5B(1,-2,1 — 1

where (bE) contains the boundary conditions and ¢ contains the values of the source
term at the grid nodes. In this case

A = S 5B0L-21)
fo = g—(bo) (9.18)
Choosing C' = Az%I, we obtain
B(1,-2,1)¢ = f (9.19)

where f = AmQﬁ. If we consider a Dirichlet boundary condition on the left side and
either a Dirichlet or a Neumann condition on the right side, then A has the form

A=B(1,b1)
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b=[-2,-2- -2 8"
s= -2 or -1 (9.20)
Note that s = —1 is easily obtained from the matrix resulting from the Neumann

boundary condition given in Eq. 3.24 using a diagonal conditioning matrix. A tremen-
dous amount of insight to the basic features of relaxation is gained by an appropriate
study of the one-dimensional case, and much of the remaining material is devoted to
this case. We attempt to do this in such a way, however, that it is directly applicable
to two- and three-dimensional problems.

9.2 C(lassical Relaxation

9.2.1 The Delta Form of an Iterative Scheme

We will consider relaxation methods which can be expressed in the following delta
form:

H|$pir — 6] = Ad, — | (9.21)
where H is some nonsingular matrix which depends upon the iterative method. The
matrix H is independent of n for stationary methods and is a function of n for
nonstationary ones. The iteration count is designated by the subscript n or the
superscript (n). The converged solution is designated ¢ so that

b= A} (9.22)

o0

9.2.2 The Converged Solution, the Residual, and the Error
Solving Eq. 9.21 for ¢, ,, gives
Sy =T+ H'Alp, —H ' f=Gd, — H'f (9.23)
where
G=I+H'A (9.24)

Hence it is clear that H should lead to a system of equations which is easy to solve,
or at least easier to solve than the original system. The error at the nth iteration is
defined as

-

€n

gb’n - _»oo = (gn - A_l.}: (925)
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where $OO was defined in Eq. 9.22. The residual at the nth iteration is defined as
rn=Ag — f (9.26)

Multiply Eq. 9.25 by A from the left, and use the definition in Eq. 9.26. There results
the relation between the error and the residual

Aep — 1y =0 (9.27)
Finally, it is not difficult to show that
ens1 = Gep (9.28)

Consequently, G is referred to as the basic iteration matrix, and its eigenvalues, which
we designate as o,,, determine the convergence rate of a method.

In all of the above, we have considered only what are usually referred to as sta-
tionary processes in which H is constant throughout the iterations. Nonstationary
processes in which H (and possibly C) is varied at each iteration are discussed in
Section 9.5.

9.2.3 The Classical Methods

Point Operator Schemes in One Dimension

Let us consider three classical relaxation procedures for our model equation

as given in Section 9.1.2. The Point-Jacobi method is expressed in point operator
form for the one-dimensional case as

n 1 n n
by = 3 [0+ oth — £ (9.30)
This operator comes about by choosing the value of ng-"H) such that together with
the old values of ¢;_; and ¢, 1, the jth row of Eq. 9.29 is satisfied. The Gauss-Seidel
method is

n+1 1 n+1 n
otV = Sof Y + o - 1] (9.31)
This operator is a simple extension of the point-Jacobi method which uses the most
recent update of ¢;_;. Hence the jth row of Eq. 9.29 is satisfied using the new values of
¢; and ¢;_1 and the old value of ¢; . The method of successive overrelaxation (SOR)
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is based on the idea that if the correction produced by the Gauss-Seidel method tends
to move the solution toward ¢, then perhaps it would be better to move further in
this direction. It is usually expressed in two steps as

- 1t
6 = 5o +ofh - 1]
o = ¢ +wlé; — o] (9.32)

where w generally lies between 1 and 2, but it can also be written in the single line
n n n W (n w
o = Zo + (L -w)el” + Dol - 2 (9.33)

The General Form

The general form of the classical methods is obtained by splitting the matrix A in
Eq. 9.13 into its diagonal, D, the portion of the matrix below the diagonal, L, and
the portion above the diagonal, U, such that

A=L+D+U (9.34)

Then the point-Jacobi method is obtained with H = —D, which certainly meets
the criterion that it is easy to solve. The Gauss-Seidel method is obtained with
H = —(L + D), which is also easy to solve, being lower triangular.

9.3 The ODE Approach to Classical Relaxation

9.3.1 The Ordinary Differential Equation Formulation

The particular type of delta form given by Eq. 9.21 leads to an interpretation of
relaxation methods in terms of solution techniques for coupled first-order ODE’s,
about which we have already learned a great deal. One can easily see that Eq. 9.21
results from the application of the explicit Euler time-marching method (with h = 1)
to the following system of ODE’s:

d¢5

H— —Ad—f (9.35)

This is equivalent to

S —HC| Mg~ f| = H'AG - ] (9.36)
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In the special case where H~ A depends on neither u nor ¢, H*IJ? is also independent
of t, and the eigenvectors of H 'A are linearly independent, the solution can be
written as

$= §1€Alt£1 + o e Ty o (9.37)
error

where what is referred to in time-accurate analysis as the transient solution, is now
referred to in relaxation analysis as the error. It is clear that, if all of the eigenvalues
of H='A have negative real parts (which implies that H~'A is nonsingular), then the
system of ODE’s has a steady-state solution which is approached as t — oo, given by

b =A7'f (9.38)

which is the solution of Eq. 9.13. We see that the goal of a relaxation method is to
remove the transient solution from the general solution in the most efficient way pos-
sible. The A eigenvalues are fixed by the basic matrix in Eq. 9.36, the preconditioning
matrix in 9.7, and the secondary conditioning matrix in 9.35. The o eigenvalues are
fixed for a given A\h by the choice of time-marching method. Throughout the remain-
ing discussion we will refer to the independent variable ¢t as “time”, even though no
true time accuracy is involved.

In a stationary method, H and C' in Eq. 9.36 are independent of ¢, that is, they
are not changed throughout the iteration process. The generalization of this in our
approach is to make h, the “time” step, a constant for the entire iteration.

Suppose the explicit Euler method is used for the time integration. For this method
om = 1 4+ A\,h. Hence the numerical solution after n steps of a stationary relaxation
method can be expressed as (see Eq. 6.28)

b, =1z (L4 Mh)" + -+ + e (L 4+ Amh)™ + - + carzar(1 + Aarh)™ +6,. (9.39)
eITor

The initial amplitudes of the eigenvectors are given by the magnitudes of the c,,.
These are fixed by the initial guess. In general it is assumed that any or all of the
eigenvectors could have been given an equally “bad” excitation by the initial guess,
so that we must devise a way to remove them all from the general solution on an
equal basis. Assuming that H~'A has been chosen (that is, an iteration process has
been decided upon), the only free choice remaining to accelerate the removal of the
error terms is the choice of h. As we shall see, the three classical methods have all
been conditioned by the choice of H to have an optimum h equal to 1 for a stationary
iteration process.
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9.3.2 ODE Form of the Classical Methods

The three iterative procedures defined by Eqgs. 9.30, 9.31 and 9.32 obey no apparent
pattern except that they are easy to implement in a computer code since all of the
data required to update the value of one point are explicitly available at the time
of the update. Now let us study these methods as subsets of ODE as formulated in
Section 9.3.1. Insert the model equation 9.29 into the ODE form 9.35. Then

H% —B(1,-2,1)¢— f (9.40)
As a start, let us use for the numerical integration the explicit Euler method
Gni1 = P + hoy, (9.41)
with a step size, h, equal to 1. We arrive at
H(By1 = 8,) = BL,—2,1)6, — f (9.42)

It is clear that the best choice of H from the point of view of matrix algebra is
—B(1,—2,1) since then multiplication from the left by —B~!(1,—2,1) gives the cor-
rect answer in one step. However, this is not in the spirit of our study, since multi-
plication by the inverse amounts to solving the problem by a direct method without
iteration. The constraint on H that is in keeping with the formulation of the three
methods described in Section 9.2.3 is that all the elements above the diagonal (or
below the diagonal if the sweeps are from right to left) are zero. If we impose this
constraint and further restrict ourselves to banded tridiagonals with a single constant
in each band, we are led to

— —

B(=5, 2.0)(B — ) = BOL,-2,1)3, ~ ] (943

where (8 and w are arbitrary. With this choice of notation the three methods presented
in Section 9.2.3 can be identified using the entries in Table 9.1.

TABLE 9.1: VALUES OF 3 and w IN EQ. 9.43 THAT
LEAD TO CLASSICAL RELAXATION METHODS

B w Method Equation
0 1 Point-Jacobi 6.2.3
1 1 Gauss-Seidel 6.2.4
1 2/[1 + sin (MZ- 1)] Optimum SOR ~ 6.2.5
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The fact that the values in the tables lead to the methods indicated can be verified
by simple algebraic manipulation. However, our purpose is to examine the whole
procedure as a special subset of the theory of ordinary differential equations. In this
light, the three methods are all contained in the following set of ODE’s

d

2 = 575,20 [BO, 2,03 - ]] (9.41)

and appear from it in the special case when the explicit Euler method is used for its
numerical integration. The point operator that results from the use of the explicit
Euler scheme is

o0t = (0104 0= 910 ) = ((on = ) + (0% ) - 5 049

This represents a generalization of the classical relaxation techniques.

9.4 Eigensystems of the Classical Methods

The ODE approach to relaxation can be summarized as follows. The basic equation
to be solved came from some time-accurate derivation

Ayt — f, =0 (9.46)

This equation is preconditioned in some manner which has the effect of multiplication
by a conditioning matrix C' giving

Ap—f=0 (9.47)

An iterative scheme is developed to find the converged, or steady-state, solution of
the set of ODE’s

qu S
Hopr=A0—f (9.48)

This solution has the analytical form

where €, is the transient, or error, and 500 = Ailf is the steady-state solution. The
three classical methods, Point-Jacobi, Gauss-Seidel, and SOR, are identified for the
one-dimensional case by Eq. 9.44 and Table 9.1.
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Given our assumption that the component of the error associated with each eigen-
vector is equally likely to be excited, the asymptotic convergence rate is determined
by the eigenvalue o, of G (= I + H™'A) having maximum absolute value. Thus

Convergence rate  ~  |op|,0e » m=1,2--- M (9.50)

In this section, we use the ODE analysis to find the convergence rates of the three
classical methods represented by Eqs. 9.30, 9.31, and 9.32. It is also instructive to
inspect the eigenvectors and eigenvalues in the H~'A matrix for the three methods.
This amounts to solving the generalized eigenvalue problem

Ay = AnHZp (9.51)

for the special case
B(1,-2,1)%m = AnB(=8, =,0)2 (9.52)
w

The generalized eigensystem for simple tridigonals is given in Appendix B.2. The
three special cases considered below are obtained witha =1, b= -2, c=1,d = —f,
e =2/w, and f = 0. To illustrate the behavior, we take M =5 for the matrix order.
This special case makes the general result quite clear.

9.4.1 The Point-Jacobi System

If 3=0and w = 1in Eq. 9.44, the ODE matrix H ' A reduces to simply B(%, —1, %)
The eigensystem can be determined from Appendix B.1 since both d and f are zero.

The eigenvalues are given by the equation

)\m:—1+cos< mr

=12,....M 9.53
M—Fl)’ m ) <y ) ( )

The A-o relation for the explicit Euler method is 0,, = 1 4+ A,,h. This relation can
be plotted for any h. The plot for A = 1, the optimum stationary case, is shown in
Fig. 9.1. For h < 1, the maximum |o,,| is obtained with m = 1, Fig. 9.2 and for
h > 1, the maximum |o,,| is obtained with m = M, Fig. 9.3. Note that for h > 1.0
(depending on M) there is the possibility of instability, i.e. |o,,| > 1.0. To obtain the
optimal scheme we wish to minimize the maximum |o,,| which occurs when h = 1,
|o1| = |oar| and the best possible convergence rate is achieved:

|Om ], 0 = COS (MZ— 1) (9.54)
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For M = 40, we obtain |oy,|,,,, = 0.9971. Thus after 500 iterations the error content
associated with each eigenvector is reduced to no more than (.23 times its initial level.
Again from Appendix B.1, the eigenvectors of H='A are given by

- . . mm
zj = (x)y, =sin [j(

M+1

)] i=1,2,. .M (9.55)

This is a very “well-behaved” eigensystem with linearly independent eigenvectors and
distinct eigenvalues. The first 5 eigenvectors are simple sine waves. For M = 5, the
eigenvectors can be written as

1/2 V3/2 1
v3/2 | v3/2 | 0
1 , Loy = 0 =
V3/2 —/3/2 0
1/2 —/3/2 1

V3/2 1/2
V32| | =B

Tr =

Ty = 0 , Ty = 1 (956)
V3/2 —V/3/2
—/3/2 1/2
The corresponding eigenvalues are, from Eq. 9.53
A = —1+§ = —0.134---
do= —1+31 =-05
A3 = -1 =-1.0 (9.57)
M= —1-1 =15

As = —1—@ = —1.866 - -

From Eq. 9.39, the numerical solution written in full is

571 - aoo = 61[1 - (1 - _)h]nl‘l
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Values are equal

Figure 9.1: The o, A relation for Point-Jacobi, h = 1, M = 5.

-

+ a[1-(1 Vh]" x5
el - (L R

+ 1-(1+ ?)h]% (9.58)

9.4.2 The Gauss-Seidel System

If 8 and w are equal to 1 in Eq. 9.44, the matrix eigensystem evolves from the relation
B(1,=2,1)Zm = AnB(—1,2,0)2, (9.59)

which can be studied using the results in Appendix B.2. One can show that the H~'A
matrix for the Gauss-Seidel method, Agg , is

Ags = B '(~1,2,0)B(1,-2,1) =
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1.0 Approaches 1.0

N

Figure 9.2: The o, A relation for Point-Jacobi, h = 0.9, M = 5.

\ Exceeds 1.0 at h = 1.072 / Ustable h > 1.072
1.03

Amh

Figure 9.3: The o, A relation for Point-Jacobi, h = 1.1, M = 5.
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F 112 11
0 —3/4 1/2 >
0 1/8 —3/4 1/2 3
0 1/16 1/8 —=3/4 1/2 4 (9.60)
0 1/32 1/16 1/8 —3/4 1/2 5
L0 1/2M | M

The eigenvector structure of the Gauss-Seidel ODE matrix is quite interesting. If M
is odd there are (M + 1)/2 distinct eigenvalues with corresponding linearly indepen-
dent eigenvectors, and there are (M — 1)/2 defective eigenvalues with corresponding
principal vectors. The equation for the nondefective eigenvalues in the ODE matrix
is (for odd M)

mi M+1
A = —1 2 =1,2,... 9.61
+ cos (M n 1) , m 2, (9.61)
and the corresponding eigenvectors are given by
- [ < mm )}jl_ {( mm >] 19 M+1 (9.62)
= |cos s = .
l‘m M + 1 1n ] M+ 1 Y m Y 9y ) 2

The A-o relation for h = 1, the optimum stationary case, is shown in Fig. 9.4. The
om with the largest amplitude is obtained with m = 1. Hence the convergence rate is

cos (MZ— 1)]2 (9.63)

Since this is the square of that obtained for the Point-Jacobi method, the error associ-
ated with the “worst” eigenvector is removed in half as many iterations. For M = 40,
|0 mae = 0.9942. 250 iterations are required to reduce the error component of the
worst eigenvector by a factor of roughly 0.23.

The eigenvectors are quite unlike the Point-Jacobi set. They are no longer sym-
metrical, producing waves that are higher in amplitude on one side (the updated side)
than they are on the other. Furthermore, they do not represent a common family for
different values of M.

The Jordan canonical form for M =5 is

|Um|ma:n -

X' AqsX = Jgs = s (9.64)

Sl =

3

Sl =
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2 defective ) o

|
-2.0 -1.0 0.0

A.h

Figure 9.4: The o, A relation for Gauss-Seidel, h = 1.0, M = 5.

The eigenvectors and principal vectors are all real. For M =5 they can be written

1/2 V3/2 1 0 0
) 3/4 | V3/4 ) 0] 2 | 0
ry=| 3/4 |,z = 0 3= 0|, zy=| -1 |,25=1 4 (9.65)
9/16 —/3/16 0 0 —4
9/32 —/3/32 0 0 1
The corresponding eigenvalues are
)\1 - —]_/4
)\2 == —3/4
)\3 - —1
(4) } Defective, linked to (9.66)
(5) X3 Jordan block
The numerical solution written in full is thus
— - h, —
On =90 = all = )1
3h d
+ CQ( — —)n{L‘Q

4
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-1 .
+ [63(1 - h)n + C4h%(1 — h)n—l + c5h2%(1 . h)n—? s
- [04(1 —h)" + c5h%(1 — h)" |z
+ sl = by (9.67)

9.4.3 The SOR System

If 3 =1 and 2/w = z in Eq. 9.44, the ODE matrix is B~*(—1,z,0)B(1,—2,1).
One can show that this can be written in the form given below for M = 5. The
generalization to any M is fairly clear. The H~'A matrix for the SOR method,
Asor = B_l(—l, X, O)B(l, -2, 1), is

—2x4 xt 0 0 0
1 —22% + ot 3 — 2t xt 0 0
— | =222+ 2% 2?2204+ 2P — 22! x? 0 (9.68)
v —2r+22> x—222+2% 22—223+ 2t x3 — 224 xt
242 1—-2z+4+2%2 z—-22242° 22—223 +2% 23 —22°
Eigenvalues of the system are given by
2
Am:—1+<w> C om=1,2,... M (9.69)
where
Zm = [4(1 —w) + prfn]I/Q

Pm = cosimm/(M + 1)]

If w = 1, the system is Gauss-Seidel. If 4(1 — w) + w?p,, < 0, 2, and A, are complex.
If w is chosen such that 4(1 — w) + w?p? = 0,w is optimum for the stationary case,
and the following conditions hold:

1. Two eigenvalues are real, equal and defective.

2. If M is even, the remaining eigenvalues are complex and occur in conjugate
pairs.

3. If M is odd, one of the remaining eigenvalues is real and the others are complex
occurring in conjugate pairs.
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One can easily show that the optimum w for the stationary case is

_ m
wopt:2/[1+sm <M—|—1>} (9.70)
and for w = wep
)\m = €72n -1
Tm = (lsin [j(Mmj: 1)] (9.71)

where

Wopt .
Cm: ;p |:pm+z\/p%_p%n:|

Using the explicit Euler method to integrate the ODE’s, 0,, = 1 — h + h(?, and if
h = 1, the optimum value for the stationary case, the A-o relation reduces to that
shown in Fig. 9.5. This illustrates the fact that for optimum stationary SOR all the
|0y | are identical and equal to w,y; — 1. Hence the convergence rate is

oo = v )

For M = 40, |oy],,,, = 0.8578. Hence the worst error component is reduced to less
than 0.23 times its initial value in only 10 iterations, much faster than both Gauss-
Seidel and Point-Jacobi. In practical applications, the optimum value of w may have
to be determined by trial and error, and the benefit may not be as great.

For odd M, there are two real eigenvectors and one real principal vector. The
remaining linearly independent eigenvectors are all complex. For M = 5 they can be
written

1/2 —6 V3(1 )/2 1

/2 | 9 | V3(1+ iv2)/6 | 0

ry=| 1/3 |,zo=| 16 |, 234 = 0 yos=| 1/3 | (9.73)
1/6 13 V3(5+ iv?2)/54 0
1/18 6 V3(7 £ 4i/2) /162 1/9

The corresponding eigenvalues are

A= —2/3

(2) Defective linked to A\
s = —(10—2v2i)/9

A o= —(1042v/2i)/9

As = —4/3 (9.74)
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Anh

Figure 9.5: The o, A relation for optimum stationary SOR, M =5, h = 1.

The numerical solution written in full is

Gy — bs = [c1(1 = 2h/3)" + conh(1 — 2h/3)" 2,
+ (1 — 2h/3)" 2,
+ 5[l — (10 — 2v/20)h /9] 25
+ el — (10 4 2v/2i)h/9)"z4
+ ¢5(1 —4h/3) 25 (9.75)

9.5 Nonstationary Processes

In classical terminology a method is said to be nonstationary if the conditioning
matrices, H and CA are varied at each time step. This does not change the steady-
state solution A;'f,, but it can greatly affect the convergence rate. In our ODE
approach this could also be considered and would lead to a study of equations with
nonconstant coefficients. It is much simpler, however, to study the case of fixed
H and C but variable step size, h. This process changes the Point-Jacobi method
to Richardson’s method in standard terminology. For the Gauss-Seidel and SOR
methods it leads to processes that can be superior to the stationary methods.
The nonstationary form of Eq. 9.39 is
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N N
on = az [[A+ b))+ 4 cnzm [] (1 + Anhy)
n=1 n=1
— N —
+ ey [T+ Awha) + 6 (9.76)

n=1

where the symbol II stands for product. Since h,, can now be changed at each step,
the error term can theoretically be completely eliminated in M steps by taking h,, =

—1/Apm, form =1,2,---, M. However, the eigenvalues )\, are generally unknown and
costly to compute. It is therefore unnecessary and impractical to set h,, = —1/\,,
form=1,2,..., M. We will see that a few well chosen h’s can reduce whole clusters

of eigenvectors associated with nearby A’s in the \,, spectrum. This leads to the
concept of selectively annihilating clusters of eigenvectors from the error terms as
part of a total iteration process. This is the basis for the multigrid methods discussed
in Chapter 10.

Let us consider the very important case when all of the A,, are real and nega-
tive (remember that they arise from a conditioned matrix so this constraint is not
unrealistic for quite practical cases). Consider one of the error terms taken from

L M N
EN = Oy — boo = D T [ (1 + Anhy) (9.77)

m=1 n=1

and write it in the form

N
CmTmPe(Am) = emn [ (1 + Amhn) (9.78)

n=1

where P, signifies an “Euler” polynomial. Now focus attention on the polynomial
(P)xy(A) = (T + R A) (14 hoX) - - (1 + hy ) (9.79)

treating it as a continuous function of the independent variable . In the annihilation
process mentioned after Eq. 9.76, we considered making the error exactly zero by
taking advantage of some knowledge about the discrete values of )\, for a particular
case. Now we pose a less demanding problem. Let us choose the h, so that the
maximum value of (P,)y () is as small as possible for all A lying between A\, and A,
such that A\, < A < )\, < 0. Mathematically stated, we seek

max |(P.)y(A)| = minimum , with(P,)y(0) =1 (9.80)

Ap<A<Aa
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This problem has a well known solution due to Markov. It is

Ty <2)\)\— )\a)\— Ab)
(PIn(A) = v ;b (9.81)
where
Tn(y) = cos(N arccos y) (9.82)

are the Chebyshev polynomials along the interval —1 < y < 1 and

TN(y):%[y‘f‘\/yQ—l}N"f—% y—\/yQ—l]N (9.83)

are the Chebyshev polynomials for |y| > 1. In relaxation terminology this is generally
referred to as Richardson’s method, and it leads to the nonstationary step size choice
given by

1 1 (2n—1)7
i S W — A =1,2....N .84
W 2{ Ay — Ao+ (Ao — o) cos[ N ]}, n ,2, (9.84)

Remember that all A are negative real numbers representing the magnitudes of A, in
an eigenvalue spectrum.

The error in the relaxation process represented by Eq. 9.76 is expressed in terms
of a set of eigenvectors, Em, amplified by the coefficients ¢, [T(1 + Aphy,). With each
eigenvector there is a corresponding eigenvalue. Eq. 9.84 gives us the best choice of a
series of h, that will minimize the amplitude of the error carried in the eigenvectors
associated with the eigenvalues between )\, and \,.

As an example for the use of Eq. 9.84, let us consider the following problem:

Minimize the maximum error asso-
ciated with the A eigenvalues in the (9.85)
interval —2 < A < —1 using only 3
iterations.

The three values of A which satisfy this problem are

hy =2/ (3 — cos [@D (9.86)
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and the amplitude of the eigenvector is reduced to
(Pe)s(A) = T5(2A + 3) /T5(3) (9.87)
where
T5(3) = {[3+ V8] + [3 - V8’} /2~ 99 (9.88)

A plot of Eq. 9.87 is given in Fig. 9.6 and we see that the amplitudes of all the
eigenvectors associated with the eigenvalues in the range —2 < A < —1 have been
reduced to less than about 1% of their initial values. The values of h used in Fig. 9.6
are

hy = 4/(6—V/3)
hy = 4/(6-0)
hy = 4/(6+/3)

Return now to Eq. 9.76. This was derived from Eq. 9.37 on the condition that the
explicit Euler method, Eq. 9.41, was used to integrate the basic ODE’s. If instead
the implicit trapezoidal rule

1
b1 = n+ Sh(Ss1 + n) (9.89)

is used, the nonstationary formula

1
. M L, N 1+ §hn)‘m .
On = D tmTm || —1 |t ¢« (9.90)
m=1 n=1\1— §hn)\m

would result. This calls for a study of the rational “trapezoidal” polynomial, P;:

1
(PN =1 | —1— (9.91)
n=111— §hn)\

under the same constraints as before, namely that

Abrg;mgx}\a|(Pt)N()\)| = minimum , (9.92)

with (P)x(0) = 1
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Figure 9.6: Richardson’s method for 3 steps, minimization over —2 < A < —1.
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The optimum values of h can also be found for this problem, but we settle here for
the approximation suggested by Wachspress

9 \ (n—1)/(N—1)
B W A =1,2,---,N 9.93
hn b<)\b> 9 n y Sy ) ( )

This process is also applied to problem 9.85. The results for (P;)3(\) are shown in
Fig. 9.7. The error amplitude is about 1/5 of that found for (P,)3(\) in the same
interval of A. The values of h used in Fig. 9.7 are

hy =1
hQ == \/5
hg = 2

9.6 Problems

1. Given a relaxation method in the form
HAG, = Ay — f
show that
bn =G o+ (I = GMAT']
where G = I + H 'A.
2. For a linear system of the form (A; + Ay)x = b, consider the iterative method

(I + pA)z = (I — pAg)zy + pb
(I + pAg)xnir = (I — pAL)T + pb

where p is a parameter. Show that this iterative method can be written in the
form

H(Z‘k+1 — {)Sk,) = (A1 + AQ)IL‘k — b
Determine the iteration matrix G if p = —1/2.

3. Using Appendix B.2, find the eigenvalues of H~'A for the SOR method with
A=B(4:1,-2,1) and w = wyy. (You do not have to find H'. Recall that
the eigenvalues of H 'A satisfy A%, = \pH7p,.) Find the numerical values,
not just the expressions. Then find the corresponding |o,,| values.



188

CHAPTER 9. RELAXATION METHODS

), ™)

Figure 9.7: Wachspress method for 3 steps, minimization over —2 < A < —1.
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4. Solve the following equation on the domain 0 < z < 1 with boundary conditions
u(0) =0, u(l) = 1:

0%u

For the initial condition, use u(z) = 0. Use second-order centered differences
on a grid with 40 cells (M = 39). Iterate to steady state using

(a) the point-Jacobi method,

(b) the Gauss-Seidel method,

(c) the SOR method with the optimum value of w, and

(d) the 3-step Richardson method derived in Section 9.5.

Plot the solution after the residual is reduced by 2, 3, and 4 orders of mag-
nitude. Plot the logarithm of the Lo-norm of the residual vs. the number of

iterations. Determine the asymptotic convergence rate. Compare with the the-
oretical asymptotic convergence rate.
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Chapter 10

MULTIGRID

The idea of systematically using sets of coarser grids to accelerate the convergence of
iterative schemes that arise from the numerical solution to partial differential equa-
tions was made popular by the work of Brandt. There are many variations of the
process and many viewpoints of the underlying theory. The viewpoint presented here
is a natural extension of the concepts discussed in Chapter 9.

10.1 Motivation

10.1.1 Eigenvector and Eigenvalue Identification with Space
Frequencies

Consider the eigensystem of the model matrix B(1,—2,1). The eigenvalues and
eigenvectors are given in Sections 4.3.2 and 4.3.3, respectively. Notice that as the
magnitudes of the eigenvalues increase, the space-frequency (or wavenumber) of the
corresponding eigenvectors also increase. That is, if the eigenvalues are ordered such
that

A < o] <o <A (10.1)

then the corresponding eigenvectors are ordered from low to high space frequencies.
This has a rational explanation from the origin of the banded matrix. Note that

0% . )
52 sin(ma) = —m? sin(maz) (10.2)
and recall that
L1 PURRE I NS B
rad = 5 B(1,-2,1)8 = X {AxQD()\)] X3 (10.3)
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—

where D()) is a diagonal matrix containing the eigenvalues. We have seen that

X ~'¢ represents a sine transform, and X ¢, a sine synthesis. Therefore, the opera-

tion ﬁD(A) represents the numerical approximation of the multiplication of the
x

appropriate sine wave by the negative square of its wavenumber, —m?2. One finds
that

1 M+ 1\?
)\m:< + > {—24—2005(

A2 - )] ~—m?,m<< M (10.4)

mm
M+1
Hence, the correlation of large magnitudes of \,, with high space-frequencies is to be
expected for these particular matrix operators. This is consistent with the physics of
diffusion as well. However, this correlation is not necessary in general. In fact, the
complete counterexample of the above association is contained in the eigensystem
for B(%, 1, %) For this matrix one finds, from Appendix B, exactly the opposite
behavior.

10.1.2 Properties of the Iterative Method

The second key motivation for multigrid is the following:

e Many iterative methods reduce error components corresponding to eigenvalues
of large amplitude more effectively than those corresponding to eigenvalues of
small amplitude.

This is to be expected of an iterative method which is time accurate. It is also
true, for example, of the Gauss-Seidel method and, by design, of the Richardson
method described in Section 9.5. The classical point-Jacobi method does not share
this property. As we saw in Section 9.4.1, this method produces the same value of |o]|
for A\puin and A,,.,. However, the property can be restored by using h < 1, as shown
in Fig. 9.2.

When an iterative method with this property is applied to a matrix with the
above correlation between the modulus of the eigenvalues and the space frequency of
the eigenvectors, error components corresponding to high space frequencies will be
reduced more quickly than those corresponding to low space frequencies. This is the
key concept underlying the multigrid process.

10.2 The Basic Process

First of all we assume that the difference equations representing the basic partial
differential equations are in a form that can be related to a matrix which has certain
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basic properties. This form can be arrived at “naturally” by simply replacing the
derivatives in the PDE with difference schemes, as in the example given by Eq. 3.27,
or it can be “contrived” by further conditioning, as in the examples given by Eq. 9.11.
The basic assumptions required for our description of the multigrid process are:

1. The problem is linear.
2. The eigenvalues, \,,, of the matrix are all real and negative.

3. The ), are fairly evenly distributed between their maximum and minimum
values.

4. The eigenvectors associated with the eigenvalues having largest magnitudes can
be correlated with high frequencies on the differencing mesh.

5. The iterative procedure used greatly reduces the amplitudes of the eigenvectors
associated with eigenvalues in the range between %|)\|max and |A| -

These conditions are sufficient to ensure the validity of the process described next.

Having preconditioned (if necessary) the basic finite differencing scheme by a pro-
cedure equivalent to the multiplication by a matrix C', we are led to the starting
formulation

ClAyds — f,] =0 (10.5)

where the matrix formed by the product C' A, has the properties given above. In Eq.
10.5, the vector fb represents the boundary conditions and the forcing function, if
any, and $OO is a vector representing the desired exact solution. We start with some
initial guess for (Boo and proceed through n iterations making use of some iterative
process that satisfies property 5 above. We do not attempt to develop an optimum
procedure here, but for clarity we suppose that the three-step Richardson method
illustrated in Fig. 9.6 is used. At the end of the three steps we find F, the residual,
where

F=ClAd— 1)) (10.6)

Recall that the (Z used to compute r s composed of the exact solution (ZOO and the
error e in such a way that

Ae—r=0 (10.7)
where

A=C4, (10.8)
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If one could solve Eq. 10.7 for e then
bo=0—¢ (10.9)

Thus our goal now is to solve for e. We can write the exact solution for ¢ in terms of
the eigenvectors of A, and the o eigenvalues of the Richardson process in the form:

L M2 3 M ., 3
e= Z_lcmacm l:Il[a(Amhn)]+ > enxm [] [o(Amhn)] (10.10)

m=M/2+1 n=1

J

very low ;mplitude

Combining our basic assumptions, we can be sure that the high frequency content of
¢ has been greatly reduced (about 1% or less of its original value in the initial guess).
In addition, assumption 4 ensures that the error has been smoothed.

Next we construct a permutation matrix which separates a vector into two parts,
one containing the odd entries, and the other the even entries of the original vector
(or any other appropriate sorting which is consistent with the interpolation approxi-
mation to be discussed below). For a 7-point example

fes ] [O 1 0000 O0]][e]

e, 000 1000]/]|e

€6 00000 T1O0]/|]|es -

et |=11000000]|] e ;[‘i@]:Pé (10.11)
es 0010000 es €o

es 000010 0]/ es

ez | 000000 1]|er)

Multiply Eq. 10.7 from the left by P and, since a permutation matrix has an inverse
which is its transpose, we can write

PA[P~'Ple = Pr (10.12)

The operation PAP~! partitions the A matrix to form

S I A (10.13)
e | | 7o '

As Ay
Notice that

Ave, + Age, = 1 (10.14)
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is an exact expression.

At this point we make our one crucial assumption. It is that there is some connec-
tion between e, and e, brought about by the smoothing property of the Richardson
relaxation procedure. Since the top half of the frequency spectrum has been removed,
it is reasonable to suppose that the odd points are the average of the even points.
For example

1
e = 5(6,1 + 62)
1
€3 = 5(62 —+ 64)
1 — —
e5 ~ 5(64 + ¢g) or e, = Aje, (10.15)
1
e = 5(66 —+ eb)

It is important to notice that e, and e, represent errors on the boundaries where the
error is zero if the boundary conditions are given. It is also important to notice that we
are dealing with the relation between e and 7 so the original boundary conditions and
forcing function (which are contained in f in the basic formulation) no longer appear
in the problem. Hence, no aliasing of these functions can occur in subsequent steps.
Finally, notice that, in this formulation, the averaging of e is our only approximation,
no operations on r are required or justified.

If the boundary conditions are Dirichlet, e, and e, are zero, and one can write for
the example case

1 00
A = % Y (10.16)
0 0 1
With this approximation Eq. 10.14 reduces to
Aje, + AsAbe, = T, (10.17)
or
Ao — 7 =0 (10.18)
where

A, = [A; + Ay Al (10.19)
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The form of A., the matrix on the coarse mesh, is completely determined by the
choice of the permutation matrix and the interpolation approximation. If the original
A had been B(7:1,-2,1), our 7-point example would produce

[ —2 11 l
-2 11
-2 11 A A,
PAP ! = = (10.20)
1 -2 A A
11 -2 3o
11 -2
- 1 _2_
and Eq. 10.18 gives
A
Ay Az ———— Ac
9 11 . } X T -1 1/2
-2 + 11 '3 L= Y2 112 (1021
-2 11 . 1/2 -1

If the boundary conditions are mixed Dirichlet-Neumann, A in the 1-D model
equation is B(l,g, 1) where b = [—2,-2,...,—2,—1]F. The eigensystem is given by
Eq. B.19. It is easy to show that the high space-frequencies still correspond to the
eigenvalues with high magnitudes, and, in fact, all of the properties given in Section
10.1 are met. However, the eigenvector structure is different from that given in
Eq. 9.55 for Dirichlet conditions. In the present case they are given by

2m — 1
Tjm = sin [] <%>‘| ;7 m= 1, 27 T M (1022)

and are illustrated in Fig. 10.1. All of them go through zero on the left (Dirichlet)
side, and all of them reflect on the right (Neumann) side.

For Neumann conditions, the interpolation formula in Eq. 10.15 must be changed.
In the particular case illustrated in Fig. 10.1, e, is equal to e;;. If Neumann conditions
are on the left, e, = e;. When ¢, = e/, the example in Eq. 10.16 changes to

1
Ay =

5 (10.23)

OO = =
O = = O
N = OO
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=1

Figure 10.1: Eigenvectors for the mixed Dirichlet~Neumann case.

The permutation matrix remains the same and both A4; and A, in the partitioned
matrix PAP~! are unchanged (only A4 is modified by putting —1 in the lower right
element). Therefore, we can construct the coarse matrix from

A
Ay Ao ——— Ac
9 11 . } X 1 1/2 ‘
—2 ot gl =y 12 | (02
—2 11 ) 1/2 —1/2

which gives us what we might have “expected.”

We will continue with Dirichlet boundary conditions for the remainder of this
Section. At this stage, we have reduced the problem from B(1, —2, 1)5 = 7 on the
fine mesh to %B(l, -2, 1)(;6 = r, on the next coarser mesh. Recall that our goal is
to solve for g, which will provide us with the solution (Boo using Eq. 10.9. Given ge
computed on the coarse grid (possibly using even coarser grids), we can compute €,
using Eq. 10.15, and thus e. In order to complete the process, we must now determine
the relationship between ge and e.

In order to examine this relationship, we need to consider the eigensystems of A
and A.:

A=XAX1, Ao = X AX T (10.25)

For A= B(M :1,—2,1) the eigenvalues and eigenvectors are

. mm - . [.( mm j=12--- M
)\m——Q{l—cos<M+1>],xm—51n[j(M+1>], m=1.2- .M (10.26)
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Based on our assumptions, the most difficult error mode to eliminate is that with
m = 1, corresponding to

A1:—2{1—cos< ﬂ Elzsin[j( T ﬂ j=1,2,---,M (10.27)

M+1 M+1

For example, with M = 51, A\ = —0.003649. If we restrict our attention to odd M,
then M, = (M —1)/2 is the size of A.. The eigenvalue and eigenvector corresponding

to m = 1 for the matrix A, = %B(MC, 1,—2,1) are

(Ae)1 = — [1 — cos <M21 1) ,(Ze); = sin [j <

For M = 51 (M, = 25), we obtain (\.); = —0.007291 = 1.998),. As M increases,
(Ac)1 approaches 2);. In addition, one can easily see that (z,); coincides with z; at
every second point of the latter vector, that is, it contains the even elements of 51.

Now let us consider the case in which all of the error consists of the eigenvector
component 51, i.e., e = 51. Then the residual is

2
M+1

)},j:Lz,---,Mc (10.28)

-

r= Az = M1 (10.29)
and the residual on the coarse grid is
Te = )\l(xc)l (1030)

since (x.); contains the even elements of z;. The exact solution on the coarse grid
satisfies

eo = A tr, = X AUXTUN (20

(10.31)
1
0
- /\lXcAgl .
0
(10.32)
1/(Ac)t
0
= )\lXc .
0

(10.33)
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)\1 -
- oo
(10.34)
~ %(Ec)l (10.35)

Since our goal is to compute €= 51, in addition to interpolating e, to the fine grid
(using Eq. 10.15), we must multiply the result by 2. This is equivalent to solving

1 - .
§Acee =7, (10.36)
or
1 L.
(B0 1,-2,1)c, =7, (10.37)

In our case, the matrix A = B(M : 1,—2,1) comes from a discretization of the
diffusion equation, which gives
v

A= B0 1,-21) (10.38)

and the preconditioning matrix C is simply

Az?
C=——-I (10.39)
v
Applying the discretization on the coarse grid with the same preconditioning matrix
as used on the fine grid gives, since Az, = 2Ax,

1
CﬁB(MC 1,-2,1) = 5B 1,=2,1) = ;B(M,: 1,-2,1)  (10.40)
:LIC

which is precisely the matrix appearing in Eq. 10.37. Thus we see that the process is
recursive. The problem to be solved on the coarse grid is the same as that solved on
the fine grid.

The remaining steps required to complete an entire multigrid process are relatively
straightforward, but they vary depending on the problem and the user. The reduction
can be, and usually is, carried to even coarser grids before returning to the finest level.
However, in each case the appropriate permutation matrix and the interpolation
approximation define both the down- and up-going paths. The details of finding
optimum techniques are, obviously, quite important but they are not discussed here.
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10.3 A Two-Grid Process

We now describe a two-grid process for the linear problem A$ = f, which can be easily
generalized to a process with an arbitrary number of grids due to the recursive nature
of multigrid. Extension to nonlinear problems requires that both the solution and the
residual be transferred to the coarse grid in a process known as full approzimation
storage multigrid.

1. Perform n; iterations of the selected relaxation method on the fine grid, starting
with ¢ = ¢,. Call the result ¢"). This gives'

dV =GMg, +(I—Gr)A'f (10.41)
where
Gy=1+H'A (10.42)

and H; is defined as in Chapter 9 (e.g., Eq. 9.21). Next compute the residual based
on ¢V;

A =AW — f = AGM, + A(I -GM)A -
_ AGT&}E . AG?;lAflf (10.43)

2. Transfer (or restrict) 7 to the coarse grid:
2 = R (10.44)

In our example in the preceding section, the restriction matrix is

010
R=100 0 (10.45)
00 0

that is, the first three rows of the permutation matrix P in Eq. 10.11. This type of
restriction is known as “simple injection.” Some form of weighted restriction can also
be used.

3. Solve the problem A,6?) = %) on the coarse grid ezactly:
e? = A7 (10.46)

!See problem 1 of Chapter 9.
2Note that the coarse grid matrix denoted A, here was denoted A, in the preceding section.
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Here A; can be formed by applying the discretization on the coarse grid. In the
preceding example (eq. 10.40), Ay = lefB(Mc : 1,-2,1). It is at this stage that the
generalization to a multigrid procedure with more than two grids occurs. If this is the
coarsest grid in the sequence, solve exactly. Otherwise, apply the two-grid process
recursively.

4. Transfer (or prolong) the error back to the fine grid and update the solution:
b1 = o) — [1&? (10.47)

In our example, the prolongation matrix is

[1/2 0 0
1 0 0
/2 1/2 0
L=|0 1 0 (10.48)
0 1/2 1/2
0o 0 1
0 0 1/2]

which follows from Eq. 10.15.
Combining these steps, one obtains
b = = LA RIAIGY 6y — [ = LA RRAIGP AT f+ AT (10.49)
Thus the basic iteration matrix is
[I — I, A, ' RIAIGT (10.50)
The eigenvalues of this matrix determine the convergence rate of the two-grid process.
The basic iteration matrix for a three-grid process is found from Eq. 10.50 by
replacing A, with (I — G2)A,', where
G3 = [I — A" R3 Ay G2 (10.51)
In this expression ny is the number of relaxation steps on grid 2, I2 and R are the

transfer operators between grids 2 and 3, and Aj is obtained by discretizing on grid
3. Extension to four or more grids proceeds in similar fashion.
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10.4 Problems

1. Derive Eq. 10.51.
2. Repeat problem 4 of Chapter 9 using a four-grid multigrid method together
with
(a) the Gauss-Seidel method,
(b) the 3-step Richardson method derived in Section 9.5.
Solve exactly on the coarsest grid. Plot the solution after the residual is reduced
by 2, 3, and 4 orders of magnitude. Plot the logarithm of the Ly-norm of the

residual vs. the number of iterations. Determine the asymptotic convergence
rate. Calculate the theoretical asymptotic convergence rate and compare.



Chapter 11

NUMERICAL DISSIPATION

Up to this point, we have emphasized the second-order centered-difference approxima-
tions to the spatial derivatives in our model equations. We have seen that a centered
approximation to a first derivative is nondissipative, i.e., the eigenvalues of the as-
sociated circulant matrix (with periodic boundary conditions) are pure imaginary.
In processes governed by nonlinear equations, such as the Euler and Navier-Stokes
equations, there can be a continual production of high-frequency components of the
solution, leading, for example, to the production of shock waves. In a real phys-
ical problem, the production of high frequencies is eventually limited by viscosity.
However, when we solve the Euler equations numerically, we have neglected viscous
effects. Thus the numerical approximation must contain some inherent dissipation to
limit the production of high-frequency modes. Although numerical approximations
to the Navier-Stokes equations contain dissipation through the viscous terms, this
can be insufficient, especially at high Reynolds numbers, due to the limited grid res-
olution which is practical. Therefore, unless the relevant length scales are resolved,
some form of added numerical dissipation is required in the numerical solution of
the Navier-Stokes equations as well. Since the addition of numerical dissipation is
tantamount to intentionally introducing nonphysical behavior, it must be carefully
controlled such that the error introduced is not excessive. In this Chapter, we discuss
some different ways of adding numerical dissipation to the spatial derivatives in the
linear convection equation and hyperbolic systems of PDE’s.

203
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11.1 One-Sided First-Derivative Space Differenc-
ing

We investigate the properties of one-sided spatial difference operators in the context
of the biconvection model equation given by

ou ou

with periodic boundary conditions. Consider the following point operator for the
spatial derivative term

—Q

—a(au); = Ga (U B+ 2005+ (1= Bugia]
— %[(—ug‘—l +ujpr) + B(—uj1 + 2uj — ujtq)] (11.2)

The second form shown divides the operator into an antisymmetric component (—u;_;+
u;+1)/2Az and a symmetric component 3(—u;_1 + 2u; — uj11)/2Az. The antisym-
metric component is the second-order centered difference operator. With 3 # 0, the
operator is only first-order accurate. A backward difference operator is given by § =1
and a forward difference operator is given by = —1.

For periodic boundary conditions the corresponding matrix operator is

—a

_a6$ - TZL‘BP(_l _67 26,1 _6)

The eigenvalues of this matrix are

—a 2mm o 2mm
)\m—E{ﬂ{l—cos<Wﬂ—Hsm(W)} for m=0,1,..., M—1

If a is positive, the forward difference operator (5 = —1) produces Re(\,) > 0,
the centered difference operator ( = 0) produces Re()\,,) = 0, and the backward
difference operator produces Re(),,) < 0. Hence the forward difference operator is
inherently unstable while the centered and backward operators are inherently stable.
If a is negative, the roles are reversed. When Re(),;,) = 0, the solution will either
grow or decay with time. In either case, our choice of differencing scheme produces
nonphysical behavior. We proceed next to show why this occurs.
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11.2 The Modified Partial Differential Equation

First carry out a Taylor series expansion of the terms in Eq. 11.2. We are lead to the

expression
Ju o [ 0*u Az? (DPu BAz* (0
281 (a?)fﬁm (é@?)ﬁ 3 <8x3 e \aer) T

We see that the antisymmetric portion of the operator introduces odd derivative
terms in the truncation error while the symmetric portion introduces even derivatives.
Substituting this into Eq. 11.1 gives

1
(6zu); = AL

2 2 53 3

@:_G%_i_aﬂAx@u_an 8u+aﬂAx 8u+.“ (11.3)

ot ox 2 0x? 6 Ox3 24 Ox*
This is the partial differential equation we are really solving when we apply the
approximation given by Eq. 11.2 to Eq. 11.1. Notice that Eq. 11.3 is consistent with
Eq. 11.1, since the two equations are identical when Az — 0. However, when we use
a computer to find a numerical solution of the problem, Axz can be small but it is
not zero. This means that each term in the expansion given by Eq. 11.3 is excited to
some degree. We refer to Eq. 11.3 as the modified partial differential equation. We
proceed next to investigate the implications of this concept.

Consider the simple linear partial differential equation
ou ou  0%u Pu  u

ot _“a_x + V@xQ + 78x3 + T8x4 (11.4)

Choose periodic boundary conditions and impose an initial condition u = €***. Under
these conditions there is a wave-like solution to Eq. 11.4 of the form

u(m, 1) = einelriok
provided r and s satisfy the condition
r+4is = —iak — vK® — ivk> + 7K
or
r=—k*(v—71K?), 5= —k(a+yKk?)

The solution is composed of both amplitude and phase terms. Thus

U — g—nz(u—rnz) giﬁ[m—(a+7ﬁz)t} (115)

-~

amplitude phzse
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It is important to notice that the amplitude of the solution depends only upon v and
7, the coefficients of the even derivatives in Eq. 11.4, and the phase depends only on
a and v, the coefficients of the odd derivatives.

If the wave speed a is positive, the choice of a backward difference scheme (3 = 1)
produces a modified PDE with v — 7x? > 0 and hence the amplitude of the solution
decays. This is tantamount to deliberately adding dissipation to the PDE. Under the
same condition, the choice of a forward difference scheme (3 = —1) is equivalent to
deliberately adding a destabilizing term to the PDE.

By examining the term governing the phase of the solution in Eq. 11.5, we see
that the speed of propagation is a + vx?. Referring to the modified PDE, Eq. 11.3
we have v = —aAx?/6. Therefore, the phase speed of the numerical solution is less
than the actual phase speed. Furthermore, the numerical phase speed is dependent
upon the wavenumber x. This we refer to as dispersion.

Our purpose here is to investigate the properties of one-sided spatial differencing
operators relative to centered difference operators. We have seen that the three-
point centered difference approximation of the spatial derivative produces a modified
PDE that has no dissipation (or amplification). One can easily show, by using the
antisymmetry of the matrix difference operators, that the same is true for any cen-
tered difference approximation of a first derivative. As a corollary, any departure
from antisymmetry in the matriz difference operator must introduce dissipation (or
amplification) into the modified PDE.

Note that the use of one-sided differencing schemes is not the only way to in-
troduce dissipation. Any symmetric component in the spatial operator introduces
dissipation (or amplification). Therefore, one could choose 3 = 1/2 in Eq. 11.2. The
resulting spatial operator is not one-sided but it is dissipative. Biased schemes use
more information on one side of the node than the other. For example, a third-order
backward-biased scheme is given by

(6xu)] = Uj—2 — 6Uj_1 + 3’LL]' + 2Uj+1)

6Am(
1
= m[(“j% — 8uj1 + 8uji1 — Ujya)

+ (w0 = dujy + Guj — duji + ujpo)] (11.6)

The antisymmetric component of this operator is the fourth-order centered difference
operator. The symmetric component approximates Ax*ugzppp/12. Therefore, this
operator produces fourth-order accuracy in phase with a third-order dissipative term.
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11.3 The Lax-Wendroff Method

In order to introduce numerical dissipation using one-sided differencing, backward

differencing must be used if the wave speed is positive, and forward differencing must

be used if the wave speed is negative. Next we consider a method which introduces

dissipation independent of the sign of the wave speed, known as the Lax-Wendroff

method. This explicit method differs conceptually from the methods considered pre-

viously in which spatial differencing and time-marching are treated separately.
Consider the following Taylor-series expansion in time:

ou 1. ,0%u

t+h)=u+h—+-h’— +O(K® 11.7

u(, b+ h) = ut Rt + SIS O (117

First replace the time derivatives with space derivatives according to the PDE (in

this case, the linear convection equation %—g + ag—g = (). Thus
ou  du Pu 0%

% = ag, w =a @ (118)

Now replace the space derivatives with three-point centered difference operators, giv-
ing

1 ah 1/ah\’
n+1 n n n n n n
W = g ——(ug-Jr)1 — " )+ 2 <—x> (ugﬁl — 2u§- )+ ug,)l) (11.9)

This is the Lax-Wendroff method applied to the linear convection equation. It is a
fully-discrete finite-difference scheme. There is no intermediate semi-discrete stage.
For periodic boundary conditions, the corresponding fully-discrete matrix operator

e G5 (8)] - (2) 5[5+ (8)])-

The eigenvalues of this matrix are

2
am:1—<@> {1—cos<%—m>]—i%sm<2”—m> for m=0,1,...,M—1

is

Ax

For [4%] < 1 all of the eigenvalues have modulus less than or equal to unity and hence
the method is stable independent of the sign of a. The quantity |42 | is known as the
Courant (or CFL) number. It is equal to the ratio of the distance travelled by a wave
in one time step to the mesh spacing.
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The nature of the dissipative properties of the Lax-Wendroff scheme can be seen
by examining the modified partial differential equation, which is given by

ou du _ a Pu  a’h 0*u

a7 + s = G(Ax2 - thQ)% - ?(Aﬁ - thQ)@ +...
This is derived by substituting Taylor series expansions for all terms in Eq. 11.9 and
converting the time derivatives to space derivatives using Eq. 11.8. The two leading
error terms appear on the right side of the equation. Recall that the odd derivatives on
the right side lead to unwanted dispersion and the even derivatives lead to dissipation
(or amplification, depending on the sign). Therefore, the leading error term in the
Lax-Wendroff method is dispersive and proportional to

a Pu aAx? 0%u
- A 2 2h2 - _ 1— 02 i
6( o “ )6x3 6 ( ")8x3
The dissipative term is proportional to
a’h 0*u a’hAx? 0*u
_ AL 22 _ 1 - o2
8 (Az”—a )8964 8 ( C")8x4

This term has the appropriate sign and hence the scheme is truly dissipative as long
as C, < 1.

A closely related method is that of MacCormack. Recall MacCormack’s time-
marching method, presented in Chapter 6:

an-l—l = un+hU;L
1 - -
Upp1 = 5[“" + Up1 + hity, 4] (11.10)
If we use first-order backward differencing in the first stage and first-order forward

differencing in the second stage,! a dissipative second-order method is obtained. For
the linear convection equation, this approach leads to

—(n+1 n ah , o, n
ug = ug ) _ —x(ug ) _ ugjl)
n ]‘ n ~(n ah ~(n ~(n
u = §[u§- )l - —x(ug_:{l) — @ty (11.11)

which can be shown to be identical to the Lax-Wendroff method. Hence MacCor-
mack’s method has the same dissipative and dispersive properties as the Lax-Wendroff
method. The two methods differ when applied to nonlinear hyperbolic systems, how-
ever.

1Or vice-versa; for nonlinear problems, these should be applied alternately.
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11.4 Upwind Schemes

In Section 11.1, we saw that numerical dissipation can be introduced in the spatial
difference operator using one-sided difference schemes or, more generally, by adding
a symmetric component to the spatial operator. With this approach, the direction
of the one-sided operator (i.e., whether it is a forward or a backward difference)
or the sign of the symmetric component depends on the sign of the wave speed.
When a hyperbolic system of equations is being solved, the wave speeds can be both
positive and negative. For example, the eigenvalues of the flux Jacobian for the one-
dimensional Euler equations are u, u + a,u — a. When the flow is subsonic, these are
of mixed sign. In order to apply one-sided differencing schemes to such systems, some
form of splitting is required. This is avoided in the Lax-Wendroff scheme. However,
as a result of their superior flexibility, schemes in which the numerical dissipation
is introduced in the spatial operator are generally preferred over the Lax-Wendroff

approach.
Consider again the linear convection equation:
ou ou
— — =0 11.12
ot + o ( )

where we do not make any assumptions as to the sign of a. We can rewrite Eq. 11.12
as

ou L\ 0u L azxlal

E—F(a +a )6_95_0 At =
If a > 0, then a* = a > 0 and &= = 0. Alternatively, if a < 0, then a™ = 0 and
a” = a < 0. Now for the a* (> 0) term we can safely backward difference and for the

a~ (<0) term forward difference. This is the basic concept behind upwind methods,
that is, some decomposition or splitting of the fluxes into terms which have positive
and negative characteristic speeds so that appropriate differencing schemes can be
chosen. In the next two sections, we present two splitting techniques commonly used
with upwind methods. These are by no means unique.

The above approach to obtaining a stable discretization independent of the sign
of a can be written in a different, but entirely equivalent, manner. From Eq. 11.2, we
see that a stable discretization is obtained with § =1 if @ > 0 and with g = —1 if
a < 0. This is achieved by the following point operator:

—a(dsu); = 51—

[a(—uj—1 + 1) + [al(—uj1 4 2uj — uji)] (11.13)
This approach is extended to systems of equations in Section 11.5.

In this section, we present the basic ideas of flux-vector and flux-difference splitting.
For more subtle aspects of implementation and application of such techniques to
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nonlinear hyperbolic systems such as the Euler equations, the reader is referred to
the literature on this subject.

11.4.1 Flux-Vector Splitting

Recall from Section 2.5 that a linear, constant-coefficient, hyperbolic system of partial
differential equations given by

ou Of Ou ou
o Ty =3 tAg =0 (11.14)

can be decoupled into characteristic equations of the form

Gwi 4 A 8wz

i = 11.1
ot ox 0 ( %)

where the wave speeds, )\;, are the eigenvalues of the Jacobian matrix, A, and the
w;’s are the characteristic variables. In order to apply a one-sided (or biased) spatial
differencing scheme, we need to apply a backward difference if the wave speed, J\;, is
positive, and a forward difference if the wave speed is negative. To accomplish this,
let us split the matrix of eigenvalues, A, into two components such that

A=AT+A" (11.16)
where
AT = A+2|A|, A-=A _2|A| (11.17)

With these definitions, A contains the positive eigenvalues and A~ contains the neg-
ative eigenvalues. We can now rewrite the system in terms of characteristic variables
as

ow ow  OJw ow ow

A = AT A = 11.18

ot ox ot ox ox ( )
The spatial terms have been split into two components according to the sign of the
wave speeds. We can use backward differencing for the A“g—;’ term and forward
differencing for the A*g—f term. Premultiplying by X and inserting the product
XX in the spatial terms gives

0Xw n OXATX ' Xw n OXA~ X' Xw

ot Oz Oz =0 (11.19)
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With the definitions?

At = XATX L A =XA X (11.20)
and recalling that u = Xw, we obtain

ou 0Atu 0A u

— 0 11.21
ot or | oa (11.21)
Finally the split flux vectors are defined as
fr=A%u, fT=A"u (11.22)
and we can write
du oft of
T 11.2
ot + ox + ox 0 (11.23)

In the linear case, the definition of the split fluxes follows directly from the defini-
tion of the flux, f = Au. For the Euler equations, f is also equal to Au as a result of
their homogeneous property, as discussed in Appendix C. Note that

f=r"+r (11.24)

Thus by applying backward differences to the f* term and forward differences to the
f~ term, we are in effect solving the characteristic equations in the desired manner.
This approach is known as flux-vector splitting.

When an implicit time-marching method is used, the Jacobians of the split flux
vectors are required. In the nonlinear case,

afr
ou

of”

AAT, S F A (11.25)

Therefore, one must find and use the new Jacobians given by

oft __ of~
ATt =22 A = - 11.2
ou’ ou ( 6)

For the Euler equations, A** has eigenvalues which are all positive, and A=~ has all
negative eigenvalues.

2With these definitions A™ has all positive eigenvalues, and A~ has all negative eigenvalues.
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11.4.2 Flux-Difference Splitting

Another approach, more suited to finite-volume methods, is known as flux-difference
splitting. In a finite-volume method, the fluxes must be evaluated at cell bound-
aries. We again begin with the diagonalized form of the linear, constant-coefficient,
hyperbolic system of equations

ow ow

—— 4+ A—=0 11.27
ot ox ( )

The flux vector associated with this form is ¢ = Aw. Now, as in Chapter 5, we

consider the numerical flux at the interface between nodes j and j + 1, gj11/2, as a

function of the states to the left and right of the interface, wy and wg, respectively.

The centered approximation to g;1/2, which is nondissipative, is given by

1

9j+172 = 5 (9(wr) + g(wr)) (11.28)

In order to obtain a one-sided upwind approximation, we require

)\,-(wz-)L if )\Z >0

(Gi)jr1/2 = { Mo if A, <0 (11.29)

where the subscript ¢ indicates individual components of w and g. This is achieved
with

(@0+172 = i [0 + (i) + 51Nl [ = (i) (1.0

or

. 1 1
Gj+172 = GA (wr + wg) + S|A] (wr, — wr) (11.31)

Now, as in Eq. 11.19, we premultiply by X to return to the original variables and
insert the product X !X after A and |A| to obtain

1 1
Xgji1/o = 5XAX—1X (wr, + wg) + EX|A|X—1X (wy, — wg) (11.32)
and thus
5 1 1
fisipr = 5 (fo+ fr) + 51l (ur — ug) (11.33)

where

|A] = X|A|X! (11.34)



11.5. ARTIFICIAL DISSIPATION 213

and we have also used the relations f = X¢, u = Xw, and A = XAX !

In the linear, constant-coefficient case, this leads to an upwind operator which is
identical to that obtained using flux-vector splitting. However, in the nonlinear case,
there is some ambiguity regarding the definition of |A| at the cell interface j + 1/2.
In order to resolve this, consider a situation in which the eigenvalues of A are all of
the same sign. In this case, we would like our definition of fjﬂ/g to satisfy

fL if all )\Z'IS >0

fj+1/2 = { fR lf all )\ils < 0 (1135)

giving pure upwinding. If the eigenvalues of A are all positive, |A| = A; if they are
all negative, |A| = —A. Hence satisfaction of Eq. 11.35 is obtained by the definition

A 1 1
fiv12 =3 (fo+ fr)+ §|Aj+1/2| (ur, — ur) (11.36)
if Aj /o satisfies
fr = fr= 4110 (up, — ug) (11.37)

For the Euler equations for a perfect gas, Eq. 11.37 is satisfied by the flux Jacobian
evaluated at the Roe-average state given by

Uprrjp = VPLUL + /PRUR (11.38)
VPL /PR

VoLHr + \/prHR (11.39)
VPL T /PR

where v and H = (e + p)/p are the velocity and the total enthalpy per unit mass,
respectively.?

Hjy1

11.5 Artificial Dissipation

We have seen that numerical dissipation can be introduced by using one-sided dif-
ferencing schemes together with some form of flux splitting. We have also seen that
such dissipation can be introduced by adding a symmetric component to an antisym-
metric (dissipation-free) operator. Thus we can generalize the concept of upwinding
to include any scheme in which the symmetric portion of the operator is treated in
such a manner as to be truly dissipative.

3Note that the flux Jacobian can be written in terms of v and H only; see problem 6 at the end
of this chapter.



214 CHAPTER 11. NUMERICAL DISSIPATION

For example, let

Uiyl — Uj—1 —U‘+1+QU‘—U'_1
5% . = Jj+ J 5u). = J J J
(02w, = UL (), -
Applying 9§, = §% + 65 to the spatial derivative in Eq. 11.15 is stable if \; > 0 and
unstable if \; < 0. Similarly, applying 6, = 0 — 67 is stable if \; < 0 and unstable if
A; > 0. The appropriate implementation is thus

(11.40)

)\Zéx == )\Z(Sg + |)\z|6; (1141)

Extension to a hyperbolic system by applying the above approach to the characteristic
variables, as in the previous two sections, gives

5a(Au) = 6%(Au) + 65 (| Alu) (11.42)
or
Sof = 60f + 6°(|Alu) (11.43)

where |A| is defined in Eq. 11.34. The second spatial term is known as artificial
dissipation. It is also sometimes referred to as artificial diffusion or artificial viscosity.
With appropriate choices of §¢ and ¢, this approach can be related to the upwind
approach. This is particularly evident from a comparison of Eqs. 11.36 and 11.43.

It is common to use the following operator for §;

(Gpu); = &(uj,Q —duj_q + 6uj — dujg + ujgo) (11.44)
where € is a problem-dependent coefficient. This symmetric operator approximates
eA23Uyp0, and thus introduces a third-order dissipative term. With an appropriate
value of €, this often provides sufficient damping of high frequency modes without
greatly affecting the low frequency modes. For details of how this can be implemented
for nonlinear hyperbolic systems, the reader should consult the literature. A more
complicated treatment of the numerical dissipation is also required near shock waves
and other discontinuities, but is beyond the scope of this book.

11.6 Problems

1. A second-order backward difference approximation to a 1st derivative is given
as a point operator by

1

Oa); = 337

(U/]‘_Q — 4Uj_1 + 3’LL])
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(a) Express this operator in banded matrix form (for periodic boundary condi-
tions), then derive the symmetric and skew-symmetric matrices that have
the matrix operator as their sum. (See Appendix A.3 to see how to con-
struct the symmetric and skew-symmetric components of a matrix.)

(b) Using a Taylor table, find the derivative which is approximated by the
corresponding symmetric and skew-symmetric operators and the leading
error term for each.

2. Find the modified wavenumber for the first-order backward difference operator.
Plot the real and imaginary parts of k*Ax vs. kAx for 0 < KAz < 7. Using
Fourier analysis as in Section 6.6.2, find |o| for the combination of this spatial
operator with 4th-order Runge-Kutta time marching at a Courant number of
unity and plot vs. KAz for 0 < KAz < .

3. Find the modified wavenumber for the operator given in Eq. 11.6. Plot the real
and imaginary parts of k*Ax vs. kAx for 0 < KAz < m. Using Fourier analysis
as in Section 6.6.2, find |o| for the combination of this spatial operator with
4th-order Runge-Kutta time marching at a Courant number of unity and plot
vs. kAx for 0 < KAz < 7.

4. Consider the spatial operator obtained by combining second-order centered dif-
ferences with the symmetric operator given in Eq. 11.44. Find the modified
wavenumber for this operator with e = 0,1/12,1/24, and 1/48. Plot the real
and imaginary parts of k*Ax vs. KAz for 0 < kAx < 7. Using Fourier analysis
as in Section 6.6.2, find |o| for the combination of this spatial operator with
4th-order Runge-Kutta time marching at a Courant number of unity and plot
vs. kAx for 0 < kAz < 7.

5. Consider the hyperbolic system derived in problem 8 of Chapter 2. Find the
matrix |A|. Form the plus-minus split flux vectors as in Section 11.4.1.

6. Show that the flux Jacobian for the 1-D Euler equations can be written in terms
of w and H. Show that the use of the Roe average state given in Eqs. 11.38 and
11.39 leads to satisfaction of Eq. 11.37.
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Chapter 12
SPLIT AND FACTORED FORMS

In the next two chapters, we present and analyze split and factored algorithms. This
gives the reader a feel for some of the modifications which can be made to the basic
algorithms in order to obtain efficient solvers for practical multidimensional applica-
tions, and a means for analyzing such modified forms.

12.1 The Concept

Factored forms of numerical operators are used extensively in constructing and ap-
plying numerical methods to problems in fluid mechanics. They are the basis for a
wide variety of methods variously known by the labels “hybrid”, “time split”, and
“fractional step”. Factored forms are especially useful for the derivation of practical
algorithms that use implicit methods. When we approach numerical analysis in the
light of matrix derivative operators, the concept of factoring is quite simple to present
and grasp. Let us start with the following observations:

1. Matrices can be split in quite arbitrary ways.

2. Advancing to the next time level always requires some reference to a previous
one.

3. Time marching methods are valid only to some order of accuracy in the step
size, h.

Now recall the generic ODE’s produced by the semi-discrete approach

—

du - =
o= Au—f (12.1)

217
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and consider the above observations. From observation 1 (arbitrary splitting of A) :

du L o

where A = [A; + Ay] but A; and A, are not unique. For the time march let us choose
the simple, first-order, explicit Euler method. Then, from observation 2 (new data
Up11 in terms of old wu,):

tnsr = [ I +hAy + hAs)u, — hf + O(h?) (12.3)
or its equivalent
tnir = [ 1 +hAT + hAs] — h2A  Ao]a, — hf +O(h?)
Finally, from observation 3 (allowing us to drop higher order terms —hQAlAgﬁn):
tpp1 = [ +hA[ T + hAs)uy — hf + O(h?) (12.4)

Notice that Eqs. 12.3 and 12.4 have the same formal order of accuracy and, in
this sense, neither one is to be preferred over the other. However, their numerical
stability can be quite different, and techniques to carry out their numerical evaluation
can have arithmetic operation counts that vary by orders of magnitude. Both of these
considerations are investigated later. Here we seek only to apply to some simple cases
the concept of factoring.

12.2 Factoring Physical Representations — Time
Splitting

Suppose we have a PDE that represents both the processes of convection and dissi-
pation. The semi-discrete approach to its solution might be put in the form

du - -~ -

i Acu+ Aqu+ (be) (12.5)
where A, and A, are matrices representing the convection and dissipation terms,
respectively; and their sum forms the A matrix we have considered in the previous

sections. Choose again the explicit Euler time march so that

U1 = [T + hAg + hAJu, + h(be) + O(h?) (12.6)

1Second-order time-marching methods are considered later.
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Now consider the factored form

-

tner = [1 +hAG)([1 +hAJu, + h(be))
= [I +hAg+hAJu, + h(be) + h*Aq(Acti, + (b)) +O(h?)  (12.7)

~ /

Original Unfactored Terms Higher Order Terms

and we see that Eq. 12.7 and the original unfactored form Eq. 12.6 have identical
orders of accuracy in the time approximation. Therefore, on this basis, their selection
is arbitrary. In practical applications? equations such as 12.7 are often applied in a
predictor-corrector sequence. In this case one could write

fn1 = [1 + hAdun + h(be)

Upt1 = [ I —+ hAd]an+1 (128)

Factoring can also be useful to form split combinations of implicit and explicit
techniques. For example, another way to approximate Eq. 12.6 with the same order
of accuracy is given by the expression

-

tnr = [T —hAJ7' ([T +hAJu, + h(be))
= [T +hAg+ hAJu, + h(be) +O(h2) (12.9)

~ /

Original Unfactored Terms

where in this approximation we have used the fact that
[T —hA™" =T+hA;+h2A%+ .

if h - ||A4]| < 1, where ||A4]| is some norm of [A4]. This time a predictor-corrector
interpretation leads to the sequence

Gpsr = [I + hAJu, + h(be)
[ — hAgltuns: = fins (12.10)

The convection operator is applied explicitly, as before, but the diffusion operator is
now implicit, requiring a tridiagonal solver if the diffusion term is central differenced.
Since numerical stiffness is generally much more severe for the diffusion process, this
factored form would appear to be superior to that provided by Eq. 12.8. However,
the important aspect of stability has yet to be discussed.

2We do not suggest that this particular method is suitable for use. We have yet to determine its
stability, and a first-order time-march method is usually unsatisfactory.
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We should mention here that Eq. 12.9 can be derived for a different point of view
by writing Eq. 12.6 in the form

U“Lh_u" = Aty + Agupyr + (be) + O(h2)

Then .
[ I — hA4upr =1 + hAcJu, + h(be)

which is identical to Eq. 12.10.

12.3 Factoring Space Matrix Operators in 2-D

12.3.1 Mesh Indexing Convention

Factoring is widely used in codes designed for the numerical solution of equations
governing unsteady two- and three-dimensional flows. Let us study the basic concept
of factoring by inspecting its use on the linear 2-D scalar PDE that models diffusion:

o _ ot
ot 0x2  Oy?

We begin by reducing this PDE to a coupled set of ODE’s by differencing the space
derivatives and inspecting the resulting matrix operator.

A clear description of a matrix finite-difference operator in 2- and 3-D requires some
reference to a mesh. We choose the 3 x 4 point mesh?® shown in the Sketch 12.12.
In this example M,, the number of (interior) x points, is 4 and M, the number of
(interior) y points is 3. The numbers 11, 12, ---, 43 represent the location in the
mesh of the dependent variable bearing that index. Thus us, represents the value of
vatj=3andk=2.

(12.11)

© © 60 0
13 23 33 43
12 22 32 42
11 21 31 41
© © 60 0
1§ - M,

M,
k
1

©O006
IONONO,

(12.12)

Mesh indexing in 2-D.

3This could also be called a 5 x 6 point mesh if the boundary points (labeled ® in the sketch)
were included, but in these notes we describe the size of a mesh by the number of interior points.
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12.3.2 Data Bases and Space Vectors

The dimensioned array in a computer code that allots the storage locations of the
dependent variable(s) is referred to as a data-base. There are many ways to lay out
a data-base. Of these, we consider only two: (1), consecutively along rows that are
themselves consecutive from £ =1 to M,, and (2), consecutively along columns that
are consecutive from j = 1 to M,. We refer to each row or column group as a
space vector (they represent data along lines that are continuous in space) and label
their sum with the symbol U. In particular, (1) and (2) above are referred to as z-
vectors and y-vectors, respectively. The symbol U by itself is not enough to identify
the structure of the data-base and is used only when the structure is immaterial or
understood.

To be specific about the structure, we label a data—base composed of z-vectors with
U® | and one composed of y-vectors with U®). Examples of the order of indexing
for these space vectors are given in Eq. 12.16 part a and b.

12.3.3 Data Base Permutations

The two vectors (arrays) are related by a permutation matrix P such that
v® = p,,UY  and UW= P,U® (12.13)

where
_ pT _ p-1
Py:n - P:J:y - P:J:y

Now consider the structure of a matrix finite-difference operator representing 3-
point central-differencing schemes for both space derivatives in two dimensions. When
the matrix is multiplying a space vector U, the usual (but ambiguous) representation
is given by A,,. In this notation the ODE form of Eq. 12.11 can be written *

% = Ay U + (be) (12.14)
If it is important to be specific about the data-base structure, we use the notation
A:(,ffgy or A:(Eﬂ)y, depending on the data—base chosen for the U it multiplies. Examples
are in Eq. 12.16 part a and b. Notice that the matrices are not the same although
they represent the same derivative operation. Their structures are similar, however,
and they are related by the same permutation matrix that relates U® to U®. Thus

AY) = P, AW . Py, (12.15)

4Notice that A,4y and U, which are notations used in the special case of space vectors, are
subsets of A and ﬁ, used in the previous sections.
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a:Elements in 2-dimensional, central-difference, matrix
operator, A,,, for 3x4 mesh shown in Sketch 12.12.
Data base composed of M, x—vectors stored in U @),
Entries for x — z, for y — o, for both — e.
[ | = | |
o | x | |
° | z | |
x | | =z |
x | o | x |
z | o | z |
Aéﬂ)y UW —
| =z | 0 | =z
| x | e o | x
| z | o e | x
| | = | 0
| | x | .
L | | r | o e

b: Elements in 2-dimensional, central-difference, matrix

operator, A,,, for 3x4 mesh shown in Sketch 12.12.
Data base composed of M, y-vectors stored in U®).
Entries for x — z, for y — o, for both — e.
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11
21
31
41

12
22

" 32

31

42

13
23
33
43

(12.16)
11
12
13

21
22
23

32
33

41
42
43
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12.3.4 Space Splitting and Factoring

We are now prepared to discuss splitting in two dimensions. It should be clear that
the matrix A:(;ﬂzy can be split into two matrices such that

A = AL 4 A® (12.17)

Tty T T Y

where A®) and Ag(f) are shown in Eq. 12.22. Similarily

A:(Byly =AY 4+ AW (12.18)

where the split matrices are shown in Eq. 12.23.
The permutation relation also holds for the split matrices so

and
A = PP P,

The splittings in Eqs. 12.17 and 12.18 can be combined with factoring in the
manner described in Section 12.2. As an example (first-order in time), applying the
implicit Euler method to Eq. 12.14 gives

U = U® + h[AD + AD|US, + h(be)

n T y

or

(1= hA® — hAD| U, = U + h(be) + O(h?) (12.19)

y n
As in Section 12.2, we retain the same first order accuracy with the alternative
(1= hA@][1 = hAP UL, = U + h(be) + O(h?) (12.20)

Write this in predictor-corrector form and permute the data base of the second row.
There results

[1—hAP|T® = U + h(be)
[1—nAP|UY, = O (12.21)
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8 8

8 8 &

8 8 8

8 8

8 8

8 8 8

8 8 8

8 8

8 8

8 8 8

8 8 8

8 8

(12.22)

The splitting of Agﬁy.
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K | @ | | 1
x | x | |
z | z | |
A;y) L UW = U®
| | @ | @
| | x | x
L | | z | x|
o o | | | (12.23)
o o o | | |
o o | | |
| o0 | |
| o o o | |
| o0 o | |
Aéy) UW) — U
| | o0 |
| | o o o |
| | o o |
| | | o o
| | | o o o
I | | | 0o 0.

The splitting of A;?Qy.
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12.4 Second-Order Factored Implicit Methods

Second-order accuracy in time can be maintained in a certain factored implicit meth-
ods. For example, apply the trapezoidal method to Eq. 12.14 where the derivative
operators have been split as in Eq. 12.17 or 12.18. Let the data base be immaterial
and the (ch) be time invariant. There results

1 1 1 1 .

[I — ShA, - 5hAy] Upit = [I + ShAg + ShA Uy + b)) + 00 (12.24

Factor both sides giving
1 1 1 -

{ {I - §hA4 {I - §hAy} — 1A AU

_ { {1 v %hAm] {1 v %hAy] - ihQAxAy- Up + hibe) + O(h*)  (12.25)

Then notice that the combination %[hQ (A, A,)(Upy1 — U,) s proportional to h? since
the leading term in the expansion of (U, — U,) is proportional to h. Therefore, we
can write

1

1 1 1 -
[I _ §hAI] [I — ShAy U = [I 4 §hA4 {1 4 51144 Us, + h(be) + O(h*) (12.26)

and both the factored and unfactored form of the trapezoidal method are second-order
accurate in the time march.

An alternative form of this kind of factorization is the classical ADI (alternating
direction implicit) method® usually written

1 1 1
I—-hA,|U = |I+ =hA,|U, + =hF,
{ 2 v [ T3 y]U T3

1 1o7a 1
I— ihAy} Uit = [I 4 5hAm} 0+ 5hFoi +O(R) (12.27)

For idealized commuting systems the methods given by Eqgs. 12.26 and 12.27 differ
only in their evaluation of a time-dependent forcing term.

12.5 Importance of Factored Forms in 2 and 3 Di-
mensions

When the time-march equations are stiff and implicit methods are required to permit
reasonably large time steps, the use of factored forms becomes a very valuable tool

A form of the Douglas or Peaceman-Rachford methods.
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for realistic problems. Consider, for example, the problem of computing the time
advance in the unfactored form of the trapezoidal method given by Eq. 12.24

1
[I - §hAx+y:| Un+1 =

Forming the right hand side poses no problem, but finding U,,,; requires the solution
of a sparse, but very large, set of coupled simultaneous equations having the matrix
form shown in Eq. 12.16 part a and b. Furthermore, in real cases involving the Euler
or Navier-Stokes equations, each symbol (o, z, ®) represents a 4 x 4 block matrix with
entries that depend on the pressure, density and velocity field. Suppose we were to
solve the equations directly. The forward sweep of a simple Gaussian elimination fills®
all of the 4 x 4 blocks between the main and outermost diagonal” (e.g. between e
and o in Eq. 12.16 part b.). This must be stored in computer memory to be used to
find the final solution in the backward sweep. If N, represents the order of the small
block matrix (4 in the 2-D Euler case), the approximate memory requirement is

(Ne x My) - (Ne x M) - M,

floating point words. Here it is assumed that M, < M,. If M, > M,, M, and M,
would be interchanged. A moderate mesh of 60 x 200 points would require over 11
million words to find the solution. Actually current computer power is able to cope
rather easily with storage requirements of this order of magnitude. With computing
speeds of over one gigaflop,® direct solvers may become useful for finding steady-state
solutions of practical problems in two dimensions. However, a three-dimensional
solver would require a memory of approximatly

N2 M2 M2 M,

1 -
I+ 5hAM] Uy + h(be)

words and, for well resolved flow fields, this probably exceeds memory availability for
some time to come.

On the other hand, consider computing a solution using the factored implicit equa-
tion 12.25. Again computing the right hand side poses no problem. Accumulate the
result of such a computation in the array (RHS). One can then write the remaining
terms in the two-step predictor-corrector form

1 ~
{J—§hA§f>]U<x> — (RHS)®

Y

1
{I—ihA(y)]U,(le = W (12.28)

6For matrices as small as those shown there are many gaps in this “fill”, but for meshes of
practical size the fill is mostly dense.

"The lower band is also computed but does not have to be saved unless the solution is to be
repeated for another vector.

80ne billion floating-point operations per second.
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which has the same appearance as Eq. 12.21 but is second-order time accurate. The
first step would be solved using M, uncoupled block tridiagonal solvers”. Inspecting
the top of Eq. 12.22, we see that this is equivalent to solving M, one-dimensional
problems, each with M, blocks of order N,. The temporary solution U®) would then
be permuted to U® and an inspection of the bottom of Eq. 12.23 shows that the final
step consists of solving M, one-dimensional implicit problems each with dimension

M,

ye

12.6 The Delta Form

Clearly many ways can be devised to split the matrices and generate factored forms.
One way that is especially useful, for ensuring a correct steady-state solution in a
converged time-march, is referred to as the “delta form” and we develop it next.

Consider the unfactored form of the trapezoidal method given by Eq. 12.24, and
let the (bZ) be time invariant:

1

1 1 1 }
T— ShA, = ShA, U = {I +hA, + 5hAy} U, + h(be) + O(h?)

From both sides subtract . .

I ——-hA, — -hA,|U,

{ 2 2 y] v
leaving the equality unchanged. Then, using the standard definition of the difference
operator A,

Aljn = Un+1 - Un
one finds
1 1 -
I—Shi, - 5hAy] AU, = h[ A, Uy + (06)] + O(h?) (12.29)

Notice that the right side of this equation is the product of h and a term that is
identical to the right side of Eq. 12.14, our original ODE. Thus, if Eq. 12.29 converges,
it is guaranteed to converge to the correct steady-state solution of the ODE. Now we
can factor Eq. 12.29 and maintain O(h?) accuracy. We arrive at the expression

[I - %hAI] [[ - %hAy]AUn — h[AuryUn + (50)] + O(h?) (12.30)

This is the delta form of a factored, 2nd-order, 2-D equation.

9A block tridiagonal solver is similar to a scalar solver except that small block matrix operations
replace the scalar ones, and matrix multiplications do not commute.
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The point at which the factoring is made may not affect the order of time-accuracy,
but it can have a profound effect on the stability and convergence properties of a
method. For example, the unfactored form of a first-order method derived from the
implicit Euler time march is given by Eq. 12.19, and if it is immediately factored,
the factored form is presented in Eq. 12.20. On the other hand, the delta form of the
unfactored Eq. 12.19 is

I — hA, — hAJAU, = Ay, U, + (be)]
and its factored form becomes!'®
I = hAJ[I — hA)AU, = h| Ay, U, + (bo)] (12.31)

In spite of the similarities in derivation, we will see in the next chapter that the
convergence properties of Eq. 12.20 and Eq. 12.31 are vastly different.

12.7 Problems

1. Consider the 1-D heat equation:

ou 0%u
- = py— 0<xr<9
ot~ oz =T=

Let u(0,t) = 0 and u(9,t) = 0, so that we can simplify the boundary conditions.
Assume that second order central differencing is used, i.e.,

1
(0zatt); = @(UH — 2uj + ujy1)

The uniform grid has Az = 1 and 8 interior points.

(a) Space vector definition
i. What is the space vector for the natural ordering (monotonically in-
creasing in index), u ? Only include the interior points.

ii. If we reorder the points with the odd points first and then the even
points, write the space vector, u(® ?

iii. Write down the permutation matrices,(Pi2,Ps1).

ONotice that the only difference between the O(h%) method given by Eq. 12.30 and the O(h)
method given by Eq. 12.31 is the appearance of the factor % on the left side of the O(h?) method.
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iv. The generic ODE representing the discrete form of the heat equation
is

Write down the matrix A;. (Note f = 0, due to the boundary condi-
tions) Next find the matrix Ay such that

2
dz( ) A
13
Note that 45 can be written as
D | UT
A2 - -
U | D

Define D and U.

v. Applying implicit Euler time marching, write the delta form of the
implicit algorithm. Comment on the form of the resulting implicit
matrix operator.

(b) System definition
In problem la, we defined u™,u® A, Ay, Pis, and Py which partition

the odd points from the even points. We can put such a partitioning to
use. First define extraction operators

1.0 0 0 00 0 017

0100 0000

00 10 0000 Lo
Jo_ |0 001 ] 0000 _|" !

0000 0000 0 1 0

00 0 0 00 0 0 4 ‘

0000 0000

LO 0 0 0 000 0l

0 0 0 0 00 0 0F

0000 000 0

0000 000 0 0, | 0
@ _ (0000 0000 _|" !

000 0 1 000 o 1 T

00 0 0 01 0 0 4 4

0000 00 10

LO 0 0 0 00 0 1.
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which extract the odd even points from u(? as follows: u(® = 1942 and
u©) — [y @

i. Beginning with the ODE written in terms of u(®), define a splitting
Ay, = A, + A,, such that A, operates only on the odd terms, and A,
operates only on the even terms. Write out the matrices A, and A,.
Also, write them in terms of D and U defined above.

ii. Apply implicit Euler time marching to the split ODE. Write down the
delta form of the algorithm and the factored delta form. Comment on
the order of the error terms.

iii. Examine the implicit operators for the factored delta form. Comment
on their form. You should be able to argue that these are now trangu-
lar matrices (a lower and an upper). Comment on the solution process
this gives us relative to the direct inversion of the original system.
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Chapter 13

LINEAR ANALYSIS OF SPLIT
AND FACTORED FORMS

In Section 4.4 we introduced the concept of the representative equation, and used
it in Chapter 7 to study the stability, accuracy, and convergence properties of time-
marching schemes. The question is: Can we find a similar equation that will allow
us to evaluate the stability and convergence properties of split and factored schemes?
The answer is yes — for certain forms of linear model equations.

The analysis in this chapter is useful for estimating the stability and steady-state
properties of a wide variety of time-marching schemes that are variously referred
to as time-split, fractional-step, hybrid, and (approximately) factored. When these
methods are applied to practical problems, the results found from this analysis are
neither necessary nor sufficient to guarantee stability. However, if the results indicate
that a method has an instability, the method is probably not suitable for practical
use.

13.1 The Representative Equation for Circulant
Operators

Consider linear PDE’s with coefficients that are fixed in both space and time and with
boundary conditions that are periodic. We have seen that under these conditions
a semi-discrete approach can lead to circulant matrix difference operators, and we
discussed circulant eigensystems® in Section 4.3. In this and the following section
we assume circulant systems and our analysis depends critically on the fact that all
circulant matrices commute and have a common set of eigenvectors.

1See also the discussion on Fourier stability analysis in Section 7.7.

233
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Suppose, as a result of space differencing the PDE, we arrive at a set of ODE’s
that can be written

du =

— = At + Ayu — f(t) (13.1)

where the subscript p denotes a circulant matrix. Since both matrices have the same
set of eigenvectors, we can use the arguments made in Section 4.2.3 to uncouple the
set and form the M set of independent equations

wy = (Ag+ M) w1 — g1(2)

w,, = (Ao + ), Wm — gm (1)

wﬁw == (/\a + )\b)MwM — gM(t) (132)

The analytic solution of the m’th line is
W (t) = cpePetInt 1 P.S.

Note that each )\, pairs with one, and only one?, )\, since they must share a common
eigenvector. This suggests (see Section 4.4:

The representative equation for split, circulant systems is

d

d_jfb =[a+ X+ Ao+ Ju + ae (13.3)
where A\, + Ay + A\, + - - - are the sum of the eigenvalues in A, , A, , A_, --- that
share the same eigenvector.

13.2 Example Analysis of Circulant Systems

13.2.1 Stability Comparisons of Time-Split Methods

Consider as an example the linear convection-diffusion equation:
ou N ou 0%u
ot Oox Ox?

2This is to be contrasted to the developments found later in the analysis of 2-D equations.

(13.4)
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If the space differencing takes the form
du___a
dt — 2Az

the convection matrix operator and the diffusion matrix operator, can be represented
by the eigenvalues A\, and )4, respectively, where (see Section 4.3.2):

B,(—1,0,1)u B,(1,-2,1)u (13.5)

N v
Ax?

ia

()\C)m = Esin gm
v . .0,
()\d)m = _A—{LQ SIII?? (136)
In these equations 0, = 2mn/M ,m =0, 1, --- |, M — 1 ,so that 0 < §6,, < 2.

Using these values and the representative equation 13.4, we can analyze the stability
of the two forms of simple time-splitting discussed in Section 12.2. In this section we
refer to these as

1. the explicit-implicit Euler method, Eq. 12.10.

2. the explicit-explicit Euler method, Eq. 12.8.

1. The Explicit-Implicit Method

When applied to Eq. 13.4, the characteristic polynomial of this method is
P(E)=(1—=hX\y)E — (1 4+ h)\,)

This leads to the principal o root

h
an sin 6,,

Ax
hv <in? O,

Az? 2

where we have made use of Eq. 13.6 to quantify the eigenvalues. Now introduce the
dimensionless numbers

1+

o =
1+4

h
c, = an ,  Courant number
Ax
A
Ry = azr ,  mesh Reynolds number
v

and we can write for the absolute value of o

\/1+ C2sin?4,,
n S0 0< 0, <2r (13.7)

0 b i —_
1 +4R—: sin? 77”

o] =
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1.2 1.2
0.8 0.8
C n C n
0.4 04
0 0
0 4 8
Ry Ry
Explicit-Implicit Explicit-Explicit

Figure 13.1: Stability regions for two simple time-split methods.

A simple numerical parametric study of Eq. 13.7 shows that the critical range of
0, for any combination of C,, and Ra occurs when 6, is near 0 (or 27). From this
we find that the condition on C), and Ra that make |o| ~ 1 is

C €1’
2.2 1 _ n . 9¢
1+ C, sin 6] = {1—%-4}2A sin”
As € — 0 this gives the stability region

2
C, < —
R

which is bounded by a hyperbola and shown in Fig. 13.1.

2. The Explicit-Explicit Method

An analysis similar to the one given above shows that this method produces

Cn . 50
lo| = /14 C2sin?0,, |1 —4—="sin> | , 0<60, <27
R 2

Again a simple numerical parametric study shows that this has two critical ranges
of 0,,, one near 0, which yields the same result as in the previous example, and the
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other near 180°, which produces the constraint that
1
C, < §RA for R <2

The resulting stability boundary is also shown in Fig. 13.1. The totaly explicit,
factored method has a much smaller region of stability when R is small, as we
should have expected.

13.2.2 Analysis of a Second-Order Time-Split Method

Next let us analyze a more practical method that has been used in serious compu-
tational analysis of turbulent flows. This method applies to a flow in which there is
a combination of diffusion and periodic convection. The convection term is treated
explicitly using the second-order Adams-Bashforth method. The diffusion term is
integrated implicitly using the trapezoidal method. Our model equation is again the
linear convection-diffusion equation 13.4 which we split in the fashion of Eq. 13.5. In
order to evaluate the accuracy, as well as the stability, we include the forcing func-
tion in the representative equation and study the effect of our hybrid, time-marching
method on the equation
U = A\u + A\gu + aet

First let us find expressions for the two polynomials, P(E) and Q(E). The char-
acteristic polynomial follows from the application of the method to the homogeneous
equation, thus

1 1
Upi1 = Un + 5hAc(?,un —Up 1) + §hAd(unH + uy)
This produces
1 2 3 1 1
P(E) = (1= 5PA)E* = (14 ShAc+ ShAa) E + ShAd

The form of the particular polynomial depends upon whether the forcing function is
carried by the AB2 method or by the trapezoidal method. In the former case it is

1
Q(F) = gh(?)E - 1) (13.8)
and in the latter

Q(E) = %h(EQ + E) (13.9)
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Accuracy

From the characteristic polynomial we see that there are two o-roots and they are
given by the equation

3
2

1 3 1 \? 1
P+ Sha+ (1 +hA+ §h)\d> _ 2h/\c<1 _ §h/\d>

1
2(1— =
( 2hAd>

The principal o-root follows from the plus sign and one can show

1+

o =

(13.10)

1 1
01 =1+ (et Ma)h + 5 (e + Aa)*h? + Z(Af; R Lk

From this equation it is clear that %/\3 = %(Ac + Ag)? does not match the coefficient
of h? in o4, so

ery = O(h*)
Using P(e*") and Q(e*") to evaluate er, in Section 6.6.3, one can show
er, = O(h?)

using either Eq. 13.8 or Eq. 13.9. These results show that, for the model equation,
the hybrid method retains the second-order accuracy of its individual components.

Stability

The stability of the method can be found from Eq. 13.10 by a parametric study of ¢,
and Ra defined in Eq. 13.7. This was carried out in a manner similar to that used
to find the stability boundary of the first-order explicit-implicit method in Section
13.2.1. The results are plotted in Fig. 13.2. For values of Rn > 2 this second-order
method has a much greater region of stability than the first-order explicit-implicit
method given by Eq. 12.10 and shown in Fig. 13.1.

13.3 The Representative Equation for Space-Split
Operators

Consider the 2-D model® equations

ou  0*u  0*u
a = w —+ 8—y2 (13.11)

3The extension of the following to 3-D is simple and straightforward.
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1.2
0.8 S
Cn
Stable
04
0 4 8
R
A

Figure 13.2: Stability regions for the second-order time-split method.

and

ou ou ou
§+am8_x+ay@_0 (13.12)

Reduce either of these, by means of spatial differencing approximations, to the coupled
set of ODE’s:

dU .
— = Ao + A,)U + (bo) (13.13)

for the space vector U. The form of the A, and A, matrices for three-point central
differencing schemes are shown in Eqs. 12.22 and 12.23 for the 3 X 4 mesh shown
in Sketch 12.12. Let us inspect the structure of these matrices closely to see how we
can diagonalize [A, + A,] in terms of the individual eigenvalues of the two matrices
considered separately.

First we write these matrices in the form

Bl bl
AW =\by T bo-T by-T

by-I by-1

B
Alr) —

T

B

B

where B is a banded matrix of the form B(b_1, by, b1). Now find the block eigenvector
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matrix that diagonalizes B and use it to diagonalize A). Thus

X1 B X A

X1 X A

X1 X A

where

A3
A
Notice that the matrix Aé‘”) is transparent to this transformation. That is, if we
set X = diag(X)

bo-T by -T bo T by-T
X by bo-I by-I|X=|by-1 by-I b-1
boy-I by T boy-I by T

One now permutes the transformed system to the y-vector data-base using the per-
mutation matrix defined by Eq. 12.13. There results

Py X7 AP + AD]X - Py, =

AT B
Ao+ T B
", + P (13.14)

YRwi B

where B is the banded tridiagonal matrix B(b_1, by, §1), see the bottom of Eq. 12.23.
Next find the eigenvectors X that diagonalize the B blocks. Let B = diag(B) and
X = diag(X) and form the second transformation
A ~
SO A -
-1 . R _
X-BX = I A

A

This time, by the same argument as before, the first matrix on the right side of
Eq. 13.14 is transparent to the transformation, so the final result is the complete
diagonalization of the matrix A,

X7 P - XY [AR][X - Py X =
MI+ A

Aol + A
AT + i (13.15)

M+ A
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It is important to notice that:

e The diagonal matrix on the right side of Eq. 13.15 contains every possible com-
bination of the individual eigenvalues of B and B.

Now we are ready to present the representative equation for two dimensional sys-
tems. First reduce the PDE to ODE by some choice! of space differencing. This
results in a spatially split A matrix formed from the subsets

A = diag(B) , AW = diag(B) (13.16)

where B and B are any two matrices that have linearly independent eigenvectors (this
puts some constraints on the choice of differencing schemes).

Although A, and A, do commute, this fact, by itself, does not ensure the prop-
erty of “all possible combinations”. To obtain the latter property the structure of
the matrices is important. The block matrices B and B can be either circulant or
noncirculant; in both cases we are led to the final result:

The 2-D representative equation for model linear systems is

d
d_:: = [Ax + A\ Ju + ae
where A, and A, are any combination of eigenvalues from A, and A,, a and p are

(possibly complex) constants, and where A, and A, satisfy the conditions in 13.16.

Often we are interested in finding the value of, and the convergence rate to, the
steady-state solution of the representative equation. In that case we set 4 = 0 and
use the simpler form

d

& e\ Juta (13.17)
dt

which has the exact solution

a
Ao+ Ay

u(t) = cePotAt (13.18)

4We have used 3-point central differencing in our example, but this choice was for convenience
only, and its use is not necessary to arrive at Eq. 13.15.
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13.4 Example Analysis of 2-D Model Equations

In the following we analyze four different methods for finding a fixed, steady-state
solution to the 2-D representative equation 13.16. In each case we examine

1. The stability.
2. The accuracy of the fixed, steady-state solution.

3. The convergence rate to reach the steady-state.

13.4.1 The Unfactored Implicit Euler Method

Consider first this unfactored, first-order scheme which can then be used as a reference
case for comparison with the various factored ones. The form of the method is given
by Eq. 12.19, and when it is applied to the representative equation, we find

(1 —=hAy —hA)upi1 = uy, + ha
from which

P(E) = (1—hX—hA\)E—1
QE) = h (13.19)

giving the solution

1 " a
Up = C -
1—hX;—hA, Az + Ay
Like its counterpart in the 1-D case, this method:
1. Is unconditionally stable.

2. Produces the exact (see Eq. 13.18) steady-state solution (of the ODE) for any
h.

3. Converges very rapidly to the steady-state when h is large.

Unfortunately, however, use of this method for 2-D problems is generally impractical
for reasons discussed in Section 12.5.
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13.4.2 The Factored Nondelta Form of the Implicit Euler
Method

Now apply the factored Euler method given by Eq. 12.20 to the 2-D representative
equation. There results

(1 —=hA)(1—=hA)upys = u, + ha
from which
PE) = (1-hX)(1—-h)\)E -1
QE) = h (13.20)
giving the solution
1 " a

Uy = C —

A=hA)T—hN) | Xot Ay — ),

We see that this method:
1. Is unconditionally stable.
2. Produces a steady state solution that depends on the choice of h.

3. Converges rapidly to a steady-state for large h, but the converged solution is
completely wrong.

The method requires far less storage then the unfactored form. However, it is not
very useful since its transient solution is only first-order accurate and, if one tries to
take advantage of its rapid convergence rate, the converged value is meaningless.

13.4.3 The Factored Delta Form of the Implicit Euler Method
Next apply Eq. 12.31 to the 2-D representative equation. One finds

(1= hX) (1= hA) (upt1 — un) = h(Aguy + Ayuy, + a)
which reduces to
(1= hA)(1 = hA)tngr = (14 B2A\, )un + ha

and this has the solution

l 1+h2)\x)\y ]n a
Uy, = C -
(1—=hX)(1—=h\) Az + Ay

This method:
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1. Is unconditionally stable.
2. Produces the exact steady-state solution for any choice of h.

3. Converges very slowly to the steady-state solution for large values of h, since
lo| = 1 as h — oc.

Like the factored nondelta form, this method demands far less storage than the un-
factored form, as discussed in Section 12.5. The correct steady solution is obtained,
but convergence is not nearly as rapid as that of the unfactored form.

13.4.4 The Factored Delta Form of the Trapezoidal Method

Finally consider the delta form of a second-order time-accurate method. Apply Eq.
12.30 to the representative equation and one finds

1 1
(1 _ §h)\m> (1 _ 5@,) (i1 — tn) = h(Astn + Aytn + @)

which reduces to
1 1 1 1
(1 - 5%) (1 - §h)\y> gt = (1 + 5}%) (1 + 5@,) Un + ha

and this has the solution

This method:

1. Is unconditionally stable.
2. Produces the exact steady—state solution for any choice of h.

3. Converges very slowly to the steady-state solution for large values of h, since
lo| = 1 as h — oc.

All of these properties are identical to those found for the factored delta form of the
implicit Euler method. Since it is second order in time, it can be used when time
accuracy is desired, and the factored delta form of the implicit Euler method can be
used when a converged steady-state is all that is required.® A brief inspection of egs.
12.26 and 12.27 should be enough to convince the reader that the o’s produced by
those methods are identical to the o produced by this method.

5In practical codes, the value of h on the left side of the implicit equation is literally switched
from h to %h.
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13.5 Example Analysis of the 3-D Model Equation

The arguments in Section 13.3 generalize to three dimensions and, under the condi-
tions given in 13.16 with an A{*) included, the model 3-D cases® have the following
representative equation (with p = 0):

d
d—? = Do+ A+ NJuta (13.21)

Let us analyze a 2nd-order accurate, factored, delta form using this equation. First
apply the trapezoidal method:

Upg1 = Up + %h[(Ax + Ay + X)) ungr + (Mg + Ay + A)uy, + 24
Rearrange terms:

[1 _ %h()\x T+ )\Z)}unﬂ _ {1 4 %h()\x + A+ A) | + ha
Put this in delta form:

[1 - %h()\z A+ Az)} At = B[(As + Ay + At + ]
Now factor the left side:
(1 _ %h%) (1 _ %h@) (1 _ %hAZ>Aun — W[\ + Ay + AJun 4] (13.22)
This preserves second order accuracy since the error terms

1 1
TP Oady + Ak FAA) Ay and - BB A A

are both O(h3). One can derive the characteristic polynomial for Eq. 13.22, find the
o root, and write the solution either in the form

n

1 1 1
L+ ShQhe + Ay +A:) + ZhQ()\m)\y + A + A A,) — gh?’)\m)\y)\z

Uy = C

1 1 1
L= ShQe + Ay +A:) + ZhQ()\mAy + Az + AA.) — gh?’)\m)\y)\z

a

TN A (13.:23)
T Y z

6Eqs. 13.11 and 13.12, each with an additional term.
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or in the form

1 1 1 1 n
T4 =hX ) (14 =h), [ (14 =8N\, ) — ZR3A AN,
( + 2 >< + 2 y) ( + 2 > 4 Y

1 1 1
1—= 1-—= 1—=
( 2’”‘”) ( QhAy> ( 2hA2>

It is interesting to notice that a Taylor series expansion of Eq. 13.24 results in

Uy = C

a
- = {1324
Ao+ Ay + AL )

1

o = 1T4+h(Me+A + )+ §h2(AI + A+ A)° (13.25)
1

+ A2 (22 +2X0) + (2A2 4 3Xady + 202) + A3 4+ 20,02 + 2020, + 23] + - -

which verifies the second order accuracy of the factored form. Furthermore, clearly,
if the method converges, it converges to the proper steady-state.”

With regards to stability, it follows from Eq. 13.23 that, if all the \’s are real and
negative, the method is stable for all h. This makes the method unconditionally stable
for the 3-D diffusion model when it is centrally differenced in space.

Now consider what happens when we apply this method to the biconvection model,
the 3-D form of Eq. 13.12 with periodic boundary conditions. In this case, central
differencing causes all of the \’s to be imaginary with spectrums that include both
positive and negative values. Remember that in our analysis we must consider every
possible combination of these eigenvalues. First write the o root in Eq. 13.23 in the
form

1 +ia— B +iy
T Tia— B+ iy
where «, [ and 7 are real numbers that can have any sign. Now we can always find
one combination of the A’s for which «, and v are both positive. In that case since
the absolute value of the product is the product of the absolute values

ofp = L=+ (@t
(1=B)*+ (a—7)*

and the method is unconditionally unstable for the model conwvection problem.

From the above analysis one would come to the conclusion that the method rep-
resented by Eq. 13.22 should not be used for the 3-D Euler equations. In practical
cases, however, some form of dissipation is almost always added to methods that are
used to solve the Euler equations and our experience to date is that, in the presence
of this dissipation, the instability disclosed above is too weak to cause trouble.

>1

"However, we already knew this because we chose the delta form.
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13.6 Problems

1. Starting with the generic ODE,

du
|
o u—+ f

we can split A as follows: A = A+ Ay + A3+ A,. Applying implicit Euler time
marching gives

Up+1 — U
% = Alun+1 + A2un+1 + Agun+1 + A4un+1 + f
(a) Write the factored delta form. What is the error term?

(b) Instead of making all of the split terms implicit, leave two explicit:

Uyl — U
% = Atung1 + Aguy + Azt + Agup + f
Write the resulting factored delta form and define the error terms.

(c) The scalar representative equation is

du

a = ()\1+)\2+)\3+)\4)u+a

For the fully implicit scheme of problem 1a, find the exact solution to the
resulting scalar difference equation and comment on the stability, conver-

gence, and accuracy of the converged steady-state solution.

(d) Repeat 1c for the explicit-implicit scheme of problem 1b.
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Appendix A

USEFUL RELATIONS AND
DEFINITIONS FROM LINEAR
ALGEBRA

A basic understanding of the fundamentals of linear algebra is crucial to our develop-
ment of numerical methods and it is assumed that the reader is at least familar with
this subject area. Given below is some notation and some of the important relations
between matrices and vectors.

A.1 Notation

1. In the present context a vector is a vertical column or string. Thus

n
V= .
Um

. ST, .
and its transpose v is the horizontal row
Vo= (U1, V9, U3, ..y U], U= [U1,U2,V3,. .., Up
2. A general m x m matrix A can be written
aip a2 ot Qi
Qg1 Q22 -t A2m

A = (ay) = {

m1  Am2  *°* Gmm
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3. An alternative notation for A is
A= [al,aQ,...,am]

and its transpose A7 is

AT =%

4. The inverse of a matrix (if it exists) is written A~! and has the property that
A7'A = AA=Y = I, where [ is the identity matrix.

A.2 Definitions

1. A is symmetric if AT = A.
2. A is skew-symmetric or antisymmetric if AT = —A.

3. A'is diagonally dominant if a; > 3, |ai|, i =1,2,...,m and az > 3, |a;;]
for at least one 1.

=

A is orthogonal if a;; are real and ATA = AAT =1
A is the complex conjugate of A.
P is a permutation matrix if Puvis a simple reordering of v.

The trace of a matrix is Y, a;;.

A is normal if ATA = AAT.

© »®» N o

det[A] is the determinant of A.

10. A" is the conjugate transpose of A, (Hermitian).

11. If )
a
A= c d}
then
det[A] = ad — b
and . J ,
A= [ -
det[A] L—c a
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A.3 Algebra

We consider only square matrices of the same dimension.
1. A and B are equal if a;; = b;; for all 4,5 =1,2,...,m.
2. A+ (B+C)=(C+ A) + B, etc.
3. sA = (sa;;) where s is a scalar.
4. In general AB # BA.

5. Transpose equalities:

(A+B)T = AT+ BT
(AN = A
(AB)T = BTAT

6. Inverse equalities (if the inverse exists):

(At =4

7. Any matrix A can be expressed as the sum of a symmetric and a skew-symmetric
matrix. Thus:

1 T 1 T
A_§@+A)+§@—A)
A.4 Eigensystems
1. The eigenvalue problem for a matrix A is defined as
Ar =Xz or [A—M]z=0
and the generalized eigenvalue problem, including the matrix B, as

Az =ABz or [A—AB]z=0

2. If a square matrix with real elements is symmetric, its eigenvalues are all real.
If it is asymmetric, they are all imaginary.
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3. Gershgorin’s theorem: The eigenvalues of a matrix lie in the complex plane in
the union of circles having centers located by the diagonals with radii equal to
the sum of the absolute values of the corresponding off-diagonal row elements.

4. In general, an m x m matrix A has n: linearly independent eigenvectors with
nz < m and ny distinct eigenvalues (\;) with ny < nz < m.

5. A set of eigenvectors is said to be linearly independent if
Q- Ty +b-TpFze , mEn#Ek
for any complex a and b and for all combinations of vectors in the set.
6. If A posseses m linearly independent eigenvectors then A is diagonalizable, i.e.,
X TAX =A

where X is a matrix whose columns are the eigenvectors,

X: [51’52""’5"7‘]
and A is the diagonal matrix
AN 0O - 0
A= 0 X '
. 0
0 0 Anm

If A can be diagonalized, its eigenvectors completely span the space, and A is
said to have a complete eigensystem.

7. If A has m distinct eigenvalues, then A is always diagonalizable, and with
each distinct eigenvalue there is one associated eigenvector, and this eigenvector
cannot be formed from a linear combination of any of the other eigenvectors.

8. In general, the eigenvalues of a matrix may not be distinct, in which case the
possibility exists that it cannot be diagonalized. If the eigenvalues of a matrix
are not distinct, but all of the eigenvectors are linearly independent, the matrix
is said to be derogatory, but it can still be diagonalized.

9. If a matrix does not have a complete set of linearly independent eigenvectors,
it cannot be diagonalized. The eigenvectors of such a matrix cannot span the
space and the matrix is said to have a defective eigensystem.
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Defective matrices cannot be diagonalized but they can still be put into a com-
pact form by a similarity transform, S, such that

J 0 --- 0
J=5'as=|% % :
. 0
0 - 0 J

where there are £ linearly independent eigenvectors and .J; is either a Jordan
subblock or ;.

A Jordan submatrix has the form

A 10 07
Ao 1
Ji = 0 N\ 0
o
L 0 0 0 Al

Use of the transform S is known as putting A into its Jordan Canonical form.
A repeated root in a Jordan block is referred to as a defective eigenvalue. For
each Jordan submatrix with an eigenvalue \; of multiplicity r, there exists one
eigenvector. The other r —1 vectors associated with this eigenvalue are referred
to as principal vectors. The complete set of principal vectors and eigenvectors
are all linearly independent.

Note that if P is the permutation matrix

0 0 1
P=1|0 1 0 , Pl=p'=pP
1 00
then
A1 0 A0 0
P10 X 1|P=|1 X O
0 0 X 0 1 X

Some of the Jordan subblocks may have the same eigenvalue. For example, the
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- )\1 1 -
A1
At

L Ag

matrix

is both defective and derogatory, having:

e 9 eigenvalues

3 distinct eigenvalues

3 Jordan blocks

5 linearly independent eigenvectors

3 principal vectors with Ay

1 principal vector with Ay

A.5 Vector and Matrix Norms
1. The spectral radius of a matrix A is symbolized by o(A) such that
U(A) = |Um|mtw:
where o, are the eigenvalues of the matrix A.
2. A p-norm of the vector v is defined as
M L/p
vllp = (Z |Uj|”>
7=1

3. A p-norm of a matrix A is defined as

All, = max
|| ||p 240 ||U||p
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4. Let A and B be square matrices of the same order. All matrix norms must have
the properties

IIA]l > 0, [|A|| =0 implies A =0
lle- Al = le] - || Al
|A+B|| < [[A]l+]B]]
|A- Bl < [|A]l-|B]]
5. Special p-norms are
All, = maxj—..n 2M, |a;;| maximum column sum
—T
Al = o(A" - A)
Al = maxi:LQ,...’MZinl lai;]  maximum row sum

where ||A]|, is referred to as the L, norm of A.

6. In general o(A) does not satisfy the conditions in 4, so in general o(A) is not a
true norm.

7. When A is normal, o(A) is a true norm, in fact, in this case it is the Ly norm.

8. The spectral radius of A, o(A), is the lower bound of all the norms of A.
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Appendix B

SOME PROPERTIES OF
TRIDIAGONAL MATRICES

B.1 Standard Eigensystem for Simple Tridiagonals

In this work tridiagonal banded matrices are prevalent. It is useful to list some of
their properties. Many of these can be derived by solving the simple linear difference
equations that arise in deriving recursion relations.

Let us consider a simple tridiagonal matrix, i.e., a tridiagonal with constant scalar
elements a,b, and ¢, see Section 3.4. If we examine the conditions under which the
determinant of this matrix is zero, we find (by a recursion exercise)

det[B(M :a,b,c)] = 0
if

mm
b+ 2y =0 =1.2..---. M
+ accos<M+1> , m , 2, ,

From this it follows at once that the eigenvalues of B(a,b,c) are

mm
Ay = b+2y/ C om=1,2--. M B.1
+ accos<M+1> m (B.1)

The right-hand eigenvector of B(a,b,c) that is associated with the eigenvalue A,
satisfies the equation

B(a,b,¢)Zpm = AnTm (B.2)
and is given by
I—=1
T = () m = (%) 2 sin j(Mmj—rl)} , m=12-- M (B.3)
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These vectors are the columns of the right-hand eigenvector matrix, the elements of
which are

) —1
_ . — 9 2 : jmﬂ' j:1,27"'7M
X—(xjm)—<c> sin M+J I (B.4)
Notice that if a = —1 and ¢ =1,
" L% T
(-) _JUTg (B.5)
¢
The left-hand eigenvector matrix of B(a, b, ¢) can be written
X—l_ 2 <£>mT_Sln m]ﬂ':| m:1727"',M
_M+1 a M+1 ’ j=12-- M
In this case notice that if a = —1 and c =1
m_
— 2 —im-)E
<5> 2 _ imy (B.6)
a

B.2 Generalized Eigensystem for Simple Tridiag-
onals

This system is defined as follows

b ¢ Ty e f T
a b c T d e f Ty
a b T3 | =\ d e Z3
. : f )
a b xM d € fL‘M
In this case one can show after some algebra that
det[B(a — Ad,b— Xe,c — A\f] =0 (B.7)
if
mm
b—)\me+2\/(a—)\md)(c—)\mf)cos<M+1) —0 , m=1,2---,M (BS)
If we define m
0,, = Pm = €0s Oy,
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eb — 2(cd + af)p?, + 2pm\/(ec — fb)(ea — bd) + [(ed — af)pm]2

Am =

e’ —4fdpy,
The right-hand eigenvectors are
j—1
- la=Apd| 2 " m =1,2,---, M
i vy I L B 1SS

These relations are useful in studying relaxation methods.

B.3 The Inverse of a Simple Tridiagonal

The inverse of B(a, b, c) can also be written in analytic form. Let D), represent the
determinant of B(M : a,b,c)

Dy = det[B(M : a,b,c)]

Defining Dy to be 1, it is simple to derive the first few determinants, thus

Dy, =

D, = b

Dy = b —ac

Ds; = b* — 2abc (B.9)

One can also find the recursion relation
DM = bDM_1 - CLCDM_Q (B]_O)

Eq. B.10 is a linear OAE the solution of which was discussed in Section 4.2. TIts
characteristic polynomial P(F) is P(E? — bE + ac) and the two roots to P(o) = 0
result in the solution

1 b+ Vb% — 4ac M B b—vVb%2 — 4dac M
Vb2 — 4ac 2 2
M=0,1,2,--- (B.11)

DM:

where we have made use of the initial conditions Dy = 1 and D; = b. In the limiting
case when b? — 4ac = 0, one can show that

b M
DM:(M+1)<§> ;. b? = dac
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Then for M =4

D3 —CDQ 02D1 —C3D0

B_l _ i —CLDQ DlDQ —CD1D1 C2D1

D4 CL2D1 —CLDlDl DQDl _CD2

—a3D0 a2D1 —G,DQ D3
and for M =5
D4 —CD3 C2D2 —C3D1 C4D0
1 —aD3 D1D3 —CDlDQ C2D1D1 —C3D1
Bi1 = — a2D2 —aDlDQ DQDQ —CDQDl C2D2
D5 —CL3D1 CL2D1D1 —CLDQDl D3D1 —CD3
CL4D0 —CL3D1 CL2D2 —CLDg D4

The general element d,,, is

Upper triangle:
m=12--- M—-1 ; n=m+1m-+2,---, M

dmn = Dm—lDM—n(_C)n_m/DM

Diagonal:
n=m=1,2,---,M

dmm = DM—IDM—m/DM

Lower triangle:
m:’I’L—f—]_”rL—{—Q”M ; n:]_’Q”M_]_

dmn = DM—mDn—l(_a)min/DM

B.4 Eigensystems of Circulant Matrices

B.4.1 Standard Tridiagonals

Consider the circulant (see Section 3.4.4) tridiagonal matrix

B,(M : a,b,c,) (B.12)
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The eigenvalues are

2 2
Am = b+ (a+c)cos (%) —i(a — ¢)sin (%) , m=0,12--- M—1
(B.13)
The right-hand eigenvector that satisfies B,(a, b, c)a?m = Ay iS
f;m = (Z'J)m :eij(QWm/M) ) ] :0,17"'7M_ 1 (B14)

where 7 = v/—1, and the right-hand eigenvector matrix has the form

(2mm S
oy (4 jo=01,---,M—1
X = (@jm) =€ *m =0,1,--,M—1

The left-hand eigenvector matrix with elements z’ is

21j

_ 1 —im<—>
X 1= (1) = 7€ M
Note that both X and X~! are symmetric and that X! = ﬁX*, where Xx is the
conjugate transpose of X.

B.4.2 General Circulant Systems

Notice the remarkable fact that the elements of the eigenvector matrices X and X !
for the tridiagonal circulant matrix given by eq. B.12 do not depend on the elements
a, b, c in the matrix. In fact, all circulant matrices of order M have the same set of
linearly independent eigenvectors, even if they are completely dense. An example of
a dense circulant matrix of order M = 4 is
bo b1 by b3
bs bo b1 by
by b3 by b
bi by by bo

The eigenvectors are always given by eq. B.14, and further examination shows that
the elements in these eigenvectors correspond to the elements in a complex harmonic
analysis or complex discrete Fourier series.

Although the eigenvectors of a circulant matrix are independent of its elements,
the eigenvalues are not. For the element indexing shown in eq. B.15 they have the
general form

(B.15)

M-—1
)‘m — Z bjei(27rjm/M)
=0

of which eq. B.13 is a special case.
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B.5 Special Cases Found From Symmetries

Consider a mesh with an even number of interior points such as that shown in Fig.
B.1. One can seek from the tridiagonal matrix B(2M : a, b, a,) the eigenvector subset
that has even symmetry when spanning the interval 0 < x < 7. For example, we seek
the set of eigenvectors T for which

T T2y
L2
:Am
a
a b al|xy
a bl |z

T
T2

T2

This leads to the subsystem of order M which has the form

b a
a b a
a
a
a b a
a b+a |

Tm = /\mxm

III1_

(B.16)

By folding the known eigenvectors of B(2M : a,b, a) about the center, one can show
from previous results that the eigenvalues of eq. B.16 are

/\m:b+2acos<

2M +1

2m — )7

) ) le,Qa"'aM

(B.17)
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and the corresponding eigenvectors are Line of Symmetry
- . (j2m =17
Ty = SIN OMF 1 , x =0 rT=T
j :1,2,...,M ° o o o o O o
jj= 1 2 3 4 5 6
MI
Imposing symmetry about the same interval — 1 9 3
but for a mesh with an odd number of points, )= M
see Fig. B.1, leads to the matrix
b g - a. An even-numbered mesh
a b a Line of Symmetry
B(M:a’vbaa): ¢ a r =0 r =T
[ ] @) (] @) (] (] [ ]
a b a ,
i % b j=1 2 3 4 5
Ml
. . j= 1 2 3
By folding the known eigenvalues of B(2M — u
1 : a,b,a) about the center, one can show
from previous results that the eigenvalues of b. An odd—numbered mesh
eq. B.17 are Figure B.1 — Symmetrical folds for
special cases

2m — 1)m

(
A =b+2 , =1,2,---,M
+ acos( 5 m

and the corresponding eigenvectors are

- . (1@2m—1)m ,
l‘m:SHl(%) , ]:1,2’-..’M

B.6 Special Cases Involving Boundary Conditions

We consider two special cases for the matrix operator representing the 3-point central
difference approximation for the second derivative 9 /0x? at all points away from the
boundaries, combined with special conditions imposed at the boundaries.
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Note: In both cases

—2 4 2 cos(a

S—
I
|

When the boundary conditions are Dirichlet on both sides,

2 1
| e
1 -2 1 Lm :SIH[J(MH]

(B.18)

When one boundary condition is Dirichlet and the other is Neumann (and a diagonal

preconditioner is applied to scale the last equation),

-2 1
1 -2 1 _ @2m—D)m
T X A = 2+2(;os{ oM T 1

1 9 1 :; —sin |1 w
- m =S T
1

(B.19)



Appendix C

THE HOMOGENEOUS
PROPERTY OF THE EULER
EQUATIONS

The Euler equations have a special property that is sometimes useful in constructing
numerical methods. In order to examine this property, let us first inspect Euler’s
theorem on homogeneous functions. Consider first the scalar case. If F'(u,v) satisfies
the identity

F(au,av) = a"F(u,v) (C.1)
for a fixed n, F' is called homogeneous of degree n. Differentiating both sides with
respect to « and setting v = 1 (since the identity holds for all «/), we find

u— +v— = nF(u,v) (C.2)

Consider next the theorem as it applies to systems of equations. If the vector
F(Q) satisfies the identity

F(aQ) = a"F(Q) (C.3)

for a fixed n, F'is said to be homogeneous of degree n and we find

[aa—ﬂ Q=nF(Q) (C.4)
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Now it is easy to show, by direct use of eq. C.3, that both E and F'in eqgs. 2.11 and
2.12 are homogeneous of degree 1, and their Jacobians, A and B, are homogeneous
of degree 0 (actually the latter is a direct consequence of the former).! This being
the case, we notice that the expansion of the flux vector in the vicinity of ¢, which,
according to eq. 6.105 can be written in general as,

E = En + An(Q - Qn) + O(hQ)
F = F,+B,(Q—Q.) +0(?) (C.5)

can be written

E=A,Q+ O0(h?
F = B,Q + O(h? (C.6)

since the terms F,, — A,Q, and F, — B,(@, are identically zero for homogeneous
vectors of degree 1, see eq. C.4. Notice also that, under this condition, the constant
term drops out of eq. 6.106.

As a final remark, we notice from the chain rule that for any vectors F' and

0F(Q) OF | 0Q Q)
=|l—=|=—=4— .
ox [8@] ox ox (G.7)
We notice also that for a homogeneous F' of degree 1, F' = A() and
OF 0Q 0A
o A% + l%]Q (C.8)
Therefore, if F' is homogeneous of degree 1,
0A
210 s 9

in spite of the fact that individually [0A/0x] and @ are not equal to zero.

!Note that this depends on the form of the equation of state. The Euler equations are homoge-
neous if the equation of state can be written in the form p = pf(e), where € is the internal energy
per unit mass.
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