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Preface

Despite the rapid development over recent years, problems involving non-
linearity, discontinuity, multiple scale, singularity and irregularity continue to
pose challenges in the field of computational science and engineering. Very
often, closed form theoretical solutions are unavailable for such complex prob-
lems and approximate numerical solutions remain the only recourse. Of the
various numerical solutions, differential quadrature (DQ) methods have distin-
guished themselves because of their high accuracy, straightforward implemen-
tation and generality in a variety of problems. Not surprisingly, DQ methods
have seen phenomenal increase in research interest and experienced significant
development in recent years.

DQ is essentially a generalization of the popular Gaussian Quadrature (GQ)
used for numerical integration of functions. GQ approximates a finite integral
as a weighted sum of integrand values at selected points in a problem domain
whereas DQ approximates the derivatives of a smooth function at a point as
a weighted sum of function values at selected nodes. The application of this
elegant approach to solve ordinary and partial differential equations gives rise
to the so-called direct DQ methods.

The applicability of the direct DQ method in its original form is limited.
It has been known to fail for problems with strong nonlinearity and material
discontinuity as well as for problems involving singularity, irregularity and
multiple scales. Researchers working in applied mathematics, computational
mechanics and engineering have developed a variety of DQ-based methods
to overcome these shortcomings. Although these methods have different for-
mulations and may even look completely different from one another, all DQ
methods share a common objective—they are tools for performing numerical
differentiation.

The purpose of this book is to introduce readers to the limitations of the
direct DQ methods—their origins and common strategies to remove them.
The formulations of several new D(Q methods are presented and applied to
solve problems which are beyond the capabilities of the direct DQ method.
The results in this book represent the latest important developments of DQ
methods in recent years. In addition to gaining an insight into the dynamic
changes in this field, the reader will quickly master the use of DQ methods to
solve complex problems.

There is no necessity for the reader to be familiar with the physical problems
used in the examples in this book. The only prerequisite is an understanding
of the fundamentals of calculus, ordinary and partial differential equations



and numerical methods. As such, this book may serve as a textbook for
postgraduates and a reference for researchers.

This book is organized as follows. The first chapter is devoted to the basic
introduction of the direct DQ method. In Chapters 2 to 7, a variety of DQ
methods are presented. They are arranged independently, in that each chapter
focuses on a particular topic and is complete in itself. Hence, the reader
may proceed directly to any selected chapter once he/she is familiar with the
background knowledge discussed in Chapter 1. For the convenience of the
reader, a mathematical compendium is summarized in Chapter 8 although
the contents of the chapter can be found elsewhere. Chapter 9 contains three
codes written in FORTRAN Language for readers who are keen to acquire
hands-on experience of DQ methods quickly.

The first author gratefully acknowledges the financial support from the
Natural Science Foundation of China (grant 50579004) and the State Key
Laboratory of Structrual Analysis for Industrial Equipment (grant S08108).
Part of this work had been done during the author’s stay in Singapore through
collaborating with Professor K. Y. Lam, Nanyang University of Technology.
Credits also go to our colleagues, friends and students for their endurance,
help and support. Among them are Guo Hai, Dao Lin, M. Hong, S. L. Ni,
Hong Wu, Xiao Fang, J. Wang and Huagiang. Also Y. Y. Zhang would like to
express her sincere gratitude to her Ph.D. supervisors, Associate Professor Tan
Beng Chye, Vincent and Prof. Wang Chien Ming from National University of
Singapore, for their strong supports in the writing of this book.

Z. Zong
DUT

Y. Y. Zhang
NUS

May 2008
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Chapter 1

Approximation and Differential
Quadrature

Differential Quadrature (DQ) is a numerical method for evaluating derivatives
of a sufficiently smooth function, proposed by Bellman and Castiin 1971. The
basic idea of DQ comes from Gauss Quadrature, a useful numerical integra-
tion method. Gauss quadrature is characterized by approximating a definite
integral with a weighted sum of integrand values at a group of so-called Gauss
points. Extending it to finding the derivatives of various orders of a sufficiently
smooth function gives rise to DQ (Bellman and Casti, 1971; Bellman et al.,
1972). In other words, the derivatives of a smooth function are approximated
with weighted sums of the function values at a group of so-called nodes. It
should be noted that node is also called grid point or mesh point by various
authors. Throughout the book all these names are used without distinction.
Differential Quadrature can be formulated either through approximation
theory or solving a system of linear equations. In their original paper, Bellman
and Casti (1971) used the latter to derive DQ. Throughout the book, however,
we will employ the former to formulate DQ and DQ methods for the sake of
simplicity. Thus in this chapter, an introduction to function approximation
theory is first briefed in sections 1.1 and 1.2, followed by the fundamentals of
the direct differential quadrature method in the subsequent of the sections.

1.1 Approximation and best approximation

We will closely follow the presentation of Zong (2006) about function ap-
proximation. This is a brief introduction to the theory of approximation. The
interested reader is referred to monographs on this topic.

Suppose Cla, b] is a set of all continuous functions defined on the interval
[a,b]. Define a real-valued function f(z) € C|a,b] whose form is either com-
plicated or hard to explicitly write. A general approximation is to use another
simpler function A(f) to replace f(z), given that A(f) is very close to f(z).
The following example is used to illustrate how the approximation works.
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Example 1.1 Approximation of sin(z)
Letf(x) = sin(x), « € [0,0.1]. Based on Taylor expansion, we may approx-
imate the function through the formula

flx)~z, x€][0,0.1] (1.1)

We then obtain

Af)=1—ua (1.2)

The errors within the definition domain on the selected points are

x f A(f) |f — A
0.02 0.019999 0.02 0.000001
0.04 0.039989 0.04 0.000011
0.06 0.059964 0.06 0.000036
0.08 0.079915 0.08 0.000085
0.1 0.099834 0.1 0.000166

It is observed that the errors are proportional to z, i.e., the errors increase
as z increases. But within the interval, the approximation has high accuracy.
Approximation theory is about determining A(f) and how well it works as
a replacement of f(x). To answer these questions, we begin with vector space.

A vector space is a set of vectors and scalars, in which there exist two types
of operations: addition denoted by “4” only for vectors, and multiplication
denoted by “x” for a scalar and a vector. Note that we have zero vector 0
and zero scalar 0 in the space.

A normed linear space denoted by V is a vector space with the additional
structure of a norm. The norm is a function || || from V to R, where R is the
set of all real numbers, with the following properties: for each z,y € R and
each scalar;

1
2
3
4

laz| =0 (1.3a)
lz]| =0 ifandonlyifx =0, (1.3b)
(1.3¢)
(1.3d)

[l || < e [|]]

~ o~~~
—_— — — ~—

[z +yll < ] + [lyll
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Let 'V be a vector space. Let ¢1, @2, - - - , ¢y, be vectorsin V, and a1, aq,--- ,an
be scalars in V. The vector a1 +aspa+- - -+an ¢, is called a linear combina-
tion of ¢1, ¢o, - , ¢, with combination coefficients a1, as,- - ,a,. The vector
a1¢1 + aspa + - - - + an @y, is the zero vector 0 if and only if a1, a9, - ,a, are
all zeros.

If all vectors in V can be written as linear combinations of ¢1, ¢2, - , dp,
then these vectors form a set called the span of ¢1, 2, -, ¢,. Or in other
words, we say that ¢1, ¢, - , ¢, span the vector space.

Linear independence and span are two key elements of the so-called basis.
A set of vectors ¢1, o, -+ , ¢, is a basis for V if

(1) They are linearly independent,
(2) They span V.

It can be shown that two bases for V have the same number of vectors.
The number of vectors is termed as the dimension of V.

Example 1.2 Polynomial vector space

Let IT,, be the set of polynomials of degree < n in x with real coefficients. It is
a vector space. The dimension is n+1. If p € II,, then p = ag+ai1z+- - -+a,x™.
The n+1 constants ag, a1, - ,a, provide n+ 1 degrees of freedom. Or, more
precisely, we claim that 1,z1,---,z, are a basis for II,. To prove this we
need to show that

(1) 1,21, -+, x, are linearly independent,
(2) They span II,,.

Property (2) is clear from the definition of II,,. Property (1) is a direct
conclusion from the assumption that ag, a1, - ,a, are scalars satisfying the
condition ag + a1x + -+ + a,z™ = 0.

The following concepts at least point out the possibility of how to construct
an approximant based on linear combination.

Theorem 1.1 (Best approzimation) Let 'V be a normed linear space with
norm || ||. Let v1,p2, - ,pn be any linearly independent members of V. Let
y be any member of V. Then there are coefficients a1, as, -+ , anwhich solve
the problem minimizing

(1.4)

n
y— > aip;
i=1

A solution to the minimizing problem is usually called a “best approximant”
to y from V,,. How many solutions are there? The answer is connected with
convexity conditions.
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Let V be a vector space. A subset S of V is convex if for any two members
1,2 of S, the set of all members of form ¢ = tp1 + (1 —t)p2, 0 <t < 1
called the line segment from ¢; to ¢2, also belongs to S.

Theorem 1.2 (Uniqueness) Let 'V be a normed linear space with strictly
conver norm. Then best approximations from finite dimensional subspaces
are unique.

Approximation is transformed into the problem searching for the bases
which define a normed linear space with strictly convex norm. Depending
on the sense in which the approximation is realized, or depending on the
norm definition in equation (1.4), there are three types of approximation ap-
proaches:

(1) Interpolatory approximation: The parameters a; are chosen so that on a
fixed prescribed set of points zj (k = 1,...,n) we have

> aipilr) = i (1.5)
=1

Sometimes, we even further require that, for each ¢, the first r; deriva-
tives of the approximant agree with those of y at xy.

(2) Least-square approximation: a; are chosen so as to minimize

n n n 2
Y- Z aipil| = Z <y;C - Z aigoi(:vk)> — min (1.6)
i=1 9 k=1 i=1

(3) Min-Max approximation: the parameters a; are chosen so as to minimize

= max — min (1.7)

n
y—> aip;
i=1

n
¥y Z aipi
i=1

oo

Interpolatory approximation will play a crucial role throughout the book,
for DQ methods are based on interpolation.
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1.2 Interpolating bases

Two frequently employed bases are polynomial basis and Fourier expansion
basis which are to be detailed in the following. They are the approximants
often used in DQ methods as well.

1.2.1 Polynomial bases

Choosing ¢; = z*, we have polynomials as approximants. Weierstrass the-
orem guarantees that this is at least theoretically feasible.

Theorem 1.3 (Weierstrass approxzimation theorem) Let f(x)be a continuous
function on the interval [a,b]. Then for any € > 0, there exists an integer n
and a polynomial p, such that

max |f(x) —pn(x)] <e (1.8)

z€(a,b]

In fact, if [a, b] = [0, 1], the Bernstein polynomial
ch M1y -) (1.9)

converges to f(z) as n — oo.

Weierstrass theorems (and in fact their original proofs) postulate existence
of some sequence of polynomials converging to a prescribed continuous func-
tion uniformly on bounded closed intervals.

However, polynomial approximants are not efficient in some sense. Take
Lagrange interpolation for instance. If z1, zs, -+ , z, are n distinct numbers at
which the values of the function fare given, then the interpolating polynomial
p is found from the Lagrange interpolation formula

=3 fla) iz (1.10)
k=1

where A, (z) is

n

r — I
i=1,itk R T

The error in the approximation is given by
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() (¢
o)~ @) = S T ) (112)

n
1=

where ((z) is in the smallest interval containing x,x1,x,. Introducing the
Lebesque function in the form of

(@) = 3 ()] (1.13)
k=1

and a norm

£l = argggbe(w)l (1.14)

then we have

Il < 7l I£] (1.15)

This estimate is known to be sharp, that is, there exists a function for which
the equality holds. First of all, it should be pointed out that equally spaced
points may lead to bad consequences because it can be shown that

17l > Cem? (1.16)

As n increases, function value becomes larger and larger, and entirely fails
to approximate the function f. In other words, polynomial interpolation can
be so bad that it does not yield the correct approximation at all.

This situation can be avoided if we have freedom to choose the interpolation
points for the interval [a, b]. Chebyshev nodes in the following are known to
be a good choice.

(k—1)m

— (1.17)

1
Tk =5 a+b+ (a—b)cos

The maximum value for the associated Lebesque function in this case is

2
I51 < ;logn—l—él (1.18)

Using Chebyshev nodes, we therefore obtain the following error bounds for
polynomial interpolation
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_ n (n)
I —pll <2 (bT) tnax 1L (1.19)

a<x<b n!

where II,, denotes the linear space of all polynomials of degree n on [a, b]. We
may further show that

Af =pll pH

Thus by using the best interpolation scheme, we can still only hope to
reduce the error from interpolation using Chebyshev nodes by less than a
factor

2
—logn+5 (1.21)
7r

In summary, nearly the best approximation we are able to obtain cannot
be better than that specified by Eq. (1.21). The worst case, however, can be
as bad as divergent as specified by Eq. (1.16). Therefore, the above analysis
outlines the accuracy we are able to obtain if polynomial interpolation is
employed.

Example 1.3 Runge example

This is a well-known numerical example studied by Runge when he inter-
polated data based on a simple function of

1

e 1.22
1+ 2522 ( )

y:

on an interval of [-1, 1].

For example, take six equidistantly spaced points in [-1, 1] and find y at
these points as given in Table 1.1. Now through these six points, we can pass
a fifth order polynomial

fs5(z) = 0.56731 — 1.73082% 4 1.20192%, —1 < 2 < 1 (1.23)
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1 e

Runge

s

038 Sthorder  § % function
polynomial 3 B

0.6

0.4

0.2

0

-0.2

FIGURE 1.1: The 5th-order interpolating polynomial vs exact function.

TABLE 1.1: Six unequidistantly TABLE 1.2: Six unequidistantly

spaced points on [—1,1] spaced points on [—1,1]
X Y = T X Y = s
-1.0 0.03846 -1.0 0.03846
-0.6 0.1 -0.809 0.05759
-0.2 0.5 -0.309 0.29520
0.2 0.5 0.309 0.29520
0.6 0.1 0.809 0.5759
1.0 0.03846 1.0 0.03846

On plotting the fifth-order interpolating polynomial and the given function
in Fig. 1.1, we immediately conclude that the two sets of results do not match
well. Except at the six given points, the interpolating polynomial is far away
from the true values. Even the variation trends of the two curves are different
in ranges [-1, -0.25] and [0.25, 1].

We may consider choosing more points in the interval [-1, 1] to get a better
match, but it diverges even more. In fact, Runge found that as the order of
the polynomial becomes infinite, the polynomial diverges in the interval of —1
< x <0.726 and 0.726 < z <1.

How much can we improve the situation if Chebyshev nodes are used?
Reconsider this problem, but take six unequidistantly spaced points in [-1, 1]
calculated from Eq. (1.22) and find y at these points as given in Table 1.2.

Now through these six points, we can pass a fifth-order polynomial

f5(z) = 0.355 — 0.7162% + 0.3992%, -1 <z < 1 (1.24)
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FIGURE 1.2: The 5th-order polynomial on Chebyshev nodes.

1
onuniform
polynomial
0.5 Uniform
polynomial
= -
-1 -0.5 0

0.5

FIGURE 1.3: Comparison of various interpolation methods for 20 points.
The solid line is the Runge function.
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On plotting the fifth-order polynomial and the original function in Fig. 1.2,
we can see that the two sets of results do not match well this time around
the central part. So Chebyshev nodes remove instability at the cost of loosing
accuracy around the central part. This is natural if we look at Eq. (1.17)
that puts more points near the two ends.

Chebyshev nodes are nearly optimal. In other words, even if we employ an
alternative better than Chebyshev interpolation, we would not gain much.

As the number of points is increased to 20, the difference between the
Runge function and nonuniform polynomial is not significant, but it remains
distinguishable. The uniform polynomial behaves badly around the two ends,
as shown in Fig. 1.3.

1.2.2 Fourier expansion basis

The polynomial approximation is suitable for most engineering problems.
But for some problems, especially for those with periodic behaviors, Fourier
series expansion could be a better choice for the true solution instead of poly-
nomial approximation.

For a continuous function f(z) on the interval [0,27], the Fourier series
expansion can be given by

f(z) = ao-l-Zak coskx—i—Zbk sin kx (1.25)
k=1 k=1

where the coefficients ag, ax and by are expressed as

1 2

ao = 5 ; f(z)dx (1.26a)
1 2

a = — (x) cos kxdx (1.26b)
T™Jo
1 2T

b = — (2) sin kzdx (1.26¢)
™ Jo

In practice, the truncated Fourier series expansion is usually used. Thus,

N/2 N/2
f(z) = Fyii(x) = ao—i—Zak coskx—i—Zbksinlm (1.27)
k=1 k=1

The convergence of the above expansion to f(z) as Ntends to infinity is
guaranteed by Weierstrass’s second theorem.
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Theorem 1.4 Let f(x)be a continuous function on the interval [0,2w]. Then
for any € > 0, there exists an integer n and a trigonometric Sy such that the
inequality

zg{l&;{ﬁ] If(z) = Sp(z)| < e (1.28)

n n
is satisfied, where Sy(x) =ag+ > agcoskx + > by sinkz.
k=1 k=1
The proof of this theorem can be found in the book of Achieser (1992). It is
shown that the approximation in Eq.(1.28) satisfies the operations of vector
addition and scalar multiplication. So, Fy1(x) consists of a linear vector

space V 41 in which there exists a linearly independent set of base vectors

1,cosx,sinx,...,cos(Nx/2),sin(Nz/2) (1.29)

It is of great importance to determine the function values at discrete nodes
for the numerical solution of a partial differential equation. Therefore, the
Fourier expansion should be expressed in discrete form. Supposing that z;,
i=0,1,..., N are the coordinates of (N +1) nodes on the interval [0, 27], and
f(z;) is the function values at the i—th point, the Fourier expansion Fy 1 ()
can be expressed as follows:

N
Fnia(z) =) f(xi) - gi(x) (1.30)
1=0
where
_ G(z)
9%) = GO ) snl@ =2/ (1.31a)
N
G(z) = [[sin® _2””’“ (1.31D)
k=0
N
G(l)(x) = H sin i ; Lk (1.31C)
k=0,k#i

It is clear that the coefficients g;(x), i = 0,1,..., N, form a set of linearly
independent vectors in V1. Thus it is also a basis of V1.

Besides polynomials and trigonometric functions, other types of functions
may also be used as bases. For example, Radial Basis Functions are such an
option (see Shu et al., 2004).
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1.3 Differential quadrature

Gauss quadrature is a numerical integration method. Its basic idea is to
approximate a definite integral with a weighted sum of integrand values at a
group of nodes in the form of

b N
JECED (1.32)
a Jj=1

where x;(j = 1,2,---,N) are nodes and w; are weighting coefficients. They
are determined by solving a system of linear equations.

Extending Gauss quadrature to finding the derivatives of various orders of a
differentiable function gives rise to differential quadrature (Bellman and Casti,
1971; Bellman et al., 1972). In other words, the derivatives of a function are
approximated by weighted sums of the function values at a group of nodes.

Suppose function f(x) is sufficiently smooth on the interval [x1, zy]. Being
sufficiently smooth means that the function is differentiable up to the order
we want. On the interval, N distinct nodes are defined:

T <Tos<--- <IN (133)

The function values on these nodes are assumed to be

fi,far N (1.34)

Based on DQ), the first and second order derivatives on each of these nodes
are given by

N
df (x;) -
dx %J:Zlalﬂfjv ’L:la 27 ) N (135&)
Pf(z) <+ .
o > biifis i=1,2 -, N (1.35b)

The coefficients a;; and b;; are the weighting coefficients (or simply weights)
of the first- and second-order derivatives with respect to x, respectively.

To find the weights a;; and b;;, we need approximation theory introduced
in the previous section. Our purpose is to construct a polynomial of x, which
is of the form
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N
F@) = > Mel@) f(x) (1.36)
k=1
satisfying

- 1:E::Ek = ... ) — DRI
)\k(x)_{0$:$j7é$k k_lv aNa.]_la 7N (137)

Here Ag(x) has the delta function property that guarantees the interpolating
polynomial f(x) equal to the nodal value fi at each node x. Direct use of
Lagrange polynomial (1.10) yields immediately

Ly(x)

/\k(.%') = Lk(xk)

Li(x) = (x — z5) (1.38)

—

(Y
o
>

Then the first and second derivatives are obtained by differentiating the
terms behind the product sign [] with respect to x. They are

hE

N
df(2) = Zak(:zr)fk and d*f(z) =

=
—

k=1

where ay(x) are the coefficients for the first derivative, obtained by differen-
tiating Ly (z)in Eq. (1.38). After some manipulations, we obtain the explicit
formulas for ax(z) in the form of

- d)\k (I)
- dx

N
ar(x) S ZL‘Z(M if x#£x k=1,---,N (1.40)
r — Tk = Lk(l'k)

£k

if « is not coincident with any node and

N
Lo(ze) .
ap(x) = ag(x if =x,k=1,---,N 1.41
k() ; o )Lk(xk) X = X (1.41)
£k

if x is coincident with one of the nodes. The coefficients for the second-order
derivative are obtained in the similar way as

Ap\T 2 X X ap\T
bi(x) = d (;;i. ) _ d 2;;5 ) _ - _1xk ;ag(x)ll//:gxi)) — x’i(x)k (1.42)

if x#x,k=1,---,N
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and

Lg(xg)
Lk (:Z?k) ’

N
bk(:v):%Zbg(x) ifx=x,k=1,---,N (1.43)
=1

£k

It is obvious that if N nodes are used, the interpolating polynomial degree
is (N —1). Using this idea, it can be shown that the approximation errors for
the first-order derivative (R') and the second-order derivative (R?) are

R (a) = f(N)(g)]Ig/'(l)(x’“) k=1,...,N (1.44a)
R2(ay) = f(N)(O]Ig/'(Q)(”) k=1,...,N (1.44D)

where W (x) = vazl (x — ;). These residual estimates show that very high
accuracy can be achieved if the number of nodes N is large. Accuracy is
proportional to N or its powers. By “its powers” we mean here that accuracy
may also be proportional to squared or cubic IV, or even higher order term of
N.

Therefore, explicit formulas for these coefficients are found to be (Quan and

Chang, 1989a,b)

N
1 i — . .
ajj = L xk7 i,j=1,2,---, N, i#j (1.45a)
(zj — ) oy LT Tk
k#i,j
N
aii:_zaij7 t=12 -, N (1.45Db)
ged
bz] - 2[04“0,“ dij ]7 iv .]: 15 25 R N7 Z#.] (145C)
j =
N
bii:_zbij7 i=1,2 -, N (1.45d)
=1
i

Equations (1.40) to (1.45) are the key formulas in DQ. Similarly we may

obtain formulas for higher order derivatives by using the higher order weight-
ing coefficients, which are expressed as egn) to avoid confusion. They are

characterized by recurrence
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m—1
(m) _ A L —
e =m(aije; - ——),j=1,2,--- Ni#£jm=23,....N—1
Tj — Ty
(1.46a)
N
e == e i=1,2 - N (1.46b)
gt
Here we assume that a;; = e( and b;; (J2) The error estimated for Egs.
(1.44) is determined by
N
Error < — H T — ;) max‘f(N) )‘ (1.47)

If the N-th order derivative is finite, then the error decreases to zero very
fast because of the presence of the N-th factorial in the denominator.

Shu (2000a) has proven that Eqgs. (1.35) is (N — 1)-th order accurate, and
thus it can yield very accurate results using a significantly small number of
nodes.

But Egs. (1.40) ~ (1.43) are sensitive to how nodes are distributed. If
nodes are uniformly distributed, it does not converge to the true function as
N — oo. This has been demonstrated in Example 1.3 through Runge example.
So, uniform spacing of nodes may lead to disastrous consequences. Among
non-uniform spacing of nodes which ensure the convergence of Egs. (1.40) ~
(1.43), the Chebyshev nodes defined by Eq. (1.17) are nearly optimal. For
convenience, it is rewritten here in the form of

1 v .
x; =21+ 5(1_COSN lw)(xN -x1), i=1,2,---, N (1.48)

Equation (1.20) ensures that Eq. (1.36) defined on Chebyshev nodes con-
verges to the true function. Nodal distribution defined by Eq. (1.48) is most
frequently employed in various DQ formulations.

Example 1.4 Derivative evaluation using DQ

Consider triangular function cos(#) on the interval [0, 2]. Its first and second
derivatives are —sin(f) and —cos(¢), respectively. These two derivatives are
given in Figs. 1.4 and 1.5, denoted by dots. Differential Quadrature is applied
to numerically evaluate the two derivatives.

If uniformly distributed nodes are employed, the numerical values of these
derivatives are shown in Fig. 1.4, where 41 nodes are used. Both derivatives
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21d derivative
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FIGURE 1.4: 1st and 2nd derivatives of function obtained from uniform-
node DQ (solid lines) and analytical method (dots).
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20 derivative
0.5
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Angle 0(r)

FIGURE 1.5: 1stand 2nd derivatives of function obtained from Chebyshev
node DQ (solid lines) and analysis (dots).
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evaluated by use of DQ are in good agreement with the true values in the
middle portion of the interval # € [0,2n], but are not in agreement with
the true values near the left- and right-ends exhibiting significant divergence.
This numerically demonstrates the fallacy of uniform node distribution in
DQ. Thus, it is always recommended that non-uniform node distribution like
Chebyshev nodes be employed.

Figure 1.5 shows the results obtained from DQ evaluated on Chebyshev
node distribution given by Eq. (1.48). The results are significantly improved,
in perfect accord with the exact results. Thus, it is clearly illustrated from
Figs. 1.4 and 1.5 that node distributions play a crucial role in the application
of DQ. This is a research topic of interest. The reader is referred to mono-
graphs on approximation and DQ methods, for example Zong (2006) and Shu
(2000a).

1.4 Direct differential quadrature method

Solving differential equations (ordinary and partial) is one of the most im-
portant ways engineers, physicists and applied mathematicians use to tackle a
practical problem. Although analytical techniques typical of which is separa-
tion of variable, their applications are restricted to over-simplified problems.
Numerical methods, the most famous of which is the Finite Element Method
(FEM), are widely applied today to solve more practical and complicated
problems.

The Finite Element Method is a low-order numerical tool. The displace-
ments predicted by the FEM are continuous, but the stresses, which are es-
sentially first order derivatives of displacements, are discontinuous in the ordi-
nary FEM. We therefore say that the accuracy of FEM is low, thus requiring
fine meshes. To improve the accuracy, we may increase mesh density using
more elements in a domain. This is not an efficient way because the rate
for accuracy improvement is very slow. An alternative which exhibits high
accuracy at the cost of low mesh density is to use elements of high order ac-
curacy. This demands an extensive study of high-order numerical methods.
Direct differential quadrature method is such a technique, which also provides
a cost-effective tool for solving many nonlinear partial differential equations.
In the following, however, a linear example is used to illustrate the direct DQ
method.

The key procedure in the direct DQ method is to approximate the deriva-
tives in a differential equation by Eq. (1.39). Substituting Eq. (1.39)
into the governing equations and equating both sides of the governing equa-
tions, we obtain simultaneous equations which can be solved by use of Gauss
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1 fix)
X=0 X=1

FIGURE 1.6: Euler beam under uniform loading.

elimination or other methods. We will elaborate this point through the fol-
lowing example.

Example 1.5 Bending of Fuler beam
A uniform Euler beam under pure bending shown in Fig. 1.6 is governed
by the following fourth-order Euler-beam equation:

d*w

El——-
daxt

+ f(x) =0 O<z<L (1.49)

where ET is the flexural rigidity of the beam, f(x) the external distributed
load, and L the length of the beam. Equation (1.49) may be further trans-
formed to a dimensionless form for the convenience of calculation. With non-
dimensionalisation procedures neglected, we obtain

d*Ww
W'FF(I’):O 0<X <1 (150)
where X = z/L, W = w/a, a = foL/EI, F(z) = f(z)/fo, fo is a constant
for non-dimensionalisation.

As shown in Fig. 1.6 the beam is clamped at the left end and simply
supported at the right end. The boundary conditions are then

W

d>W
= - =0 atX=1 (1.51b)

The exact solution to this problem is W (X) = £ X?(5X — 2X? — 3).
Divide the beam domain 0 < X < 1 into N = 21 nodes distributed in the
form of Eq. (1.48). Writing the deflection W(z) in the form of Eq. (1.32)

and substituting it in Eq. (1.50) we obtain

N
Selwy=-F(X;) for i=1,2,...N (1.52)
j=1
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where el@)are given in Eq. (1.46).

Inserting Eq. (1.35) into Eq. (1.51) we obtain the boundary conditions in
the discrete form of

N
Wi=0, Y elYw;=0 (1.53a)

J=1

W, =0 (1.53b)

WE

Wy =0,

j=1

Consider a uniform load with the value f(z) = fo. Then F(X) = 1. The
deflections of the beam at the nodes is then governed by the system of linear
equations

N-2
N CiyW;=-1 for i=3,4,...,.N-2 (1.54)
j=3
where
O — @ ez(-jlg)(al,ij,N—l — a1, n—1bn;) + egi{,,l(al,ng,j —a1,jbn2)

bn2- a1, N—1 —a12bN N—1
(1.55)

Solving Eq.(1.54) using Gauss elimination technique yields the numerical
result of the problem. In the mathematical compendium (Chapter 8), a short
introduction to Gauss elimination is given for the convenience of the reader.

The numerical and exact solutions are listed in Table 1.3 for comparison. It
can be seen from the table that the results obtained from direct DQ method
are very close to the exact solutions and up to 11 digits accuracy can be
achieved by using only 21 nodes. The numerical results obtained from direct
DQ method are also compared with the exact solutions in Fig. 1.7. No
difference is observed between the DQ results denoted by the solid line and
the exact solutions denoted by open circles. The computational effort is small
due to the small number of nodes used.

In summary, direct DQ method is composed of the following procedures:

(1) The function to be determined is replaced by a group of function values at
a group of selected nodes. Chebyshev nodes are strongly recommended
for numerical stability.

(2) Approximate derivatives in a differential equation by these Nunknown
function values.
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(3) Form a system of linear equations and
(4) Solving the system of linear equation yields the desired unknowns.

It should be noted that these are basic procedures, thus allowing for suitable
adaptations for a particular problem.

TABLE 1.3: Deflection of a beam under uniformly distributed
load
X W (Exact) W (DQ,N=21) Error (%)

0 0.0000000000E+0  0.000000000E4-0 0.0
0.00616  -2.34415033E-6 -2.34415033E-6  -3.45620757E-11

0.02447  -3.59174775E-5 -3.59174775E-5  -3.35252396E-11
0.0545  -1.69126555E-4 -1.69126555E-4  -3.28543093E-11
0.09549  -4.82675398E-4 -4.82675398E-4  -3.32891966E-11
0.14645 -1.03241288E-3 -1.03241288E-3  -3.43403416E-11
0.20611  -1.81817534E-3 -1.81817534E-3  -3.57907255E-11
0.273 -2.77015180E-3 -2.77015180E-3  -3.73696574E-11
0.34549  -3.75816531E-3 -3.75816531E-3  -3.90387931E-11
0.42178  -4.62129499E-3 -4.62129499E-3  -4.10473715E-11
0.5 -5.20833314E-3 -5.20833314E-3  -4.38982201E-11
0.57822  -5.41611948E-3 -5.41611948E-3  -4.73707426E-11
0.65451  -5.21393933E-3 -5.21393933E-3  -5.09543520E-11
0.727 -4.64733857E-3 -4.64733857E-3  -5.42551513E-11
0.79389  -3.82187643E-3 -3.82187643E-3  -5.74855657E-11
0.85355  -2.87383765E-3 -2.87383765E-3  -5.94420824E-11
0.90451  -1.93844959E-3 -1.93844959E-3  -6.07303242E-11
0.9455  -1.12560121E-3 -1.12560121E-3  -5.93151190E-11
0.97553  -5.08927378E-4 -5.08927378E-4  -4.78693501E-11
0.99384  -1.28232166E-4 -1.28232166E-4  1.05687423E-11
1 0.00000000E+0  0.00000000E+0 0

1.5 Block marching in time with DQ discretization

In the previous section DQ is meant solely for spatial differentiation. Math-
ematically speaking, however, there should be no difficulty if DQ is applied
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FIGURE 1.7: Deflection of the beam under bending.

to find time-dependent derivatives. That is, the derivatives of a function with
respect to spatial variable x and with respect to temporal variable ¢ can be
found by use of the same procedures. Based on such a guess, Shu et al (2002b)
made an attempt to use DQ for temporal discretization.

A temporal discretization scheme is either implicit or explicit. The Eu-
ler forward scheme, Runge-Kutta schemes, Adams—Bashforth schemes and
Adams-Moulton schemes are examples of explicit schemes while the Eu-
ler backward scheme and Crank—Nicolson scheme are examples of implicit
schemes. An explicit scheme can update the solution by a simple algebraic
formula with the use of a very small time step size due to the limitation of
stability condition. In contrast, implicit scheme allows for a larger time step
size but they involve the solution of a coupled set of algebraic equations. The
common feature of conventional explicit and implicit schemes is that the nu-
merical solution in the time direction is obtained layer by layer (or called
level by level). In other words, the computation is marched in time direction
layer by layer. Using this way, the numerical solution at a time level (n + 1)
depends on the solutions at its previous levels. Due to accumulation of nu-
merical errors, it can be expected that the accuracy of the numerical solution
at the time level (n+1) is less than that at the time level n. This tendency of
decreasing the accuracy of numerical solution is undesirable for many time-
dependent problems. To keep accurate numerical results for very long time,
conventional explicit or implicit schemes need to use very small time step size.
To remove the limitation on the time step while keeping high order accuracy,
a more efficient temporal discretization method is demanded. Although some
high order time difference schemes have been proposed by various authors,
they are all the layer-marching method. In other words, they also obtain the
solution in the time direction layer by layer. Hence, although the accuracy of
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numerical solution in the time direction is improved, the large accumulation
of numerical errors for a long time remains unresolved.

In this section, an efficient approach developed by Shu (2002a) is introduced.
The approach is based on the block-marching in time and DQ discretization
in both the spatial and temporal directions.

The block-marching technique yields the solution in the time direction block
by block. In each block, there are several time levels (layers). The solutions
at these levels are obtained simultaneously and they have the same order of
accuracy. Therefore, the accumulation of numerical errors is block by block
instead of layer by layer, which can be very small since the number of blocks
can be much less than that of time levels.

We will use a two-dimensional, time-dependent problem to illustrate this
technique. Consider the solution of the following equation

of of of _ (&f  *f
a+%+a—y—C<W 8—y2> (156)

on the domain 0 < 2 < L,,0 <y < L,,0 <t < oo. This is a mixed
initial/boundary value problem. On the physical domain defined by 0 <
x < L;,0<y <L, it is a boundary value problem. As such, the boundary
conditions on the four boundaries of x = 0, L, and y = 0, L, must be imposed.
In the time direction, it is an initial value problem, thus only one initial
condition at ¢ = 0 is provided. To use direct DQ method, a block-marching
technique is employed by decomposing the semi-infinite domain in the time
direction into many intervals, dt1,dts,---. Each time interval 6t and the
spatial domain, 0 < z < L,,0 <y < Ly, form a block. The configuration
of the block is depicted in Fig. 1.8. In each block, we distribute the mesh
points respectively in the z, y and ¢ direction, and discretize all the spatial and
temporal derivatives by a numerical scheme. Note that each block may include
many time levels (layers). Numerical solutions at all time levels in each block
are obtained simultaneously, and have the same order of accuracy. It should
be mentioned that each block is considered as an open box in the numerical
computation. We proceed from block 1 (BLK1). For this block, the function
values at the bottom boundary (¢ = 0) are given from the initial condition.
The function values at interior points and the top boundary (t = dt;) are
considered as unknowns, which are given from the solution to Eq. (1.56).
After obtaining the solution in BLK1, we march to BLK2, where the bottom
boundary (¢ = dt1) is exactly the same as the top boundary of BLK1. In
other words, the solution at the top boundary of BLK1 is taken as the initial
condition in BLK2. Numerical solution in BLK2 is obtained using the same
procedures as in BLK1. We carry on this process until the specified time is
reached.
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In the block-marching technique, the length scales in the x and y direc-
tions are fixed as L, and L, for different blocks. In this way, we can use the
same DQ weighting coefficients in the L, and L, directions at different blocks.
However, in the time direction, the length scale may be different at different
blocks. This implies that different DQ weighting coefficients in the time direc-
tion may be used at different blocks. This may lead to complexity of numerical
computation. To simplify the problem, we use the same length scale in the
time direction for different blocks. Alternatively, we set dt = dt; = dto = - - -.
Thereby, the mesh point distribution is exactly the same in each block, and
the same DQ weighting coefficients can be applied to different blocks. In the
K-th block, the non-uniform mesh point distribution is used in the x, y and
t direction respectively, which is given in Eq. (1.48).

In the above, N and M are the number of nodes in the x and y direction
respectively; L is the number of time levels in the block. The above mesh
point distribution is shown in Fig. 1.9. The accuracy of DQ discretization
depends on the number of mesh points. For the problem considered, only the
first-order temporal derivative is involved. So, the DQ discretization of the
temporal derivative has (L-1)-th order of accuracy (see Eq.(1.44)). Obviously,
by adjusting the value of L, we can easily generate the high order discretization
scheme to reduce the truncation error.

Applying DQ to each block, Eq. (1.56) can be discretized as

N N M N Mo
Z Qi fijie + wiji Z @ik frj1 + viji Z Qi fir = Z bir frji+ Z bk fiki
=1 k=1 p =1 =1

(1.57)

where a,a,a are the DQ weighting coefficients of the first-order derivatives
with respect to z, y and t, respectively, and b, b are the DQ weighting coef-
ficients of the second-order derivatives with respect to z and y, respectively.
Equation (1.57) can be solved by SOR iterative method or other suitable
methods. A short introduction to SOR is given in chapter 8.

Example 1.6 Slow viscous flow
Consider a two-dimensional slow viscous flow governed by time-dependent
Navier Stokes. The vorticity-stream function formulation is taken as the gov-
erning equation for the problem, which can be written as (Re = 1)
%Y 0%y B

Oow Oow ow Pw  Jw
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where o0 o 9 5
U U

The computational domain for the problem is 0 < z < 7/2, 0 < y < 7/2,
0 <t < oo. The boundary conditions for 1 are given by

¥(0,y,t) = cos(y)e ?*, 0<y<m/2andt >0 (
PY(r/2,y,t) =0,0 <y <7w/2andt >0 (1.61b
Y(z,0,t) = cos(x)e™®, 0<x<nm/2andt >0 (
PY(x,7m/2,t) =0, 0<z<7/2andt>0 (

and the initial condition for v is

Y(z,y,0) =cos(xz)cos(y) 0<z<7/2,0<y<7/2 (1.62)

The exact solution to the problem is

Y(z,y,t) = cos(x) cos(y)e 20 <z < 7/2,0 <y < /2 (1.63)

from which we are able to obtain the expressions for u,v and w of the form

u(z,y,t) = —sin(x) cos(y)ethO <z <7/2,0<y<m/2 (1.64)

To apply the block-marching technique with DQ discretization, the semi-
infinite domain in the time direction is decomposed into many intervals. For
simplicity, the uniform time interval is used, which is noted as §t. Each §t
and the physical domain of 0 < z < 7/2, 0 < y < w/2 form a block. Since
the length scales in every block are the same, the DQ weighting coefficients
can be uniformly used at different blocks. The DQ weighting coefficients are
first computed in BLK1, and then stored for the application in the following
blocks. At each block, applying DQ to Egs. (1.58) and (1.59) leads to

N N
ik Vi ik Vikl = Wij :
birirs + Y bipin = wiji (1.65)
k=1 k=1
N N M N M
g QrpWwiji + Uiji E AikWrjl + Viji E QjpWikl = g birwr i+ E bjrwir
k=1 k=1 h=1 h=1 h=1

(1.66)
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fori=2,3,..N—1;=2,3,...M —-1;1=2,3,..., L,

where N and M are the numbers of mesh points in the = and y direction,
respectively, L is the number of time levels in the block, a,a, and & are the
DQ weighting coefficients of the first-order derivatives with respect to x, y and
t, and b, b are the DQ weighting coefficients of the second-order derivatives
with respect to x and y. The velocity components u, v in the block can also
be approximated through DQ as

M
Uiji = Z kil (1.67a)
k=1
N
Vil = — Z QikVrjl (1.67b)
k=1

The DQ-resulting Egs. (1.65) and (1.66) in each block are algebraic equa-
tions, which can be solved by some iterative methods. In the present compu-
tation, SOR iterative method is used. To validate the accuracy of numerical
results, the following relative errors are computed,

Ery =" |Ynumerical — Yexact|/ D [Wexactl (1.68a)
Er, =Y |wnumerical — “exact|/ Y [Wexact] (1.68Db)
Ery =Y |upymerical — Yexact|/ Y ltexact] (1.68¢)
Ery =Y |vpyumerical — Vexactl/ Y lvexact] (1.684)

The convergence criteria in each block are set as

|R¢|Eri1)ax/ |Rw|$ix <é1 (1.69a)
|Rulih / Rl < 22 (1.69D)

(@)

s is the maximum absolute value of residual for Eq. (1.65) at i-th

where|Ry|
iteration in a block, while |Rw|$ix is the maximum absolute value of residual
for Eq. (1.65) at the beginning of iteration in the block. |Rw|(i) |Rw|(0)

max’ max
have the similar meaning to |Rw|f;)ax, |Rw|f}?ix, but they are the maximum
absolute values of residuals for Eq. (1.66). Here €1 and ey are taken the

same and fixed at 1078, In other words, for the computation in each block,
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the numerical results are considered to be convergent when the maximum
absolute value of residuals is reduced by eight orders.

For the numerical computation, the time domain is limited to 0 < ¢t < 20.
The efficiency of block-marching technique is tested in terms of the total
iteration number, NTI, and the CPU time required when the computation
reaches t = 20. Note that the number of total iterations (NTI) is the sum
of all iteration numbers required at all blocks. Since DQ is a global method
with high order of accuracy, it was found from numerical experiments that
the use of seven nodes in the z and y directions respectively can provide
accurate numerical results for this example. Thus, in the following studies,
N and M are fixed at 7. On the other hand, the length scale in the time
direction in each block, dt, is adjustable. Thus, the number of time levels in
each block, L, is not fixed, which depends on the choice of 6t. The criterion
for the choice of §t and L is set in such a way that approximately the same
order of accuracy can be achieved in both the time and spatial directions. For
example, when §t = 1, the mesh size is chosen as N x M x L = 7 x 7 x 7.
There is no improvement in accuracy if more than seven nodes are used in
the time direction.

TABLE 1.4: Relative errors, NTI and CPU times for the case of

5t = 0.25(N = M=7, L=5)
t(s) NTI Ery Er, Er, Er, CPU(s)
0.25 70 5.56x10~7 8.63x10~7 7.52x107% 7.53x10~°% 0.397
0.50 2x70 4.64x1077 9.46x10~7 7.75x107% 7.75x107¢ 0.854
0.75 3x70 4.70x10~7 9.66x10~7 7.75x1076 7.75x10°6 1.322
1.00 4x70 4.71x1077 9.71x10~7 7.75x10°% 7.75%x10°¢ 1.787
2.00 8x70 4.72x1077 9.72x1077 7.75x107% 7.75x107¢  3.647
3.00 12x70 4.72x1077 9.73x10~7 7.75x1076 7.75x1076  5.523
5.00 20x70 4.72x1077 9.73x10~7 7.75x1076 7.75x107% 9.182
10.00 40x70 4.72x1077 9.73x10~7 7.75x107% 7.75x107%  18.34
20.00 80x70 4.72x10~7 9.73x10~7 7.75x107% 7.75x10°%  36.73

The effect of §t on accuracy and efficiency of numerical results is investigated
in detail. At first, dt is chosen as 0.25. For this case, L is taken as 5. In
other words, five time levels are involved in each block. For the selected time
interval 0 < t < 20, 80 blocks will be used when §t = 0.25. The relative
four errors defined by Eqgs. (1.68a) to (1.68d), NTI, and CPU time required
on a computer of the type LEONIS are listed in Table 1.4 for the case of
0t = 0.25. It can be seen clearly from Table 1.4 that the accuracy of present
results is very high. From the fourth block, the relative error for ¢ is kept
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around 4.7 x 107, the relative error for w remains around 9.7 x 10~7, while
the relative errors for uw and v are the same and kept around 7.75 x 107,
Obviously, the accuracy for w and v is higher than that for v and v. This
is because w and ¥ are directly computed from the governing Egs.(1.65) and
(1.66) while u and v are indirectly computed from the stream function 1 by
using Egs. (1.67a) and (1.67b).

It was found that the iteration number to satisfy Eqs. (1.69a) and (1.69b)
in each block is the same and equals to 70 for the case of §t = 0.25. Therefore,
when ¢ reaches 20, NTT is 80 x 70 = 5600, and the CPU time required is 36.73
s. Next, we increase dt from 0.25 to 0.50, and the results of this case are listed
in Table 1.5.

TABLE 1.5: Relative errors, NTI and CPU times the case of

5t = 0.50(N = M = L=T)

t(s) NTI Erg Er, Ery, Er, CPU(s)
0.5 76 4.51x1077 4.86x1077 7.64x107% 7.64x10~% 0.597
1.0 76472  4.72x1077 4.08x10~7 7.70x107% 7.70x107% 1.297
1.5 76+2x70 4.74x1077 4.11x10~7 7.70x107% 7.70x10=6 1.980
2.0 764+3x70 4.74x1077 4.11x1077 7.70x107% 7.70x107% 2.665
3.0 T76+5x70 4.74x1077 4.11x1077 7.70x107% 7.70x10~% 4.014
5.0 T76+9x70 4.74x1077 4.11x1077 7.70x10~% 7.70x107% 6.754
10.0 76+19x70 4.74x1077 4.11x1077 7.70x1076 7.70x10~% 13.595
20.0 76+39x70 4.74x1077 4.11x1077 7.70x1076 7.70x1076 27.277

Since 4t is increased, the number of time levels is also increased from 5 to
7. Tt was found that for this case, the accuracy for ¥, u and v are kept the
same as the previous case, but the accuracy for w is improved. The number of
iterations needed is 76 for the first block, and 72 for the following 39 blocks.
So, the number of total iterations for this case is NTI = 76 + 39 x 72 = 2884
when ¢ = 20, which is almost the half of the previous case. However, the
CPU time required for this case is slightly reduced from 36.73 to 27.28 s. The
reduction of CPU time is not so promising. The reason is that since L is
changed from 5 to 7, the number of unknowns for this case is much larger
than the previous case. So, each iteration requires much more CPU time.
Furthermore, when the number of time levels is fixed at 7, and §t is increased
to 1, it was found that the accuracy of numerical results can be kept the same
as the case of 0t = 0.5, but the efficiency is greatly improved. The results of
this case are shown in Table 1.6. From Table 1.6, it can be observed that for
all the 20 blocks, the number of iterations to satisfy convergence criteria Egs.
(1.6a) and (1.6Db) is the same and equals to 70, which is slightly less than that
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for the case of 6t = 0.5. So, NTI for this case is 20 x 70 = 1400. Since the
number of unknowns for this case is the same as the case of 6t = 0.5, the CPU
time required to reach t=20 is just half (13.26 s) of the previous case.

TABLE 1.6:

Relative errors, NTI and CPU times given by present
method for the case of 6t = 1.0(N = M = L=T)

t(s)
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
20.00

NTI
70
2% 70
3x70
4x70
5% 70
6x70
7x70
8% 70
9% 70
10x70
2070

ET‘¢
8.31x10~7
7.85x1077
7.85%x1077
7.85x1077
7.85%x1077
7.85x10~7
7.85%x1077
7.85x10~7
7.85%x1077
7.85x10~7
7.85%x1077

Er,
3.21x1076
3.13x1076
3.13x1076
3.13x1076
3.13x1076
3.13x1076
3.13x1076
3.13x1076
3.13x1076
3.13x1076
3.13x1076

Ery
7.25%1076
8.47x1076
8.48x1076
8.48x1076
8.48x1076
8.48x1076
8.48x1076
8.48x1076
8.48x1076
8.48x1076
8.48x1076

Er,
7.26x1076
8.47x1076
8.48%x 106
8.48x1076
8.48%x 106
8.48x1076
8.48%x106
8.48x1076
8.48%x 106
8.48x1076
8.48%x 106

CPU(s)
0.557
1.226
1.907
2.586
3.254
3.933
4.601
5.280
5.948
6.627

13.258

TABLE 1.7:

Relative errors, NTI and CPU times given by present
method for the case of 6t = 2.0(N = M=7, L=11)

t(s)
2.00
4.00
6.00
8.00
10.00
20.00

NTI
81
2x81
3x81
4x81
5x81
10x81

E’I’¢
4.05x10~"
1.38x10°7
1.38x1077
1.38x1077
1.38x1077
1.38x1077

Er,
5.53%x10~7
4.89%x10°7
4.94x10~7
4.93%x10°7
4.93x10~7
4.93%x10°7

Ery
7.67x1076
7.56x1076
7.56x1076
7.56x1076
7.56x1076
7.56x1076

Er,
7.67x106
7.56x106
7.56x106
7.56x106
7.56x106
7.56x106

CPU(s)
1.183
2.366
3.545
4.720
5.897

11.802

From numerical experiments, it was found that the efficiency of block-
marching technique could be further improved when dt is increased from 1
to 2. For this case, to keep the high order of accuracy in the time direction,
L should be chosen to be 11. This means that the number of unknowns for
each block is increased. There are 10 blocks for this case. Table 1.7 gives the
results of this case.

Clearly, the accuracy of numerical results is kept as compared with previous
cases, but the number of total iterations is cut to 810 and the CPU time is
reduced to 11.802 s. The above test cases show that the increase of §¢ and
the proper choice of L can enhance the efficiency of block-marching technique
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while keeping the high order of accuracy for numerical results. However, it
should be noted that there is a limitation on the choice of §t. If §t is too
large, the accuracy of numerical results can be greatly reduced if L is not
large enough.

TABLE 1.8: Relative errors, NTT and CPU times given by present
method for the case of §t = 5.0 = M=T)

t(s) L NTI Erg Ery, Ery Ery CPU(s)
50 13 81 4.56%x10~% 2.87x1073 9.56x10~%* 9.56x10~*  1.183
21 97 9.71x1076 5.23x1076 7.32x10~6 7.32x10~6  2.355

10.0 13 81482  6.12x1073 7.69x10~2 1.85x10~2 1.84x10~2  2.377
21 97487  1.43x107% 5.92x1075 4.10x10~% 4.10x10~%  4.775
15.0 13 8142x82 1.74x10~1 2.52x10° 5.75x10~1  5.72x10~'  3.577
21 9742x87 1.54x10™% 8.29x10~% 4.02x10~% 4.02x10~%  7.214
20.0 13 81+3x82 5.33x10° 9.41x 10! 1.95x 101 1.93x 10t 4.760
21 9742x87 3.08x10~* 1.15x1072 1.19x1073 1.18x1073  9.661

TABLE 1.9: Relative errors, time steps and CPU times given by
4-stage Runge—Kutta method for the case of h = 0.005(N = M=7)

t(s) NTI Erg Er, Ery, Er, CPU(s)
0.5 100 1.62x1072 1.17x1073 3.22x1073 3.22x1073 2.82
1.0 200 1.59x107% 1.23x1073 3.19x1073 3.19x1073 5.58
1.5 300 1.59x107% 1.23x1073 3.19x10~3 3.19x1073 8.35
2.0 400 1.59x1073 1.23x10~3 3.19x1073 3.19x10~3 11.16
2.5 500 1.59x1073 1.23x1073 3.19x1073 3.19x1073  13.79
5.0 1000 1.59x1073 1.23x1073 3.19x1073 3.19x1073  27.87
10.0 2000 1.59x1073 1.23x1073 3.19x1073 3.19x1073  56.20
20.0 4000 1.59x1073 1.23x1073 3.19x1073 3.19x1073 111.78

This can be seen in Table 1.8, where ¢ is taken as 5 and L is chosen as 13 and
21 respectively. Only four blocks are involved in this case. From Table 1.8, we
can see that the accuracy of numerical results for the first block is still very
high, but as marching block by block in the time direction, it declines very
fast. Clearly, the accuracy of numerical results of L=13 is much less than that
of L=21. In fact, the numerical results of L=13 are incorrect after t=15.00.
To obtain accurate numerical results in the whole time domain, a large value
of L has to be used. Thereby, the number of unknowns in each block is very
large. This may reduce the efficiency of the method. To show the superiority
of the block-marching method, the conventional fourth order Runge-Kutta
method, which is a layer-marching approach, is also applied to solving the
same problem. For this application, the Runge—Kutta method is only applied
to the vorticity equation (1.59). The stream function equation (1.58) is still
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TABLE 1.10: Relative errors, time steps and CPU times given by
4-stage Runge—Kutta method for the case of h = 0.01(N = M=7)

t(s) NTI Erg Er, Ery, Er, CPU(s)
0.5 50 2.32x1073 2.34x1073 6.48x1073 6.46x1073 1.41
1.0 100 220x107% 2.44x1073 6.42x1073 6.41x1073 2.82
1.5 150 2.20x1073 245x1073 6.41x1073 6.41x1073 4.12
2.0 200 2.20x1073 245x1073 6.41x1073 6.41x1073 5.61
2.5 150 2.20x1073 245x1073 6.41x1073 6.41x1073 6.95
5.0 500 2.20x1073 245x1073 6.41x1073 6.41x1073  13.95
10.0 1000 2.20x1073 2.45x1073 6.41x1073 6.41x1073  27.99
20.0 2000 2.20x1073 2.45x1072 6.41x1072 6.41x1072  56.06

solved by SOR method, and the relaxation factor is also chosen as 1.8. Two
time step sizes of 0.005 and 0.01 are used for the layer-marching in the time
direction. The numerical results of these two cases are listed respectively in
Tables 1.9 and 1.10. From these two tables, we can see that the accuracy
of numerical results obtained by 4-stage Runge-Kutta method is just of the
order of 1073, which is much less than that given by the blocking-marching
method with DQ discretization. On the other hand, the CPU time required to
reach t=20 is much larger. This example shows that the proposed method can
give better accuracy and efficiency over conventional layer-marching methods
for a time-dependent problem.

1.6 Implementation of boundary conditions

A differential equation is underdetermined if boundary conditions are not
provided. For a one-dimensional second order partial differential equation,
for example, boundary conditions are required at both ends. For such cases,
direct DQ method can be applied without difficulty. What should be done
is to let the function values or the first derivatives at both ends to equal
the prescribed values; see Shu (2000a). Difficulty, however, arises for apply-
ing multi-boundary conditions, for example, to solve forth-order differential
equations where two boundary conditions are present at each end. Bert and
his coworkers (1993, 1994) introduced a delta-point apart from the boundary
point by a small distance as an additional boundary point and apply the other
boundary condition at that point. It is found that, however, the solution ac-
curacy may not be assured since ¢ is problem-dependent. Moreover there are
some difficulties in applying the multi-boundary conditions accurately at the
corner points for two-dimensional problems.

There are several approaches available in the literature for implementing
multi-boundary conditions. Some DQ equations at inner nodes are replaced
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by the additional boundary conditions. It is found that, however, the solu-
tion accuracy may vary depending on which DQ equations at inner grids are
replaced by the boundary conditions. A complete different approach intro-
duced by Wang and Bert (1993) is that the boundary conditions are built
during formulation of the weighting coefficients for higher order derivatives.
Later Malik and Bert (1996) tried to extend this idea to all boundary condi-
tions. However, the § approach has still to be used for some combinations of
boundary conditions. Wang et al. (1996, 1997) proposed a method (Differen-
tial Quadrature Element Method, or DQEM) to applying the multi-boundary
conditions by assigning two degrees of freedom to each end point for a fourth-
order differential equation. Later Wu and his coworkers (2000, 2001) proposed
a generalized differential quadrature rule (GDQR) also introducing multiple
degrees of freedom at boundary points. All boundary conditions can be eas-
ily applied by the DQEM or GDQR and accurate solutions can be obtained.
Actually, both methods are exactly the same for one-dimensional problems.

Recently, Karami and Malekzadeh (2002) proposed a method to applying
the multi-boundary conditions. In formulations of the weighting coefficients
of third- and fourth-order derivatives, the second derivatives at boundary
points are viewed as an additional independent variable. Wang extended the
method (Wang and Bert, 1993) to all boundary conditions by viewing the first
derivatives at boundary points as an additional independent variable. Both
methods introduce an additional degree of freedom at boundary points, but
compute the weighting coeflicients of the first-order derivative by using explicit
formulae (Shu and Richards, 1992; Wang, 2001). Since the multiple degrees
of freedoms are introduced at boundary points merely for the application
of boundary conditions, the additional degree of freedom for the beam case
is not necessary for the rotation. It could be also the curvature (Karami
and Malekzadeh, 2002) or even a displacement at a point not in the solution
domain. Similar to the ¢ approach, Wang et al (2005) proposed a virtual
point method in which the additional boundary points are not necessarily
close to the end points. In the following, all these methods are summarized
for complete reference.

For simplicity, beam problems are considered herein. For the case of a
Bernoulli-Euler beam under general loadings, the governing differential equa-
tion can be expressed as

dtw d>w d?w

where E,I,L,q,P,p, A and w are the Young’s modulus, principal moment
of inertia about the y-axis, beam length, distributed load, axial load, mass
density, cross-sectional area, and deflections, respectively. The shear force @
and bending moment Mare
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dw 3)
El—— = Elw™ = Q;(z € [0,L]) (1.71a)
X
d*w )
El—— = EIw® = M;(z € [0, L)) (1.71D)
xr

There are four boundary conditions considered herein, namely,

Simply supported(SS) : w= M = 0; ( )
Clamped(C) : w = wV) =0; (1.72b)
Free(F): Q=M =0; ( )
Guided(G) : wM = Q = 0. ( )

= o=

Based on Eq. (1.46), the k-th order derivative of the solution function at
node i is rewritten in the form of

N
wh =N w;  (i=1,2,..,N) (1.73)

j=1
k are the weighting coefficients of the k-th order derivative, N and
wjare the total number of nodes in the entire domain including the end points,
and the solution values at node j, respectively. Here efj are used to avoid
potential confusions. Denote a;;,bi;, ci;, di; the weighting coeflicients of the
first-, second-, third-, and fourth-order derivatives. In terms of direct DQ, the

governing differential equations at an inner node is approximated by

where ¢

N
> {EId;jw; — Pbijw;} —q(x;) — pAw?w; = 0, (i =M, M+1,..,N—M+1)
j=1

(1.74)

where w(z,t) = w(z)e™? is assumed for the purpose of free vibration analyses,
and M is the starting number of inner point, depending on the method of
applying boundary conditions. When appropriate boundary conditions are
applied, a unique solution can be obtained by the direct DQ method.

(a) 6 approach (Bert el al., 1988; Wang and Bert, 1993)

Node 1 (or N—1) and node 2 (or N) are viewed as the end points, separated
by a very small distance §. Then the two boundary conditions, Eq. (1.72),
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are applied to these points. Consider an SS-C beam, for example, one has

wp =0 (1.75a)
N

Zbljwj =0 (175b)
j=1

wny =0 (1.75¢)
N

ZaNjwj =0 (1.75d)
j=1

In this case, the starting number of inner node in Eq. (1.74) is 3, namely,
M = 3. It should be pointed out that no much difference is experienced if bo;
and by_1 ; are used in Eq. (1.75) instead of by; and by, since dis very small
and could be adjusted.

(b) Equation replaced approach (Wang, 2001)

Instead of using ¢ separation, two DQ equations at inner nodes are replaced
by the second boundary conditions, similar to the mixed collocation method.
It is found that, however, the solution accuracy may vary depending on which
DQ equations at inner grids are replaced by the boundary conditions. Usually
equations at grid 2 and grid N — 1 are replaced by the boundary conditions to
achieve the best accuracy, since the discrete errors at these two points are the
largest. In this case, the method is the similar to the § approach and M = 3.

(¢) Build-in method(1) (Stritz, 1994)

One of the two boundary conditions is built during formulation of the
weighting coefficients for higher order derivatives, since one can only apply
one condition at the boundary condition directly. Take the SS-C beam as an
example. The weighting coefficients for higher order derivatives are computed
by

N-1
bij = Z ik Ak (1.76&)
k=1
N
Cij = Z aikbkj (176b)
k=2
N
dij = Zbikbkj (1.76C)
k=2

Parts of the boundary conditions have been built by simply changing the
summation range. The N in Eq. (1.76a) is changed to N — 1 to build in the

condition wg\}) = 0. The 1 in Eq. (1.76b-c) is changed to 2 to build in the

(2)

condition w;” = 0. Thus, only one condition at each end is left. One has,
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namely, w; = 0 and wy = 0. In this case, the starting number of inner grid
in Eq. (1.74) is 2, namely, M = 2. The accuracy is higher than the previous
two methods if the number of nodes are small. However, the method cannot
be used for all boundary conditions.

(d) DQEM (Malik and Bert, 1996) and GDQR (Wang and Gu, 1997)

The essence of DQEM and GDQR are that two degrees of freedoms, namely,
wl,wgl),w]v ,wg}), are used at the end points to handle the two boundary con-
ditions. Since Hermit type polynomials, instead of Lagrangian polynomials,
are used in determination of the weighting coefficients, the method differs from
the conventional DQ method. Let a;;, b, ci;, di; be the weighting coefficients
of the first-, second-, third-, and fourth-order derivatives of the DQEM or

GDQR, and N the number of nodes. Consider the SS-C beam again, one has

wy; =0 (1.77a)
N+2
> biju; =0 (1.77b)
j=1
wy =0 (1.77¢)
wl) =0 (1.77d)

where {u}? = {’wl,wgl),w21...,U)N71,’LUN,U)§\})}. And Eq. (1.74) becomes

N+2
Z {EI dij’U,j - P bijuj} — q(,Ti) — pAw2wi = 0, (Z = 2, 3, ceey N — 1) (178)

j=1

It can be seen that the sum is from 1 to N+2, different from the DQ method.
The multi-boundary conditions can be applied without any difficulty for all
cases.

(e) Build-in method (2) (Liu and Wu, 2001a, 2001b)

As is noticed, the build-in method (1) is simple and accurate but cannot be
used for all boundary conditions, while the multi-degree methods (DQEM or
GDQR)can be conveniently used for all boundary conditions. A new way to
apply the boundary condition that combines these two ideas is proposed by
Karami and Malekzadeh (2002). The essence is that wgz)and wg\?), the end
curvature, are viewed as independent variables in computing the weighting
coeflicients of the third- and fourth-order derivatives, namely,
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N N-1 N+2
= Z airbrjw; + ailwgz) + ainE\?) = Z CijUj (1.79&)
j=1 k=2 j
N N-1 N+2
(4) Z bikbkjwj + bzlwg ) + bleE\?) = Z dijuj (179b)
j=1 k=2 j=1

where {u}T = {wl,w§2),w27...,wN_l,wN,wg\?)}. The DQ equations at inner

grids are similar to Eq. (1.78). As can be seen that the symbolic expressions
are similar to the ones of DQEM or GDQR, and all boundary conditions can
be conveniently applied.

(f) Build-in method (8) (Wu and Liu, 2000)

The build-in method (3) is also an extension of the build-in method (1),
similar to the build-in method (2) described above. The essential difference
from the build-in method (2) is that wgl)and wg\}), instead of wg Jand w( ), are
used as independent variables in computing the weighting coefficients of the
third- and fourth-order derivatives. The weighting coefficients of the second
derivative at the end points are computed slightly different from Eq. (1.76a),
namely,

N-1 N+2
iRk w; + ailw( ) 4 a;N w]\}) = Z b”uj t=1,N) (1.80a)

N N+27
QipQr;W; = Z bz-jwj = Z bijuj (Z = 2, 3, ceey N — 1)

(1.80Db)

The weighting coefficients of the third- and fourth-order derivatives are
computed by

N+2N—-1 N+2
= Z Z aikbkjuj = Z CijUsj (181&)

j=1 k=2 j=1

N+2N—-1 N+2
4 = Z Z bikbkjuj = Z dijuj (181b)

j=1 k=2 j=1
where {u}? = {wl,wgl),wz...,w]\;_l,wN,wE\})} and b;, is computed from

Eq. (1.76a). As can be seen that the symbolic expressions are exactly the
same as the ones of DQEM or GDQR, thus all boundary conditions can be
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conveniently applied. It is noted that this method is readily extended to
DQEM by using wgl)and wg\})as independent variables. The only difference
from the existing DQEM is the way to compute the weighting coefficients.

(9) Build-in method (4)

A new way to apply the multi-boundary conditions is proposed here without
employing the multi-degree of freedoms at the end points. The method is an
extension of the method (C) but different from method (G). Take an F-C
beam as an example to describe the procedures. Let NN = N = 2. Then, one
has

N—-1

bij = Z agar; (i=1,2,...,NN), (1.82a)
k=1
N

Gij =Y aixby; (i=1,2,..,NN), (1.82b)
k=2
N

dij = bibkj (i=1,2,..,NN) (1.82¢)
k=2
N

Gij =Y aixbrj (i=NN+1,NN+2,.,N), (1.82d)
k=2
N

dij = bibkj (i=NN+1,NN +2,..,N) (1.82¢)
k=2

where a;; and b;; are computed from Egs. (1.41) and (1.76). Equation (1.74)
then becomes

N
Z {EI Jijwj - P Bijwj} — q(,’Ei) — pA w2wi =0 (Z = 2,3, 7]\7 — 1) (183)
j=1
Since wgz) = 0 and wg\}) = 0 have been built, the remaining boundary
conditions are

WE

Eljwj = 0, wN = 0 (184)
j=1

In this simple way, the limitations existing in the build-in method (1) have
been completely removed without employing either the multi-degree of free-
dom at end points or  approach. This will be demonstrated by numerical
examples presented in the next section.
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(h) Virtual boundary point method

Similar to the § approach or finite difference method, two virtual points
can be placed outside the beam, one on each side. It is not necessary for the
two virtual points to be ¢ apart from the boundary point. Then Eq. (1.41)
and Eq. (1.42) are used to compute the weighting coefficients, exactly the
same as in the direct ordinary DQ method. The non-uniform nodes could be
computed from Chebyshev nodes expressed by Eq.(1.48).

Take an F-C beam as an example to describe the procedures for applying
the multi-boundary conditions. Note that the boundary points are 2 and
N — 1. Thus the boundary conditions in terms of direct DQ method become

N N N
ZCQj’LUj = 0, szjwj = 0, ZaNfljwj = 0, WN—-1 = 0 (185)

Jj=1 j=1 j=1

The DQ equations at inner nodes are

N
> {EI dijw; — P bijw;} — q(xi) — pA ww; =0 (i = 3,4,..., N — 2) (1.86)

j=1

Eight methods in applying the multi-boundary conditions are summarized.
Although all methods could be used in two-dimensional problems, such as
thin plate problems, some limitations exist in some of the methods. Methods
C and G cannot be used for all boundary conditions in two dimensions. There
are some difficulties at the corner points for methods A and B. For method
H, the weighting coefficients of mixed derivatives should be computed by
using deflections at grids on the plate only, namely, w;;, (i, =2,3,...,N —
1). If domain decomposition is to be used, only methods D and F can be
conveniently used, and the formulations of the system of DQ equations are
similar to the finite element method.

Example 1.7 Flexural vibration of a prismatic beam

As the first example, consider the flexural vibration of prismatic beams
with ten combinations of boundary conditions, i.e., SS-SS, SS-C, SS-F, SS-
G, C-C, C-F, C-G, F-F, F-G, and G-G, where SS, C, F and G denote the
simply supported, clamped, free and guided boundaries, respectively. Use
the DQ method with method of build-in (4) to solve the problems. For the
general cases, the DQ equations for free vibration analyses can be written in
the following partition form, namely,

R -] )
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where subscripts e, ¢ denote the quantities at the end points and at the inner
points. The (N — 2) equations in Eq. (1.87) for obtaining the frequency is

[K“ — KieK;elKei] {’LUZ} — pAw2 {wl} = {O} (188)

Table 1.11 lists the first five non-zero frequency parameters (0 = L {/pAw?/ET)
of beams with ten boundary conditions. As expected, the accuracy of numer-
ical data is very high. The fundamental frequency for all cases is exactly the
same as the analytical solution, which is 18. All five frequencies are accurate
to five significant figures, proved by changing the number of grids N, and
exactly the same as the analytical solutions for the SS-SS beam. It is also
noted that the non-zero frequencies for the F-F beam are the same as the C-C
beam. Numerical data demonstrate that the proposed method can handle all
boundary conditions.

TABLE 1.11: First five non-zero frequency parameters of beams with
various boundary conditions (DQM, N=17)

Bes Mode | piret Second Third Fourth Fifth
SSSS 31415027 6.2831853 0.4247780 12.566371 15.707963
c-C 4.7300407 7.8532046 10.995608 14.137166 17.278741
C-F 1.8751041 4.6940911 7.8547574 10.995541 14.137169
C-SS 3.9266023 7.0685827 10.210176 13.351769 16.493356
F-F 4.7300407 7.8532046 10.995608 14.137166 17.278747
G-G 3.1415927 6.2831853 9.4247780 12.566371 15.707965
G-SS 15707963 4.7123800 7.8539816 10.995574 14.137167
C-G 2.3650204 5.4978039 8.6393798 11.780972 14.922566
F-G 2.3650204 5.4978039 8.6393798 11.780972 14.922566
F-SS 3.9266023 7.0685827 10.210176 13.351769 16.493357

Example 1.8 Flezural vibration of rectangular plates

As the second example, consider the flexural vibration of rectangular plates
with all boundary clamped (C-C-C-C). This example could not be solved
by DQ method with build-in method (1) previously. The first six frequency
parameters, @ = w a?y/ph/D, are listed in Table 1.12, where a,h, D are
the length, thickness, and bending rigidity of the square plate, respectively.
Methods (G) and (H) are used to apply the boundary conditions. As is
expected, the same accurate results as the DQEM are obtained. It should be
pointed out that Leissa’s analytical solutions are upper-bound solutions.

Numerical experience shows that the difference among various methods in
applying boundary conditions exists only when N is small. With the increase
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of the number of grids, the difference becomes smaller among various methods.
More grids are needed to get accurate high order frequencies.

TABLE 1.12: First six frequency parameters (@” = pa*w? /D)
of the square plate with all boundary clamped (C-C-C-C)

Mode
Method 1 2(=3) 4 5 6
Present(G) 35.986 73.396 108.22 131.58 132.20
Present(H) 35.985 73.393 108.22 131.58 132.20
DQEM 35.985 73.393 108.22 131.57 132.19
DQEM 35.985 73.399 108.22 130.95 131.56
Leissa (1973) 35.992 73.413 108.27 131.64 132.24

1.7 Conclusions

Differential Quadrature is an attractive idea for numerical evaluating deriva-
tives of a given function. Applying it to solving differential equations yields
the direct Differential Quadrature Method. Differential Quadrature formulas
can be obtained from approximation theory.

Direct DQ method is a global numerical scheme. Just like Gauss quadra-
ture, direct DQ method is able to yield high-accurate solutions by use of a
small number of nodes. It is simple and straightforward, thus making it an
attractive numerical method.

Differential Quadrature also applies to temporal discretization, resulting in
the so-called block-marching technique with DQ discretization. It is implicit
and flexible. The numerical results are obtained block by block in the time
direction. Compared to the conventional 4-stage Runge-Kutta method, the
accuracy of numerical results obtained from this method is about four orders
higher, and the computational effort required is much less.

Various methods to apply the multi-boundary conditions in the applications
of Differential Quadrature method are summarized and discussed. Numerical
examples are given to demonstrate on how to implement the boundary con-
ditions. Boundary conditions have significant influences on the accuracy of
numerical solutions, and thus deserve special cautions.

It was recognized soon after direct DQ method was proposed, however, that
direct DQ method suffers from several shortcomings. To remove these short-
comings, a variety of numerical schemes have been proposed to improve its
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accuracy and enhance its capability. In the following six chapters, we will
focus on these newly developed methods based on DQ.






Chapter 2

Complex Differential Quadrature
Method

Theory of complex variables is the branch of mathematics investigating func-
tions of complex variables and is extremely important in complex analysis.
It is hard to find another mathematical branch in which complex variable
has not been mentioned. This is a very special mathematical phenomenon
because most of mathematical branches are irrelevant. It is often an impor-
tant mathematical event if two branches of mathematics are linked through
a subtle way, but complex analysis comes into other mathematical branches
in a natural way. Without the aid of complex analysis, we are even unable to
prove the fundamental theorem of algebra.

Theory of complex variable is very important not only as a tool for math-
ematical analysis, but also as an effective technique for solving some tough
problems in areas as diverse as electromagnetism, thermodynamics, fluid me-
chanics, thermal mechanics, elastic mechanics and acoustics. It is even able
to provide a surprisingly concise solution to singular problems, which are
hard to obtain by using an alternative method. In mechanics of elasticity,
the stress field of a crack tip in a plate is singular, indicating that the stress
there becomes larger and larger as we get closer and closer to the crack tip.
The solution obtained from complex variable theory reveals that the singular
behavior of such a tip is described by the reciprocal of distance r from the
crack tip. Another striking application of complex variable theory is that it
provides a complete solution to the lifting problem of a two-dimensional wing,
which singularity at the trailing edge is removed through smart introduction
of Kutta condition. Therefore, theory of complex variables remains important
in the future. In view of this, it is necessary to generalize DQ method from
the real domain to the complex domain, termed as complex DQ method.

In this chapter, complex DQ method (Zong, 2003a; Zhang et al., 2007) is
introduced. First, extension of Lagrange interpolation to the complex plane is
presented. It turns out to be composed of two parts: polynomial and rational
interpolations of an analytic function. Based on Lagrange interpolation in the
complex plane, complex differential quadrature method is constructed suited
to solving the potential problem (Laplace’s equation) and the plane linear
elastic problem (the so-called bi-harmonic equation). Three important issues
in the method are:

(1) Extension of Lagrange interpolation to the complex plane;

43



44 Advanced Differential Quadrature Methods

(2) Use of analytic function or Airy’s stress function in the form of complex
variable; and

(3) Application of boundary conditions to determination of the unknowns.

The last step involves solving a system of linear equations, which can be
neglected if conformal mapping, a powerful technique able to transform a
complicated physical problem into a readily analyzable one, is employed. On
the contrary, conformal mapping can be readily performed if Lagrange in-
terpolation in the complex plane is used together. We will thus in section
2.4 develop a methodology which combines conformal mapping technique and
complex DQ method for easily solving some two-dimensional potential prob-
lems.

2.1 Differential quadrature in the complex plane

Lagrange interpolation on the real line is one of the simplest interpola-
tion methods and has been widely investigated over the past two centuries
(Buchanan and Turner, 1997). It is possible to generalize Lagrange interpola-
tion to the complex plane. Some changes are, however, necessary to account
for more complicated cases special in the complex plane. In what follows, ex-
tension of Lagrange interpolation to the complex plane and differentiation of
a function of a complex variable (or more exactly analytical function) by use
of complex Lagrange polynomial are presented. Because books on complex
variable theory are plenty, the reader is assumed to be familiar with basic
knowledge of complex variables and analytic functions. Several books are
listed in the reference section and the reader is referred to Chapter 8.

It is assumed that in the domain S in the two-dimensional complex plane
encircled by its boundary T', an analytic function ¢(z) is defined. On the
boundary I', N nodes are specified as shown in Fig. 2.1. These nodes are
assumed to be a sequence in the form of

21,22, ..., ZN (2.1)

on which the function values of the analytic function ¢(z) are known

1,92, PN (22)

Our purpose is to construct a polynomial of z = x 4 iy, where i = /—1 is
the imaginary unit, in the form of
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i=2N-1,k=N
i=2N

k, i=2k-1

g Boundary node

©  Collocation point

FIGURE 2.1: Boundary nodes and collocation points.

satisfying

= 1Z:Zk = DRI ) — ...
/\k(z)_{OZ—zj;ézk k=1,---,N, j=1,---,N. (2.4)

This is the Kronecker delta function. It is its property that guarantees the
interpolating polynomial ¢(z) equal to the function value ¢, at each node zy.
Direct extension of Lagrange polynomial on the real line to the complex plane
leads to the following equations (Buchanan and Turner, 1997):

>
o
~
S~—
[
h
B
~
S~—
[
—=

(z — zj), (2.5)

(.
W
Eap

where the symbol [] represents multiplication of the terms following the sym-
bol.

It is straightforward to find the first- and second-order derivatives by dif-
ferentiating Eq. (2.5) with respect to z

oy do(z) &%
plz)=—7—= > ak(2)pr and ¢ (z) = e Z (2.6)
k=1 k=1
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where ay(z) are the coefficients for the first-order derivative. After some
manipulations, we obtain the coefficients for z # zy as

N

- d)\k(z) - 1 Lg(Zg) -

ap(z) = Em _z—zk;Lk(zk)’ k=1,---,N. (2.7a)

£k

And for z = z,
N

Lg(Zg)
ar(z) = ag(z , k=1,--- N. 2.7b
(o) = Y 2:7b)

The coefficients for the second-order derivative can be obtained in the sim-
ilar manner as

dag(z)  BPe(z) oz — oz al Ly(z¢) 2z— 2z
bi(2) = dz —  dz2 1 ;ag(z) Li(zr)  ar(2) (2.82)
£k
k=1,---,N,if z # z, and
N
1 Lg(Zg) .
br(z) = = be(z , k=1,---,N, if z=z.. 2.8b
k(2) 2; o )Lk(zk) k (2.8b)

£k

Equations (2.7) and (2.8) are the most important formulas in this chapter.
It is clearly shown that both first- and second-order derivatives are reduced
to the weighted sum of the function values at the nodes. This greatly sim-
plifies the numerical differentiation process without deteriorating numerical
accuracy.

It is obvious that if N nodes are used, the interpolating polynomial degree
is (N —1). Using this idea, it can be shown that the approximation errors for
the first-order derivative (R') and the second-order one (R?) are

Rl(zk)zw, k=1,...,N (2.92)
() ()1 (@)
R2(zk)=w, k=1,...,N (2.9b)

where W(z) = vazl (2 — zj). These residual estimates show that it is possible
to achieve high accuracy if the number of grid points N is large. Moreover
accuracy is proportional to N or even to its powers.
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The aforementioned formulas are identical to those on the real line if com-
plex variable z is replaced by real variable x. But a complex polynomial is
really different from a real polynomial in the sense that the former also al-
lows for the appearance of the terms of negative powers. This is because a
Laurent’s series, in which terms of negative powers appear, in the complex
plane replaces the Taylor’s series on the real line. Terms of negative powers
in a Laurent’s series bring in convenience to treat infinite domain as these
terms vanish or are constants at infinity. In “domain” type methods such
as Finite Element Method (FEM), an infinite domain is approximated by a
very large domain. This is not cost-effective. On the other hand, infinite do-
main problems can be easily handled by boundary methods such as Boundary
Element Method (BEM). In the following, we will construct a Lagrange poly-
nomial which contains terms of negative powers, and thus allows for effective
treatment of infinite domain.

It is proposed to construct the Lagrange interpolation for infinite domain
in the following way:

Ar(z) = //&\:((;)), Ap(z) = H G - %) (2.10)

[N
e

j#

It is clearly indicated that Ap(z) possesses the Kronecker delta function
property defined by Eq. (2.4). After some algebraic operations, Eq. (2.10)
turns out to be a rational interpolation. Hence, Lagrange interpolation in the
complex plane is composed of two parts: polynomial and rational interpola-
tions. Note that polynomial and rational approximations are two individual
techniques on the real line, but each of them is a part of Lagrange interpolation
in the complex plane.

This above procedure is justified by the fact that there are two types of
analytical functions: holomorphic and meromorphic (Chapter 8). The former
is differentiable in an open subset, and thus can be approximated by Lagrange
polynomial in which all the terms have positive powers. The latter is differ-
entiable except at finitely many points and thus can be approximated by a
complex ration number.

To find the first- and second-order derivatives of Ag(z), multiply both sides
of Eq. (2.10) by (1/z — 1/2;) and then differentiate both sides with respect
to z. The results after simple manipulations are

N
¢'(z) = dp(z) = Zak(z)<ﬂk (2.11)

for the first derivative, and
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/I
©"( dzz Z bi(z (2.12)

for the second derivative. The coefficients for the first-order derivative are

ak(z): dz - 2—22/Zkz 17.“,N,1f Z§£Zk

Ak

(2.13)

and

Zaz

z¢k

k=1,--- ,N,if z=2. (2.14)

\/

The coefficients for the second-order derivative are

dap(z)  d*X(z) 1 - Ae(z0) 2z
bk(’z)_ dz - dZ2 __Z—ZQ/Zk [;aé(z)Ak(zk) _(1_5)0’]@(2)]
#£k
(2.15)
if z#zk,k=1,--- N and
N
2k Ag(ze) .
b = b f =z, k=1,---,N. 2.1
k(z) 2+ 2k ; Z(Z)Ak(zk)al Z Zk, ; ) ( 6)
1#£k

Equations (2.6) to (2.8) are suitable for finite domain and Eqs. (2.11) to
(2.16) are suitable for infinite domain.

Example 2.1 Lagrange interpolation in the complex plane

Lagrange interpolation in the complex plane is an extension of Lagrange
interpolation on the real line. It plays a crucial role in complex DQ method,
and the accuracy related with interpolation and numerical differentiation is
of major concern. This example is designed to check its accuracy.

Suppose an analytic function ¢(z) is given in a domain encircled by its
boundary I'. Because the analytic function is given, its values on the boundary
I" are also known. Based on the function values on N nodes on the boundary
I' and Lagrange interpolation in Egs. (2.5) to (2.8), the function value and
its first- and second-order derivatives at any point within the domain can
be obtained. Comparison of numerical and analytical results will reveal the
accuracy of Lagrange interpolation in the complex plane.
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Take ¢(z) = 2z in a unit circle bounded by I': |z| = 1 for example. N nodes
on I' are specified. The relative errors are defined

[p(2) = wo(2)l [¥'(2) = o (2)] _ 1¢"(2) = ¢6(2)|

lpo(2)] TR 2T T AR (2.17)

e =

where the subscript “y” denotes the known function values, and thus g = 23,

©h = 32% and ¢fj = 6z. The letters in Eq. (2.17) without subscripts denote
the numerical results.

The relative errors defined by Eq. (2.17) for the point z = v/2(1 +4)/4
are shown in Fig. 2.2. When N = 5 the relative errors are up to 3%. As N
increases to 10, the relative errors are dramatically reduced to the order of
1075 ~ 10=* %. As N increases to larger numbers, the relative errors increase
rather than decrease. The reason is that as N increases, the order of Lagrange
polynomial L(z) in Eq. (2.5) is correspondingly raised and more higher-order
terms appear in Lagrange polynomial. From numerical analysis, it is well
known that higher-order monomials (of the type z™) might introduce local
oscillations to the numerical results, as a consequence, deteriorating numerical
accuracy. However, the numerical accuracies as shown in Fig. 2.2 remain
below 1072% for the second-order derivatives, 1073% for the first-order one
and 1071% for the function values over the whole range. Such accuracy is
encouraging.

If more similar analyses are performed at other points, which is omitted
here for brevity, we are able to obtain the same conclusions (Zong, 2003a).
Thus, as on the real line, Lagrange interpolation in the complex plane may
also yield highly accurate results by use of a small number of nodes.

2.2 Complex DQ method for potential problems

In this and the next sections, the applicability and validity of the com-
plex DQ method are demonstrated through the two-dimensional potential
problems governed by Laplace’s equation and plane linear elastic problems
governed by bi-harmonic equation.

Consider a domain S encircled by its boundary I'. An analytic function
defined on S is of the form

p(2) = ulx,y) +iv(z,y) (2.18)

where ¢ = /—1 is the imaginary unit, u,v are real and imaginary parts,
respectively, and z = x + y.
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FIGURE 2.2: Influence of node number on differentiation accuracy by use
of Lagrange interpolation in the complex domain.

The real and imaginary parts of ¢(z) are harmonic functions, satisfying the
following Laplace’s equation

Viu=V?v=0 (2.19)

where V? is the Laplace operator. A harmonic function is fully determined by
its values on the boundary. According to the different boundary conditions,

the potential problems governed by Eq. (2.19) can be classified into three
categories, that is,

(a)Dirichlet problem: The boundary conditions for this type of problem are

u=Re(p)=m onz T (2.20)
where Re denotes the real part.
(b) Neumann problem: The corresponding boundary conditions are

Ju dy
— Re(n - -2
e(n 7

= )=m onz €T (2.21)

(¢) Mized (or Robin) problem: The boundary conditions are

au + B% = aRe(p) + BRe(n - Z—f) =m onzeTl (2.22)
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where m, a and ( are given functions on the boundary T'.

Note that Eq. (2.22) is the general form of Egs. (2.20) and (2.21). f a =1
and B = 0, Eq. (2.22) is identical to Eq. (2.20); if « =0 and 8 = 1, it turns
out to be same as Eq. (2.21). Thus the three boundary value problems can
be written in the form of Eq. (2.22) with different coefficients.

A harmonic function is fully determined by its values on the boundary.
Assume that the number of nodes on the boundary I' is NV and the function
values on these N nodes are denoted by ¢1, @2, - - - ¢n. The unknown number
is 2V, that is, a pair of ¢ and ¢!, the real and imaginary parts of () at each
node. Herein, it is worth noting that according to complex variable theory,
the Cauchy-Riemann equations holds for any analytic complex function:

dp® 0l Ot !
v _% % _ (2.23)
Ox Jy dy ox
Assume n and s are the normal and tangential unit vectors at the boundary,
respectively. Then the Cauchy-Riemann equations along the boundary are

R I R I
097 _9p 097 O¢ (2.24)
on ds ds on

The real and imaginary parts are associated with each other by the Cauchy-
Riemann equation. An attempt has been made by Zhang (2003) to solve
the potential ¢(z) with N boundary conditions in combination of Cauchy-
Riemann conditions, leading the unknown number to N, either the real part
©* or the imaginary part ¢!as unknowns. When one of them is determined,
the other one is fixed up to an arbitrary constant. The results are excel-
lent, but it requires more coding efforts. As stated in the previous section,
there exist three types of boundary value potential problems, i.e. Dirichlet,
Neumann and Robin problems. If Cauchy-Riemann conditions are employed,
different problems need different computer codes. Efforts have also been made
to solve plane linear elasticity problem by employing Cauchy-Riemann condi-
tions (Zhang, 2003). The results turned out to be unsatisfactory.

In view of the aforementioned challenges, an alternative technique is often
adopted. The real and imaginary parts of the analytic function ¢(z) are
treated as independent variables, resulting in 2N unknowns instead of N
(Zong, 2003a). Then for potential problems, 2N boundary conditions are
imposed on the boundary nodes denoted by

1,82, . &an. (2.25)

The two sets of nodes on the boundary I' are related in the following way

fiZZQi_l, i=1,2,-'-N. (226)
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We are thus able to express the function values of ¢(z) on the nodes of
£1,8,- - , &N in the form of Lagrange interpolating polynomial using Eq.
(2.3). Mathematically, we have

=

p(&) =D (&) r, i=1,2,---2N. (2.27)
k=1

Straightforward application of Eq. (2.6) or Eq. (2.10) to Eq. (2.27) yields
the formula for evaluating the first derivative of ¢(&;). For convenience, we
rewrite the formula again here as follows

N
0'(&) = ampr, i=1,2,---2N. (2.28)
k=1

By substituting Eqgs. (2.27) and (2.28) into Eq. (2.22), one can obtain the
following governing equation for the potential problems

2

N

aiRe(Y  Me(&)pr) + BiRe(ni Y amepr) = gi, i=1,2,---2N.  (2.29)
k=1 k=1

It is worth noting that both sides of Eq. (2.29) are real numbers, so it can
be rewritten as

(AR + B — (AT 4+ B! =G (2.30)

where A = {a; (&)}, B = {Binsoir}, G = {g:}" i = 1,2,---2N, k =
1,2,--- N, the superscripts R and I indicate the real and imaginary parts,
respectively.

Equation (2.30) can be expressed finally in the following matrix form

[A% + BR (AT + BY)] Lﬁﬂ =G. (2.31)

This system of linear algebraic equations can be solved by use of Gauss
elimination method.

Example 2.2 Two dimenstonal potential problem

Numerical results obtained from complex DQ method for Dirichlet, Neu-
mann and mixed problems, are solved in the following and compared with
exact solutions. In two dimension, the Laplace’s equation
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Viu =0 (2.32)

is solved based on appropriate boundary conditions on the domains with piece-
wise straight or curved boundaries, where u represents the real part of the an-
alytic function . The imaginary part of the analytic function ¢ also satisfies
the Laplace’s equation. The geometry and the boundary conditions for these
examples are shown in Fig. 2.3.

(a) Dirichlet problem on an ellipse

The first example is a Dirichlet problem on an ellipse centered at the origin
with the major axis ¢ = 1 and the minor axis b = 0.5 as shown in Fig. 2.3(a).
The prescribed Dirichlet boundary condition for the problem is

w(z,y) = y (2.33)

The exact solution for the normal derivative ¢, on the ellipse is found to be

_@_ asin @
on \/a2 sin” 0 + b2 cos? 0

q (2.34)

The numerical and exact solutions for ¢ around the ellipse are shown in Fig.
2.4 with 60 nodes used on the boundary. From Fig. 2.4, it is observed that
the two solutions are in excellent agreement.

In complex DQ method, only the nodes are specified on the boundary to
model the problem, thus the number of nodes exerts significant influence on
the accuracy of the numerical results. A convergence study is then carried
out on the present Dirichlet problem to examine the effect of the number of
the nodes on the accuracy of the solutions.

The accuracy of the numerical results is assessed using a global error mea-
sure

1 1Nt . 012
= o\ v a7 - (2:35)

max i=1

where ¢ is the error in the solution, N is the number of nodes on the boundary,
and the superscripts (e) and (c) refer to the exact and numerical solutions,
respectively.

The relationship between the error and node number is plotted in Fig. 2.5.
From the figure, it is readily seen that the error decreases with increasing
node number, indicating that more nodes used in complex DQ method lead
to more accurate numerical results. In most cases, a certain number of nodes



54 Advanced Differential Quadrature Methods

B A
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(c) Mixed problem

FIGURE 2.3: Geometry and boundary conditions for potential examples.
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FIGURE 2.4: Dirichlet problem on an ellipse with u(x,y) = y prescribed
on the ellipse with 60 nodes on the boundary.

are enough to obtain results with high accuracy. In this respect, the present
method is an effective method for potential problems with high computational
efficiency.

(b) Neumann problem on a circle

The second example is a Neumann problem on a circle of radius 3 units
with the center at the origin as shown in Fig. 2.3(b). The Neumann problem
is solved based on the boundary condition

q= % = cos(0) (2.36)

n

imposed on the circle. In order to obtain a unique solution, the potential is
specified at the two points (3, 0) and (-3, 0). The numerical results, together
with the exact solution

u=x = 3cos(f) (2.37)

are compared in Fig. 2.6. The agreement, with 40 nodes uniformly distributed
on the circle, are excellent.

(¢) Mized problem on a square

Consider a mixed boundary problem governed by Laplace’s equation on a
square of side 4 units with corners at (0,0), (4,0), (4,4) and (0,4). The geom-
etry and the boundary conditions are shown in Fig. 2.3(c). The prescribed
boundary conditions are
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FIGURE 2.5: Convergence on an ellipse for a Dirichlet problem with
u(x,y) = y prescribed on the boundary.
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FIGURE 2.6: Neumann problem on a circle of 3 units with ¢ = 3 cos6
prescribed on the circle. Forty nodes are used on the circle.
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Mixed problem on a square, v on y = 0(circles), ¢ on z =

q= @ =0 onthelinesx =0andy =0
on
u=16—y*> onthelinex =4 (2.38)
u=2x?—16 ontheliney = 4.
The exact solution for this problem is given by
u=az?—y> (2.39)

The numerical and exact solutions are illustrated in Fig. 2.7, where the
dashed line denotes the values of u on the line y = 0 while the solid line
represents the normal derivatives ¢ on the line x = 4. The stars and circles
are the exact solutions. 40 nodes are used on the square, i.e., 10 nodes on
each side. Also, it is observed that the numerical results agree well with the
exact one. The foregoing three examples for potential problems subject to
different boundary conditions are successfully solved by the present method.
Few nodes are used but the results are of high accuracy. The convergence of
the numerical results is excellent since only one analytic function needs to be

found.
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2.3 Complex DQ method for plane linear elastic prob-
lems

2.3.1 Revisit of two-dimensional problems in the theory of
linear elasticity in an isotropic medium

Most of this part can be found elsewhere. A more detailed description
of the theory of linear elasticity can be found in the books by Muskhelishvili
(1953) and Timoshenko and Goodier (1970). Thus, only basic theory of linear
elasticity, which is useful for the development of complex DQ method, is
briefed here.

Two-dimensional problems in the theory of linear elasticity in the absence
of body forces require the integration of a system of equations consisting of
the equilibrium equations

0oy OTyy OTzy ~ Ooy
Ox Oy " Oz + Oy (2.40)

and the compatibility equation
0? 02

with corresponding boundary conditions. In the above, o, and o, are stress
components in z-, y-axes while 7, is the shear stress.

In the case of the first fundamental equation, i.e, the external stresses acting
on the boundaries I' of an area S are given, the boundary conditions are
expressed as

{ 03 €08(N, &) + Tyy cos(n, y) = X, (2.42)

Y
Tay €OS(N, ) + 0y cos(n, y) n

where X,, and Y,, are the given components of the external stress vector acting
on the boundary I' and n is the exterior normal.

In the case of the second fundamental equation, that is, when the displace-
ments along the boundary I' of the area S are given, the boundary conditions
are read as:

V=17 (2.43)

where 4 and © are known displacements of points on the boundary line. They
are given function of the arc s of the boundary line, calculated from an arbi-
trarily chosen point.
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Equations (2.40) and (2.41), as a set of equations can be further simplified if
we introduce the following formulas relating the so-called Airy’s stress function
(or bi-harmonic function) U and the three stress components

2 2 2
_ U o°U _2U o, (2.44)

=0 T Toaay T oy

Oz

Keeping them in mind, we are able to combine the two equations (2.40)
and (2.41) into a single biharmonic equation defined by:

U U o
3ot + 2500 T gy = (2.45)

The solution to the above equation is that biharmonic function U must be
of the following form

Ulz,y) = Re[zp(2) + x(2)] (2.46)

where ¢(2) and x(z) are analytic functions of the complex variable z = x + iy
and zZ = x — iy. Consequently, the solution to the two-dimensional problem
is reduced to the determination of two analytic functions ¢(z) and ¥(z) =
dx(z)/dz from the boundary conditions which can be proven to be of the
form:

(a)for the first fundamental problem

o(2) + 29/ (2) + ¥(z) = z/ (X, +iY,)ds forz €T. (2.47)

Z0

(b)for the second fundamental problem

ko(z) — 29 (2) — (2) = 2u(a +iv) forz €T, (2.48)

where K = (3 — v)/(1 4+ v) for the plane stress and x = 3 — 4v for plane
strain; v is Poisson’s ratio and p = G = E/2(1 4+ v) is the shear modulus; E
is Young’s modulus. When the functions ¢(z) and v (z) are determined, the
stress components 0,7,y and o, can be directly calculated from the functions
©(z) and x(z) by using the following well-known formulas:

{ 0+ 0y = 4Re [ (2)] (2.49)

Oy — g + 2074y = 2 [2¢"(2) + ¢/ (2)]
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Equations (2.47) and (2.48) do not contain integrals, and thus allow for
the use of element free methods. In the following sections, approximation of
analytic functions by means of Lagrange polynomial in the complex plane will
be investigated and employed to solve these equations.

2.3.2 Complex DQ method for plane linear elasticity

Solving the bi-harmonic equation is reduced to find the two analytic func-
tions ¢(z) and 1(z) which satisfy the boundary conditions in Egs. (2.47) and
(2.48). In fact, by introducing two indicators a(z)and 8(z), Eqs. (2.47) and
(2.48) can be rewritten in the general form:

a(z)e(z) + B(2)2¢'(2) + B(2)P(2) = F for z€ T (2.50)

where «, 3 and F' are associated with the boundary conditions. For force
boundary conditions, we have

a=1, pg=1, F= 2/ (X +1iY,)ds (2.51a)

z0
whereas for displacement boundary conditions,
a=k, [=-1, F=2u(u+id). (2.51b)

The two-dimensional problem is thus reduced to solving Eq. (2.50).

Similar to the foregoing potential problems, there exists 2N unknowns (¢
and 9y,) for the plane elastic problems if N nodes are selected on the bound-
ary. 2Ncollocation points &, (m =1,--- ,2N), on the boundary are chosen.
Suppose on these 2N collocation points &,,, the boundary values of the com-
plex function F' in Eq. (2.50) are given, denoted by F,, (m =1,--- ,2N).
The total number of nodes is half of that of collocations points, and part of
collocation points may be coincident with the nodes, say 2z = £2r—1 as shown
in Fig. 2.1. Then the function value at any point in the solution domain by
means of Lagrange interpolation in the complex plane is

N N
p(2) = > M@)ok, Y(2) =D Ml2)n- (2.52)
k=1 k=1

Particularly on the collocation points it holds

&

N N
(&m) = Z e (Em)pr = Z AnkPks  Y(Em) = Z AmkVk (2.53)
k=1

k=1 k=1
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By substituting Eq. (2.53) into Eq. (2.50), and then by using Eq. (2.6) or
Eq. (2.12), we have

N N N
Zam/\mk(pk"’ngﬁmdmk@k'i‘Zﬁm;\mk'J]k =Fn (254)

k=1 k=1 k=1
forép, el m=1,--- 2N.

Introducing the following matrices

C1 = {amAmitonx v, C2 = {&mBmbmri fanx v, Cs = {BmAmk } (2.55a)
m=1,...,2N

and vectors

®={pe}n, CT={¢p}n, F={F}n, k=1, N (2.55b)

we rewrite Eq. (2.54) in the following matrix form

C1®+Cy® + C3¥ =F. (2.56)

This is a system of linear equations of complex coefficients. It may be recast
in the form of real-coefficient system of linear equations. Separating the real
and imaginary parts of both sides of the above equation yields

@R
CcRichcl-ct ck-cl\[|[@ | (FR
ci+ci ch-chcl ck xIHIR F!
v

(2.57)

where the superscript © denotes the real part and superscript ! denotes imag-
inary part. Equation (2.57) is a system of linear algebraic equations of size
4N x 4N, which can be solved by using Gauss elimination method. The
2N complex unknowns (or 4N real unknowns), i.e., ® = R + i®l and
¥ = OR 1 ;@] can be obtained by solving Eq. (2.57). The solution proce-
dures for the plane elastic problems are as follows

(1) Determine finite or infinite domain problem, that is, determine to use
Eq. (2.5) or Eq. (2.11)

(2) Find the coefficients Ak, ami and by, either from Egs. (2.5) to (2.9) for
finite domain problem or from Egs. (2.11) to (2.16) for infinite domain
problem

(3) Form matrices C;, Cq, C3 and vector F calculated from Eqs. (2.55a)
and (2.55b)
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(4) Form the coefficient matrix on the right-hand side of Eq. (2.57)
(5) 4N unknowns obtained by solving Eq. (2.57)
(6) Find stresses from Eq. (2.49) and

(7) Find displacements from Eq. (2.48).

Example 2.3 Test against given analytic functions

Consider a unit circle. The two analytic functions ¢(z) and ¥(z) are spec-
ified as

p(2) = 2%, Y(2) = exp(2) (2.58)

By substituting Eq. (2.58) into Eq. (2.50) and differentiating with respect
to z we boundary conditions

F = az® + 36222 4 Bexp(z) on the boundary |z| = 1 (2.59)

Suppose the first fundamental equation is considered, that is, =1 and =1,
and uniformly distributed N nodes on the boundary I': |z| = 1. By substi-
tuting Eq. (2.59) into Eq. (2.57) and solving it by use of Gauss elimination
method, we obtain the 2N function values ¢y and 9y, (k=1,..., N). Then
the stress states inside the circle can be explored by using Eq. (2.49). On the
other hand, the exact solutions of the stress components, denoted by o2, 02
and Tgy, can be obtained from Eq. (2.49), too. Defining relative errors similar
to those in Eq. (2.17), we obtain accuracy estimates at the particular point
z = Y2(1 4 i) as shown in Fig. 2.8.

When N (=5) is small, the relative errors for three stress components are up
to 5%. As N increases to 10, errors are dramatically reduced to 1076 to 1073
%. Further increase of N results in loss of accuracy. In general, the errors for
the three stress components are below 0.1%, showing similar tendency to the
curves shown in Fig. 2.2. As N is beyond 60, relative errors are kept stable
at 1073%. This example clearly demonstrates that the present complex DQ
method has very good accuracy. Investigations of other points lead to the
same conclusions.

Example 2.4 Two Concentrated Forces Acting on a Disk

Concentrated forces acting on an elastic body can simplify theoretical anal-
ysis significantly, but present great challenge for numerical analysis because
infinitely large stresses are usually created at the force-application point. A
circular 2-D elastic body subjected to two concentrated forces shown in Fig.
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FIGURE 2.8: Influence of node number on accuracy of stress
components.

2.9 is one of these examples. As shown in Fig. 2.9, the circular disk is com-
pressed by two concentrated forces of same magnitude P acting on two points

z1 = 1 and 25 = —1. The boundary conditions are then
_J-iPO<O<m
F_{O 7T§9<27r}' (2.60)

The exact solutions to this problem are given by (Timenshenko and Good-
ier, 1970)

2P 36 s3 6 P
ag_—<COb 1 cos 2> P (2.61a)
™ T1 (] ™
02 _ 2P (sin2 0, cos 6, N sin? 6, cosb'g> P (2.61)
™ T1 T2 ™
Tij _ 2P <0052 f1sinf cos? 05 sin 92) (2.61¢)
) ™ T1 T2

where 1 and ry are the distances from any point z in the domain to the two
force-application points as shown in Fig. 2.9, that is,

z1 —z=r1exp(iby) andzy — z = ryexp (if2) (2.61d)
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AY

FIGURE 2.9: A disk subjected to two concentrated forces.

By substituting Eq. (2.60) into Eq. (2.57) and solving it with N= 61 equidis-
tance nodes, the numerical results can be furnished. The numerical and exact
results in the form of contour are illustrated in Figs. 2.10(a) to 2.10(d). In
these figures, the upper half part represents the numerical results and the
lower half part denotes the exact results. In Fig. 2.10(a), which displays
the distribution of stress component o, the contours start from -4.5 to -0.5.
The lowest stress is located at the force-application points, which is infinite.
In Fig. 2.10(b) which shows the distribution of stress oy, the contours start
from -0.2 up to 0.3. The lowest stresses are negative, occurring at the two
force-application points. The stress changes from compression (negative) to
tension when one moves from boundary to the centre. It reaches its maximum
at the centre. Figure 2.10 (c) shows the shear stress distribution within the
circle. The contours start from -0.8 up to 0.8 with an increment of 0.2. The
upper and lower parts are symmetric about center.

Example 2.5 Uniform force acting on a cantilever beam

A cantilever beam of length a and depth b subjected to uniform force on
the upper boundary is considered in this section as shown in Fig. 2.11. A
plane stress state is assumed. The elastic constants for the beam is taken as
E = 2.11 x 10** N/m? and Poisson ratio v = 0.3. This is a problem of mixed
boundary conditions. The rightmost end is fixed with zero displacements, and
the rest are stress boundary conditions. The size of the beam is assumed to
be a=2 and b=1.

This problem is solved using the present method with each side discretized
by 5 nodes. The stresses at the section x = —1 are shown in Figs. 2.12.
Figure 2.12 (a), (b) and (c) are results for stress components o, o, and 75,
respectively. The ordinates in the three figures are these three stress com-
ponents divided by applied force p. The accuracy of the numerical results is
checked by comparing with the FEM results provided by NASTRAN (Caffrey
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FIGURE 2.10: (a) Distribution of stress component o,. The contours in
the upper part are drawn from the results given by the present method and the
contours in lower part are drawn from analytical results. The rest are same.
(b) Distribution of stress component o, (c¢) Distribution of stress component
Tzy; (d) Distribution of magnified deformations.

and Lee, 1994) and the analytical results (Timenshenko and Goodier, 1970).
In the FEM calculation in NASTRAN, 20 x 20 = 400 elements were adopted.
The analytical results are expressed as

TR ) Lt L ) FTCN SR R YN

o=+ (- DA -1y (2.620)
2

2= Saral -y, (2.62)

The three stress components obtained from the present method agree well
with analytical results while the agreement between FEM results and the
analytical results is much worse than the present method. In view of the
computation efforts, it is confirmed that the present method yields results
with high accuracy by using a small number of nodes. It is more cost effective
than FEM.

Figure 2.13 shows the convergence rate of this problem. The errors in the
figure are defined as the squared root of the squared error integral divided by
the node number
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FIGURE 2.11: Cantilever beam subjected to uniform force.

e = %\/// (00 — 00)? dady

with similar formulas for e, and e,. The figure indicates fast and good rate
of convergence.

Example 2.6 Hole in an infinite medium

Consider an infinite plate with a central circular hole subjected to unidirec-
tional tension of magnitude 1; see Fig. 2.14. Suppose the radius of the hole
is 1. This is an infinite domain problem and the Eqgs. (2.11) to (2.16) will
be used for Lagrange interpolation. The exact solutions in polar coordinate
system to the problem are (Timoshenko and Goodier, 1970)

1 1 1 1 3

US = 5(1 - T—Q) + B} cos(20)(1 — 7,_2)(1 - 7,_2)2 (2.63a)
o 1 1 1 3

oy = 5(1 + 7’_2) -3 cos(20)(1 4+ 7’_4) (2.63Db)

ﬁg:—%gmwxy—%xy+%) (2.63¢)

The numerical calculations can be simplified if we notice that the solution
to the problem is a superposition of the following two parts: one is a uniform
infinite plate subjected to uniform tension in x direction and the other is the
weakening due to the presence of the hole. The solution to the first problem
is well known. Substituting it into Eq. (2.50) yields the boundary condition
on the hole

F = —iy (2.64)
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FIGURE 2.13: Rate of convergence for the three stress components.
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FIGURE 2.14: An infinite plate with a central circular hole subjected to
uniform tension in horizontal direction.
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Both exact solution and numerical results are plotted in Figs. 2.15(a) to
(¢) in the form of contours for the three stress components, respectively. The
upper part in each figure denotes the results obtained from the present method
using N= 20 and the lower part represents the exact results from Eqgs. (2.63).
Again, excellent agreement between the numerical and analytical results is
observed.

One more comment on necessary extension of DQ onto complex domain
may be justified by the following discussions. Differentiation, integration and
solution of differential equation, etc., are usually an operation on functions
of continuous variables. When we carry out actual computation for such op-
erations in a computer we must first approximately replace the continuous
operand with finite and discrete numerical parameters. Then we carry out
computation for these numerical values and get information about the con-
sequence of differentiation, integration, etc. from the result of computation
(which again consists of finite number of parameters). For such finite number
of parameters we use, in many cases, function values at discrete values of the
independent variable (nodes). Sometimes we also use coefficients of an ex-
pansion in terms of some suitable set of functions (power series or the Fourier
series, for example). However, in any case, in order to express a function in
sufficiently high precision with a relatively small number of parameters it is
required that the function be moderately smooth. Although in many books
the requirement on the smoothness is not so explicitly mentioned, it is implic-
itly included in the error representation of the numerical formula. In fact, in
many cases the error representation of numerical formulas includes the maxi-
mum absolute value of the nth order derivative of the function in question (n
is determined from the formula), and hence it is implicitly assumed that the
function is n-times differentiable and that its nth order derivative is not very
large. However, in practical applications, it is quite rare that, for example, we
know that the function is three times differentiable but do not know whether
it is four times differentiable or not. In actual applications, on the other
hand, it is usually assumed implicitly that the function under consideration
is infinite times differentiable, or more strongly, is analytic in a region which
includes the real axis. In addition, there are many cases in which the analyt-
icity can actually be proved in some explicitly given region. This is obviously
the case if the function is defined explicitly in an analytical form. As another
example from the solid state physics, there is a strong reason to believe that
the function which describes the current-voltage characteristics of a certain
electronic device, a diode for example, is regular in the strip region about the
real axis with half width 27kT (where k is the Boltzmann constant and 7' is
the absolute temperature). Also, to investigate what kind of analyticity the
state function of a material has, or in other words, where and what kind of
singularities exist in the complex plane, is an important subject in the field
of recent statistical mechanics. As seen from the discussion given above we
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FIGURE 2.15: (a) Distribution of stress component o,. The contours in
the upper part are drawn from the results obtained by the present method
and the contours in the lower part are drawn from analytical results. The
rest are the same. (b) Distribution of stress component og; (c) Distribution
of stress component 7,.g.
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should recognize that it is by far more realistic to study in what region the
function is regular rather than to establish the n times differentiability. If we
base our argument on the analyticity of the function in this way, the complex
function theory will play a fundamental role as a matter of course (Takahashi,
2005).

2.4 Conformal mapping aided complex differential
quadrature

The key steps of the method introduced in the previous sections are

(1) Approximation of the solution by use of Lagrange interpolating polyno-
mial with function values on nodes as unknowns

(2) Substitution of the interpolating polynomial into the boundary conditions
and formation of a system of linear equations

(3) Application of Gauss Elimination method to solving the system of linear
equations

The procedures can be further simplified without forming and solving the
system of linear equations if conformal mapping technique is applied. Confor-
mal mapping starts from a known solution to a hypothetical profile in, say, the
(-plane. Through a mapping function which is analytic, this simple solution
is mapped onto the complicated geometry in the physical z-plane under con-
sideration. The key step in applying conformal mapping thus lies in finding
the mapping function.

Conformal mapping, also called a conformal map, conformal transforma-
tion, angle-preserving transformation, or biholomorphic mapping, is extremely
important in complex analysis, as well as in many areas of physics and engi-
neering. It seems, however, that conformal mapping is becoming old-fashioned
compared with the widespread popularity of numerical methods, such as fi-
nite element method. This is an erroneous impression once we notice the
vast body of the literature on conformal mapping-based applications and new
mathematical methods. The true case is two-fold. On one hand, conformal
mapping has benefited from the deceasing cost and increasing speed of digital
computations. Algorithms are being used for rapidly evaluating many hith-
erto intractable mappings. On the other hand, capability to provide nearly
explicit solution by conformal mapping has made it a valuable partner in
raising the efficiency of other numerical techniques. It can transform compli-
cated geometry in a physical plane onto a readily analyzable one and then
make subsequent numerical calculations more efficient. It is this two-fold fact
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that makes the idea of combining conformal mapping and Complex Differen-
tial Quadrature (CDQ) method very attractive. Before we go into conformal
mapping-aided CDQ, we will develop the methodology for performing confor-
mal mapping numerically using Lagrange interpolation.

2.4.1 Conformal mapping aided by Lagrange interpolation

The task of conformal mapping is to find an analytic function z = f(({)
which will map a complicated geometry in the complex z-plane onto a sim-
pler one in the complex (-plane. The particular form of the transformation
function f(¢) will depend on the specific boundaries and the application at
hand.

The existence of such mapping was proved by Riemann. An arbitrary closed
profile in the complex z-plane can be mapped onto the unit circle in the
complex (-plane through transformation z = f(({) of the following properties:

(1) The mapping is one-to-one so that to each point in the physical domain,
there is one and only one corresponding point in the mapped domain.

(2) Closed curves map to closed curves.

(3) Angles are preserved between the intersections of any two lines in the
physical domain and the mapped domain.

The importance of the last property will be utilized in Section 2.4.2. To be
precise, we give the following theorem without proof.

Theorem 2.1 (Riemann mapping theorem) Any simply connected do-
main D in the complex z-plane which boundary contains more than one point
can be mapped onto the interior (or exterior) of a unit circle |¢] <1 (or |(| >
1) with angle-preserving (conformal map). If there exists a point zginside D
such that f(z9) = 0 and f'(z0)takes positive real value, then the mapping
function ¢ = f(z) is unique.

The theorem applies both to the interior and exterior of a unit circle, and
thus we put exterior in the bracket in the above statement of the theorem.

Centuries of efforts have discovered many particular forms of conformal
mappings, the best known of which is the Joukowski transformation z =
(¢ + ¢2/¢)/2 mapping a unit circle to the thin wing section. It played an
important role in the development of flight theory.

Conformal mapping and analytic function are closely related. An analytic
function is conformal at any point where it has nonzero derivatives. Con-
versely, any conformal mapping of a complex variable which has continuous
partial derivatives is analytic. Thus, construction of a conformal mapping is
in fact to find an analytic function which meets the specific requirements.
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The Riemann mapping theorem enables the solution for any practical two-
dimensional body to be obtained by conformal transformation. However, find-
ing the suitable transformation between a unit circle and an arbitrary body
in the complex z-plane is a tough job. Numerical technology is promising for
providing a general methodology for solving such a problem. Several numeri-
cal methods have been proposed in the past with detailed introduction in the
book (Schinzinger and Laura, 2003). The widespread procedure is to approx-
imate the mapping function by virtue of a polynomial in ¢, which is analytic
by definition. The coeflicients of the polynomial are unknowns, which are to
be determined by ensuring the one-to-one mapping among the points in the
complex z-plane and (-plane. The points on the unit circle in the complex
(-plane are specified a priori, but the points in the complex z-plane are yet
to be determined. Thus, there are two sets of unknowns: the coefficients and
the points in the z-plane. If one set of the two is known, the other can be
found. Thus it is an iteration process to find them.

Initial guess is in general very critical for iteration algorithms. Another
limitation is that the above method may fail for complicated profile permitting
two vertical coordinate values for one horizontal coordinate value. In view
of this, the practical importance of the Riemann mapping theorem is often
diminished by the numerical complexity of mapping arbitrary body profiles.
However, use of complex Lagrange interpolation introduced in Section 2.1
may reduce the complexity significantly, providing a direct and iteration-free
technique to find the one-to-one map. The complex Lagrange interpolation
method proves to be extremely simple, the essential elements of which are as
follows.

(a) Domain transformation is equal to curve transformation

Any conformal mapping given by an analytic function is valid in a domain.
However, it can be uniquely determined by its values on the boundary.

Theorem 2.2 Suppose two simply connected domains D and A, which bound-
aries are T' and C, are given. If the mapping function ¢ = f(z)is analytic
inside C, is continuous on C and one-to-one maps boundary C to boundary
T with orientation preserved, then ¢ = f(z) is the one-to-one mapping from
domain D and Au

This theorem states that the conformal mapping can be obtained from
one-to-one mapping between the two boundaries in the two complex planes.
Finding a conformal mapping in a domain is equal to finding an analytic
function whose values on a curve are given.

(b) Discretization of mapping and mapped curves

Theorem 2.2 enables us to focus on finding the analytic function mapping
the complicated curve in the z-plane onto the simpler one in the (-plane.
Consider a unit circle C' in the complex (-plane as shown in Fig. 2.16(a) and
a complicated curve I' in the complex z-plane as shown in Fig. 2.16(b).

The transformation function mapping C to T' is denoted by z = f(¢) and
the inverse transformation mapping I' to C'is ( = f~1(z) = F(z). Select N
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FIGURE 2.16: Conformal mapping between (- and z-planes.

points on the unit circle C. We use (;(j =1,2,..., N) to denote them. These
points are supposed to be arranged counterclockwise as shown in Fig. 2.16(a).
The inherent limitation of Lagrange interpolation requires that these points or
nodes should be Chebyshev ones. Meanwhile, select N points z;(j = 1,2, ...N)
on I' in the z-plane. z; may be equally spaced or not.

(C) Buildup of the one-to-one mapping

Conformal mapping relates the two complex variables z and ¢ through
z = f(¢). Suppose the conformal mapping to be determined maps point ¢; to
zj. Then the complex Lagrange interpolation in Section 2.1 gives the desired
conformal mapping defined by

N
%= f(G) = Z X (G2 (2.65)

j=1

The inverse transformation is then
N
G =F(z) = Z Aj (2i)G;- (2.66)

For points which are not interpolation points or which are not on I', we are
able to determine them from the Lagrange interpolation

2= F(Q) =D %)z (2.67)

N
(=F(2) =) _X(2)¢ (2.68)
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Equations (2.65) to (2.68), extremely simple in form and calculation, are the
essential elements of the complex Lagrange interpolation method for perform-
ing conformal mapping. The interpolation function A;(¢) may take different
forms depending on whether the interpolation is performed for the interior
(Eq. (2.5)) or exterior (Eq. (2.10)) domains.

In the following, several examples are given to show the method.

Example 2.7 Conformal mapping between a unit circle and an ellipse

The function to be determined maps a unit circle onto an ellipse. Consider
only the upper half plane due to symmetry. Two cases are considered: N=
11 points and N= 21 points. The N points on the unit circle in the (-pane
are evaluated through the Chebyshev formula

Cj = gj +i77j,j =12,...N (269)

where

& =cosfj,n; =sinf;and b; = g[l — cos 17T] (2.70)

Here 0;are Chebyshev nodes. The ellipse in the z-plane is one with major
semiaxis a= 2 and minor semi-axis b= 1, the Npoints on which are evaluated
from

zj=x; +1y;,5=1,2,..., N (271)

where

xzj =acosbj,y; =bsinf;and f; = g[l — cos

11 7 (2.72)

Using Egs. (2.65) and (2.67) we have found the desired conformal map-
ping easily with results shown in Fig. 2.17. Figure 2.17(a) shows the results
obtained from N = 17 points. The curve denoted by line points are results
obtained from Eq. (2.67). In the figure the given ellipse is also plotted, de-
noted by the dotted line. And the unit circle, which should have appeared in
the (-plane, is plotted in the same figure. It is observed there is large discrep-
ancy between the interpolated and the given ellipse. To improve the accuracy,
N= 21 points are used with results shown in Fig. 2.17(b). This time, the two
curves obtained from Eq.(2.67) and the given ellipse are coincident completely.
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FIGURE 2.17: The conformal mapping between a unit circle and an ellipse
found by Egs. (2.65) and (2.67).

It should be emphasized that node selection (Chebyshev node) defined by
Eq. (2.70) is necessary. To see this, we change the points to those given by

ji—1

= 0;,m; =sinf;and ; = ——
&; = cosbj,n; =sinb; and 6; N_1"

(2.73)

and recalculated the case N= 21. The results are given in Fig. 2.18(a).
Bad results are observed near the two ends. This is due to the instability of
Lagrange interpolation on uniformly spaced nodes as explained in Chapter
1. It should be pointed out, however, that the nodes for points z; are not
necessarily Chebyshev nodes. Again, to see this, we use Chebyshev nodes for
¢; and uniform nodes for z;. The results are shown in Fig. 2.18(b). From
the figure it is concluded that the node selection of (; is very important, but
node selection of z; is not equally important. This is true for the forward
transformation z = f(¢). For the inverse transformation, we should note that
the node selection of z; will be important while node selection of (; will not
be important.
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FIGURE 2.18: Influence of node selection on the conformal mapping.

Example 2.8 Conformal mapping from a unit circle onto a square

In this example, the mapping function to be determined is one mapping a
unit circle onto a square. Again consider the upper half plane only due to
symmetry. The square is of unit length. Note that the challenge here arises
from the corners of the square under consideration.

Two cases are considered: N=17 points and N=33 points. The N points on
the unit circle in the (-plane are determined from Eq. (2.70) in the previous
example again, and the IV points on the square in the z-plane are uniformly
distributed on the sides of the square.

The results obtained from N= 17 points and Eq. (2.67) are given in Fig.
2.19(a). And the results obtained from N= 34 points and Eq. (2.67) are
plotted in Fig. 2.19(b). In each figure, two curves are plotted. The line
points denote the mapped square obtained from Eq. (2.67) and the solid lines
denote the given square.

In Fig. 2.19(a), the given square and the mapped square exhibit large
difference on the top side, the latter being oscillatory. They show negligible
difference on the left and right vertical sides. The reason is that Lagrange
polynomials are higher order accurate, but a straight line is zero-th order
accurate.

In Fig. 2.19(b), more nodes are used (N= 33). The accuracy is improved a
lot compared with the previous figure. In general, the agreement between the
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FIGURE 2.19: The square in the z-plane obtained from Eq. (2.67) is
denoted by line points and the given square is denoted by solid line.
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FIGURE 2.20: Bulbous bow cross section. Points are given offset values
of the cross section; the solid line is obtained from Eq. (2.67). Symbol +
denotes the results obtained from Smith conformal mapping method. He
used ten parameters to give the curve, which however is not sufficient to fully
represent the cross section (Smith, 1967).

given square and the mapped square is satisfactory for this difficult problem.

Example 2.9 Conformal mapping from a unit circle onto a bulbous bow sec-
tion

Ships with so-called bulbous bows have smaller resistance in water, thus
running faster compared with same ships without bulbous bows. The cross
section of a bulbous bow is complicated, as shown in Fig. 2.20. 21 points are
given to represent the cross section denoted by dots in Fig. 2.20. Note that
the true values should be the data in the figure multiplied by 0.025.

To determine the conformal mapping, one maps a unit circle to this cross
section. The mapped cross section obtained from Eq. (2.67) is denoted by
solid line in Fig. 2.20. In the figure are also given the results obtained from
Smith method (Smith, 1966). They are denoted by the symbol +. Smith
method is a numerical conformal mapping method. The transformation func-
tion is expressed by a polynomial of . The order of the polynomial determines
the number of unknowns (parameters) used. Ten parameter polynomial im-
plies that nineth order polynomial is used.

From the figure there exists large discrepancy between the results obtained
from Smith method and the given cross section. It is hard to use Smith
method to obtain satisfactory results. The results obtained from the method
developed in this section are very close to the true curve with significant
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improvement in accuracy and capability.

The method presented in this section is straightforward and very easy to
employ. It is in essence a complex Lagrange interpolation, and provides an al-
ternative to applying numerical methods to conformal mapping representation
of complicated profiles in the complex plane. Meanwhile we should say that
the inherent lack of stability of polynomials may limit the applicability of this
method in some cases. To fully understand and solve this problem requires
further efforts which are, however, rewarding because of wide applications of
conformal mapping methodology.

2.4.2 Conformal mapping aided CDQ method

With the aid of conformal mapping technique, the known solution in the
(-plane may be directly mapped onto the z-plane, thus enabling us to simplify
the solution procedures significantly.

Involving Laplace’s equation in two independent variables, problems in heat
conduction, electrostatic potential and fluid flow, are the three classical in-
stances to which conformal mapping technique is applied. Among them, fluid
flow is the most difficult one due to the complicated nature of fluid flow. Thus
in the following we will develop the conformal mapping-aided CDQ method,
with particular applications to fluid flow. Because complex potential descrip-
tion of two-dimensional fluid flows is a specialized topic requiring a good
demand of mathematics and a clear understanding of mechanics, a brief in-
troduction is necessary for the convenience of the reader. More details can be
found in Churchill and Brown (1990) and Newman (1977).

We consider only two-dimensional fluid flow, which is further assumed to be
incompressible, irrotational and steady. Then there exists a potential function
o(z,y)and stream function ¢ (x,y), which are related with the velocity vector
through

u—%z—a—wand _8_(,0_(9_1#

Oz Oy V= dy  Ox (2.74)

Both the potential and stream functions satisfy the Laplace’s equation

Vip=V%*) =0 (2.75)

The pressure p(z,y) is given by the nonlinear Bernoulli’s equation

L (u? + v*) = constant (2.76)

p

N —



Complex Differential Quadrature Method 81

where p is the fluid density, being uniform everywhere in the fluid. Note that
the pressure is greatest where the speed |V| = vu2 + v? is least.

Introducing complex coordinate z = x + iy, we are able to form an analytic
function w(z,y) = ¢(z,y)+i(x,y), called complex potential, whose real and
imaginary parts automatically satisfy the Laplace’s equation. Moreover, its
derivative is the conjugate velocity in the form of

dw
—iv=— 2.77
U= = — (2.77)

Our task is to find the complex potential, which in turn yields velocity
through Eq. (2.77) and further gives pressure through Eq. (2.76).

In the following we will go into a class of particular problems in detail:
fluid flow past a two-dimensional body of arbitrary shape. This is one of the
basic problems in fluid mechanics. On using conformal mapping approach,
we transform a profile K in the z-plane onto the unit circle C' in the (-plane
by aid of analytic function. The exterior domain of the unit circle C' in the
(-plane corresponds to the exterior domain of the profile K in the z-plane.
Since the solution to the flow past a unit circle is known, the problem of flow
past any body can be found. More specifically we have the following theorem.

Theorem 2.3 Suppose z = f(C), which inverse is { = F(z), is a single-valued
analytic function. It maps the exteriors of a unit circle C in the (-plane onto
the exteriors of any profile K in the z-plane by preserving angle and being
single-valued. It is further assumed that the mapping function satisfies

(1) Point cocorresponds to Point co; and

2 (E) = const.
o)(%)
Because the complex potential of the flow past a unit circle is given by

Ve r
_+_

In¢ (2.78)

then the complex potential for the flow past any body in the z-plane is given
by
_ Ve r

w(z) = Voo F(() + W + S In F(¢) (2.79)

where Vo is the velocity at infinity and T is the circulation.

The theorem simplifies the solution to the flow past any body to looking for
the conformal mapping between a unit circle C and any profile K. Once this
mapping function is found, the complex potential w(z) can be evaluated from
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FIGURE 2.21: Three types of flow patterns: the left indicates that fluid
flows makes a U-tern from below at the trailing edge. The right represents
that fluid flows makes a U-turn from above at the trailing edge.

Eq. (2.79). Theoretically, the function z = f(¢) uniquely exists. In reality,
however, it is tough to find the function as explained in the previous section.

Once the complex potential is found, the complex velocity can be evaluated
from Eq. (2.79) by use of the chain rule of differentiation

P _dw_dwdQ_(-Oo V.. T 1>d< (2.80)

YTdr T dCdz S T 2mic) dz

where V' denotes the conjugate velocity and d(/dz can be found from the
following equation

-1 -1

-1 n n
%:(Z_z) - ;AJ‘(C)% = ;aj(é)zj (2.81)

The coefficient a;(¢) is given by Eq. (2.7a) or (2.14).
The pressure distribution on the surface of a body in the fluid domain is
given from the following Bernoullis equation if gravity is neglected

1 1 dw dw
p+ §(u2 +0%) =p+ §d_1:d_1§ = const (2.82)

Integrating the pressure (Eq. (2.82)) on the body surface yields the resul-
tant forces and integrating the pressure about the origin of the coordinate
system yields resultant moment. Because complex potential is analytic, find-
ing resultant forces and moments is equal to integrating an analytic function
along a closed curve. Up to here, the flow past a body of arbitrary shape has
been solved.

It is worth noting that the circulation I' remains unknown. For a sharp-
tailing body as shown in Fig. 2.21, I" can be determined by using the Joukowski-
Kutta condition. There are a variety of theoretically feasible solutions to the
flow past a body corresponding to different stagnation points. The same is
true of a sharp-tailing body, for which three inherently different types of flow
patterns are shown in Fig. 2.21. The left figure represents the flow making
a U-turn from below at the trailing edge, and the right figure represents the
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flow making a U-turn from above at the trailing edge. The middle figure rep-
resents flow leaving the trailing edge smoothly. In the left and right figures
the U-turn flow is greater than 7, resulting in infinitely large velocity at the
trailing edge. This is physically impossible. Only the case sketched in the
middle is a physically feasible flow because fluid smoothly leaves the trailing
edge, on which velocity is finite. In 1909 Joukowski assumed that the velocity
at the trailing edge must be finite

d
(_w) = const (2.83)
dz trailingedge

from which we may determine the value of the circulation I'. More specifically,
suppose the trailing edge B corresponds to the point E = exp(ifp) in the (-
plane. If the mapping function z = f(¢) is known, then 6y is known. It is
clear that the analytic function z = f(¢) is not angle-preserving at point E
because the curve with angle 7 at point E becomes the curve with angle 2m—7
at point B where 7 is the angle at the trailing edge. Thus we have at point £

<§—Z>E =0 (2.84)

Moreover, from the chain rule of differentiation, the velocities at point F
and point B are connected through

(%)E B (%)B (%)E (2.85)

from which we conclude that

<dd—vg) = 0 (2.86)

So point F is a stagnation point on the (-plane. In the case of flow past

a circle, the stagnation point F and the circulation I' is uniquely connected
through

r

sin(a — 90) = —m

(2.87)

Note that the incoming flow in the z-plane is one with amplitude |V | and
angle of attack o — 6o, so that

I'= 47 |Voo|sin(a — 6p). (2.88)
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Once T is determined, w(z) is fully determined. The problem for determin-
ing the flow of arbitrary wing section with sharp trailing edge is simplified
to one to find the conformal mapping z = f({). If the wing section under
consideration does not have a sharp trailing edge, however, it is impossible to
determine the circulation I' theoretically. It is alternatively evaluated either
a priori or through experiment.

Example 2.10 [rrotational flow past an ellipse without circulation

Consider the irrotational flow past an ellipse defined by (/a)”+ (y/b)* = 1.
Suppose a = 1 and b = 0.5 in this example and circulation I' = 0. The velocity
at infinity is V. Example 2.7 gives the transformation and Egs. (2.80) and
(2.81) give the velocity distribution on the ellipse. N= 30 nodes are used to
approximate the ellipse.

The results are plotted in Fig. 2.22. The two velocity components (hori-
zontal and vertical ) are denoted by dashed and dotted lines separately in the
figure. The vertical axis is velocity. The incoming flow is schematically shown
in the left low corner. Figure 2.22(a) shows the results obtained by setting
the angle of attack being zero and Fig. 2.22(b) shows the results for the case
of attack angle equal to 0.17ugo the incoming velocity is Vo = 1 for the case
in Fig. 2.22 (a) and Vo = exp(i x 0.17) = cos(0.17) + i sin(0.17) for the case
in Fig. 2.22 (b).

The horizontal velocity is symmetric about the vertical axis in Fig. 22(a)
and vertical velocity is symmetric about the coordinate origin, representing
a flow moving upward in the range [-1,0] and then moving downward in the
range [0,1]. The flow is no longer symmetric if an angle of attack 0.17 applied
to the flow with numerical results shown in Fig. 2.22(b). The vertical velocity
is larger in the range [-1,0] than that in the range [0,1].

Example 2.11 Flow past an ellipse with circulation

Consider Example 2.10 by adding circulation I' = 27v/a2 — b2 sin @ where
« is the angle of attack to the flow in Fig. 2.22(b). The velocity distribution
dramatically changes as shown in Fig. 2.23(b).

Example 2.12 Flow past a plate with an angle of attack

Flow past a plate is an analytically tractable problem but numerically tough
problem because velocity becomes infinite at the leading edge. This can be
readily solved using the method presented in this section. Regard a plate as
an ellipse with long axis equal to a (=half plate length ) but with a nearly
zero short axis b — 0. So the approach in Example 2.11 can be used again
with b = 0.001, a number obtained through several trials.

The exact horizontal velocity on the upper surface of the plate is

a—2x
a+z’

u(z, +0) = cosa + sin « v=0 (2.89)
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FIGURE 2.22: Velocity distribution on the surface of an ellipse without
circulation.
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FIGURE 2.23: Velocity distribution on the surface of an ellipse. The angle
of attack is @=0.1 and the circulation is T' = 27v/a? — b2.
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FIGURE 2.24: Velocity distribution on the surface of an ellipse. The angle
of attack is 0.17.

The pressure distribution is

p(z,+0) = const — qu(x, +0) (2.90)

They are plotted in Fig. 2.24 denoted by dashed lines.
Because there exists a corner flow at the trailing edge, a circulation must
be added to the flow, the magnitude of which is determined from Eq. (2.81).

I'= —4ra|Va|sine, 6y =0 (2.91)
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The numerical results are given in Fig. 2.24 with solid lines. Note that in
the figure, the leading point and the trailing edge are omitted to avoid infinite
values. The analytical and numerical results are quite close.

2.5 Conclusions

Lagrange interpolation in the complex plane has two forms, which turn out
to be polynomial and rational approximations of an analytical function. The
extension of Lagrange interpolation to the complex plane together with collo-
cation method on the boundary result in a new method, termed as complex
DQ method. The new method is applicable to the two-dimensional poten-
tial problems and plane elastic problems in an isotropic medium. The two
kinds of problems can be solved by the present method effectively at low com-
putational cost since both of them can be expressed in a general form with
different coefficients determined by different boundary conditions. Moreover,
the numerical examples can be solved easily and accurately by using a small
number of nodes.

A comparison of the present method and BEM might help to clarify the
excellent features of the present method. It is known that BEM is formulated
through discretizing an integral equation which uses the weak form of solution
(or singular solution) as its kernel. But in the complex plane singular solution
such as logarithm of distance is not the sole option. Another large class of
possible solutions is polynomial which can also be employed as fundamental
solutions to some equations. This is the starting point of the present method.
By using polynomials in the complex plane, the method is free of singularity
and the numerical solutions can be formulated in the strong form as demon-
strated in the former plane elastic problems. The equation to be discretized
is a differential equation rather than integral equation. Another advantage of
the present method is that the stress states inside the solution domain can
be determined easily while it is difficult for BEM. The method is, however,
limited to two-dimensional problems due to the use of complex variable the-
ory. On the other hand, BEM can be formulated for both two-dimensional
and three-dimensional problems.






Chapter 3

Triangular Differential Quadrature
Method

In applying direct DQ method (DQM) to multi-dimensional problems, trans-
formation (Lam, 1993; Bert and Malik, 1996d) is usually needed to map a
non-rectangular physical domain into a normalized computational domain. As
a result, a simple governing equation may turn into an awkward one, depend-
ing on the irregularity of the physical domain. For straight-edged quadrangles
and even curvilinear quadrangles, the transformation does not impose signif-
icant difficulty to the solution as long as a proper transformation is available.
However, for problems on a triangular domain which are often encountered in
practice, singularity arises which has to be eliminated in the implementation
of DQM, as pointed out by Zhong (1998). In the implementation of DQM on a
triangular domain, one edge of the mesh has to degenerate into a single point,
resulting in over-dense grid near the point and therefore the unnecessarily
high computational cost. Additionally, the DQM is further hindered in this
situation if high-order differential equation is to be solved. To overcome the
above obstacles, a triangular differential quadrature (TDQ) method (TDQM)
was proposed by Zhong (1998, 2000, 2001). In the present method, not only
transformation is rendered unnecessary but also singularity does not appear
as well.

3.1 TDQ method in standard triangle

Before embarking on how to express the derivatives in a differential equa-
tion, the way to discretize a triangular domain is illustrated. In order to resort
to the area co-ordinate system L;, it is first necessary to establish a method of
construction and identification of the points in a triangular domain. The three
edges are identified by the opposite vertices, respectively, e.g., edge 1 opposite
vertex 1. The normal to an edge identifies the corresponding direction.

One may then draw parallel lines dividing the distance between vertex 1
and edge 1 into m equal segments in direction 1. Each line is identified with a
digit from 0 to m, the line 0 being coincident with edge 1 and line m passing
through vertex 1. A typical line is denoted by p in direction 1. From the

89



90 Advanced Differential Quadrature Methods

FIGURE 3.1: Grid points in a triangular domain.

intersections of the lines with the other two edges, parallel lines can be drawn
with respect to edge 2 and edge 3, respectively. Now, the construction of mesh
over the entire domain is completed. Altogether, there are

M = (m+ 1)(m +2)/2 (3.1)

grid points in the entire triangular domain. In a similar way, the typical lines
in the direction 2 (normal to edge 2) and direction 3 (normal to edge 3) are
designated as ¢ and r, respectively. Apparently, a typical point in the mesh
is identified by three digits p, ¢, r, consistent with the designation of typical
lines in the three directions. The area coordinates for the typical point are
p/m, q/m, r/m. It is noted that

p+qg+r=m, 0<p,qgr<m (3.2)

The system of point designation is illustrated in Fig. 3.1.

The essence of the TDQM is that the partial derivative of a function with
respect to a space variable at a given point is approximated by a weighted
linear summation of the function values at all discrete points in the triangular
domain. Therefore, the approximation of a derivative at a grid point is given
as

m m—j
Dudf (@ y)basy =D D> el L Foar (33)
j=0 i=0
where D,, is a differential operator of order n. The subscript indicates the
value of the derivative at grid point («, 3,7). The summation indices (p, g, )
take the following values in the two summation loops
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(pa%r):(m_i_jaiaj) (34)

") . are the weighting coefficients related to the function values fpq,

where e((w%pq
at point (p, q,r). Suppose that all the weighting coefficients are known, then
the governing differential equation will be rewritten as a set of simultaneous
algebraic equations with the function values at all grid points as unknown
variables. Analogous to the direct DQM, governing differential equation of a
physical problem is expressed in terms of TDQ at interior grid points of the
domain. The boundary conditions at the edges of the domain must be invoked.
Equation (3.3) needs to be implemented if Neumann boundary conditions
appear.

From Eq. (3.1), it is worth noting that the total number of grid points
makes it possible to form a complete polynomial through order m. Therefore,
one simple approach to determine the weighting coefficients is to require that
Eq. (3.3) be exact when f takes the following M base functions

f=L{Li{Ly, 0<pgr<m (3.5)

where the expressions of the three area coordinates of an arbitrary point (x, y)
inside a triangular domain are given as

1

Ais the area of the triangle which is obtained on the basis of the Cartesian
coordinates of the three vertices as

1z
2A = |1 25 yo (3.7)

lasys

and the coefficients in Eq. (3.6) are the values of the determinants of the
corresponding cofactor matrices, e.g.

a1 = Tay3 — T3Y2, b1 =Y2—y3, c1= —(x2 - 353) (3-8)

The remaining coefficients can be obtained by interchanging the subscripts
1-3. With the chain rule of differentiation, a set of equations can be obtained
by substituting Eq. (3.5) into Eq. (3.3), for instance,

, a5
of e ) _ [0L1 0L, 0L3) | %y
(%Lm_;hfmwm“‘ﬁﬁﬁar % (3.9
3/ aBy

0 SLape
(W) 6] B Z eiﬁ‘v),rlqrqur
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FIGURE 3.2: Mesh of isolateral triangular prismatic shaft.
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Example 3.1 Isolateral triangular prismatic shaft under torsion
To verify the TDQM, the same problem treated in Zhong’s work (1998)
using DQM is re-investigated in this example for comparison. It is an isolateral
triangular prismatic shaft under torsion. The governing equation is given in
terms of the Prandtl function, i.e.

(92(;5 (92¢
@ + 8—y2 = -2 (3.11)

The exact solution is a cubic polynomial (Timoshenko and Goodier, 1970)

¢ = —?(x —V3)(2? - 3y?) (3.12)

The two stress components are

0 0 3
Tzx = a_j = \/gy(x - \/5)7 Tzy = a_i = g(lﬂ - y2) - (313)
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To perform TDQ analysis in the problem, the lowest-order usable uniform
grid is constructed (see Fig. 3.2). Since only Dirichlet boundary condition

=0 (3.14)

is present around the periphery of the domain, the problem is reduced to
solving the following equation

(65?310,)111 + e%ﬁ'?lll)qﬁlll =-2 (3.15)

From Eq. (3.14), the two weighting coefficients in the above equation are
obtained with ease

9

e%l{)lu = ——(c1ca + cac3 + c301) = —=
o ; (3.16)

egﬁ,)lu = m(bllb + babs + bsby) = —5

@111 is found to be 2/9, agreeing exactly with the theoretical value. To
furnish the stress components at the centroid (111), two more weighting co-
efficients are needed, which are

= 3 3
651)17111 = ﬂ(bl + by + b3) =0, 65‘1{)17111 = E(Cl +co + 03) =0 (3.17)

Therefore,

Tza|111 = 65‘7{)17111%11 =0, Tzy|111 = 35337111¢111 =0 (3'18)

Again, they agree exactly with the theoretical solutions. The excellent
agreement achieved does not come as a surprise since the base functions in
Eq. (3.5) for a 10-point mesh form a complete cubic polynomial with 10
complete terms.

Example 3.2 Uniformly stretched isotropic square membrane

To further demonstrate the capability of the TDQM, the fundamental fre-
quency of a uniformly stretched isotropic square membrane is studied. The
motion equation is given by (Boyce and Diprima, 1986)

Pu T (82u 82u>

A AR

7=, (3.19)

where u is the transverse deflection of the membrane, T' the uniform tension
per unit length of the boundary and p the mass per unit area. Due to the
symmetry of the problem, half of the square domain is considered as shown
in Fig. 3.3.

Consider the free vibration of the membrane. Suppose u(x,y,t) =
Re {U (x, y)ei“’t}, where U(z,y) is the complex amplitude, w is the frequency
and Re represents the real part inside the bracket. Therefore, what is meant
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FIGURE 3.3: Fundamental frequency study of a square membrane.

by the above expression is in fact u(z,y,t) = Ug cos(wt) — Uy sin(wt), where
Ugrand Urare real and imaginary parts of U(z,y).

Then the free vibration of the membrane is described by the differential
equation

a®> (02U 02U
1 (W + 8—y2> = \U (3.20)

subject to the following boundary conditions at the three edges of the isosceles
right triangle:

ou
U plemo =0, Ulwpl==0, 5| =0 (321
n rt+y=a
By introducing the following non-dimensional term
aw [ p\1/2
A== () 3.22
27 \T ( )
The TDQ analogue of Eq. (3.20) may be written as
a? O
X Y e Wy = WUy, (323)
7=0 =0

The assembly of the TDQ analogue Eq. (3.23) at all inner grid points and
the boundary condition equations at the three edges of the triangular results
in a set of Malgebraic equations which can be written in matrix form as
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where {U}} is the displacement vector at the three edges of the triangle and
{U;} the displacement vector at all inner grid points. By eliminating the {U,}
vector, the above equations become a standard eigenvalue problem, i.e.,

[K{U:} = X*{U;} (3.25)

The eigenvalues of matrix [K] can be obtained by using a double QR algo-
rithm (Press et al, 1986). The theoretical value (Weaver et al., 1990) of the
fundamental frequency is

Aezact — 1 /3/2 = 0.70710678 (3.26)

min

TABLE 3.1: TDQ solution of the fundamental
frequency of a square membrane (a X a)

mo Mo Amin (i = AT /AT (%)
4 15 0.67718000 4.2
5 21 0.71909966 -1.7
6 28 0.70953492 0.3
7 36 0.70654357 0.1
8§ 45 0.70702182 0.0
9 55 0.70712921 0.0
10 66 0.70710891 0.0
11 78 0.70710614 0.0
12 91 0.70710673 0.0
13 105 0.70710680 0.0
14 120 0.70710678 0.0
15 136 0.70710678 0.0

The convergence of the non-dimensional fundamental frequency is displayed
in Table 3.1. The results are given up to eight significant digits, highlighting
the rapid convergence of the present TDQM.

3.2 TDQ method in curvilinear triangle

In this section, the previous method will be extended to the case in a
curvilinear triangle.

In general, a point-based transformation is adopted to map a curvilinear
triangular domain onto its counterpart—a standard unit isosceles right triangle
(see Fig. 3.4) on which the approximations of derivatives are carried out. A
uniform grid system is generated first in the standard triangle by following
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FIGURE 3.4: A curvilinear triangle and its counterpart-standard triangle.

the usual procedures (Zhong, 2000, 2001). In total, there are grid points in
the right triangle, where m is the number of the equal segments on each edge
of the triangle.

M=(m+1)(m+2)/2 (3.27)

A partial derivative of the function at a grid point («, §,) is approximated
as

Dy, {f 5 77 afy — Z Caﬁ'y pq'rqur? o+ ﬁ +v=m (328)

j=0 ¢

3

I\
=]

where D,, is a differential operator of order n. The subscript indices (p, ¢,7)
in Eq. (3.28) take the following values in the two summation loops

(P, g;7) = (m —i—j,i,j) (3.29)

Cé%)%p o are the weighting coefficients related to the function values f,q, at
points (p, q,7), which are determined by requiring that Eq. (3.28) be satisfied

by the following M trial functions

foar = Fp(L1) fo(L2)f,(L3), 0 <p,q,r <m (3.30)
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where the auxiliary functions are given as

P
- [] 2B kbl ] < p <
k=1

fp(Ll) = (331&)
1, p=0;
q
_ mLo—k+1 1 < < .
Fy(Lo) = T psasm (3:31b)
1, q=20;
_ L mLs—k+1 1<r<m:
fr(Ls) = ;};11 Eoo =TT (3.31c)
1, r=20
with
Ll:l_g_na L2:€7 L3:77 (332)

The explicit formulas for the weighting coeflicients of first order derivatives
are obtained as

(€3] _ | 8L1 9L AL O fpgr _ PF T qF
Oaﬁ%pqr_ [0_5 652 653} Ol _(_d fof v + ry Ir)apy

(3.33b)

The weighting coefficients for higher order derivatives can be obtained
through recurrence relationship as

m m—j
(33) _ ©) (3]
OOZ@’Y»P‘F - Z Z C&B’Y,Stucstu,pq'r‘ (334&)
7=0 =0
m m—j
(37— ©) (m)
Caﬁv-,pqr - Z Caﬁ'y,stucstu,pqr (334b)
7=0 i=0
m m—j
L) () (m)
O‘;g’])’yqu - Z Canﬁy,stucs?u,pqr (334C)

<
Il
=)
o

i=

During the implementation of the TDQ), a localized strategy is frequently
employed to overcome the sensitivity of approximation to corner condition
formed by two adjacent Neumann boundary conditions and the instability of
high order approximation, i.e., a partial derivative of a function with respect
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to a space variable at a grid point is approximated by a weighted linear sum
of the function values at grid points in a local small triangle containing the
grid point in question rather than at all the grid points in the entire triangular
domain. Analogous to Eq. (3.28), the expression of a partial derivative at a
grid point («, 3,7) is changed in

;.
m m —

D {f(€m)} aBy T Z Z aB%pqrqu’”
7=0 =0
a+pB+y=m, (pqr)=(m —i—jij) (3.35)

where m’(jm) is the number of the equal segments of an edge in a local triangle
containing the grid point («, 3,7). The weighting coefficients o™ are also

. . . afy,pqr
determined in the local triangle.

3.3 Geometric transformation

The geometric transformation of a curvilinear triangle into the standard
triangle is usually based on the following point transformation expression

N N
=3 fowrwar y=Y_ Y forvprr (3.36)

j=0 ¢

=
=

I\
=]
I\
=]

j=0 ¢

where N is the order of transformation; (xpgr,ypgr) are the Cartesian co-
ordinates of the transformation point in the curvilinear triangle, fpg= are
functions given in the similar form as Eq. (3.30). The three digit subscripts
(p,q,7) = (N —j —i,1,7) are introduced to identify the nodes in the transfor-
mation. Unlike in finite element analysis where piecewise lower order isopara-
metric transformations suffice to provide accurate modelling of curved domain
boundaries, a global transformation of the curvilinear triangle onto the stan-
dard triangle is sought herein. In principle, high order transformations in Eq.
(3.36) should be able to model the curved boundary adequately. In practice,
however, difficulty may arise since the transformation is rather sensitive to
the location of inner transformation points as reported in Mitchell and Wait
(1977), Zhong (2002). Ideally, the difficulty can be circumvented by employ-
ing transformations leaving out inner transformation points. Fortunately, this
can be realized by adopting the “serendipity” idea in finite element method.
Thus, a triangular serendipity transformation is developed as

15 15
e=Y " fizj, y=>_ fi (3.37)
j=1 j=1
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FIGURE 3.5: Points for quintic transformation of a curvilinear triangle.

It is well-known that the quintic order transformation often meets the ac-
curacy requirement of geometric modelling. The shape functions associated
with the fifteen nodes on the boundary of a curvilinear triangle (see Fig. 3.5)
are given in Appendix A at the end of this chapter. It is worth noting that
the high-order serendipity transformation for triangles is developed without
the use of inner grid points, different from transformation for quadrilaterals.
Thus, the present serendipity transformation enables the TDQM to deal with
the problem on complex geometric domains.

The Jacobian matrix of the transformation is

] = Bf] Zf]] (3.38)

Its inverse matrix is given as follows:

Ez Zz] == |17| [yn _yf} NI = zeyn — Tnye (3.39)

where |J| is the determinant of the Jacobian matrix. With the chain rule
of differentiation, the second derivatives of a function in the two coordinate
systems are related as
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Eow = T2 (17| (nyen — Yeynn) — Yo (un |71 — e | 71,)]
Sy = |72 (1] (wnen — weyy) — 2y (@ ||, — 2 |T],)]
Nea = |J| 7> (1] (even — yntiee) — ve(n 171 — e | J1,)]
Mgy = 1717 (1] (weten — epvee) — ey | |e — we|J],)] (3.40)
oy = |J|_3 (| (@eyny — Tnyen) — yn(ay |J|g — T |J|n)]

Ny = |J|73 [ 1 (zyyee — zeyen) — ye(ay |J|g — T |J|n)]

The above relations will be used later to transform the governing equations
and boundary conditions from the z — y domain into the £ — 1 domain.

3.4 Governing equations of Reissner-Mindlin plates on
Pasternak foundation

The TMDQ coupled with geometric transformation is employed to deal with
elliptic Reissner-Mindlin plates on Pasternak foundation under uniformly dis-
tributed load. Due to the double symmetry of the problem, a quadrant of
the plate is considered in the analysis and a triangular serendipity transfor-
mation is adopted to map the quadrant into the computational domain—the
unit isosceles right triangle.

3.4.1 Governing equations in physical coordinate system

For flexural analysis of Reissner plates on a Pasternak foundation, the dif-
ferential equilibrium equations are given as follows (Kobayashi and Sonoda,
1989):

g ((1 - V)V, + (1 +v) %) + kGh (‘Z—: - %) =0, (3.41a)
g ((1 — V) V2, + (1 +v) g—j> + kGh (%U - ¢y> =0, (3.41b)
kGh (V2w —¢) +q—p=0. (3.41c¢)
where
_ e | Oy

¢ (3.42)

8:c+8y’
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EhR?
201 =17 (343)

p=kiw—GyV3w (3.44)

and w(z,y) is the transverse deflection; ¢, (z,y) and 1, (x,y) the rotations
of the normal about y—axis and z—axis; D, F,G and v the plate flexural
rigidity, Young’s modulus, shear modulus and Poisson’s ratio, respectively;
h is the plate thickness; g(z,y) the surface load intensity; and V2 is the
Laplacian operator in Cartesian coordinates. The shear correction factor
is taken to be 5/6, p is the subgrade reaction intensity, k; and G are the
subgrade reaction coefficient and shear modulus of foundation, respectively.
The force resultants are given by:

_ Ny OV
M, =-D ( 5 T ”a—yy> (3.45)

_ Ny O
M, =-D (y 5 T a—y”) (3.46)

1= Oy O,
My = ——5—D ( 99 + 8—;) (3.47)
ow

Qs = KGh (8_50 - Q/Jz) (3.48)
e 3.49
Qy=~ <a—y—¢y) (3.49)

where M,, M, and M, are the moments and twisting moment; @), and @Q,
the shear forces.

3.4.2 Governing equations in the standard triangle

By using the geometric coordinate mapping relations, the governing equa-
tions in Eqgs. (3.41) in the physical domain  — y can be transformed into the
computational domain & — 7 as follows:

[6]6><1 O O war: O
(K315 | O [0]gy1 O Yy p =140 (3.50)
0 0 [0]651 w q/D

where

o, ={& o o o0 041" (3.51)
6x1 0&2 0Edn On? 9E In ’
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is a differential operator vector and the entries in [K], 4 are given in Ap-
pendix B. With the TDQ approximation, Eq. (3.50) will be recast into a
set of algebraic equations at any inner grid point in the standard triangular
domain.

3.4.3 Boundary conditions

To impose boundary conditions, the following transformations of displace-
ment components and internal forces are used

wn = 7111/11 + n2¢y§ ¢s = _an:E + ”1¢y~ (352)

M, = TL%MQC + 2nineMyy + n%Mw
Mns = nan(My — Mz) + (n% - n%)sz,

Qn = lew + n?Qy'

(3.53)

where (n1,mn2) are the directional cosines of a unit normal at an arbitrary
point on the boundary of the physical domain (see Fig. 3.6). Two typical
boundary conditions are considered in this chapter, the clamped and the sim-
ply supported boundary conditions, which are mathematically expressed as
follows:

(a) Clamped (C)
w=0, p=0, wy=0; (3.54)

(b) Simply supported (S):

(1) TypeI(S) : w=0,M, = 0,¢5 = 0;

(3.55)
(i7) TypeIL(S") : w = 0, M,, = 0, M,s = 0.

(3.56)

In Eqgs. (3.53), (3.55) and (3.56), M, M, are the bending and twisting
moments on the edge of the plate respectively; 1, and ¥, are the rotations of
the mid-plane in the normal plane, nz, and in the tangent plane, sz, to the
boundary; the subscripts n and s represent the normal and tangent directions
at a point on the boundary, respectively. Equation (3.55) is designated for
plates with simply supported boundary conditions.

3.4.4 Symmetry consideration

In the present case, all elliptic plates on Pasternak foundation are assumed
subjected to uniformly distributed load. Consequently, the flexural deforma-
tion symmetry of plates can be employed to reduce the computational effort
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FIGURE 3.6: A quadrant of an elliptic plate.

and increase the computational accuracy. The deformation symmetry condi-
tions of the Reissner/Mindlin plate about a symmetric plane are expressed
as

0P ow
n = 07 = 07 - = O 3.57
v on on ( )
By combining the boundary conditions and symmetric conditions at the bound-
ary nodes with Egs. (3.50) at all inner grid points, a set of algebraic equations

with at most 3M unknowns is established.

Example 3.3 Plates
For clarity of presentation, the following normalized quantities are intro-
duced

rD wD M, M, M
= __ =— Myo=— My=— Myo=—2 3.58
TO qb4 ) wO qb4 ) 0 qb2 0 qb2 yO qb2 ( )
The following parameters are taken in all computations: flexural rigidity D =
10%kNm, Poisson’s ratio ¥ = 0.3, subgrade reaction coefficient kr = 2x

10°kN/m”. The foundation shear modulus is taken as Gy = 3 x 10°kN/m
unless otherwise stated.

(a) Convergence study

First a circular plate resting on a Pasternak foundation under uniformly
distributed load is studied to examine the convergence of the present method.
The thickness to width ratio is taken as h/b = 0.01. Both simply supported
and clamped boundary conditions are considered and the results are compared
with the analytical ones (Yu, 1957).

In view of the double symmetry of the plate, a quadrant of the plate is
analyzed. The central deflection and the central moment of circular plates
are given in Table 3.2. It is found that results with relative error less than
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TABLE 3.2: Central deflection and central moment of thin circular
plates on a Pasternak foundation with clamped or simply supported edge

Clamped Simply supported
m M wo M. wo Mo
14 120 0.004651 0.01735 0.005748 0.01088

15 136 0.004637 0.01775 0.005754 0.01022
16 153 0.004639 0.01772 0.005710 0.00971
17 171 0.004628 0.01762 0.005754 0.01059
18 190 0.004638 0.01784 0.005778 0.01079
19 210 0.004648 0.01794 0.005776 0.01058
20 231 0.004650 0.01792 0.005773 0.01046
21 253 0.004649 0.01788 0.005769 0.01047
22 276 0.004648 0.01788 0.005773 0.01051
23 300 0.004648 0.01789 0.005774 0.01048
24 325 0.004649 0.01789 0.005774 0.01047
25 351 0.004649 0.01789 0.005774 0.01049
26 378 0.004649 0.01789 0.005774 0.01050
27 406 0.004649 0.01790 0.005774 0.01049
28 435 0.004649 0.01790 0.005774 0.01049
29 465 0.004649 0.01790 0.005774 0.01049
30 496 0.004649 0.01790 0.005774 0.01049
Analytic[15] 0.004648 0.01791 0.005771 0.01050

1% can be achieved when the global approximation order m is increased to
18. Tt is seen clearly that the errors are reduced with the increase of the
global approximation order. It is worth mentioning that the localized TDQ
(m/ = 9) is implemented in all computations for the sake of consistency and
coding simplicity. As reported by Zhong et al., (2003), the loss of efficiency
or accuracy is insignificant as long as the local approximation order is higher
than 5. On the other hand, the localized implementation leads to remarkable
numerical stability.

The radial variation of deflection and the radial variation of bending mo-
ment are shown in Figs. 3.7 and 3.8. The shear modulus of foundation are
taken as the following different values Gy = 0.3 x 10*kN/m,2.82843x 10°kN /m
and 3 x 10° kN/m in order to investigate the effects of the shear modulus on
the behavior of plates. Excellent agreement with the available analytical so-
lution (Yu, 1957) is achieved for both simply supported and clamped plates
resting on Pasternak foundation as demonstrated in Figs. 3.7 and 3.8.

(b) Results for clamped and simply supported elliptic plates

To investigate the effect of thickness-to-width ratio, the central deflection
and moments for clamped and simply supported elliptic plates are shown in
Tables 3.3 and 3.4. Also listed is the least order of global approximation
m from which results with four stabilized digits are obtained. It is clearly
seen that more grid points are needed to attain convergent results for thin
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FIGURE 3.7: Deflections of the circular plate.
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FIGURE 3.8: Radial bending moments of the circular plate.
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plates. It is worth mentioning that m + 1 merely denotes the number of grid
points on an edge of the triangular domain to furnish convergent results with
four stabilized digits and a localized TDQ approximation of order m’ = 9 is
adopted in all cases. For clamped elliptic plates, the normalized deflection
and the two moments decrease with the increase of thickness-to-width ratio
except for circular plates. For simply supported plates, the normalized central
deflection decreases with the increase of thickness-to-width ratio while the two
moments at the center of elliptic plates show the reverse trend. It should be
pointed out that the relative extremes of moments M, and M, may not occur
at the center of the elliptic plates even for circular plates in the presence of
elastic foundation, as shown in Fig. 3.8.

The effect of ellipticity on the deflection and moments is also investigated.
Moderately thick elliptic plates (h/b = 0.1) with clamped or simply supported
edges resting on Pasternak foundations are studied for plates with ellipticity
a/b = 1.5, 2.0, 2.5, 3.0 and 5.0. The distributions of normalized deflection
and moments along the major and the minor axes are plotted for simply
supported and clamped boundary conditions (see Figs. 3.9—3.14). It is noted
that the convergence rate drops with the increase of ellipticity a/b of plates. In
addition, the convergence rate for simply supported elliptic plates is somewhat
slower than that for fully clamped elliptic plates and the convergence rate of
bending moments is slower than that of the deflection of plates. In the case of
elliptic plates with a/b = 5.0, four significant digits are stabilized at m = 20
and m = 27 for the deflection and bending moments at the center of fully
clamped elliptic plates, respectively; whereas m = 22 and m = 28 are required
to keep the same level of convergence of the deflection and bending moments
at the center of the simply supported elliptic plates.

3.5 Conclusions

The TDQM introduced in this chapter overcomes the difficulties associated
with the direct DQ method in dealing with problems on a triangular domain.
Transformation of the physical domain is avoided, resulting in simple algebraic
equations. Singularity does not appear in the process of the TDQ analysis.
In the two examples provided, excellent agreement with the theoretical values
is achieved with rather fewer grid points, indicating that the present method
is an attractive new numerical tool. In view of the great geometric flexibility
of triangles, various geometric domains may be decomposed into a number of
triangles. Therefore, the potential applications of the present method lie in
the incorporation of domain decomposition technique into the TDQM.

Herein an effort has been made to extend the TDQM to problems with
arbitrary geometric domains. A triangular serendipity transformation with
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plates resting on a Pasternak foundation

Computed results at the center of clamped elliptic

107

m wo | ]\/fwo | ]\/[yo

h/b a/b=1.0

0.01 |27 0.004649 0.01790 0.01789

0.05 18 0.004653 0.01769 0.01769

0.10 21 0.004668 0.01706 0.01706

0.15 14 0.004689 0.01611 0.01611
a/b=2.0

0.01 |35 0.005153 0.004976 0.01390

0.05 28 0.005149 0.004926 0.01375

0.10 23 0.005141 0.004782 0.01328

0.15 |22 0.005129 0.004561 0.01256
a/b=3.0

0.01 40 0.005111 0.004170 0.01314

0.05 28 0.005108 0.004126 0.01300

0.10 25 0.005102 0.003993 0.01255

0.15 |23 0.005093 0.003790 0.01187

TABLE 3.4: Computed results at the center of simply supported
elliptic plates resting on a Pasternak foundation
m Wo | Mao | Myo

h/b a/b=1.0

0.01 26 0.005774 0.01049 0.01048

0.05 |16 0.005765 0.01051 0.01051

0.10 |16 0.005745 0.01053 0.01053

0.15 14 0.005714 0.01056 0.01056
a/b=2.0

0.01 |37 0.005571 0.001425 0.005602

0.05 |29 0.005564 0.001449 0.005666

0.10 |29 0.005551 0.001524 0.005775

0.15 27 0.005531 0.001641 0.005940
a/b=3.0

0.01 |39 0.005494 0.001520 0.005233

0.05 |30 0.005487 0.001534 0.005299

0.10 29 0.005476 0.001573 0.005398

0.15 28 0.005458 0.001634 0.005549
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FIGURE 3.9: Deflections of clamped elliptic plates.
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FIGURE 3.10: Bending moment M, of clamped elliptic plates.
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FIGURE 3.11: Bending moment M, of clamped elliptic platese.
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FIGURE 3.12: Deflections of simply supported elliptic plates.
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FIGURE 3.13: Bending moment M, of simply supported elliptic plates.
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FIGURE 3.14: Bending moment M, of simply supported elliptic plates.
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no inner points is introduced. Consequently, the sensitivity associated with
the usual geometric transformations with inner points is removed. Although
the triangular serendipity transformation of any order can be developed in the
same manner, the quintic order transformation is accurate enough in all cases.
Static flexural analysis of elliptic Reissner-Mindlin plates resting on a Paster-
nak foundation is investigated using the TDQM. Parametric study of elliptic
plates with various aspect ratios is performed. The excellent agreement with
the available analytical solution for circular plates verifies the effectiveness of
the present technique.

Of course, the present strategy may only be applied successfully to the
problems with simple and relatively regular geometry. However, it should be
pointed out that the geometric transformation is not the only way to make
TDQM applicable to problems with curvilinear boundaries. By using the
localized TDQM (Zhong et al., 2003), the TDQM can be applied directly
to the problems with curvilinear boundaries without the use of geometric
transformation. In view of this, the TDQM is more attractive in the analysis
of problems with irregular geometric domain.

Appendix A

Although the selection of transformation points on the boundary of a curvi-
linear domain is a simple matter, uniform distribution is desirable to avoid
severe distortion. The functions for the transformation (see Fig. 3.5) are
given as

fi= S La(n - (L1 - )L - 2), (A1)
fo =~ 2 IaLa(la = 2)(I - 2)(L1 — 3) (42)
fo= S Lala(Ly = 2)(Ia - 2)(La — 3) (43)
fr= =S e - 20 - D01 - 3) (44)
fo = S Lala(Lz — 2)(Ls — 2)(La — 3) (45)
fo= 2 LaLaLs — 2)(La - 212~ 3) (46)
fro = 2 EaLa(la = ) (L2 = 2)(La — 3) (A7)
fuv= SR Ll = 2)(La - D12 - 3) (48)
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12 = 3;Z5L3L1(L3 - é)(l@ - %)(LS - g)
fiz = —%Lng(Ls - %)(I@ - %)(LB - g)
fua= 222 s La(Ly — £)(Ls ~ 2)(Ls — 3)
fi5 = —%Lﬂdl@s - g)(L3 - g)(Ls - g)

fi=1L1~ g(ﬂl + f15) — g(f5 + f1a) — %(fa + fi3) — %(f7 + fi12)  (A13)

Jo= Ly — %(f?'i-fs) - g(fG + fo) — g(fs + fi0) — %(fzx +fu1)  (Al4)

fz =Lz~ %(fll + fi2) — g(flo + f13) — %(fg + f14) — é(fs + f15) (A15)

where L1 =1—¢—1n, Ly = £ and L3 = n are the three area coordinates of an

arbitrary point in the standard triangle.
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Appendix B
The entries in matrix [K] of Eq. (3.50) are given as

Kig =8+ a1l Kia=26m. 4+ 2a1&yny, K13 = 13 + ang,

K14 = & + 18y, K15 = Naa + C10)yy, K16 = —C3,

K7 =288y, K18 = c2 (§amy + &ynz) » K19 = canay, (B1)
Ky 10 = 28y, K111 = €20y, K112 = K113 = K114 = K115 = 0,

Ky 16 = 38z, K117 = 31z, K118 = 0,

Ko = 2838y, Koo = 2 (§amy + &yna) , Ko,z = canatly, Koa = c28yy,
Ko = Catay, Ko g = 0, Ko7 = 162 + &7, Ko g = 2(c16&ame + Eyny),

Koo = c1m2 + 12, K210 = ¢1€aa + Eyy, K11 = €100 + Ny, K212 = —c3,
K13 =Ko1a= K15 =0,K16 = c3&y, Ko,17 = 31y, K218 = 0,

(B2)
K31 =K30=K33=K36=0,K34=c36s, K35 = C30a,
Kz7=Kzg=K3z9=Ks312=0,K310=c36y, K311 =c3ny,
K313 =— (63 + %) (2+¢2), Ksa=—2 (03 + %) (Exnz + Eymy) (B3)
K315 = — (03 + %) (n2 + 775) K316 = — (03 + %) (&az + &yy)
K317 =— (Cs + %) (N2 + Nyy) > K318 = — (Cs + %) %f
with ) ) 61
e = v, Co = TV 63:M (B4)

2 7 2 7






Chapter 4

Multiple Scale Differential
Quadrature Method

Direct DQ method is a highly efficient method, being able to yield very ac-
curate results by using a small number of nodes. But most of its applications
are limited to one- and two-dimensional problems. Recent years saw consid-
erable efforts to formulate three-dimensional DQ methods. Two approaches
are commonly used in developing a three dimensional DQ method. The direct
way is to discretize the physical quantity in all three dimensions in the same
manner as that for two-dimensional problems. However, paramount difficul-
ties arise in the direct discretization since DQ methods are global schemes
with nearly full resultant matrices. It can be expected that the mesh size
must be small if direct solution methods such as Gauss elimination are used.
This is evidenced from the mesh size reported in the literature. For exam-
ple, the maximum meshes used in the three-dimensional DQ calculations by
Zhou et al., (2002) and Liew et al., (2001) were 8 x 8 x 6 and 11 x 11 x 11,
respectively. The three digits indicate the corresponding mesh nodes adopted
in the three dimensions. So 8 x 8 x 6 means that two dimensions are dis-
cretized by 8 nodes, respectively, and the other by 6 nodes. The mesh sizes
in these applications are small. It is also found that increasing the mesh size
to 18 x 18 x 18 will invalidate the computation on a computer of 128 MB
memory. The restriction of the mesh size due to the employment of direct
solution methods will be demonstrated later in the present chapter.

Another difficulty associated with three-dimensional D@Q methods is that
mesh size exerts great influence on computational speed. A slight increase
in mesh size may result in significant increase in CPU time. For example,
the CPU time for the mesh 15 x 15 x 15 is 800 times than that for the mesh
8 x 8 x 8.

In order to overcome the above mentioned difficulties, four different solution
methods (including direct Gauss elimination, one-dimensional band storage,
direct iterative method and a multi-scale iterative method) are compared in
the first part of this chapter. Both Gauss elimination and one-dimensional
band storage suffer from limitations in the mesh size. The mesh size must be
smaller than 18 x 18 x 18 (in approximate meaning) for the problems studied
here using a Pentium 4 computer. Iterative methods such as SOR (successive
over-relaxation) greatly increase the mesh size, but the convergence rate is
very slow. Based on these studies, a multi-scale iterative method proposed by
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Zong (2004) is introduced in this chapter. Numerical examples have shown
that it has exhibited a tenfold increase in convergence speed over the direct
iterative method.

The second approach to handle a three-dimensional problem is to transform
a three-dimensional problem into a nearly two-dimensional problem. For ex-
ample, separate a three-dimensional quantity f(z,y,z) into the product of
two different functions, that is, g(z,y)h(z) (Malik and Bert, 1998; Shu et
al., 1996a,b), and then apply direct DQ method to approximate the two-
dimensional quantity g(x,y). This is in fact a two-dimensional problem, and
thus it does not increase computational efforts significantly when compared
with those for a two-dimensional problem. Zong (2003b) and Wu and Tsai
(2004) smartly employed multi-scale analysis which dramatically reduces the
computational demand. Detailed introduction on the multi-scale DQ methods
will be presented in the latter part of this chapter.

Last in this chapter, the multi-scale approach is applied to find the equa-
tions governing quasi-static behaviors of a poroelastic medium at the macro-
scopic scale. Then direct DQ-based solution strategy is applied to solve these
equations.

4.1 Multi-scale DQ method for potential problems

We take three-dimensional heterogeneous Laplace equation as an example to
elucidate the formulation. Quite a few physical phenomena can be described
by a heterogeneous Laplace equation. Take blood flow in heterogeneous tissues
for instance. The blood flow is assumed to obey Darcy’s law (Lang et al., 1999)

v =—c(z,y,2)Vp (4.1)
where v is fluid flow velocity, ¢(z,y, z) is the permeability coefficient depen-
dent on location (x,y, z) and p is the pressure. The equation postulates that
the permeable velocity results from pressure gradient.

It is clinically observed that the permeability coefficient of normal tissue is
higher than that of tumor (Lang et al., 1999). Hence the blood circulation
around a tumor is poor. Based on mass conservation, the divergence of the
flow velocity should be zero, that is,

V-v=0 (4.2)

By substituting Eq. (4.1) into Eq. (4.2), we obtain the heterogeneous
Laplace equation

2 2 2
0%p  0%p 8]9) Oc Op  Oc Op (’“)c(“)p_o (4.3)
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FIGURE 4.1: Discretization of a cube.

subject to Dirichlet or Neumann boundary conditions.

Consider a cube of dimensions L x W x B. It is discretized by N, x Ny x N,
Chebyshev nodes as defined by Eq. (1.48) in Chapter 1 as shown in Fig. 4.1.
On each node, pressure and permeability coefficient are denoted by p;;, and
Cijk (1 =1,...,Ng, j =1,....,Ny, kK =1,...,N,). Then the velocity in each
direction can be expressed in the following form by means of DQ

N

gk = Z aileyji (4.4a)
=1
Ny

a* =" al" cimn (4.4b)
m=1
N

gk = Z atciin (4.4c)
n=1

where the symbols a?,a-;m and a*"are DQ weighting coefficients in the three
directions, respectively. By substituting Eqgs. (4.4) into Eq. (4.3) and using
the expression of coefficients of the first-and second-order derivatives, the
discrete Laplace equation turns out to be

N:n il NU . Nz k
Cigk | 2 bypujk + 22 b Pimk + X2 0X"pijn
=1 m=1 n=1

., z (4.5)

.. NI . .. . ..
+qi7% 3" allpyk + 4% Y2 al™pimk + 4% Y2 b pign =0
=1

m=1 n=1
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On the Dirichlet boundaries, we have

Dijk = Dijk (4.6a)
for Dirichlet boundary condition where the “hat” symbol denotes given values.
On Neumann boundaries, we have

Ny
—Cijk Z allpijx = iz,
1=1
Ny
~Cijk Z ay" Pimn = Vijik, (4.6Db)
m=1
N,
—Cijk Z At pijn = Wi,
n=1
In the following, we will apply four methods to solve Eq. (4.5) with the two
different boundary conditions given in Eq. (4.6).

4.2 Solutions of potential problems

In this section, three methods, including Gauss elimination, one-dimensional
band storage and successive over-relaxation (SOR) method, are employed to
solve the potential problems formulated in the previous section. The fourth
method, SOR-based multi-scale DQ method, will be discussed in detail in
Section 4.3.

4.2.1 Gauss elimination
To apply Gauss elimination, we introduce the following indices
a=(i—1)NyN, +(j —1)N, +k,i=1,...N,, j=1,...,N,, k =1,... N,
B8=(—-1)NyN,+(m—-1)N,+n,l=1,...N,, m =1,...,N,, n =1,... N,

c Yy’ 4

(4.7)

and the matrices

daﬁ =Cq (b;l(sm]ékn + 5zlb77!m6kn + 5zl67mblzcn)

0 oo a o (4.8)
+ qéjka;l&]m(skn + qyké”(Sk"a;m(yj) + q;]k(szlé]malzcn

where the delta function possesses the property defined by 09 =1ifi =3
and 0 = 0 if i # j. We can form a similar matrix b to denote boundary
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conditions. Then we obtain the following system of linear algebraic equations

DP=b, P={ps}y, D={dap}tnun (4.9)

where N = N, x Ny, x N is the total number of nodes, D is an N x N matrix,
which may be very large. For example, for a mesh of 10 x 10 x 10, D would be
a matrix having 10° elements. This would require very large system memory.
A code based on Gauss elimination was written by Zong (2004) and run on
IBM SP2 with 8 nodes. It has 10GB RAM, but each user is only assigned 128
MB Memory.

Consider a homogeneous Laplace equation with the permeability coefficient
c(x,y, z) =1 everywhere in the problem domain. The domain is assumed as a
simple cube of size 0.2 x 0.3 x 0.2m?. The boundary conditions are given by

dp(0
W =0 ontherest of the boundaries (4.10Db)
n
The exact solution to the above equation can be readily found to be p =

1—10y/3.

Five cases using different node numbers (meshes) have been computed. The
results are shown in Table 4.1. From Table 4.1, it is readily found that the
CPU time for mesh 8 x 8 x 8 is 3 seconds, whereas the CPU time for mesh
15 x 15 x 15 is 42 minutes 37 seconds! As node number increases from 8 x 8 x 8
to 15x15x 15, CPU time increases 800 fold! This is a little surprising. We may
try to make a simple theoretical estimate. The total number of operations
(addition, subtraction, multiplication and division) by Gauss elimination is
proportional to the cube of unknown number, N3 (Atkinson, 1989). The
increase in node number is about 8 fold from 8 x 8 x 8 to 15 x 15 x 15, and
thus the increase in the number of operations is about 8% = 512, close to 800
in terms of order. Thus, an 800 fold increase in CPU time is theoretically
reasonable. Upon further increase to 17 x 17 x 17, the CPU time is about
five and half hours, approximately 8-fold longer than that for 15 x 15 x 15, in
agreement of the abovementioned theoretical estimates.

Because CPU time is proportional to the cube of node number, a slight
increase in node number would result in significant increase in CPU time.
When the node number is 18 x 18 x 18, the assigned memory limit (128 MB)
of the computer is reached and thus the computation is terminated.

From Table 4.1, it is concluded that the accuracy of Gauss elimination is
high, up to 1078, But the method is computationally expensive and limited
to small mesh size. It might be questioned that more powerful computers can
be used to speed up the convergence rate. However, the objective of the study
is to compare the efficiency of the different methods. To make the solutions
comparable, it is crucial to compute the solutions using different methods on
the identical computational platform. Therefore, it does not matter whether
a powerful computer is used or not.
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TABLE 4.1: CPU Time (H:M:S)
Node number CPU Time (H:M:S) Maximum error

8x 8x8 00:00:03 4x1078
10 x 10 x 10 00:00:27 4 %1078
12 x 12 x 12 00:03:10 4x1078
15 x 15 x 15 00:42:37 4 %1078
17 x 17 x 17 05:36:28 4x1078
18 x 18 x 18 Reached the memory limit assigned

4.2.2 One-dimensional band storage

The assembly matrix formed in a finite element method (FEM) is sparse,
thus enabling one-dimensional band storage to work well. Together with
Gauss elimination or other solution procedures, one-dimensional band storage
can save CPU time greatly when a FEM is used. This was particularly true
over two or three decades ago, when workstations were not as powerful as
today’s.

Matrix D is not full. From Eq. (4.8), the band width is estimated to be
Ng+Ny+N.. A code based on one-dimensional storage and Gauss elimination
was written to do the test. The CPU time and maximum errors by using
different node numbers are given in Table 4.2.

The maximum mesh size the method can handle is still 17 x 17 x 17. It
does not enhance the capability for larger problems when compared with
direct Gauss elimination. This is due to the fact that matrix D is not sparse.
But with regard to computational time, this method is much better. The
accuracy is, however, lower as shown in Table 4.2. This may result from the
truncation errors. In the test code, all elements which are smaller than a
prescribed number are treated as zeros and neglected in the computations.

Based on the foregoing discussion, it is clearly seen that direct solution
procedures suffer great limitations due to their computational intensity and
computer memory demand.

TABLE 4.2: CPU time and maximum error for
band storage method

Node number CPU Time(H:M:S) Maximum error

8 x 8 x 8 00:00:01 5x 107°
10 x 10 x 10 00:00:03 2.5 x 1074
12 x 12 x 12 00:00:19 6 x107%
15 x 15 x 15 00:03:02 6 x 1073
17 x 17 x 17 00:13:00 6 x 1073

18 x 18 x 18  Reached the memory limit assigned
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4.2.3 Successive over-relaxation (SOR) method

The demand of large memory by direct solution procedures such as Gauss
elimination suggests that iterative methods may be a better option for solving
Eq. (4.9) due to its large band width. In this section, a SOR method-based
code was developed to solve Eq. (4.9). In the form of Eq. (4.9), SOR
formulation can be expressed as (Atkinson, 1989)

a—1 N
PD = PO 4w (0o — Y dagPi™ = 37 dag Pl / doo (4100
B=1 B=a

where w is the relaxation factor and the superscript “¢” denotes iteration step
(t=1,2...,n;). Note that the form of the above equation is slightly different

from the general SOR formula because wPo(f) is put inside the bracket here.

The results obtained from the SOR method for the previous example are
given in Table 4.3. The relaxation factor used in the simulations is w=1.8.
When comparng the results in Table 4.3 with those in Tables 4.1 and 4.2, it
is readily seen that the size of the mesh SOR method that can be used is dra-
matically increased. This is encouraging in the sense that a three-dimensional
DQ method can be effectively solved by using the SOR method. More details
on the SOR method can be found in Chapter 8.

The iteration is stopped if the maximum difference between any two con-
secutive steps is smaller than a prescribed small tolerance €, or the iteration
number is greater than 10000. Throughout this chapter, e = 107°. Note
that the accuracy might be higher than this magnitude because the accuracy
(defined by maximum error in Table 4.3) is the difference between the final
results and the exact solution. As shown in Table 4.3, the maximum error for
SOR method is identical to that achieved by Gauss elimination.

TABLE 4.3: CPU time and maximum error for
SOR Method with w = 1.8

Node number CPU Time (H:M:S) Maximum error

8x 8x38 00:00:05 4 %1078
10 x 10 x 10 00:00:24 4x1078
12 x 12 x 12 00:02:05 4 %1078
15 x 15 x 15 00:14:36 4x1078
20 x 20 x 20 02:50:16 4 %1078
30 x 30 x 30 97:38:09 4x1078

It is well known that the convergence speed of an SOR method is heavily
dependent on relaxation factor w, which must vary from 0 to 2 to guaran-
tee convergence. For a particular problem, there is generally no theoretical
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TABLE 4.4: Dependence of convergence rate
on the relaxation factor (mesh 10 x 10 x 10)

Relaxation CPU Time Iteration Reached

factor w (H:M:S) steps accuracy
0.1 00:28:13 10000 1x 1072
0.5 00:19:22 5584 1x107°
1.0 00:05:41 1907 1x107°
1.5 00:01:22 655 1x107°
1.7 00:00:43 342 1x107°
1.8 00:00:24 190 1x107°
1.9 00:01:18 621 1x1075
1.99 Divergent

guideline to find the optimal relaxation factor for the fastest convergence.
For the present example, numerical tests have been performed for the mesh
10 x 10 x 10 and the dependence of convergence speed on the relaxation factor
is obtained as shown in Table 4.4. The convergence speed increases slowly
with increasing w until the peak point is reached w = 1.8. After that the
convergence speed deceases rapidly and finally diverges at w =~ 1.99.

SOR method greatly increases the mesh size. But the computational speed
remains an obstacle. Table 4.3 shows that the CPU time for mesh 20 x 20 x 20
is approximately three hours, about 10-fold that of mesh 10 x 10 x 10. And
the mesh 30 x 30 x 30 takes 30-fold CPU time of the mesh 20 x 20 x 20. In
the following section, a multi-scale SOR method is employed to enhance the
computational efficiency.

4.3 SOR-based multi-scale DQ method

The convergence speed of SOR method is still slow. Because the number
of operations is proportional to the cube of the node number N3 (Atkin-
son, 1989), a double increase of node number in each of the three directions
would result in an 8% = 512-fold increase of computational time. Even though
SOR method improves the solution capability than direct Gauss elimination
and one-dimensional band storage methods, intensive computation remains a
challenge to implementing a three-dimensional DQ method.

Iteration number is evidently dependent on the choice of initial values. If
the initial values are well chosen, the convergence speed would undoubtedly
be greatly increased. If we use the results obtained from a coarse mesh as the
initial values for a fine mesh, a faster convergence speed can be expected. And
if the results obtained from the fine mesh are used for the initial values for
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an even finer mesh, a faster convergence speed and higher accuracy iteration
would be expected. This is the main idea of the multi-scale SOR method
proposed by Zong (2004). It will be introduced in this section.

Putting it in the mathematical way, we assign 0 as the initial value for a
coarse discretization mesh Nm(l) X Nél) X Nz(l)7 where the superscript “(1)”
denotes the first-scale. After some iterations until the step at which the
maximum error is smaller than the prescribed tolerance, we obtain the first-
scale solution P(). Based on a finer mesh N§2) X N§2) X Nz(2), where the
superscript “(2)” denotes the second scale and N& > NS), NYSQ) > Nél),
N. Z(Q) > N, z(l), we use the following Lagrange interpolating polynomial to obtain
the initial values for the second-scale:

N(l) N(l) N(l)

P(xi,yj, 2k) Z Z Z A (@) A (y5) /\"(zk)Pl(m)n (4.11a)

=1 m=1n=1

i=1,.,N?, j=1,..N? k=1,.,N?
where

N
Ny () = LLk ’“(fk)), Li(w) = [] (@) (4.11b)

Similarly, the formulas for y- and z-axes can be obtained with the corre-
sponding superscripts and subscripts replaced by y and z. With the results
given from Eq. (4.11) as initial values, the new estimate P(® for the second
scale can be found through use of the SOR method. With P(®) as the ini-
tial values for an even finer mesh, a better estimate P is obtained. The
procedure can be repeated until ns-th scale.

Table 4.5 shows the solution of the previous example by use of the multi-
scale method for the mesh 20 x 20 x 20. If one-scale procedure is used, the
CPU time is 2 hours 50 minutes and 15 seconds. In two-scale procedure, the
initial value for the first scale is 0 with a mesh 10 x 10 x 10. 24 seconds of
CPU time are needed to yield the solution for the first-scale. The mesh for
the second scale is 20 x 20 x 20. The total CPU time for the two scales is
considerably reduced to 36 minutes and 20 seconds.

It is clearly demonstrated in Table 4.5 that the multi-scale approach with
scale number larger than one can reduce CPU time significantly, but the
amount of reduction is not linearly proportional to the scale numbers. In
other words, over-large scale number may not lead to a faster computational
speed.

Table 4.6 shows the results for another mesh 20 x 30 x 20. One-scale pro-
cedure took 27 hours to produce the results of desired accuracy. A two-scale
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procedure, however, produces the results of same accuracy in less than three
hours. And a three-scale procedure produces the results in less than two
hours. The reduction in CPU time is remarkable, indicating the effectiveness
of the multi-scale method. The prescribed tolerance is again 10~°.

TABLE 4.5: CPU time for multi-scale DQ (Mesh
20 x 20 x 20, w = 1.8)

Scale number CPU Time (H:M:S) Prescribed tolerance

One scale 02:50:16 1x107°
Two scales 00:36:20 1x107°
Three scale 01:44:33 1x107°
Four scales 01:03:14 1x107°

Five scales 02:01:47 1x107°




TABLE 4.6: CPU Time for multi-scale DQ (Mesh 20 x 30 x 20, w = 1.8)

Scale number CPU Time (H:M:S) Meshes used
One scale 27:05:33 20 x 30 x 20
Two scales 02:52:27 10 x 15 x 10,20 x 30 x 20
Three scale 01:56:53 10 x 20 x 10, 15 x25x 15, 20 x 30 x 20

TABLE 4.7: CPU Time for multi-scale DQ (Mesh 30 x 30 x 30, wg 1.8)

Method CPU Time (H:M:S) Meshes used
One-scale SOR 97:38:09 30 x 30 x 30
Three-scale SOR 08:25:29 10 x 10 x 10, 20 x 20 x 20, 30 x 30 x 30

POYPRP 94NIDUPDNE) (0UULYJ1(T 2]D0G 2)dan

14}
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In Table 4.7 another example is presented for mesh 30 x 30 x 30. The CPU
time for one-scale is nearly 100 hours but that of the multi-scale procedure is
less than 10 hours, a 10 times reduction in CPU time. Again, the efficiency
of the multi-scale method is demonstrated.

Finally, a more complicated example is considered. Suppose a tissue cube
of size 0.2 x 0.3 x 0.4m?, in which there is a tumor located at (0.1, 0.15, 0.2).
The permeability coefficient ¢(x,y, z) follows the following spatial pattern

(4.12)

107! r=3(y—0.15)2 + 22 < 0.01
c(x,y,2) =

1071 [1 + tanh(200r)] 7 = 3(y — 0.15)2 + 22 > 0.01

Because of symmetry, only half domain symmetric about z axis is consid-
ered. The boundary conditions are

p(x,0,2) =1, p(x,0.3,2)=0 (4.13a)
M = 0 on the rest of boundaries (4.13b)
n

A mesh 10 x 10 x 10 is used at first-scale approximation, from which optimal
relaxation factor is found to be w = 1.75. However, w = 1.8 is adopted in
the calculations. At the second-scale, a mesh 20 x 20 x 20 is employed while
30 x 30 x 30 is used for third-scale.

Figure 4.2 shows the pressure contours obtained from these three scales at
the section = L/2 = 0.1m. The results obtained from the second (dotted
line) and third scales (thick solid line) are almost identical, showing negligible
differences. Slight differences are observed between the first scale (thin solid
line) and the other two scales, particularly around the tumour.

In Fig. 4.3(a), two contour lines (w= 0.043 and w= -0.043) are plotted.
Qualitatively speaking, the fluid has a positive vertical velocity on the left
side of the tumor (w > 0) and a negative one on the right side of the tumor.
The flow is scattered by the tumor.

Figure 4.3(b) shows the contours of flow velocity in the Y-axis. Three sets of
contour for v= 0.5, 0.6, 0.7 m/s obtained from the three-scales are plotted. In
general, the results obtained from the second scale are in acceptable agreement
with those obtained from the third scale, while those from the first scale show
significant differences from the other two scales. Both in front of and behind
the tumor, waves are observable because of the scattering effects of the tumor.

Further improvements on the method may be anticipated. The method
in the present form has several scales of meshes covering the same compu-
tational domains. This is not computationally effective. In the finite ele-
ment method we have fine mesh where the quantities under consideration
change dramatically while coarse mesh where the quantities under consider-
ation change mildly. The same is true of the multi-scale DQ method to be
improved. The first scale acts as coarse mesh covering the whole computa-
tional domain. The second scale acts as fine mesh covering only those regions
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in the whole computational domain where the quantities under considera-
tion experience significant changes. The third scale acts as even finer mesh
covering part of the regions already under the second scale covering. Using
this technique we may anticipate high accuracy with reduced computational
efforts.

To implement the methodology, however, we need to assess and find the
regions where quantities under consideration may experience fast changes. A
measure is needed to do the job. It tells which regions require finer mesh and
which do not. In the simple cases, the measure is a derivative-like quantity.
We have some mature techniques in finite element method and the interested
reader is referred to Bath (1996) for more details.

4.4 Asymptotic multi-scale DQ method

Multi-scale DQ method introduced in the preceding section is characterized
by applying direct DQ method to each scale. In applications, such cases are
available in which one dimension is much smaller than the other two dimen-
sions for a three-dimensional problem. This allows us to employ perturbation
method to simplify a three-dimensional analysis. We take functionally graded
(FG) annular spherical shells for instance to show the applicability of multi-
scale DQ method. Before that, we brief the recent progress in the field of FG
material.

In recent years, considerable studies have been carried out to analyze the
thermoelastic, dynamic and buckling behaviors of functionally graded (FG)
isotropic plates and shells (Shen, 2002; Yang and Shen, 2001; Ma and Wang,
2003). This is attributed to the wide applications of functionally graded ma-
terials (FGMs) as the components of structures in the advanced engineering.
When compared with the traditional and fiber-reinforced laminated composite
materials, FGMs can sustain harsh environments with high temperature gra-
dients while maintaining their structural integrity. It is well known that the
fiber-reinforced laminated composite materials have a mismatch of mechani-
cal properties across an interface due to two different layers bonded together.
By contrast, FGMs gradually and continuously vary the mechanics properties
along the thickness direction by changing the volume fractions of two ma-
terials as desired. The weakness of the fiber-reinforced laminated composite
materials such as debonding, huge residual stress, locally large plastic defor-
mations, etc., can be avoided or reduced in FGMs (Noda, 1991; Tanigawa,
1995). Hence, FGMs hold great potentials for engineering applications, es-
pecially in the high-temperature environments such as aerospace structures,
fusion reactors and nuclear industry.

Several approximate 2D solutions for the thermoelastic, dynamic and buck-
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ling analyses of FG plates and shells have been presented in the literature
(Reddy et al., 1999; Yang and Shen, 2001; Pradhan et al., 2000). Wu and
his colleagues have established a number of 3D solutions of thermoelastic,
dynamic and buckling problems of laminated composite doubly curved and
conical shells (Wu et al., 1996a, 1996b; Wu and Chiu, 2001) by using the
method of asymptotic expansion. Other 3D linear analyses of laminated com-
posite plates and shells can also be found in the literature (Fan and Zhang,
1992; Huang and Tauchert, 1992, Bhimaraddi, 1993). Various computational
models of laminates have been developed (Kapania, 1989; Noor and Burton,
1990).

In the present chapter we study the static problem of FG annular spherical
shells by combining the numerical method of DQ with the analytical asymp-
totic expansion approach. By introducing a suitable perturbation parameter
and a set of dimensionless field variables in the 3D elasticity formulation,
we recast the 3D problems as various orders of classical shear theory (CST)
problems. The materials consisting of a mixture of metal and ceramic are
considered to be isotropic and inhomogeneous. The material properties vary
in the thickness direction according to a power law and are dependent on the
volume fractions of the constituents. Direct DQ method is used to obtain
the asymptotic solutions. In the computations, the relevant integrations are
estimated by the method of Gaussian quadrature. The shell considered is
artificially divided by NL layers. The field variables at each order level are
interpolated using the nominal polynomials in each layer in order to avoid the
calculation of convolution integration. According to the recurrence property,
the solution procedure for the leading-order problem can be repeatedly used
for solving the higher-order problems in a consistent and hierarchic manner
(Wu and Tsai, 2003).

4.4.1 Basic three-dimensional equations

Consider a FG isotropic annular spherical shell shown in Fig. 4.4. A sys-
tem of spherical polar coordinates (¢, 8, p) located on the middle surface is
adopted. The radial coordinate, p, is also represented as p = R + ( where R
is the radius of the annular spherical shell at the mid-surface and ¢ is the nor-
mal coordinate measured from the mid-surface of the shell along the thickness
direction. 2h denotes the thickness of the shell. The stress-strain relations for
isotropic materials are given by

c11 c12 ¢12 0

O¢ 0 0 Ep

oo ci2 c11 ¢12 0 0 0 e

o, _ |2 azen (()c » )0 0 £p (4.14)
Top 0 0 0 {2l 0 Yoo [’ '
Top 0000 tenzezl g Yoo

Tgo 0 0 0 0 0 lenze) | g0
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FIGURE 4.4: The geometry and coordinate system for an annular spher-
ical shell.
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whereoy, 0o, 04, Tgp, Top, Teo aNAd Eg, €0, €p, Vops Vop, Voo are the stress
and strain components, respectively; c¢;; denotes the stiffness coefficients and
can be rewritten in terms of engineering constants as ¢11 = (1 —v) E/
(14+v)(1—-2v), c12 = vE/(14v)(1l—2v) where E is Young’s modulus,
v is Poisson’s ratio. In FGMs, the material properties are assumed to be
nonhomogeneous through the thickness direction only (i.e., E = E (p) and
v =1v(p)).

The kinematics relations in terms of the spherical polar coordinates ¢, 6
and p can be expressed as

£ 9y /p 0 1/p

€0 co/pss  Oo/psy 1/p g

Ep |0 0 0p 41
_ . (415

Yop 0 9 — (1/p) 9o/pse uue (4.15)

Yoo dp—(1/p) 0 dp/p ?

Yoo /pse  (9s/p) — (cs/pse) O

in which 0y = 0/0¢, 09 = 0/00,0, = 0/0p,cy = cos$,s54 = sinP; ug, ug and
u, are the displacement components.
The stress equilibrium equations in the absence of body forces are given by

Tpr [P+ To0:60 /PS¢ + Topsp +(0p — 06) Co/p sy + 379p/p =0,  (4.16)

T0,b /p—|— 00,0 /p8¢ + Tpsp +2 T¢90¢/p8¢ =+ 37‘9,,/[) =0, (4.17)

Topss [P+ Tops0 [P Sop+ Opopt TopCs/pse — (0p+09—20,)/p=0. (4.18)

The traction boundary conditions on the inner and outer surfaces are spec-
ified as follows:

[Tops Top, Op) = [O, 0, qlﬂ on (=h (4.19a)
[Tops Top, Op) = [0, 0, q;] on (=—h (4.19Db)

where qu are the external loads at the inner (-) and outer (4) surfaces in the
thickness directions, respectively.

The edge boundary conditions require that one member of each pair of the
following quantities be satisfied,

Nn10g+N2Tpe = Py, OF Up = Uy (420&)
N1Tge +N209 =P, OF Up = Up (4.20b)
N1 Tgp+MN2Tgp =Pp, OF U, =1, (4.20c)

where pg, pg and p, are applied edge loads; %y, g and %, are the prescribed
edge displacements; n; and ne denote the outward normal at a point along
the edge.
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4.4.2 Nondimensionalization

A set of dimensionless field variables is defined in the present formulation
as follows:

v=¢/c, y=0/c, 2=(/Re* (4.21a)
u =ug/Re, v =up/Re, w = u,/R; (4.21b)
0r =04/Q, 0y =09/Q, Tuoy="Teo/Q; (4.21c¢)
Tz = Top/QE,  Tyz = Top/Qe, 0. =0,/Qe. (4.21d)

in which €2 = h/R and Q stands for a reference elastic modulus.

Herein, the displacements ug, ug, u, and transverse stresses Tg,, Top, 0p
are regarded as the primary variables; the in-surface stresses o4, 09, T¢9 as
the dependent variables. After eliminating the in-surface stresses from Egs.
(4.14) to (4.18) and then substituting Eq. (4.21) into the resulting equations,
we can reformulate the basic 3D equations in the dimensionless form of

W,y = —€2L1 u —52 lgw—|—64(Q/Cll) gz, (422)
u, = —Dw+e’Lou+e?So, +e*28 oy, (4.23)
Oso=—Lyu— Lyw—¢e?Ly 0, — e?Lgo, — 'Ly 0, — e'Lgo,,  (4.24)
0.,= Lou+ ligw — DT 0s — 190Tws —EQZDT o (4.25)

— e22ly0Tp, — €%lo10, — tlag0, '
om = Lipu + Lijw +82L120'Z, (426)
where u = {u ’U}T,O'S = {7 Tyz}T, Om = {0z 0oy sz}T, D =
T o (011 — 612) /2 0 B (=T~ .
{6;3 6y/8¢} ) S - Q |:O (011 _ 012) /2 5 Lz(l—l 12),

L;(i=1~12) are given in Appendix A.
The dimensionless forms of lateral boundary conditions on the inner and
outer surfaces are specified as follows:

[Tazy Tyzy 02] =10, 0, ¢f] onz=1, (4.27a)
[Tazy Tyzr 0] =10, 0, ¢;] onz=—1. (4.27Db)

where ¢ = qu/QEQ.
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The edge boundary conditions require that one member of each pair of the

following quantities be satisfied,

N0z + N2 Tyy =Pz, OF U
v

N1 Tey +N20y =Py, OF

anzz+n2Tyz:Z_)z; or w=w,

u,

v,

(4.28a)
(4.28b)
(4.28¢)

Whereﬁz = ﬁd)/Qv ﬁy = 139/@5 P = ﬁp/Qa; u = ﬁqb/REv v = 1_L¢/R6, w = ﬁP/R

4.4.3 Asymptotic expansion

Equations (4.22) to (4.26) contain only even power terms of ¢. In view of

this, we can we expand the displacements and stresses in the form of

f('rv Y, 2z, 6) = f(O)('rv Y, Z) + 52f(l)(xa Y, Z) + E4f(2)(17, Y, Z) + .

(4.20)

By substituting Eq. (4.29) into Egs. (4.22) to (4.26) and collecting coeffi-
cients of equal powers of €, we then obtain the sets of equations for various

orders as follows.
Order £Y:

w(oy,z = 0,
u(O)uZ =-D w(0)7

Tsioyr2 = — Lz ug) — Lu w(o),

UZ(()))Z = L9 u(O) + 119 w (0) — DT US(O) - l207-mz(0)7

Ome, = Lioup) + Lii w),

Order %! (k=1,2, ... ):

Wry,: = —Li g1y — lswe_1) +(Q/c11) o5y,
Uky,z = — D W(k) + Lo U(p—1) + S Osg,_1) + zS Os(_2)>

Tsiyrz= — Lz ugy) — Ly wy —Ls Tseory — 160z s,

- L7 US(k,g) - LSUZ(k,g)v

O'Z(;C)vz = L9 u(k) + 119 w (k) — DT US(k) - ZQOsz(k) - ZDT US(k,l) (

—ZZQOTzz(k,U - lzlaz(k,l) - 122Uz<k,2)7

(4.30)
(4.31)
(4.32)
(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

4.38)
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Omgy = Ly ug) + L W(k) + ngoz(kil) , (4.39)
where f(;= 0 when i is a negative number and f stands for the field variables.
By substituting Eq. (4.29) into Eq. (4.27), we arrive at the lateral boundary
conditions on the inner and outer surfaces for various orders as follows.
Order O(£%):
[Tmz(O)v Tyz(0)>» UZ(O)} = [07 Oa q:} on 2z = 15 (440&)
[sz(o)ﬁyz(o),oz(o)} = [0,0,qz_] on z=-—1. (4.40b)

Order O(e?) (k=1, 2, ... ):
[Tmz(k:);Tyz(k);az(k:)} = [0,0,0] on z=1, (4.41&)
[Tmz(k:); Tyz(k);a.z(k:)} = [0, 0, 0] on z=—1. (4.41b)

4.4.4 Successive integration and CST

The asymptotic equations in Eqs. (4.30) to (4.33) can be integrated with
respect to z in succession. As a result, we obtain at the leading order

wy = wo(x, ¥Y), (4.42)

ug) = up (z, y) — z D wy, (4.43)

Osy = —/ [Lz (wp — nDwo) + Ly wo] dn, (4.44)
-1

Oy = J 3 [Lo (ug — 9D wo) + g wo] dn
+ /5 {(z—n)DT [Ls (up—nD w0)+L4w0]}dn (4.45)

+lo0 [ 5, {(z—n) [Lis(uo—nDwo) +lowo] } dn + ¢,

where wq(x,y), ug = {ug(z,y) vo(x,y)}T represent the displacements on
the middle surface and Lyz = [I5  lg).

By substituting the lateral boundary conditions at the upper surface in
Eq. (4.40a) into Eqs. (4.44) to (4.45) and making a simple manipulation, we
obtain

Kiiug + Kiovg+ Ki3wy= 0, (4.46)

Ko ug + Koz vg+ Koz wg =0, (4.47)
Ks1ug+ Ksavg + Kszwo = qf — q (4.48)
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where

K = — [A110s + (A1 — A1) Byy /252 + A118gdy /55 — Arah/R — Ay /s2]
Ki2 = = [(An1 + A1) 8y /255 — (3411 — A12) S50, /23],
K13 = B110y00 + B11 azyy/si + B11Cg Oza/5¢ — 2B116¢8yy/535

— (A11 + Az + Bioh/R + B1125/s3)0,

Ko = —[(Ai1 + A12) Ouy /254 +(3A11 — A12)¢40, /257

Koz = — [(A11 — A12) 020 /2 + A118yy /55 + (A11 — A12) G404 /254
+ (A1 — As) (h/R — 263) /253)

Ko3 =B11032y/5¢ + Bllayyy/si + Bllabamy/si
— [(A11 + A12 = Binh/R + Bi2h/R)/s4] 0y

K31 = — By1 Opze — B11 3zyy/835 —2B11Cp Opz/Sp — Blléqbayy/s?b
+ (A11 + A1z + Biih/R+ Bish/R + B &, /s3)0,
+ (A11 + A12) €9/5¢ — B11(2¢sh/R — ) /55 + B1atsh/Rsg
Ksy = — B1102ay/5¢ — B110yyy /s + B11Cy0ay/ s,
+ [(A11 + A12)/s¢ — Bi1h/Rs — Biih/Rsg + Biah/Rsg] 0,
K33 =D11 Opgea + 2D11 3myy/535 + Duayyyy/si +2D11C¢0zza/S¢
— 2D11C¢ Oayy /sy, — (2B11 + 2B1a + D11h/R+ Dish/R + D116 /s3) Oza
— [2(B11 + Bi2)s;, + Dia(h/R — &) — D11(3h/R + &)] yy/s;
+ [2411 + 2A12] — [(2B11 + 2By + D12h/R)cy /s
— D11(2¢4h/R — &}) /s3] 0,

1 1 1
Aij = / Qij dZ, Bij = / ZQij dZ, Dij = / 22 Qij dz .
-1 1 -1

From the governing equations for displacements in Donnell’s CST (Donnell,
1976), it is found that the Donnell’s CST theory can be used as a first-order
approximation to the 3D theory.

Carrying on the analysis to order £2¥ by integrating Eqs. (4.35) to (4.38)
in succession, we obtain

Wy = wk (T, y) +dsx (2, ¥, 2), (4.49)

ug = w(z, y) — 2z Dwp+ ¢, (2, y, 2), (4.50)
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To(ky = — / [Lz(ur — nD wy) + Lywg] dn — i (2, y, 2), (4.51)
1

Oz(k) = fjl Lo (up —n D wy) + lio wi] dn
+f_z1{(2—77)DT [Ls (up —nD wk)+L5wk]}dn (4.52)

+ oo [ 7 {(z = 1) [L1s (up — n D wy) + lugwi]} dn — far(z, y, 2),

where wj, and uy, represent the higher-order modifications to the displacements
on the middle surface, and

up = {uk(x7y) Uk(x7y)}T

fau(z, y, 2) = —/ [DTf;C + 120 f1 + Lo + li9Par — UDngk_l)
-1

— oo TETY — Iy oY — 1y o (FDdp

fk:: flk(xvyvz)
f2k (Iv Y, Z)
(k—1) (k—2)

= f_zl {L3¢k + Lygar + L5U§k71) + Lgo: + L7a£k*2) + Lgo: }dn,

bak(z, y, 2) = —/ [Liug—1) + I3 w—1) + (Q/cs3) 0262 dn,
0

o= {orte v = [ Ly #8180 D ] dy

Upon imposing the associated lateral boundary conditions in Eq. (4.41) on

Eq. (4.51) and Eq. (4.52), we obtain the CST-type equations with nonhomo-
geneous terms carried over from the lower-order solution.

Kiug + Kigvp + Kisw = fig (2, y, 1), (4.53)

Kot ui, + Kog v, + Kogwi, = for, (z, y, 1), (4.54)

K31 u + Ksg v, + Ksgwy, = far, (z, y,1) + DTfk(xa y, 1) + 20 fix(z, y, 1).
(4.55)
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4.4.5 Edge conditions

The governing equations at each order level associated with the appropriate
edge boundary conditions will compose a well-posed boundary-value problem.
However, it is noted that the solution procedure for various order problems
can hardly be accomplished by satisfying the edge conditions in Eq. (4.28)
point by point on the edge surfaces. A common treatment in the literature
is to satisfy the edge conditions in their resultant forms. According to the
variational principles for finite deformations (Washizu, 1982), we derive the
resultant forms of the edge conditions at each order level instead.

The edge boundary conditions are turned out from

h
]{ / [(n10g +naTee — Pe) dug + (1740 + 1206 — Py) 6 ue,
I J—h
+ (n17'¢p +neTp, — ﬁp) 6’U,p] d¢dl’ =0 (456)

where I' denotes the edge contour of the shell.
The dimensionless form of Eq. (4.56) can be written as

1
7{ / [(n1Y60z + N2YgTay — VD )0U + (N1Y0Tay + N2VTy — ViDy)OV
rJ-1
+ (MY9Taz + N2YeTyz — Yt )ow]dzdl = 0 (4.57)

where T' denotes the edge contour of the mid-surface of the shell, n, dl' =
Yo N1 dl’, nodl = ngw,dl:‘ and v = v = 7% = 1+ hz/R in the set of
spherical polar coordinates.

By asymptotically expanding the field variables in the form of Eq. (4.29),
we can decompose Eq. (4.57) into

1
ﬁ /1 [ (n1790 02(0) + M2V Tuy(0) — Vebz) Ou

+ (1170 Toy(0) + N2 Y6 Oy(0) — Viby) 60 (4.58)
+ (7196 Twz(0) + M2 Y6 Tyz(0) — WP=) Sw] dzdl' =0

1
jéf 11 [ (1796 00y + 1276 Tay(k)) Ou

+ (1176 Tay(r) + 1276 Oyry) O (4.59)
+ (N1 Y0 Twz(k) + N276 Ty2(k)) Ow] dzdl =0

At the c%-order, based on Eqs. (4.29) and (4.30), the variations of the
displacements can be given by
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ou = dug — 20 W,z (4.60a)
dv =080 — 20 W,y (4.60Db)
dw = dwy (4.60c)

By substituting Eq. (4.60) into Eq. (4.58), we obtain

ﬁ (n1Nz(0) + n2Nyz(0) — Nz (o)) 0 uo dT’

ﬁ (n1 N,y (0) + n2Ny0) — Nuy(oy) 0 vo dl’

]{f (11 M0y + n2Mya(0) — Mpa(o)) 6 wo,e dT (4.61)
+ f} (n1Qu(0) + n2Qy(0) — Qna(0)) dwodl

]{f (n1 Moy (0) + n2My(0) = My (0)) 6 wo,y dT =0
where

1
[Na0) Nay©) Nyz0) Nyo)) = / 1 [Y602(0) V0Twy(0) VoTay(0) Vo0y(0))d2

1
M0y Muyo) Myso)y My(o)] :/12[790m(0) YoTay(0) VéToy(0) VoTy(0)ldz
1
[Qu0) Quo)] = / 1 [ 0Te(0) V6 Ty=(0)] d2
B B B 1
[Nnm(O) Nny(O) an(O)} = / 1715 [ﬁm Dy ﬁz} dz

1
[ Mpz(0) Muy(o)] = / Al [Pz Dy ] d2

By using the transformation matrix relating the field variables in x and y

directions to those in the normal and tangential directions, we can rewrite Eq.
(4.61) as

$7 (Nngo) = 9 S0 dL + $1 (Noto) — No(oy) (5u50 dr’
—$r (M ©0) = My(0)) dwo.n @F—f—( «0) — M) Swo,s T (4.62)
+ 5 (Qno) — Qn(O)) Jwodl =0

According to Eq. (4.62), it is observed that each term in Eq. (4.62) rep-
resents admissible boundary conditions at each point along the edge contour.
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Based on physical considerations, we usually combine the last two bound-
ary conditions of Eq. (4.62) into a single boundary condition. As a result,
once the moment is continuous along a smooth contour, Eq. (4.62) can be
converted to

$r (Na(0) = Nugo)) 8 uno dL + $1 (No(o) — Ni0)) 8 s dT

= 4.
(Mn(o) — Mn(O)) 6w0,n dr + ff (Vn(O) - Vn(O)) (511}0 dl' =0 ( 63)

r
where Vn(O) = Qn(o) + MS(O),S, Vn(o) = Qn(o) + MS(O),S and the boundary
condition V,, = V,, is known as the Kirchhoff free-edge condition.

For an annular spherical shell, Eq. (4.63) turns out that the edge conditions
at = constants for the -order are of the form

Specify ug or Ny = Ny, (4.64a)
Specify  vg  or  Nyy(0) = Nuy(0) (4.64b)
Specify  wo,. or My = ]\711(0), (4.64c¢)
Specify wo or Vi) = Vw(O)' (4.64d)

At the higher-order level, the variations of the modifications to the displace-
ments are expressed as

ou=7~0ug — 20 W,z (4.65a)
0v =0 vk — 20 Wi,y (4.65Db)
dw = 6wy (4.65¢)

By substituting Eq. (4.65) into Eq. (4.59) and following the similar deriva-
tion at the leading order level, we obtain

§f‘ Nn(k) 0 Unk dl + fﬁ Ns(k) 5usk dar

= 4.
_ff Mn(k) 6 wy,, dI' + ff Vn(k) dwrdl =0 (4.66)

In view of Eq. (4.66), the edge conditions at z= constants for the e¥-order
are of the form

Specify ur or Ny =0, (4.67a)
Specify v or  Ngym =0, (4.67b)
Specify wy,, or Ml(k) =0, (4.67¢c)
Specify wy or ng) =0. (4.67d)

In the present formulation, it is shown that the 3D theory is reformulated
as the recursive sets of the CST governing equations for various orders (Egs.
(4.46) to (4.48) and Eqs. (4.53) to (4.55)) where the differential operators K;
(i, j= 1, 2, 3) remain unchanged at various levels and the nonhomogeneous
terms for higher-order level can be calculated from the lower-order solutions.
The edge boundary conditions for various orders are derived in the forms of
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resultants. With the appropriate boundary conditions at edges in Eqgs. (4.64)
and (4.67), the 3D analysis finally is asymptotically expanded as a series of
CST problems to be determined.

Example 4.1 Isotropic Annular Spherical Shell(1)

Here we consider the FG isotropic annular spherical shells with simply sup-
ported edges under lateral loads for the sake of illustration. The lateral bound-
ary conditions at the inner and outer surfaces of the shell are specified by

{To: Tyz 0.} ={0 0 ¢ (x)cosmylonz=1, (4.68a)
{Tez Ty 0,3} ={0 0 O0}onz= -1, (4.68b)

where m = m+/h/R and m is a positive integer.
The boundary conditions on two edges, the small edge at ¢ = ¢y and the
large edge at ¢ = ¢1, are specified as £2* —order (k= 0, 1, 2, ...):

Vg = W = Nm (k) = Mm(k) =0. (469)

When the spherical shell is not truncated, the symmetric conditions at the
apex (¢ = 0) should be taken into account and given by £2* — order (k=0, 1,
2,...):

Uk =V = Wkygp = z (k) = 0. (4.70)

We let the displacements of the leading order be of the form

ug = tp(x) cos my (4.71)
vo = Yo () sinmy (4.72)
wp = wo(x) sinmz (4.73)

By substituting Eqgs.(4.71) to (4.73) into Eqgs.(4.46) to (4.48), we have the
leading-order equations:

ki1 k12 ki3 Uo(z) 0
ka1 koo ko3 To(xz) p =10 , (4.74)
k31 ks k33 wo() a (x)

where
k11 = —(A11000 + A118402 /56 — M7 (A11 — A1) /255 — A1sh/R— A&, /s3),

k12 = — [ﬁl (All + A12)81/28¢ — ﬁl (3A11 — A12)5¢/2S§5} 5

k13 = B11032z + B11Cp Oz /sy — 1> By 31/835
—(A11 + Arz + Biah/R + B11¢;/s3)0, + 2m*Bi1cy /s

kor =m [ (A1 + A12)31/28¢ + (3411 — A12)5¢/2S?§} ,
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k22 = _[(All - A12) 811/2 + (All - A12) E¢6m/28¢ — ﬁ’L2A11/Si
+ (A1 — A12) (h/R - 2¢3) /2s3],

k23 = —m B11 811/8(;5 —m Blléqbam/si + mSBll/Sgb
+m [(A11 + A12 — Biih/R + Biah/R)/s4],

k31 = —B11 Opga — 2B11C Oza/Sp + (A11 + A12 + Bi1h/R + Bish/R
—|—B115${Sé)8x —I—_TZLQB? 81/82_4— (A11 + Alg) 5¢/S¢ + ﬁlzBllé(ﬁ/Si
—B11(2¢4h/R —¢;)/s; + Bia€sh/Rsg

kso = =i B110ya/sg +m Bucydy/s3 +m° Bu /s
+m [(A12 + Agz)/8¢ — Bllh/RSi — Bllh/RS¢ =+ Blgh/RS(b} ,

kss = D11 Ozzaz + 2D116¢0z20/5¢ — (2 B11 + 2B12 + D11h/R + D12h/R
+ Dlléi/;si)am - 27712?11 8mm/5§§_ [%szllfﬁ /835 —|—4(2B11 + 2B12
+ Dlgh/R)C¢/S¢ - D11(2C¢h/R — C¢)/S¢]am +m D11/8¢
+ ’ﬁ’L2 [2(B11 + Blg)Si + Dlg(h/R - 55)) - D11(3h/R + 5;)]/83‘5
+ [2A11 + 2A19] .

It is noted that Eq. (4.74) consists of a set of differential equations with
variable coefficients. The direct DQ method is used for solving these equa-
tions.

The first two governing equations in Eq. (4.74) are applied at the interior
points (i= 2, 3, ..., N-1) and the third governing equation at the interior
points (i= 3,4, ..., N-2) where N is the total number of the sampling points.
Boundary conditions in Eq. (4.69) at the leading order (k= 0) are applied
at the edges. Finally, a system of 3V algebraic equations in terms of 3NV
unknowns (i.e., the mid-surfaces ug, vg and wp at all the sampling points) is set
up. The resulting equations can be solved by using the Gaussian elimination
method. Once ug, vo and wy are determined, the displacements of € order
can be furnished by Egs. (4.42) to (4.43), the transverse shear and normal
stresses by Eqgs. (4.44) to (4.45), and the in-surface stresses by Eq. (4.34).

Carrying on the solution to order £2* (k= 1, 2, 3, ...), we find that the
non-homogeneous terms in the e2*-order equations are

flk(xa Y, 1) = flk(xv z = 1) COSﬁLy, (475)
for(z, y, 1)= fgk(l‘, z=1) sinmy, (4.76)
far(z, y, 1) = far(z, z=1) cosmy. (4.77)

In view of the recurrence of the equations, we let the displacements of 2-
order be of the following form

ug = g (x) cos my (4.78)
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By substituting Eqs. (4.71) to (4.73) into Egs. (4.53) to (4.55), we have

ki kig kig | ( fik
ko1 koo kaos Uk 0 =4 fae ) ) (4.81)
k31 k32 k33 W f3k + fakoe + M for/Se + Cofir/5¢

By comparing Eq. (4.81) with (4.74), it is found that they have the same
coefficient matrix but different nonhomogeneous terms. Since the nonhomo-
geneous terms in Eq. (4.81) can be calculated from the lower-order solutions,
Eqs.(4.81) and (4.74) belong to the same type of mathematics problems.
Hence, solution procedure of the DQ method for solving the leading-order
problem can be continued to the higher-order problems.

Example 4.2 Isotropic Annular Spherical Shells (II)

The static problems of FG isotropic annular spherical shells with simply
supported edges are considered again. The annular spherical shells are sub-
jected to the lateral loads (i.e., qzr = q('; (¢) cosmB) at the outer surface
where qg(d)) are uniformly and sinusoidally distributed in the meridian direc-
tion. The FGMs consist of stainless steel and silicon nitride. Touloukian’s
formula (Touloukian, 1967) relating the material properties to the environ-
ment temperature is adopted and given by

P=Py(P1T '+1+PT+PT?+PT° (4.82)

where P =F or v; P_y, Py, P1, P, and P; are temperature coefficients
and those values of stainless steel and silicon nitride are listed in Table 4.8.
T denotes the temperature in the working environment. As it is known, the
temperature change between the fabrication and working environments will
approach the steady state for a long time. Hence, the heat conduction and
the temperature-dependent material properties are neglected in the present
analysis for simplicity. The stresses and displacements of functionally graded
annular spherical shells under the mechanical loads in a particular working
temperature are considered.

TABLE 4.8: Properties of materials*

Stainless steel Silicon nitride

Coefficients E(N/m?) ” EN/m?) %
Py 201.04x10° 0.3262 348.43x10° 0.24
P_q 0 0 0 0
Py 4.079%x107%  -2.002x10"% -4.070x10~* 0
Py -6.534x1077  4.790x10~7 2.160x10~7 0
Ps 0 0 -8.946x 10~ 1! 0

207.82x10° 0.3177 322.4x10° 0.24
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*The properties were evaluated at T= 300 K.

The material properties of the FG shell are expressed as

Efgm = (B2 — Ey) (%) + B (4.83)
h n
Vigm = (v2 — v1) (C;—h) + 1 (4.84)

where n is the power law exponent.

It is clearly indicated in Egs. (4.83)-(4.84) that at the inner surface (¢=
-h) the material properties are the same as those of material 1 (i.e., silicon
nitride) while at the outer surface ((= h) the material properties are the same
as those of material 2 (i.e., stainless steel). In addition, the material properties
of the FG shell are graded in the thickness direction by following a power law
distribution of the volume fractions of the constituents.

The normalized parameters of deflection, stress, force resultant and moment
resultant are defined as

w = [102E1(2h)°/qoR" ($1 — ¢0)"] u, (4.85a)
Ny = 10Ny (2h)* /qoR* (¢ — ¢o)* (4.85b)
My = 10"My(2h)?/goR* (¢1 — o) (4.85¢)
(04,50.0,) = (09, 09,05) /90 (4.85d)
(T60> Top» Top) = (Te0, Top Top) /0 (4.85¢)

The power law exponents are taken as n= 0, 0.1, 0.5, 1, 5, oo, the geometry
parameters are ¢g = 10°, ¢; = 90° and the ratios of radius-thickness are
taken as R/2h= 5, 10, 20.

To enhance the efficiency of the asymptotic approach, we develop a multi-
layer computational scheme where the FG shell is artificially divided into NL
layers. Once the asymptotic solutions of the field variables for various orders
are obtained, they are interpolated as NL piecewisely continuous polynomials
so that the complicated computation for evaluating the convolution integrals
in the present formulation can be avoided and the computation time is saved.
The accuracy and convergence of the NL-layer computational scheme are ex-
amined below.

(a) Azisymmetric FG Annular Spherical Shells

We consider the axisymmetric static problems of FG annular spherical shells
under lateral loads. The external lateral loads are assumed to be independent
of the circumferential coordinate and the wave number m is taken as zero. The
asymptotic multi-scale DQ solutions are presented in Tables 4.9 to 4.12. Table
4.9 shows asymptotic multi-scale DQ results for middle-surface deflection at
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the center along the meridian direction with R/2h= 10, n= 0.1, q;; = —qo,
and qg is constant. It is observed from Table 4.9 that the convergence of the
results can be achieved when the number of sampling points N = 35 and
Gauss points NG = 26 in a two-layer computational scheme whereas N= 35
and NG = 20 in a four-scale computational scheme. The present e’-order
results are identical to those of Donnell’s CST. The relative error between
the present convergent solution and the CST one is up to 18%. Tables 4.10
to 4.12 show the CST and the present asymptotic solutions of displacement
(W), moment resultant (My) and force resultant (Ny) at the center of FG
annular spherical shells for different radius-thickness ratio. It is observed that
the convergent solutions are furnished at the 2-order level for thin shells (i.e.,
R/2h= 20), at the e*-order level for moderately thick shells (i.e., R/2h= 10)
and at the £5-order level for thick shells (i.e., R/2h= 5). The magnitudes
of central deflection of FG annular spherical shells are shown not to lie in
between those of isotropic annular spherical shells. The central deflection of
FG annular spherical shells increase as the power law exponent n increases
from 0 to 0.5, and then decrease as n is larger than 0.5. This is mainly due to
the fact that extensional and bending stiffnesses decrease as n increases and
coupling stiffness initially increases and later decreases as n increases. This is
also reported in the literature (Pradhan et al., 2000).

(b) FG annular spherical shells

The simply supported FG annular spherical shells subjected to the sinu-
soidally distributed lateral load ¢} = qo sin[(¢ — ¢o) 7/ (1 — ¢o)] cos 0, are
considered. The geometry parameters of the shell are ¢y = 10° ¢; = 90°,
R/2h= 10. The material properties are the same as those adopted in the
above section and n= 0.2. The distributions of field variables through the
thickness direction are plotted in Figs. 4.5 and 4.6. It is shown that the
present leading-order solutions are significantly improved as calculation is
performed to the e2-order level. It can be observed from Figs. 4.5 and 4.6
that the asymptotic solutions converge rapidly. Also as shown in Figs. 4.5
and 4.6, the field variables are continuous through the thickness direction due
to the fact that FGMs gradually and continuously vary the mechanical prop-
erties along the thickness direction. The traction conditions at the outer and
inner surfaces are satisfied exactly. The magnitude of in-surface stresses is
much lager than that of transverse shear stress.
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TABLE 4.9: Convergence of displacements of FG annular spherical
shells under uniform lateral loads (n = 0.1R/2h = 10)
NL Theory NG=16 NG=18 NG=20 NG=22 NG=24 NG=26
2 Donnell’s CST 2.73863 2.75370 2.77359 2.77873 2.78932 2.79892
Present (N= 31)

2.73863 2.75370 2.77359 2.77873 2.78932  2.79892
2 4.34235 4.36074  4.38591  4.39127  4.40420 4.41592
4 4.36098  4.37951  4.38258 4.41028  4.42329  4.43515
6 4.35024  4.36874  4.36285 4.39943 4.41241 4.42418

m M M O
=t

Present (N= 33)

0 2.73863 2.75370 2.77359 2.77873 2.78932 2.79892
2 4.34235 4.36074 4.38591 4.39127 4.40420 4.41592
4 4.36097  4.37950 4.38257 4.41027 4.42328 4.43510
6 4.35020 4.36870 4.36215 4.39939 4.41237 4.42414

m M M 0

Present (N= 35)

0 2.73863 2.75370 2.77359 2.77873 2.78932 2.78992
2 4.34235 4.36074  4.38591  4.39127 4.40420 4.41592
4 4.36096  4.37950 4.38257 4.41026 4.42328  4.43508
6 4.35017  4.36867 4.36180 4.39937 4.41235 4.42412
4 Donnell’s CST 2.78334 2.79742 2.81125

Present (N= 31)

3
£
3
£

2.78334 2.79742 2.81125
4.40000 4.41720 4.43424
4.42003  4.43735  4.44029
4.41022  4.42751  4.42475

)

m M M

2.78334 2.79742 2.81125
4.40000 4.41720 4.43424
4.42002  4.43734  4.44029
4.41018  4.42747  4.42422

m M M 0

0
2
4
6
Present (N= 33)
0
2
4
6

Present (N= 35)

g 2.78334 2.79742 2.81125
g2 4.40000 4.41720 4.43424
et 4.42001 4.43734  4.44028
6 4.41016  4.42745  4.42396

Note: W = 102E1(2h)3u,/qoR* ($1 — ¢0)*




TABLE 4.10: Displacements, moment resultants and force resultants of FG annular spherical shells under

uniform lateral loads (R/2h=20)

Variables Theory Material 1(n =00 ) Material2 (n =0) n=01 n=05 n=1 n=>5
W(?—g, 6,0) Donnell’s CST 0.94030 0.94820 1.14441 1.22172 1.15355 1.01906
Present &° 0.94030 0.94820 1.14441 1.22172 1.15355 1.01906
g2 1.03630 1.04981 1.26618 1.34902 1.27202 1.12171
et 1.03455 1.04780 1.26371 1.34638 1.26957 1.11970
o 1.03378 1.04687 1.26261  1.34528 1.26858 1.11889
My(22)  Donnell’s CST 0.01333 0.01627 0.0187  0.02250  0.02290  0.01835
Present &° 0.01333 0.01627 0.0187  0.02250  0.02290  0.01835
g2 -0.01143 -0.01139 -0.00858 -0.00349 -0.00222 -0.00578
gt -0.01411 -0.01458 -0.01174 -0.00649 -0.0051 -0.00845
o -0.01408 -0.01454 -0.01170 -0.00646 -0.00507 -0.00842
Nd,(?—”) Donnell’s CST -0.11687 -0.11702 -0.11704 -0.11690 -0.11672 -0.11650
Present &° -0.11687 -0.11702 -0.11704 -0.11690 -0.11672 -0.11650
g2 -0.12476 -0.12524 -0.12534 -0.12524 -0.12500 -0.12451
gt -0.12310 -0.12336 -0.12348 -0.12347 -0.12329 -0.12288
gl -0.12291 -0.12314 -0.12326 -0.12326 -0.12309 -0.12269

ﬁote: W = 102E1 (2h)3up/qu4(¢1—¢o)4; M(z, = 104M¢(2h)2/QQR4(¢1—¢0)4;
Ng = 10*Ny(2h)? /qoR*(¢1 — ¢o)*

idh
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TABLE 4.11: Displacements, moment resultants and force resultants of FG annular spherical shells under

uniform lateral loads (R/2h= 10)

Variables Theory Material 1 (n = o0) Material2 (n =0) n=01 n=05 n=1 n=>5
W(?—g, 6,0) Donnell’s CST 2.30531 2.32233 2.79742  2.97884 2.81329 2.49486
Present &° 2.30531 2.32233 2.79742 297884 2.81329 2.49486
g2 2.79379 2.84081 4.41720 4.62367 4.41244  4.01497
et 2.80904 2.85814 443734 4.64333 4.43008 4.03012
o 2.80209 2.84979 4.42745 4.63343 4.42117  4.02278
My(22)  Donnell’s CST 0.47214 0.51790 0.53792  0.55690 0.54739  0.49260
Present &° 0.47214 0.51790 0.53792  0.55690 0.54739  0.49260
g2 0.30149 0.33023 0.35627 0.38843 0.38457  0.33056
et 0.24788 0.26694 0.29393  0.32968 0.32842 0.27800
o 0.24487 0.26298 0.28997 0.32594 0.32492  0.27496
Nd,(?—”) Donnell’s CST -1.01350 -1.01343 -1.01130 -1.00688 -1.00544 -1.00777
Present &° -1.01350 -1.01343 -1.01130 -1.00688 -1.00544 -1.00777
g2 -1.20687 -1.21842 -1.21664 -1.20955 -1.20458 -1.19973
gt -1.18627 -1.19550 -1.19434 -1.18862 -1.18428 -1.17983
gl -1.17857 -1.18631 -1.18532 -1.18018 -1.17625 -1.17231

Note: W = 102E1 (2h)3u,/qoR*(¢1 — ¢o)*; My = 10*My(2h)2/qoR* (61 — p0)*;

Ny = 10Ny (2h)® /qoR*(¢1 — do)*

POYPRP 94NIDUPDNE) (0UULYJ1(T 2]D0G 2)dan

Lyl



TABLE 4.12: CPU Time and maximum error for Gauss elimination

Variables Theory Material 1 (n = c0) Material 2 (n =0) n =01 n=0.5 n=1 n=>5
W(?—g, 6,0) Donnell’s CST 4.79901 4.97702 5.98201 6.36833 6.03315 5.39775
Present £° 4.79901 4.97702 5.98201 6.36833 6.03315 5.39775
g2 7.24606 7.36911 8.83240 9.32345 7.78034 7.79820
gt 7.58387 7.75030 9.28073 9.77185 9.18767 8.14658
eb 7.55732 7.71987 9.24461 9.73523 9.15429 8.11874
Mcﬁ(%) Donnell’s CST 6.86724 7.22234 7.32013 7.36058 7.25941 6.90312
Present &° 6.86724 7.22234 7.32013 7.36058 7.25941 6.90312
g2 7.02803 7.43021 7.58904 7.71356 7.61678 7.16067
g 6.26603 6.56591 6.74684 6.92853 6.86418 6.43658
eb 6.08639 6.34432 6.52882 6.72527 6.67222 6.26104
N¢(?—ﬁ) Donnell’s CST -6.84559 -6.75335 -6.72398  -6.72411 -6.76832  -6.88397
Present £° -6.84559 -6.75335 -6.72398  -6.72411 -6.76832  -6.88397
g2 -10.58589 -10.66312 -10.61243 -10.53931 -10.53188 -10.57946
e -10.82339 -10.93870 -10.89200 -10.81415 -10.79667 -10.82165
g8 -10.62367 -10.70958 -10.66947 -10.60727 -10.59822 -10.63017

Note: W = 102E1(2h)%u,/qoR* (1 — ¢0)t; My = 10°My(2h)%/qoR (¢1 — d0)%;
N¢ = 1O4N¢(2h)3/q0R4(¢1 — ¢0)4

V1
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FIGURE 4.5: Distribution of the results through the thickness of a FG
annular spherical shell under a uniform lateral load: (a) the central deflection
(b) in-surface normal stress.

Herein the asymptotic multi-scale DQ solutions for the static analysis of
FG isotropic annular spherical shells are presented to verify the applicability
of multi-scale DQ method. By using the asymptotic expansion method, we
obtain the recursive sets of Donnell’s CST governing equations for various
orders. Then the DQ method is adopted to determine the asymptotic solu-
tions. In the illustrative examples, it is shown that the present asymptotic
multi-scale DQ solutions converge rapidly. Similar to the case of axisymmet-
ric FG annular spherical shells examined above, the convergent solutions for
the general FG annular spherical shells are obtained at the e2-order level for
thin shells (i.e., R/2h= 20), at the e*-order level for moderately thick shells
(i.e., R/2h= 10) and at the £%-order level for thick shells (i.e., R/2h= 5).
Since FGMs change the mechanical properties along the thickness direction
in a gradual and continuous manner, the present asymptotic theory yields the
continuous distributions of all the field variables along the thickness direc-
tion. The traction conditions at the inner and outer surfaces are also exactly
satisfied.

It is noted that the FG annular spherical shells would possibly undergo
nonlinear buckling and the deformation should be beyond a linear range once
the critical buckling loads are reached. More works are required to extend the
present asymptotic approach to the analysis of nonlinear problems.
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4.5 DQ solution to multi-scale poroelastic problems

A poroelastic material consists of an elastic matrix containing intercon-
nected fluid-saturated pores. Poroelasticity describes the deformable behav-
iors of poroelastic material under loading. It postulates that when a porous
material is subjected to loading, the resulting matrix deformation leads to
volumetric changes in the pores. Since the pores are fluid-filled, the presence
of the fluid not only acts as a stiffener of the material, but also results in
the flow of the pore fluid (diffusion) from regions of higher to those of lower
pore pressure. If the fluid is viscous the behavior of the material becomes
time dependent. On studying soil consolidation, Biot (1941, 1956) proposed a
phenomenological model for quasi-static poroelasticity. Since then the theory
has been applied to broader fields covering industrial filtering, deformation
of arteries and articular cartilage (Cowin, 1999). The literature dealing with
poroelasticity based on Biot’s classical model is voluminous. The interested
reader is referred to Cowin (1999). In this section, we apply multiple scale
approach to re-find the governing equations for consolidation process (quasi-
static poroelasticity).

Besides fundamental assumptions of fluid mechanics and elasticity, Biot
used two more key assumptions in his constructing poroelastic theory. The
first assumption is the so-called effective stress principle and the second the
famed Darcy’s law. The effective stress principle introduced by Terzaghi pos-
tulates that the stress at any point in a poroelastic material is the sum of solid
stress and fluid pressure. The Darcy’s law states that the permeable flow ve-
locity is proportional to the gradient of pore pressure. Although strongly
supported by experiments, these two assumptions make some authors feel un-
satisfactory. Theoretically speaking, these two assumptions should not have
come into poroelastic theory as basic assumptions. The fundamental assump-
tions of fluid mechanics and elasticity, which are the elements of poroelasticity,
should be sufficient to develop the theory. It would be good if we could derive
these conclusions rather than accept them as the basic assumptions of the
theory. Some attempts are thus directed to deriving the poroelastic equations
based on more basic assumptions. Among these attempts are the theory of
mixture and the homogenization. In this section we describe a multiple scale
approach to deal with poroelasticity.

4.5.1 The multi-scale approach

Multi-scale approach is a very effective method to deal with physical prob-
lems which are characterized by the presence of multiple temporal or spatial
scales. Taking a poroelastic medium for instance, we are able to roughly define
two scales. At the small or microscopic scale, fluid and solid are well sepa-
rated. There exists clear boundary between them, and both fluid and solid
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FIGURE 4.7: Poroelastic medium viewed at two scales.

obey their own physical laws as shown in Fig. 4.7. The typical dimension at
this scale is the mean fluid pore size d.

At the large or macroscopic scale, fluid and solid cannot be separated. At
a spatial point, both fluid and solid co-exist. Most physical quantities of
interest, such as solid deformation and consolidation, happen to be on this
scale. At each point at this scale, there are in fact a lot of pores. An analogy
to poroelastic medium is a city. Each house in the city is just like a pore. We
can go in and go out. But when viewed from the sky, each house becomes
a point. We use L to denote the typical dimension at macroscopic scale.
The fundamental assumption in a multi-scale analysis is that the ratio of
microscopic scale d over the macroscopic scale L is a small quantity, that is,

d
= — 1 4.86
e=7 << (4.86)

This small parameter ¢ helps us to define two sets of coordinate systems
Xp=¢c"z Y,=¢"y n=0,1,--- (4.87)
so a function can be expanded in the form of

flz,y) = f%(Xo,Yo) + efH(X1, Y1) + -+ (4.88)

Here we restrict ourselves to two-dimensional theory. A three-dimensional
theory can be obtained in the similar way. Hence the changes of a function
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at two different scales are reflected by their respective components in the two
coordinate systems. Further down the road we may obtain the derivatives

0 0 0

%—6—%+56—)(1+-~' (489&)
2 2 2

L Y (4.89D)

dx?  9X2 0X00X,

Similar equations are obtainable for the derivatives with respect to y. Sim-
ply by combining the above equations, we have alternative forms of differen-
tiations

_ (92 2} go_ (9 9
T (22)w - () (500

V=V’+eV!i+... (4.90b)

The same argument applies to integration, too. Suppose the integration is
performed at the microscopic scale. So fluid and solid are well separated. We
use A to denote the integration domain, Ar and Ag denote fluid and solid
domain, respectively. It is clear that A = Ap + Ag and their intersection
S = ArpNAgis aline set. Note that this is only true at the microscopic scale.
At the large or macroscopic scale, these two relations are not valid any more.
Therefore the following relation holds

O(Ar) = O(As) = O(4) = O(e2) (4.91)

The porosity is then given by the integration over the fluid domain over the
integration domain as shown in Fig. 4.7

1
¢ = —/ dAp (4.92)
A Ja,

The integration of a function f over the fluid domain divided by the inte-
gration domain area A is

1 1
= fdAp = = [fP+ef' 4+ ]dAr (4.93)
A Ja, A Ja,

The first term on the right hand side can be taken outside of the integral
sign since it is a quantity on the large scale independent of the small scale

Ar.

1 0(Xo, Y

- fdAF _ f ( 05 0)
A Ja, A

This equation is in fact equivalent to homegenization process, a frequently

used approach in biomechanics for poroelastic analysis. But such process is

/A dAp = f°(Xo, Vo) + -+ (4.99)
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performed automatically and formally through the above formulas. This pro-
cess is an up-scaling one. The same procedure leads to the following upscaling
of integration of derivatives:

1 of d¢f°(Xo, Yo) 1 O*f
— — dAp =~~~ " 7. _ Z 4 dAr =
Ay, 9000 ox, 0 A, a2

32¢f0(X0,Y0)+. -
oX2
(4.95)
Similar formulas are obtainable for y. These are important equations. Be-
cause what we are interested in is the up-scaling process, we will deliberately
neglect the superscript “0” in the following sub-sections, but the quantities

should be understood as macroscopic ones.

4.5.2 Governing equations of poroelasticity

At the microscopy, fluid and solid are assumed homogeneous and isotropic.
Take a microscopic element A = Ay + A from the medium. Inside the fluid
domain Ap encircled by its boundary S the following mass conservation holds

d

—_— pfdAF:/pj'llndS (496)
dt J a4, s

where py is fluid density and u is solid displacement vector. The over-dot
over displacement vector u denotes derivative with respect to time. Then 1,
denotes the normal velocity of the solid. During the deformation course, both
fluid and solid domains change with time, that is, the integration domain in
the above equation changes with time. With this in mind, the transport the-
orem should be applied when total differentiation operator is removed inside
the integral sign, that is,

9p
— prdAp = / [ﬁ +ve fov} dAp (4.97)
Arp Ar 5t

where v is fluid velocity vector. The term on the right hand side of Eq. (4.96)
is a surface integral, which can be converted to volume integral through use
of the Gauss theorem on surface-volume integral relation,

/ pf’llnds = —/ pr ° udAF (4.98)
S AF

Note that a negative sign is inserted before the integral sign in the above
equation due to the fact that S is defined positive for fluid and negative for
solid if it points from fluid to solid. Substituting Eqs. (4.97) and (4.98) into
Eq. (4.96) yields

/ [% —I—VOfoV:| dAr = —/ V.pffldAF (499)
Ap L O A

F
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Consolidation process is a very slow one. It is thus reasonable to assume
that fluid is incompressible and its motion is linear. Up-scaling of Eq. (4.99),
we obtain

¢

5+ Vov = -V (4.100)

If steady flow is further assumed, we have
V¢v = —Vou (4.101)

which is Biot’s mass conservation equation (Biot, 1956).
Besides mass conservation, momentum also conserves during the whole pro-
cess. The momentum balance equation reads

d

— pfvdAF:/(—p+,quV2v)dS+/plenf1dS (4102)
dt Jap s s

wherep is fluid pressure. It states the fact that the acceleration of a fluid
element equals to the pressures acted upon the sides of the element and the
momentum transferred through the surface S. Applying the transport theo-
rem and Gauss theorem to the above equation, we obtain

/ {@ —I—UOVV} dAp = / (—V— —|—,uvv)dS / VeuudAr (4.103)
Ap at Ap pf AFp

We may go directly to up-scale the above equation as we have done for
mass conservation. But our purpose here is to derive Darcy’s law. So instead
of up-scaling the equation, we proceed still at the microscopic scale. From
fluid mechanics, the integrands under the integral signs on both sides of the
above equation are identical. Neglecting non-linearity and time-dependence,
we obtain the differential form of viscous flow inside the fluid domain

pruViv =Vp in Ap (4.104)

This is a Poisson equation for velocity v. Its particular solution is

VvV =

Vplog/(x — & (y —n)2dAr (& n 4.105a
e, TPes 2dAr(en)  (4105)

Applying the up-scaling formula yields

_ — )2 - _
27ij,u log\/ Xo + (Yo —n)2dAr(&,n) kEVp  (4.105Db)

where k is permeability coefficient. This is Darcy’s law. Note that Darcy’s
law is no longer an experimentally determined one. It is obtainable from the
above expressions once the microscopic geometries of a poroelastic medium
is given. The advantage to do so is that we can mathematically rather than
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experimentally determine k. For the poroelastic medium of microscopic struc-
tures as shown in Fig. 4.7, it is either numerically or analytically estimated
that

k L [ra? (4loga — 1) + b3(logh — 1) (4.106)
pri | 4 & & '

If a=1 mm, b=1 mm, §=0.01 mm, x=10"%, py= 1000 kg/m3, the perme-
ability coefficientk ~0.3 mm/s and ¢~0.2. It should be pointed out, however,
that Eq. (4.106) holds only for oversimplified cases. A more reasonable model
accounting for random distributions of pore sizes should be used instead for
real cases. It is more helpful to view Eq. (4.106) as an enlightening approxi-
mation rather than an exact expression of the physics behind the complicated
permeable flow.

Let’s turn to solid skeleton. The solid is assumed isotropic and homogeneous
obeying the following Hook’s law

2Gv

Oui auj) (4.107)

0 = 790 TG (axj o,

The static equilibrium states that the all forces acting on the solid surface
must be zero, in other words,

/oijnde:/pnidS (4108)
S S

Applying the transport theorem again we obtain

/ O'ij)jdAS = —/ VpdAS (4109)
As AS

Upscaling by use of Eq.(4.95) yields

doij(l—¢) 01—
Jaxj - T (4.110)

Substituting Eq. (4.107) into the above equation and assuming that the poros-
ity is a constant, we obtain

Ve +GV2u+ Vp =0 (4.111)

1—2v

where € = V - u is the divergence of displacement vector. This is one of the
governing equations in Biot’s theory. To obtain the other one, we need to
employ the following equations given in most of textbooks on elasticity, say
Timoshenko and Goodier (1970). If the pressure gradient is taken as a body
force, it is obtained from Eq. (4.111)

1 2

Vo = V2(0'11 + 0’22) = —mv P (4.112)
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where ¢ is the total stress associated with total strain through the following
equation

{ T for plane stress
J— P —V
O — K& R =

% for plane strain (4113)
Equation (4.112) permits o and p being identical up to a harmonic function,
that is,

1

o= 1_Vp+9 (4.114)
where 6 satisfies the Laplace equation. This resembles Terzaghi’s effective
stress principle except the coeflicient before pressure p. Because the boundary
conditions of both total stress o and pressure p are fixed with time for the
current problem, the boundary conditions determined by Eq. (4.114) for 6
are also fixed with time. Therefore, 6 is a constant independent. Substituting
Egs. (4.113) and (4.114) into the mass conservation equation (4.101), we
obtain the following equation governing pressure releasing process

op
ot

This is a diffusion equation with diffusion (consolidation) constant C, =
k(1 —v)k/p. Up to now, we re-obtained all the equations in Biot’s theory.

We obtain some interesting conclusions different from previous studies on
poroelasticity. First of these is that we have not used Darcy’s law and Terza-
ghi’s effective stress principle. On the contrary, Darcy’s law is derived from
the basic equations. The whole theory is based on the fundamental laws of
fluid mechanics and elasticity. All the derivations are formally obtained from
the multi-scale approach.

Another pleasant result is that a mathematical expression is obtained for
the permeability coefficient k provided that the microstructure of a poroelastic
medium is given. Even if the microscopic structure is complicated, a numerical
integration may be employed to find the coefficient, at least this theoretically
being possible.

Equations (4.111) and (4.115) are the equations governing quasi-static con-
solidation process based on poroelasticity.

k(1 —v)V - EkVp (4.115)

4.5.3 DQ solution of poroelastic governing equations

Suppose the porosity is a constant throughout the field. Then the equations
to be solved are those obtained from Eqs (4.111) and (4.115). Here we follow
the solution strategy proposed by Terzaghi. Permeation is a slow process.
At the beginning when a load is applied to a poroelastic medium, the excess
pore pressure sustains all the normal loading force. After that, this excess pore



158 Advanced Differential Quadrature Methods

pressure diffuses with time, transferring the loading force to the solid skeleton.
Based on these arguments, a three-step solution procedure is proposed.

(a)Pressure initiation

Consider a poroelastic medium domain €2 with boundary I" composing of
three parts. On the first part I'y of it, normal loading S is applied. On
the second part I'y (like free surface), pressure is prescribed. On the third
part I, permeation velocity or pressure gradient along the normal direction
is given. Mathematically, we have

k
Ve (—Vp) =0 (4.116)
I
Ip
8_:U" onl'y p=sonly andp=q onTy (4.117)
n
Solving this Laplace Equation gives the initial pressure distribution on
P° = p°(x,y,0). (4.118)
Discretize
M N
Dij = p T, y; Z Z )\ik/\jlpkl (4-119)
k=11=1

Apply differentiation formulas and we obtain

M N
V Pij = p X, yJ Z Z [bik/\jl =+ /\ikbjl]pkl (4120&)
k=1 1=1

M N
Ip;
p J Z Z [@ixAjr cos(n, ) + Aikbji cos(n, Y) Pkl =n.ij (4.120b)
k=1 1=1

M N
Dij = Z Z )\ik/\jlpkl = Sij (4.120C)

k=11=1

Define new index to change the two-dimensional problems into one-dimensional

a=(-1)N+j B=Fk-1)N+1 a,8=1,2,---MN  (4.121a)
Cog = birAji + Xigbjy Ho =0 (4.121b)
Cop = @ixAg cos(n, ) + Nikajicos(n,y) Ha = U5 (4.121c)
Cap = AitAji Ho = sij (4.121d)

In matrix form, Eq. (4.120) becomes
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CP=H (4.122)
where

P ={Po} = {pi} (4.123)
Solving Eq (4.122) yields the initial excess pressure distribution P°.
(b) Pressure diffusion

Both pressure p and displacement u are approximated by their nodal values
at the following N nodes. Then the discrete forms of Eq. (4.115) are

M N
Ipiy
gtﬂ -y [ BN AN i k=1, M. =1, N
k=1 1=1
(4.1244)
oy M N
;;LJ = Z Z [aikAji cos(n, ) + Aikbji cos(n, y)|per =vn,ij (4.124b)
k=1 i=1
M N
bij = Z Z ik AjIDkL = Sij (4.124c)
k=1 =1

where the weighting coefficients and the Kronecker Delta functions are defined
in the same as before. For a time-dependent equation, we also need to dis-
cretize time. There have been attempts to apply DQ approach for temporal
discretization, but in this section we employ simpler temporal discretization
method, fourth-order Runge—Kutter (RK) scheme (see Chapter 8 for more
details). In the above equations, DQ approximation was applied to the second
order derivative with respect to . Equation (4.124a) enables us to use RK
easily.

(¢) Solid skeleton deformation

Once pressure p is determined, the following equilibrium determines the
evolution of solid deformation

Ve + GV?u = —-Vp' (4.125)

1-2v
Applying DQ approximation leads to the following discrete form of govern-

ing equations
M N N N
Ve = (Z Z [birAjitr + @ikajive] Z Z [aikajiur + /\ikbjlvkl]>

k=1 1=1 k=1 1=1
(4.126)
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=

M
Z Z bikAji + Aikbjilu (4.127)
k=1

Denoting
2G(1 —v) el
11
Dajp = ﬁb“ﬂ)‘ﬂ +GXirbjt Doy = T oy, ikl (4.128a)
G 22 2G(1—v)

Daﬁ — 1 — 2Va:1kajl Daﬁ = ﬁ)\lkbjl + GbZkAjl (4128}))

N N
= Z Z aipAiply Qo = Z Z Aik @ik (4.128c)

k=11=1 k=11=1

we have the governing equations for displacements

11 712 t 1
[321 322] (:t) = (82) (4'129)

Solving this equation yields the displacement value at time ¢. Stress values
may be obtained from the following interpolating equations

:ZZ @ik Ajily — VAikajivg (4.130a)

k=1
M N
- Z Z [—vaiXjiug + Aikajivy] (4.130b)

D) Z Z lka]luw + G“Zk)\]lvl_]} (4.130c)

Example 4.3 One-dimensional poroelastic material subjected to uniform pres-
sure loading

Consider a one-dimensional poroelastic material of finite thickness H sub-
jected to uniform pressure py at the top; see Fig. 4.8. As the pressure pg
is applied, consolidation occurs with pressure inside the poroelastic medium
redistributed. The problem is formulated in the following mathematical form

p=pg, fort=0and0<z<H (4.131a)
p=0, for0<t<ooandz=0 (4.131b)
? =0, forO<t<ooandz=H (4.131c)
2

p=0, fort oc0oand0<z< H (4.131d)

Applying Fourier transform, we may obtain the exact solution to the above
equations
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FIGURE 4.8: 1-D consolidation mode.

1
4dpo & . /mmnz o2 Cy
p(z,t) = — E s1n( 5H )exp (—m Zﬁt (4.132)

Consider DQ solution to the problem. Suppose the modulus of elasticity
E =107 (Pa), Poisson ratio v = 0.3. Following the procedures introduced in
the above, this 1-D poroelastic problem can be solved with numerical results
(solid lines) given in Fig. 4.9(a). Figure 4.9(a) shows the slow change of fluid
pressure with time. Three cases for pressure at the locations H=0.109, 0.05
and 0.0125 are considered. N =15 nodes are used. Analytical results (dot)
obtained from Eq. (4.132) for these three cases are also plotted in the figure
for comparison. The time histories of displacement for the three cases are
plotted in Fig. 4.9(b).

Example 4.4 Two-dimensional consolidation problem

Consider the consolidation of a two-dimensional poroelastic material occu-
pying the domain —a < z < ;0 < y < H as shown in Fig. 4.10. Suppose
the material is subjected to a Dirac delta function loading pod(x), that is, the
loading is applied to the point z = 0.

The equation governing the pore fluid flow is given in Eq. (4.115) subject
to the following boundary conditions:



162 Advanced Differential Quadrature Methods

1
)
Q‘ (a) Fluid pressure
= 0.8
5 H=0.109
= . .
Q. 06 Analytical soluton & + e
% DQ method _—
a 0.4
[}
=
o 0.2
i
=
o 0
0 1 2 3 4 5
Time ¢ (s)
0.03
{ (b) Dis placement H=0.0125
= Analytical solution a + o
= 0.02
c
[0] DQ method
=
Q
o
o 0.01
Q.
0
o
0
0 1 2 3 4 5
Time 7 (s)
107
(c) Numerical Error
10*
o 10° \\
(<] SO Pressure error ep
=
w10t e L -
10° )
Displacement error e,
10°
2 4 6 8 10 12 14 16
Time ¢ (s)

FIGURE 4.9: 1-D poroelastic material subjected to uniform pressure.
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FIGURE 4.10: 2-D consolidation model with delta-function loading.
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p = pod(x), fort = Oandy =0 (4.133a)

p=0, for0<t<ooandy =0 (4.133b)
0

8—p:07 for0<t<ooandy=H (4.133c)
Y

9p

E =0, for0<t<ooandz==+a (4.133d)
x

p=0, fort woccand0 <2< H (4.133e)

The equation governing the horizontal and vertical displacements is given
by Equation (4.111) subject to the following boundary condition

Z—Z:g—;:O,forOSt<ooy:O (4.134a)
u=v=0, for0<t<ooandy=H (4.134b)
u=v=0, for0<t<ooandz==a (4.134c)

In the above, the numerical values for the known quantities are pg = 4 x
10’Pa, a =0.5m and H =1 m, £ = 10"Pa and v = 0.3.

Apply the numerical procedures to the above problem and we obtain the
corresponding numerical results shown in Fig. 4.11. The three figures in
Fig. 4.11 are fluid pressure, horizontal and vertical displacements. Results
for pressure and displacements at three points inside the domain are plotted
in the figure.

The time histories of the two points on the central vertical axis are similar,
but those of the point (0.283,0.095) exhibit significant delay in response to
the loading, exhibiting the important role of fluid in transmitting the fluid
force from one point to the other.

4.6 Conclusions

Differential quadrature (DQ) method is a highly efficient method that has
been efficiently applied to solve many one- or two-dimensional engineering
problems. But for the three-dimensional problems, direct extension of DQ
method from two-dimension to three-dimension gives rise to great difficulties.
From the analysis of potential problem governed by the three-dimensional
heterogeneous Laplace equations, it is found that the applicability of the three-
dimensional DQ methods is strongly dependent on the choice of methods
in the solution procedure (Gauss elimination, one-dimensional band storage
and successive over-relaxation (SOR) method and SOR-based multi-scale DQ
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FIGURE 4.11: A two-dimensional poroelastic example.
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method). The numerical test has illustrated that direct solution methods
such as Gauss elimination are restricted to problems of small mesh size while
iterative methods are more capable of solving a problem which needs a large
mesh to discretize. In terms of this, the multi-scale DQ method introduced
in this chapter shed light on overcoming the computational difficulties. It
is evidenced from the numerical solutions that the multi-scale DQ method
can speed up iterative convergence rate and two- or three-scales can produce
results with high accuracy in much less CPU time.

An alternative approach to solving three-dimensional problems by use of DQ
method is to reduce a three-dimensional problem into a two-dimensional one
through asymptotic analysis. This applies only to cases where the variation
along one direction is much smaller than the other two. Thus the asymptotic
multi-scale DQ method is useful for FG analysis.

Poroelasticity itself is a multiple scale problem, whose governing equations
can be obtained theoretically if a multiple scale approach is employed. Al-
though we have not solved a three-dimensional proroelastic problem herein,
we develop poroelasticity theory in this chapter using multiple scale method.

The poroelastic theory dealt with in this chapter is quasi-static. A dynamic
poroelastic theory will be mentioned in Chapter 7.
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Appendix A: Expressions of the differential operators
The expressions of the differential operators L; (i= 1~12) are given by

ls 0 Is 1 !
Li=lh &, Le= [04 14]’ Ls = {zi ZZ} b = {1?0} (4D

{0 e ~|lha O | bs
L5_ |:O 111:| b LG_ |:113:|7 L7_ |:O 114:| b L8 - |:116:|7 (A2)

I3 lag lag C12/C11
Lo =[lir lg), Lio = |lasle |, L1t = |lao|, Lio = |ci2/ci1|,
lo7 2 0 0
(A3)
where
ll = (612/011 ")/) 833 + (C125¢/611’}/S¢) (A4CL)
Il = (c12/c1175¢)0y, 13 =2c12/(c117), la=1-20., (A4b)
lo = (Qu1 + Q12)0uy /255 — (3Q11 — Q12)Cs0, /257, (Adc)
Ir = (Qu1 + Q12)0uy /255 + (3Q11 — Q12)2s0, /257, (Add)

ls = (Qll - Qm) Oaz /2 + Q110yy /5% + (Qll - Qm) CpOy /27

\ - Ade
_ (Qu _ Q12) (h/R—2e2)/252, (Ade)

3

lo = (Qu1 +Q12) 0z, lio=(Qu1 +Q12)dy/54, L1 =3-220, (A4f)

Lo = (c12/c11)0z, i3 = (c12/c1184)0y, lia = 32 — 2%0,,

lis =2 la, lis=z2lz, lir=(Qu + Q12)0: + (Qu1 + Q12)%s/54,

lis = (Qu1 + Q12) 9y/56, Lo = 2Q11 +2Q12, a0 = Cy/54,

121:2—(1/011)+2 z@z, 122:22—(2/011)+228Z,
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log = |:Q116;E + Qm%/%} v, laa = (Qu2/s56)0y /7,

los = {Ql?am + Qll%/%} /7, las = (Qu1/56)0y /7,
la7 = (Qu - Q12)ay/2 547, log = [(Qu - Q12)3z/2 - (Qu - le) 5¢/25¢] s

g = (Qu + Q12)/7, Qij =Qi;/Q, &3 =+/h/R cosp, ~=1+hz/R.






Chapter 5

Variable Order DQ Method

Ever since their introduction, DQ methods have attracted attention from re-
searchers worldwide and have triggered a variety of applications to engineering
problems (Bellman et al. 1972; Shu, 2000a; Bert et al., 1996a,b,c). Most of
the applications are relevant to static or free vibrations. Recent years saw in-
creasing applications of DQ methods to dynamic problems (Fung, 2001; Shu
and Kha, 2002). In the dynamic analysis, however, dynamic numerical in-
stability might become a serious problem. As time marches, accumulations
of numerical errors may deteriorate the accuracy of the solutions. Numerical
stability is an important factor when dynamic problems are studied by using
DQ method.

First in this chapter, a simple numerical example is given to demonstrate
dynamic numerical instability associated with DQ discretization. It is revealed
from the example that grid points near and on boundaries exert dominant in-
fluence on dynamic numerical instability, as confirmed by various researchers
(Moradi and Taheri, 1998; Quan and Chang, 1989a, b; Bert and Malik, 1996a;
Shu et al., 2001). This finding led to the proposal of variable order DQ method
in which we distinguish two main classes of nodes (grid points), core nodes
and cortical nodes according to their distance from boundaries (Zong, 2003b).
Variable order DQ approximations are applied to core and cortical nodes. At
core nodes, higher order DQ schemes are employed while at cortical nodes
lower order DQ schemes are applied. This variable order approach turns out
to be very effective in keeping the balance between the dynamic stability and
accuracy. Numerical examples manifest that the approach introduced in this
chapter is applicable to linear and highly nonlinear dynamic equations.

Numerical instability associated with dynamic analysis may be improved
through use of variable DQ method for spatial discretization or use of a pre-
cision integration technique for temporal discretization. This is the content
of section 5.3 in this chapter.

169
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5.1 Direct DQ discretization and dynamic numerical in-
stability

Consider a continuous function f(z,t) defined in terms of time ¢ and space
2. Suppose on the following N discrete spatial grid points (or nodes)

1 <Te<...<IN (51)

the values of the function f(z,t) are

f(fEl,t),f(fEQ,t),.-.,f(fL'N,t) (52)

The DQ discretization of the r-th order partial derivative with respect to x
is given by the following equation as repeatedly quoted

3%’ }:e flzj,t), i=1,2,...N, r=12..N—-1 (53)
X

where el(;) is the weighting coefficient for the r-th order derivative with respect

to = as defined by Eq.(1.46). The derivatives are dependent on the function
values on grid points and on spatial grid spacing.

For a dynamic equation, we also need to discretize time. There have been
attempts to apply DQ approach for temporal discretization (see Chapter 1),
but in this chapter we employ simpler temporal discretization method, fourth-
order Runge—Kutter (RK) scheme (see Chapter 8).

To show dynamic numerical instability we first consider the following string
vibration equation

O*u(x,t)  0%u(w,t)
o2 022

subject to the following initial and boundary conditions

0<z<1 (5.4)

u(z,t =0) =sin(rz), u(lx=0,t)=ulz=1,t)=0 (5.5)
The analytical solution to the above equations is known to be
u(z,t) = sin(rz) cos(mt) (5.6)

To apply RK method, we rewrite Eq. (5.4) into the following form of a set
of first-order ordinary differential equations

duj _

at — Vi N (
dv; _ dul_ 2) , t=1,...,N 5.7)
a —Z
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FIGURE 5.1: Dynamic instability in RK-DQ discretization of string vi-
bration equation.

In Eq. (5.7), DQ approximation is applied for the second-order derivative
with respect to x: see Eq. (5.3). For this problem we adopted N = 30
for spatial discretization. The time step adopted here is At = 1074, The
numerical results obtained from Eq. (5.7) at three time steps (¢t = 0, 50 and
100 milliseconds) are shown in Fig. 5.1. The solid line and dotted line denote
the displacement at ¢ = 100ms and ¢t = 50ms, respectively. It is observed
from the figure that the solution becomes unstable very fast. At ¢ = 50ms,
the solution exhibits divergence at both ends. The instability spreads with
time to the central part of the solution domain (z = 0) so fast that the
solution at time step t = 100 ms is completely meaningless. This is a very
simple dynamic equation, but it is clearly indicated that dynamic numerical
instability may destroy the solution if DQ discretization of spatial variable is
not properly treated.

Both spatial and temporal discretizations might contribute to the insta-
bility. We leave analysis of the instability due to temporal discretization
to the next section. One comment is, however, made about the temporal
discretization. We should note that in the above numerical example, the
Courant-Friedriches-Levy (CFL) stability condition for time-step is satisfied.
The CFL condition on the time-step At is a necessary condition for the con-
vergence of an explicit numerical evolution algorithm (Smith, 1985). Suppose
¢ is the wave velocity and Az is grid spacing. From Eq. (5.4), the wave
velocity is ¢ = 1 and the grid spacing Az = 1/N = 1/30 ~ 3.3 x 1072
Then in this example, the CFL condition is satisfied. This demonstrates that
temporal discretization-relevant instability, if any, may not be as significant
as spatial discretization. Thus, we will restrict ourselves to the analysis of
spatial discretization relevant instability.

Az

At=10"%<<33x 1072 = — (5.8)
C

In the following section, a simple example is presented to demonstrate how
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numerical instability is produced.

5.2 Variable order approach
5.2.1 Boundary effect

For the sake of simplicity, we shall focus on DQ discretization only. Consider
a cosine function defined on [0, 2]

f(z) =cos(2z), 0<z<2rm (5.9a)

The second order derivative is

d*f ()

dx?

= —4cos(2x), 0<z<2r (5.9b)

The second-order derivative of the function in Eq. (5.9a) can be determined
by DQ. Suppose f(x) is approximated by its values f; (i = 1,...,N) on N
equidistant grid points 0 = z; < ... < zxy = 27. The squared difference
between the numerical value and analytical result at i-th node is given by

2

5% = i afjf(xj) + 4 cos(2z;) (5.10a)

Jj=1

The results obtained from Eq. (5.10a) are shown in Fig. 5.2(a) for N = 20,
30, 40, 50 and 60. It can be readily seen from Fig. 5.2(a) that the errors
are not uniformly distributed in the solution domain. The curves feature
low accuracy near the two ends and high accuracy in the central part of the
solution domain. This is expected. But such big difference of the errors on the
points near boundaries and far away from boundaries is not expected. From
Fig. 5.2(a), it is concluded that instability originates from the two ends and
spreads fast to the rest of the solution domain. This finding agrees with our
previous example (see Eq. (5.7)). Therefore, nodes near boundaries play the
dominant role for numerical stability. In order to get a better insight into the
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instability, three errors are measured. They are defined as follows:

2

N N
St = % D 1D adifw)) + 4cos(2x;) (5.10b)
i=1 | j=1
B 2
SE = | D an o f(@)) + dcos(2uns) (5.10¢)
_j:1
r 2
Sk =|D_al;f(x;) +4 (5.10d)
Jj=1

where S% is the average squared error, SZ is squared error at the center
point of a-coordinate and S% is squared error at point z1 (left end point).
S% and SZ are components of S%. The logarithmic errors versus the node
number N are plotted in Fig. 5.2(b), in which S%, S%, and SZ are denoted by
dotted, solid and dashed lines, respectively. From Fig. 5.2(b), it is observed
that the curves of S% and its component S% are coincident with each other
with inappreciable difference, indicating that the error at end points (S%) is
the dominant part of the total error (5%) whereas the contribution of the
error at the center points (S%) to (S%) is insignificant. It is also clearly
demonstrated in Fig. 5.2(b) that there is an optimal choice of node number
N (=230) corresponding to the lowest errors of S and S%. The error increases
along with N varying away from this optimal value at both sides. In other
words, S% and S%are decreasing functions of N when N < 30 and increasing
functions when N > 30. Once N is larger than 56, S% is so large that the
numerical values of the derivatives are divergent. As for the insignificant error
SZ from center points, it is found that SZ is decreased with increasing N when
N < 30 and then it is approximately a constant independent of N as shown in
Fig. 5.2(b). In summary, the main contribution to the total error S2 comes
from the errors at the end points (S%) while the errors from center points S%
are small and can be neglected.
In summary, we conclude from the above simple example that

(1) The accuracy near boundaries dominates the total accuracy;

(2) The accuracy near boundaries might become very poor if grid number N
is large;

(3) Very good accuracy can be achieved at nodes far away from boundaries.
The accuracy is independent on node number N if N is large enough.

It should be noted that the above conclusions are reached based on the
example given in Eq. (5.9). A theoretical analysis for general cases is beyond
the scope of the present book. But these conclusions are in agreement with
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previous studies (Moradi and Taheri, 1998; Quan and Chang, 1989a,b; Bert
and Malik, 1996; Shu et al, 2001). These studies and the results in Chapter
1 showed that a non-uniform grid distribution might produce better results
when DQ discretization is applied. The commonly used Chebyshev nodes are

1 i—1 “ ,
xi—§[1—cos(N_17r>} A, i=1,...,N (5.11)

where A is the interval length, and « is a positive constant near 1. Note
that the above grid distribution is characterized by employing more nodes
near boundaries and fewer nodes near the center of the solution domain. For
nodes near boundaries the accuracy is low, and thus dense nodes are required.
Far away from boundaries, the DQ is of high accuracy and thus lesser nodes
are used.

5.2.2 Variable order DQ method

Due to the fact that boundary nodes dominate accuracy and that large grid
number may lead to numerical instability, it is possible to distinguish two
classes of nodes, core and cortical nodes. Cortex (cortical) is an anatomical
word, which means outer shell or covering. Herein we adopted the word to
represent the nodes near and on the boundaries. At a cortical node, the
grid number used to approximate the derivatives at that point cannot be too
large. Suppose only a small number of nodes, say M << N, are used to
approximate the derivatives at a cortical node as shown in Fig. 5.3. At a core
node, however, we still use N nodes because the accuracy at a core node can
be well kept even if grid number is large. In Fig. 5.3, another parameter Mp
is defined. It denotes transition from a core node to a cortical one. Generally,
we have

Mp << M << N (5.12)

We use B to denote the set of cortical nodes and C to denote the set of
core nodes. Then the derivatives are approximated by

O f(xi,t) o
ox" = ;egj)f(xj?t)j T € B (513&)
iUu
aﬂ Ze f(zj,1), 3€C (5.13b)

Or in one-dimensional case, the set B and C are
B={xy, -, xp—mp} U{TN-MyMpt1,- TN (5.14a)
C={rm-—Mpt1,""" s TN_M+Mp} (5.14b)

Similar formula may be easily established for two-dimensional cases in an
analogous manner. Since DQ is equivalent to differentiation using Lagrange
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Cortical nodes Core nodes Cortical nodes

FIGURE 5.3: Classification of cortical and core nodes.

polynomial, the above equations indicate that Lagrange polynomials of dif-
ferent orders are separately employed to find derivatives at a core node and a
cortical node, resulting in a variable order DQ method as defined in Eq.(5.13).

This method is simple, but it does yield encouraging results. To show this
point, we take the simple cosine function given by Eq. (5.9a) as an example.
The parameters are taken as N = 55, M = 10 and Mp = 1. The results
obtained from direct DQ method and from the present scheme are compared
in Fig.5.4(a).

In Fig.5.4(a), the analytical results are denoted by dots while the numerical
ones from direct DQ and the present variable order DQ (VODQ) are denoted
by dotted and solid lines, respectively. At both ends, the numerical results
obtained from direct DQ method are divergent while those obtained from the
present method are stable. By using more nodes, say N = 70 , it is found
that the direct DQ gives very bad results as shown in Fig. 5.2. Using present
variable order DQ, we obtained the second-order derivatives at each node as
shown in Fig.5.4(b) denoted by solid lines. The results are stable and in very
good agreement with the analytical results.

Figure 5.5 shows the dependence of the error in Eq.(5.10b) on the node
number N. In Fig.5.5, the dotted line denotes the error from direct DQ
approximation while the solid and dashed lines represent the results obtained
by the present variable order DQ by using M = 6 and M = 8, respectively.
It can be clearly seen from Fig.5.5 that the error is significantly reduced by
using the variable order DQ method and further reduction can be achieved
by increasing N. In other words, the present method developed from the
direct DQ with minor manipulation can enhance the accuracy of the results
considerably.

Next we investigate the effect of the cortical nodes number M on the sta-
bility of the results. The results obtained by adopting three different M are
depicted in Fig. 5.6. It is readily seen from Fig. 5.6 that small M (such as
M= 3 and 4) can give rise to instability of the results, especially at points
near the boundaries. So far as there is a lack of theoretical value for M, we
may obtain a rough estimate from Figs. 5.5 and 5.6. We suggest M =6 ~ 15
and accordingly Mp = 0 ~ 5 based on Eq. (5.12).
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5.2.3 Numerical examples

In this section, we present some numerical examples to validate the capa-
bility of the new variable order DQ method.

Example 5.1 String Vibration

First we reconsider the string vibration as expressed in Eq.(5.5). The pa-
rameters are taken as: total node number N = 30, cortical node M = 7,
Mp =1 and time step At = 10~%. Both simulation results (solid lines) and
analytical solutions (dots) are shown in Fig. 5.7(a) for comparison. It is
observed that the numerical results agree well with the analytical ones. Re-
calling the example of Eq.(5.5), the numerical results obtained by the present
method are very satisfactory.

For the sake of comparison, the direct DQ method with non-uniformly
spaced grid points is also applied to this problem. The non-uniform grid
distribution is given in Eq.(5.11) and the results are shown in Fig.5.7(b). As
expected, the numerical results are also in very good agreement with the
analytical ones.

Example 5.2 Scalar Combustion Model

Next a reaction-diffusion equation is considered. This is a highly nonlinear
dynamic equation, in which a shock is formed. It is often used to verify
feasibility of a new algorithm. The equation is described by Adjerid and
Flaherty (1986) as a model of a single step reaction with diffusion. The
equation is given by

2
Ou(z,t) _ 0%u(w,t) + D[l +a—u(z,t)]exp(—d/u),—1 <2 <1,t>0

ot Ox?
(5.15a)
with the following boundary and initial conditions
u(=1,t) =u(l,t) =1, ¢t>0
(5.15Db)
u(r,0)=1, —-1<z<1
(5.15¢)

where D= Re?/(ad) and R, d, a are constants. The solution represents the
temperature u(z,t) of a reactant in a chemical system. For short time, the
temperature gradually increases from unity with a ”hot spot” forming at
x = 0. At a finite time ignition occurs, causing the temperature at x = 0 to
jump to 14a. A sharp flame front then forms and propagates toward both
ends (i.e., z = —1 and = = 1) with a speed proportional to explad/2(1 + a)].
In real problems, a is around unity and d is large; thus the flame front moves
exponentially fast after ignition. The problem reaches a steady state once the
flame propagates to x = —1 and z = 1.
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FIGURE 5.8: Comparison of temperatures obtained by variable order DQ
and fourth-order finite difference methods (Chapenter et al., 1994).

Equation (5.15) is solved for a=1.5, d= 15 and R= 5 by using the present
variable order DQ method with N =30, M =9 and Mp = 2. The tempera-
tures obtained by using the present method and fourth-order finite difference
at different time steps (Chapenter et al, 1994) are illustrated in Fig.5.8. Tt is
readily seen from Fig. 5.8 that the numerical results are in excellent agree-
ment with each other. This is a very difficult problem due to exponential non-
linearity (Adjerid and Flaherty, 1986). However, variable order DQ method
is capable of finding the solution with relative ease.

An attempt is also made to solve Eq.(5.15) by using direct DQ method
with non-uniformly spaced grid points given in Eq.(5.11). The results by
using N = 24 and N = 25 are depicted in Figs.5.9(a) and (b), respectively.
From Fig.5.9(a), it is found that there is discrepancy between the two sets of
results, particularly at the center (x = 0) at time step ¢ = 0.27s and at the
flame front at t = 0.28s and ¢ = 0.29s. The curves in Fig. 5.9(a) given by
the direct DQ method are not as smooth as those by the fourth-order finite
difference methods. Moreover, accuracy of the direct DQ method cannot
be improved by using more nodes because instability would occur once node
number N is greater than 25 as shown in Fig. 5.9(b). It is shown in Fig.5.9(b)
that the solution by using N = 25 becomes divergent as early as at time step
t = 0.27s. This example clearly indicates that little can be done to enhance
the accuracy of the direct DQ method even if non-uniformly spaced grid points
are applied.
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FIGURE 5.9: The scalar combustion model solved using direct DQ method
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Example 5.3 Two-Dimensional Scalar Combustion Model
The two-dimensional scalar reaction model is described by the following
equation

ou(z,y,t)  0*u(z,y,t) = 0%ulx,y,t)

ot - o2 + 6y2 + D[l +a— U(I, Y, t)] exp(—d/u),
-1<x<1, —-1<y<l1l, t>0
(5.16a)
with the following boundary and initial conditions
u(=1,y,t) =u(l,y,t) =1, w(z,—1,t) =u(z,1,t)=1 t>0
(5.16b)
(5.16¢)

The parameters used in the computation are a=1, d=20 and R = 5. It is
straightforward to extend Eq.(5.13) to two-dimensional cases. Suppose the
two-dimensional solution domain (a < z < b, ¢ < z < d) are discretized by
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(a)t=0s (b)t=0.28s

FIGURE 5.10: Temperature distribution at different time steps for two-
dimensional reaction model.

N, x N, regular nodes. The direct application of Eq.(5.13) to « and y will
yield the partial derivatives in both directions. The variable order DQ method
is employed to solve Eq.(5.16) by using N, = N, =29, M =9 and Mp = 2.
The computed temperatures with respect to the positions (z, y) are shown in
Fig. 5.10 for several time steps. It can be observed from Fig. 5.10(b) and (c)
that a sharp jump of temperature appears from ¢ = 0.28 to ¢ = 0.29s, similar
to one-dimensional case. Later at t = 0.3s, a sharp flame front is formed as
shown in Fig. 5.10(d). Figure 5.10(e) demonstrates the final steady state, in
which the temperature in the whole domain is uniform with the magnitude of
1+a.

Example 5.4 Forced Vibration of a Simply-Supported Plate

So far, the order of partial differential equations in the forgoing examples
was not higher than two. In this example, a higher-order (fourth order) partial
DQ is considered to verify the applicability of the present method. Consider
the forced transverse vibration of a square thin plate. The governing equation
is given by

W D f(x,y;t)

I +— V2V2 W(z,y;t) = = g(t)sin(27z)sin(wy)  (5.17a)

where W (z,y, z) is vertical displacement, D is stiffness and m is mass per
unit area. If the plate is simply supported on the four sides, the boundary
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conditions are

*w
527 =W=0 at z=0 and z=1 (5.17b)
?w
92 =W=0 at y=0 and y=1 (5.17¢)

This problem can be analytically solved by using Laplace transform and
the analytical solution can be expressed in the form of convolution integral
as

W (z,y;t) = A(t) sin(27z) sin(my) (5.18a)
A(t) = /g(T) cos B(t — T)dr (5.18b)
0

Suppose ¢(t) is a sinusoidal function of time, i.e., g(t) = Gsin(wt). Based
on Eq. (5.18b), we have

Gwsin Gt Gsinwt
B — ) | B

The parameters adopted in the computation are: D/m = 1072, G = 10
and w = 15. The node number is N, = N, = 20, and M =7, Mp = 0.

The solution of Eq.(5.17) obtained by using variable order DQ method is
plotted in Fig.5.11. Figure 5.11 (a) illustrates the displacement field given by
the variable order DQ method at time ¢ = 0.26s. For the sake of comparison,
the corresponding analytical results at t= 0.26s are shown in Fig.5.11(b).
From Fig.5.11(a) and (b) it is observed that the numerical and analytical
results agree well with each other. Figure 5.11(c) manifests the comparison
of time history at the point (0.25,0.25). It is readily seen that the numerical
results given by the present method are coincident with the analytical ones.

As demonstrated in Fig.5.11, the variable order DQ method can yield the
vertical displacement for the vibrating plate with high accuracy. Once the
displacement is known, the bending moments of the plate can be obtained by
using the following relationship

0*wW 0*wW PwW  OPW
M,=-D ( 52 +v 52 ) , M,=-D (I/ 52 + 52 ) (5.20)

Alt) = -

(5.19)

where v is Poisson’s ratio of the plate, M, and M, are the bending moments
about x and y axis, respectively.

Accordingly, the bending moments are calculated by twice differentiations.
The variations of the bending moments M, and M, with time at point (0.1,
0.45) are illustrated in Fig.5.12(a) and (b), respectively. From the figures,
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the numerical results given by the present method are found to be close to
the analytical ones with negligible difference. The time history of the errors,
defined by the difference between numerical and analytical solutions, is plotted
in Fig. 5.13. The errors grow with time initially and then decrease with time
as time exceeds 0.55 seconds. In general, the errors are less than 15x1077,
indicating high accuracy.

Again through this example we demonstrated the good accuracy of DQ
method, as confirmed by other researchers in the previous studies.

5.2.4 Discussion

In this section, some potentially controversial issues are discussed. There
exists an optimum grid distribution when direct DQ method is applied, which
is often characterized by non-uniformity as given in Eq.(5.11). Instead of
using a uniform grid distribution in the string vibration problem defined in
Eq.(5.5), will a non-uniform distribution in Eq.(5.11) give rise to dynamic
numerical instability, too? The answer is yes. Non-uniform distribution can
increase accuracy, but cannot avoid or remove dynamic numerical instability
completely if the grid number N is large. This can be explained as follows.
Differential Quadrature scheme is equivalent to differentiation using Lagrange
interpolation. In the theoretical framework of Lagrange interpolation, it can
be shown that the divergence near the end of the interval will actually grow
exponentially as the number of grid points is increased (Atkinson, 1989).
Thus the easiest way is to use a small number of nodes to approximate the
derivatives at cortical nodes to prevent the exponential growth.

Classification of core and cortical nodes is crucial in the application of the
present variable order approach. So far, no theoretical works have been done
to determine the magnitudes of M and Mp. But the rule of thumb given in
the previous section (i.e., M= 6 ~ 15 and Mp = 0 ~ 5) will suffice practical
applications. Mp plays the role of smooth transition from a cortical node to
a core one. Mp = 0 means a hard transition while a larger Mp means a soft
and smooth transition. It is not necessary to use large Mp. The suitable Mp
is in the range of 0 and 5. We will explore this further in Chapter 7 where
more powerful techniques will be developed based on such ideas.

It is worth mentioning that the numerical examples analyzed in this chapter
are under the same type of boundary conditions, that is, the function values
at the boundary points are given. This can be implemented with ease. At
each time step in using Runge—Kutta scheme, the function values on bound-
aries are set to the given values. For general cases, however, more efforts
are demanded to implement different boundary conditions. This problem has
been introduced in Chapter 1.
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5.3 Improvement of temporal integration

Another approach for improving the numerical accuracy of dynamic prob-
lems is to use an alternative temporal integration algorithm other than the
Runge—Kutter approach, such as the block-marching with DQ discretization
introduced in Chapter 1 and the precise integration introduced below (Ma
and Qin 2005).

The dynamic responses of structures are usually governed by second-order
differential equations, which are commonly analyzed by means of direct in-
tegration or step-by-step schemes such as the Newmark, Wilson-0, RK or
Houbolt schemes, and explicit methods such as the central difference scheme.
Recently, a high-precision integration scheme was proposed by Zhong (1994)
and Zhong and Williams (1994) for dynamics. Here “precision integration”
is specially referred to as a class of time integration procedure (Lin et al.,
1995, 1997) which uses a recurrence formula to reduce the computing effort
and simplifies the exponential matrix method. It is a numerical rather than
an analytical method with which the machine precision can be achieved for
the solution of the homogeneous part on ordinary computers. The high preci-
sion integration is an unconditionally stable explicit method, which has been
described in several research publications, exhibiting high precision and effi-
ciency when compared with traditional methods, such as Newmark method
(Lin et al., 1995). However, these high-precision integration schemes are based
on a system of first-order differential equations, so that second-order differen-
tial equations need to be transformed into first-order equations before the nu-
merical schemes can be performed. This would lead to a large system matrix,
and as a consequence, a less efficient scheme. In the present chapter, preci-
sion integration is extended to direct solution of the second-order algebraic
and differential equations, whereby efficiency and accuracy can be further im-
proved. This is of significant importance especially for dynamic analysis with
an emphasis on long-term dynamic evolution. The sine and cosine matrices
involved in the second-order scheme are calculated using the so-called 2V al-
gorithm. The corresponding particular solution is also presented incorporated
with the second-order scheme, where the excitation vector is approximated by
the truncated Taylor series. Numerical tests show that both the efficiency and
the accuracy of the homogeneous solution can be enhanced considerably by
using the proposed second-order scheme.

The equation of motion of a discretized structural model can be written as
a second-order algebraic and differential equation in matrix form as

Mii + Bua + Ku = £(¢) (5.21)

with initial conditions

U.(to) = o, ﬁ(fo) = fJ.O (522)
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where M, B, and K represent time-invariant mass, damping and stiffness
matrices with order n of the structure, respectively; f(t) is the excitation
vector. M is assumed positively definite. The dot over a variable indicates
differentiation of the state variable with respect to the time t.

5.3.1 The first-order scheme

By introducing the new variable v = {uT, (Mu + B1'1/2)T}T, Eq.(5.21) is
first transformed into a form of first-order algebraic and differential equations
as

v=Hv—+r (5.23)
where
0 _M-1B NE!
r_{ } Ho |~ 2 . (5.24)
f BM_'B _ g -BM-
7 2

Since H is a constant matrix, from the theory of ordinary differential equa-
tions, the homogeneous solution of Eq.(5.23) can be expressed as

v, =exp[H (t — to)] co (5.25)

where cg is a constant vector to be determined by initial conditions. Let v, be
the particular integral of the inhomogeneous term, then the general solution
of Eq. (5.23) has the form of

v=v,+v,=exp[H(t—ty)]co+ v, (5.26)

The vector cg can then be readily determined from Eq. (5.26) by taking
t =1p as co = v (to) — v, (t0), therefore

v = exp [H (t — to)] [v (to) — v, (to)] + v, (5.27)

Letting At be the constant time step size, then we can write the explicit
recursive formula for the general solution at (k + 1)-th time step, that is,
t=to+ (k+1)At as

Vi1 = exp (HA?) [vip — vp ] + Vpkt1, (B=0,1,...) (5.28)

The key point of the precision integration is the calculation of exp (HAt) as
accurately as possible (Zhong and Williams, 1994) since the accuracy of Eq.
(5.28) depends on how accurately the exponential matrix function exp (HA%)
can be evaluated. Because of its wide application, the calculation of the
matrix exponential has been discussed in the paper by Deif (1991). Zhong and
Williams (1994) proposed an accurate and efficient method for the calculation
of exp (HAt) also called 2V algorithm, which is
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exp (HAt) = [exp (Hr)]™ (5.29)

where r = At/m, m = 2V and Nis a positive integer. It has been argued
(Zhong and Williams, 1994) that precision integration can achieve machine
accuracy because r is, in general, very small, even for a small value of N. For
example, if N = 20 then r = At/1048576. In view of structural dynamics,
this value of r is much smaller than the highest modal period of any con-
ventional idealized structure. However, this first-order scheme will make the
system matrix relatively large. For example, if the size of M, B, and K in Eq.
(5.21) is n X n, then the size of H becomes 2n x 2n. Therefore, the efficiency
of the method can be further improved, especially in the case of long-term
integration, by introducing the following second-order scheme.

5.3.2 The second-order scheme

We now discuss in detail the second-order scheme for the homogeneous
solution of Eq.(5.21) by assuming f (¢) = 0 as follows:

Miij, + By, + Kuy, = 0 (5.30)

with the initial conditions

uy (to) =ug, U (to) =1y (5.31)

Suppose that the homogeneous solution has the form 1), = exp (At) a and
insert it into Eq.(5.30), where a denotes an arbitrary vector. We have the
characteristic matrix equation as

MAZ+BA+K=0 (5.32)
The solution of Eq. (5.32) is
A=D=+iQ (5.33)

where 7 is the imaginary number (i = v/—1). Matrices D and €2 are expressed
as follows, respectively:

D= %M -1p (5.34)

—2
nzﬁ:\/M4B+M—1K (5.35)

Matrix €2 is the square root of matrix J, which can be computed by the
technique of matrix decomposition
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J=QAQ'=-Q (z A) Q'Q (z A) Q= ()% =9Q% (N <0)
J=QAQ'=QVAQT'QVAQ I =22 (A >0)
(5.36)
That is

Q=QVAQ! (5.37)

where A stands for the diagonal matrix which is composed of the eigenvalues
of J as follows:

|A1]
A= (5.38)
[Anl

and the k" column in Q represents the eigenvector corresponding to the
eigenvalue \;. The eigenvalues and eigenvectors of matrix J can be computed
numerically using the subroutines described in Smith et al., (1974). Here an
assumption has to be made that all the eigenvalues A\, (k = 1, ..., n) are
distinct, real, and nonzero (\x # 0). With the theory of ordinary differential
equations (Deif, 1991; Bugl, 1995), the homogeneous solution of Eq. (5.30)
can be expressed as

up, = exp[—D (t — tg)] [cos 2 (t — tg) c1 + sin Q (t — o) c2] (5.39)

where c¢; and ¢, represent constant vectors to be determined by initial condi-
tions in Eq. (5.31). Therefore, we have

u;, = exp [-D (t — to)] { [cos Q2 (t — to) + R 'DsinQ (t — ty)] uo

+Q_1sinﬂ(t — to) ﬁo} (540)

u, = —exp[—D (t — to)] { (2 + Q7'D?) sin Q2 (t — to) up

+Q7'Dsin Q (t — tg) — cos Q (t — to) 1‘10} (5.41)

Taking the notationsC = cos (RAt), S = sin (2At), and E = exp (—DA®)
and letting At be the length of a constant time step, then the explicit recursive
formula for the homogeneous solution at the (k+ 1)th time step, i.e., t =
to + (k + 1) At, can be written as

U ki1 =E[(C+Q7'DS) upj, + Q" St ] (5.42)

et = —E {(Q +Q7'D?) Suy + (Q -1ps - C) ﬁhyk} (5.43)
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The method of precise calculation of the exponential matrix E was proposed
by Zhong and Williams (1994). Here we give the method for the precise
calculation of the matrix cosine and sine functions C and S. This is obviously
the key point of the scheme. We start from the following exponential relation
by letting » = At/m and m = 2V

exp (i2AL) = {exp (i)} (5.44)

Expand the right-hand side of Eq. (5.44) to the form of Taylor series (Deif,
1991)

1
exp (iQdr) = E (iQr)" (5.45)
k=0
As mentioned in the previous section, in general r is extremely small, and
so the series can be truncated to retain limited terms as follows:

exp (ZQT‘) ~I+Ty+1iFg (5.46)
where I refers the identity matrix of order n and

(m) L (Qr)° (5.47)

1 2,
Ty = —= (0
0=—5 @) +5 720

4

1

iiﬁ(fhﬂ5 (5.48)

1
Foznr—ganﬁ+

With the following relations
(I+ Tk +iFy)* =1+ (T — F} +2T%) +2iFy (I + Tk) = I+ Tjp1 +iFrp,

(k=0,1,..,N) (5.49)

we can compute matrices Ty and Fy recursively. In FORTRAN language,
the loop statement for the computation looks like this:
DOk=0,N-1

Thy1 = T2 — F2 = 2T,

Fiy1 =2F, (I +Ty)

ENDDO
Invoking the Euler formula exp (iQAt) = cos (QAL) + isin (QA¢L), we can
write

{exp (iQr)}" = C+iS~ (I+ To+iFy)" = (I+ Ty +iFy) (5.50)
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That is, C = cos (QAt) ~ I+ Ty and S = sin (QAt) ~ Fy. The truncated
error of the expansion equation (5.46) can be estimated as (Qr)7/7!. By

substituting Eq.(5.37) into Eq.(5.45) then taking the first seven terms, we
have

6 X
exp (iQr) =~ Q [Z i (z\/Kr)

k=0

Q! (5.51)

Thus the truncated error from the k*" eigensolution corresponding to A
7
would be (r« / |)\k|) = 7!. Suppose ¢ is the allowed truncation error, then we

have At\/|\g| < 2V (7!(5)1/7 If we neglect the inherent damping, the eigen-
value |\;| would in fact be the k" angular frequency of the structure, that
is, |A\x| = wi. It follows, by substituting wy = 27/Tk, where T}, is the k'"
natural period of the structure, that

At 2V (71e)/7
v V2T

Since is, in general, a very large number, the time step size At can
be assumed to be relatively large in numerical computation, even for an ex-
tremely small value of €. If N is a moderate number which is not too small,
the accuracy of the algorithm would not be dominated by the step size At
in the sense of numerical computation. For example, suppose ¢ = 10717,
which reaches or exceeds computer precision, and N = 20, then we have from
Eq.(5.52) that At/\/T}, < 2100. This means that there would be no signif-
icant truncation error induced by using Eq.(5.46), even if the time step size
is chosen to be 2100 times the square root of the k** natural period of the
structure. In practice, taking into consideration the effect of higher modes,
the contribution of high modes to the solution would be damped out because
of the inherent damping effect of the structure. It follows that if NV = 20 the
precision integration stated above will give essentially the exact homogeneous
solution. In other words, matrices C and S, thus computed reflect the char-
acteristics of the structure, including those of its higher mode. As a result of
this, the accuracy of the general solution of Eq.(5.21) would be dominantly
controlled by the accuracy of the particular solution.

(5.52)

2N

5.3.3 The particular solution

If f(¢) # 0, the general solution of Eq. (5.21) consists of the homogeneous
and the inhomogeneous or the particular solution which satisfies

Mii, + B, + Ku, = £(t) (5.53)
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The particular solution incorporated with the second-order scheme can be
derived (Bugl, 1995) with the aid of the homogeneous solution in Eq. (5.39).
Suppose

u, = Uik, +Usks (5.54)

where k; and ks are vectors to be determined and

U; = exp[-D (t — to)] cos [ (t — to)],

Us; =exp[—D (t — tp)]sin [ (t — tp)] . (5.55)
By solving the following matrix differential equations:

Bl o

U, U,
U, U,

we can derive

t 0 U ' Ui 0
_ —1 J2 _ |
kl —/to A Mflf U2 f(n) d777/€2 /t0 A U2 M_lf‘f(’l]) dT] (557)
where
_ U1 Uy
A=y, U,| = Fexp 2D (t— )] (5.58)

Combining Egs.(5.54) to (5.58), we can write
t
u, =M'Q7! [ exp[-D(t—n)]sinQ(t —n)f(n)dn (5.59)

to

0, =M"" [ exp[-D(t —n)][cos Qt —n) — Q  sin Q¢ — n)|f(n)dn (5.60)

to

By substituting the integral variable with r =t — 7, the particular solution
at the (k4 1) time step, i.e., t = to + (k + 1) At, can be written as

At
u, e =M Q! / exp (—Dr) sin (Qr) £ (¢ + At —r)dr (5.61)
0

At
1 =M1 / exp(—=Dr)[cos(2r) — Q7 sin(Qr)|f(tx + At — r)dr
0
(5.62)
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Methods have been proposed (Lin et al., 1995) for the numerical treatment
of particular solutions according to the properties of f(t). Here, suppose
that f(¢) are smooth functions within one time step, so we can compute the
particular solution with the aid of Taylor expansion as

e k
F(tr+At—r) =Y S (AL — )" (5.63)
m=0 ’
where
ck =) (1) (5.64)

Define the integrals including the term (At — 7)™ in the Taylor series as
At
T = / exp (—Dr)sin (Qr) (At — 7)™ dr (5.65)
0

At
G = / exp (—Dr) cos (Qr) (At — 7)™ dr (5.66)
0

We can deduce the recurrence formula for the calculation of the above
integrals as follows:

1% = (D> + Q%) (2 — DES — QEC), (5.67)

12 = (D*+ 02)"' (D + QES - DEC), (5.68)

17 =m(D?+ Q%) (inAtm -DIy ' - m’g*) : (5.69)
m

11
I = m (D* + Q%) ! (—DAtm + Q17! — Drg—l) ., (m=1,2,..).
m

(5.70)

By combining the homogeneous solutions in Egs.(5.42) to (5.43) with the

particular solutions in Eqgs.(5.61) to (5.62), we have the general solutions of
Eq.(5.21) using the second-order scheme as follows:

Wit = E[C+ Q7S (uy + )]

.71
+Q-1M! fOAt exp (—Dr)sin () £ (t + At —r)dr (5:71)

U1 = —E[(Q + Q71D?)Suy, + (27!DS — C)ty]
+M [ exp(~Dr)[cos(Rr) — QD sin(Qr)]E(t + At — 7)dr
(5.72)
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5.3.4 Numerical examples

In this section, several simple numerical examples of one-dimensional prob-
lem are presented to test the proposed second-order scheme. The eigenvalues
and the corresponding eigenvectors of the system matrix are computed using
the FORTRAN packages in reference (Smith et al., 1976). N = 20 is used in
the 2V algorithm. The first example serves as a basic test using the second-
order algorithm for the solution of a homogeneous equation, which is compared
with the first-order algorithm. The next two examples are for the test of the
effect of the inhomogeneous part and the damping term of the differential
equation on the solutions with the proposed algorithm. The numerical results
of the first three examples are presented by the maximum errors, which are
compared with the theoretical solutions. The last two numerical examples are
wave propagation and impact problem, respectively. Their solution has some
spatial and temporal non-smoothness which is for further verification of the
algorithm.

Example 5.5 One-Dimensional Wave Equation
Consider the vibration of a string clamped at both ends. The governing
equation is a one-dimensional wave equation

. 0%
U= o

with the boundary and initial conditions

x € [0.27] (5.73)

w(0,t) =u(2m,t) =0, wuw(z,0)=sin(z), u(zx,0)=0 (5.74)

where u(x,t) is the transverse displacement of the string with unit amplitude
of initial displacement. In Eq. (5.74), the first two relations denote the fixed
boundary condition and the last two relations represent the initial condition.
The solution to Eq. (5.73) is given by the D’Alembert integral as

u (x,t) = sin (z) cos (t) (5.75)

We now discretize the spatial coordinate in Eq. (5.73) with the direct DQ
method. In this method, the derivatives of u(x,t) with respect to the spatial
coordinate x are approximated by a weighted sum of function values at all
discrete points within the interval z € [0, 27] under consideration, i.e.,

T

ul (z,) = P

w(w,t) =3 ADu(t), (=01 .n+1)

0
(5.76)
The details of computation of weighting coefficients A;Z) (r =2) are pre-
sented in Chapter 1. In the quadrature formula in Eq. (5.76), j = 0 and

n

T=Tj
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FIGURE 5.14: Comparison between the first-and second-order algorithms.

7 = n + 1 correspond to the boundary nodes, respectively, at x = 0 and
x = 27 so that n is the number of the interior nodes. The positions of the
interior grid points are placed at Gaussian points, which are computed by the
subroutine presented in reference (Press et al., 1986).

After discretization incorporated with the boundary condition, Eq. (5.73)
is transformed to the following form of algebraic and differential equation as

i+Au=0 or i+Q%u=0 (5.77)

where Q = v/A. The numerical solution of the wave equation with the second-
order precision integration algorithm at (k + l)th time step, i.e., t = ty +
(k + 1) At, is written as follows:

ug1 = Cuy, + Q1 S, (5.78)

Ug1 = —QSuy + Cy. (5.79)

The maximum solution errors using both the first- and second-order algo-
rithms are compared in Fig. 5.14. Twenty interior grid points and the time
step At = 1 were used in the computation.

It can be seen from Fig. 5.14 that both the algorithms are very stable, but
better accuracy is achieved by using the second-order algorithm. The CPU
time used for the second-order algorithm is only about 37.5% of that for the
first-order algorithm for the same amount of computation. This is mainly due
to the small size of the system matrix in the second-order algorithm during
long-term computation since the major computational effort comes from the
step-by-step integration realized by matrix multiplications.
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FIGURE 5.15: FErrors as function of time step At with the second-order
algorithm.

The effect of the time step At on the accuracy of the second-order algorithm
is shown in Fig. 5.15. It can be seen from Fig. 5.15 that very large time
steps can be employed for the solution of homogeneous equations with the
precision integration scheme which also verifies the error analysis presented
in Section 5.4.2. The effect of the interior grid number on the accuracy is
shown in Fig. 5.16. In the work of Zong and Lam (2002), the wave equation
was solved by using the DQ discretization together with the fourth-order
Runge—Kutta method with a time step At = 10~%. The solution becomes
unstable at ¢ = 0.45 even though the grid number is not too large (N = 15)
in global discretization. In contrast, the results obtained by the proposed
algorithm show that no instability phenomenon occurs with the increase of
the grid number after long-term integration (¢ = 1000) as shown in Fig. 5.16.
This finding demonstrates the superior feature of the precision integral when
compared with the traditional finite-difference-based time-marching method.

Example 5.6 Forced One-Dimensional Wave Equation
Let us consider the forced vibration of a string clamped at both ends.
The governing equation is the following inhomogeneous one-dimensional wave
equation
2u
U = % + f (z,t) (5.80)
where
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FIGURE 5.16: Errors as function of interior grid numbers with the second-
order algorithm.

f(x,t) = —3sin (z) sin (2t) (5.81)

subject to the boundary and the initial conditions

u(0,t) =u(2m,t) =0, w(z,0)=sin(z), «(z,0)=2sin(x) (5.82)
The solution to Eq. (5.80) is as follows:

u (x,t) = sin (x) [cos (t) + sin (2t)] (5.83)
After spatial discretization by the direct DQ method, Eq. (5.80) becomes

i+ Q%u = f(t) (5.84)

The numerical solution of the forced wave equation with the second-order
precision integration algorithm at the (k+ 1)th time step, i.e., t = to +
(k + 1) At, is written as follows:

At
upy1 = Cug, + Q71 S0, + Q71 / sin (Qr) f (tx + At —r) dr (5.85)
0

At
U1 = —SQuy + Ciy, + / cos () f (ti, + At — ) dr (5.86)
0
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FIGURE 5.17: Errors as function of time for the forced wave equation.

The integrals for the terms in the Taylor expansion of f(¢) for the forced
wave equation can be computed recursively by the following formula

At
I3 = / sin (Qr)dr = Q71 (I - C), (5.87)
0

At
2= / cos (Qr)dr = Q71S, (5.88)
0
Ig = / sin (Qr) (At — )™ dr = mQ ™ <—1Atm - Igl) , (5.89)
0 m

At
5 = / cos () (At —r)™dr =mQ 2 (m=1,2,..). (5.90)
0

The maximum errors as a function of time for the forced wave equation are
shown in Fig. 5.17. In the computation, only three terms in the Taylor expan-
sion are sufficient to keep reasonable accuracy, and are retained. Figure 5.17
shows that the algorithm is long-term stable although the time step chosen
should not be too large (At = 0.1) owing to the existence of the inhomoge-
neous term. By comparing Fig. 5.17 with Figs. 5.14 to 5.16, it is evident that
the accuracy of the general solution is dominantly controlled by the accuracy
of the particular solution.
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5.4 Conclusions

When direct DQ method is applied, large errors may occur if the grid num-
ber is large. The errors exponentially grow as the grid number increases. The
accuracy of direct DQ method is dominated by nodes near and on boundaries.
These nodes lead to unavoidable dynamic numerical instability.

The variable order DQ method presented in this chapter is used to eliminate
the divergence near boundaries with ease by applying a small number of points
for cortical nodes. It is verified that the variable order DQ method yields very
good results for both linear and strongly nonlinear dynamic problems. The
accuracy of direct DQ method is significantly improved by adopting different
order DQ schemes at the core and cortical nodes.

Precision integration technique is also introduced in this chapter as a means
to improve numerical differentiation accuracy. Variable order DQ may im-
prove spatial accuracy and precision integration may improve temporal accu-
racy. Both of them are effective approaches.



Chapter 6

Multi-Domain Differential
Quadrature Method

There arise difficulties when we apply DQ method to the elastic problems
where discontinuities are present. If an elastic structure under consideration
is made of two or more materials, at least one of stress components at the
interface of the two different materials is not continuous, leading to a finite
jump at the interface. It is mathematically clear that a finite discontinuity can
only be described by a first-order numerical scheme (Sod, 1978; Zong et al.,
2005). Any high-order numerical scheme must change to first-order scheme
at the discontinuity (but remains a high—order scheme elsewhere).

DQ method is equivalent to Lagrange interpolation and differentiation using
Lagrange polynomial, and thus it is a high-order numerical scheme, being
differentiable to many orders. However, it fails at the discontinuity where a
first-order scheme is required. In these cases, direct application of DQ method
would yield very bad results due to the nature of the method.

A multi-domain DQ method is formulated in this chapter to solve plane
elastic problems in the presence of material discontinuity. By putting the
boundary of each sub-domain on the interface of two different materials, dis-
continuity is transformed to proper imposition of compatibility conditions at
the interface. It turns out that the compatibility conditions at the interfaces
have dominant influence on the numerical accuracy. Numerical examples show
that the proposed method, which is first-order accurate at the interfaces and
high-order accurate elsewhere, can properly capture the material discontinuity
and yield good results when compared with those given by FEM.

6.1 Linear plane elastic problems with material discon-
tinuity
First of all, let us show the incapability of the direct DQ method for the
elastic problem with material discontinuity and highlight the importance of
the development of a new multi-domain DQ method.
Consider a plane elastic problem with material continuity as shown in Fig.
6.1. The domain under consideration is divided into two parts at the middle.

201
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Y L=6m

g=10N

VY[V Yy
\/

FIGURE 6.1: Two-dimensional elastic structure made of two materials,
simply supported boundary condition.

The left half is made of material 1 and the right half is made of material 2.
There is a material discontinuity at the middle. If a plane stress problem is
considered, the governing equation is (Timoshenko and Goodier, 1970)

E Pu  1—pd®u  14+p 0%

1—p2 <8:C2 + 2 Oy? 2 B:C(?y> (6.1a)
E v 1—pd®v 1+pu 0%u

1 <8y2 + 2 Ox? 2 B:C(?y> (6.1b)

where u and v are the displacement components in z- and y-directions, re-
spectively; E' and p are Young’s modulus and Poisson’s ratio. P* and PY are
the components of the body force in z- and y-directions, respectively. Note
that E and p take different values in the left and right halves.

Discretize the domain using N, nodes in the z-direction and N, nodes in
the y-direction. So the nodes along the x-direction are z1,x3, - ,xnN,, and
the nodes along the y-direction are y1,y2, -+ ,yn,. The displacements at each
point (z;,y;) are u;; and v;;, i = 1,---Ng, j = 1,--- N,. By using the DQ
procedure, we obtain the following discrete form of Eq. (6.1)

Nm 1' Ny
1— 2 D Vi + Zbﬂ Uit Zzazk%eka =P
o \i= k=1 (=1
(6.2a)
E N Ny Ny
] DSUTRRET) SR S T
k=1 ¢=1
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The boundary conditions are

uz=0)=0, 7(x=0)=74h(r=0)=0 (6.3a)
ox(x=6)=10, 7(x=6)=0 (6.3b)
viy=0)=0, 7(y=0)=0 (6.3¢)
oy(y=3)=0, 7(y=3)=0 (6.3d)

Based on the stress-displacement relationship in elasticity, we have the fol-
lowing discrete forms of stress components

Nz Ny
E
(02)ij = =5 (> afunj +p ) afva) (6.4a)
1_
i I=1
E Nz' Ny
(0y)ij = 5 (1) ajpurs + aglvu) (6.4b)
1_
L - I=1
Nz' Ny
T= G(Z ag vk + Z afyuic) (6.4c)
k=1 =1

where G = E/2(1 + p) is shear modulus. Substituting the above equations
into Eq. (6.3), we obtain the discrete form of boundary conditions along
T-axis

E N, Ny
wi =0 s (Y afivn; + Y _afyuie) =0, i=1 (6.5a)
k=1 =1
E N, Ny
T2 (Z ik Uk +#Za§’lvu) =10, i= N, (6.5b)
k=1 =1

Note that shear stress is zero on all boundaries, and thus we omitted the
equation for shear stress in Eq. (6.41) and in the following equations. The
boundary conditions along y-axis are

Vij = O, ] =1 (656)
E Ny Ny
- (uZafkukj + Z aglvil) =0, j=N, (6.5d)
k=1 =1

To apply Gauss elimination for the solution of the elastic problem, we intro-
duce the following indices

a=({i—-1)N,+j, N=Ny,xN,, i=1,---N, (6.6)
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Then Eq. (6.2) can be recast in the following form

N N

> dlyug+ Y divs = P2 (6.72)
B=1 B=1

N N

> d2ug+ Y dZvs = PY (6.7b)
B=1 B=1

where the coefficient matrices are obtained from Eq. (6.2) through simple
manipulation. They are

E
By = it

E
? 12 _ x 1
=2 bgzéik, dop = 57— m aikage (6.8a)

E
2(1+p) 2(1

E
dilﬁ = = 2 bgﬁik + 31,051 (6.8b)

T Y 22
)aikajﬁ daﬁ - 1

E
21— p 2(1+ p)
where the delta function §;; = 1 if i = j and it is zero if ¢ # j. For nodes
on boundaries, we may similarly write out the equations. Combining them
together and with aid of Eq. (6.4), the unknowns satisfy

] ()= (%) -

with suitable boundary conditions. This is a system of linear algebraic equa-
tions with 2NV unknowns. In compact form, Eq. (6.49) becomes

Dw =Q (6.10)
with

11 q12 z
D= [321 322}7 W:<:>a Q:(ll:y) (6-11)

This system of equations can be solved by Gauss elimination. After the
unknowns are produced, the stresses at each node can be estimated by using
Eq. (6.4).

Based on the above formulations, a FORTRAN code was developed by Zong
et al. (2005) and a numerical example as shown in Fig. 6.1 is solved. A two-
dimensional elastic structure, made of two different materials is considered.
The Young’s modulus in the left half is £y = 3.0 x 107 N/m? while the Young’s
modulus in the right half is Fs = 3.0 x 10°N/m?. Poisson’s ratios for both
materials are p = 0.25. The domain is L = 6m long, and H = 3m high. The
uniform distributed force ¢ = 10 Nis applied on the right side of the domain.
The domain is discretized by 13 x 11 nodes. The stress components at the
central section y = 1.5m calculated from direct DQ are shown in Fig. 6.2.
They are represented by solid lines. In the same figure, the results obtained
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from the commercial FEM software ABAQUS (ABAQUS User Guide, 2002)
are also presented for the sake of comparison.

The result for stress component o, obtained from ABAQUS shows a discon-
tinuous finite jump at the interface of the two materials while those obtained
by direct DQ are nearly equal to zero as shown in Fig. 6.2(a). The phys-
ically finite jump is “smeared out” by direct DQ method. Such “smearing
out” phenomenon is in fact not rare. It also occurs in some finite differ-
ence schemes when used to simulate shock waves (Sod, 1978). It is clearly
demonstrated that discontinuity or finite jump must be carefully treated. At
a discontinuity, both left and right derivatives exist, but they are not equal.
So the second-order or higher order derivatives do not exist physically. Any
numerical schemes which are capable of simulating such finite discontinuity
must also be first-order accurate at the interface. It cannot be second-order
accurate at the interface, which is against physical observations. This is an
interesting topic and a detailed discussion would be beyond the scope of this
chapter. The interested reader may refer to the paper by Sod (1978) and the
numerous papers on this topic in the literature.

As confirmed by Shu (2000a), DQ is a high-order numerical scheme with
order up to min {N,-1, N,-1}. If ten nodes are used in each direction, DQ
is a 9-th order scheme. So it is not surprising that it cannot capture the
discontinuity at the interface of two different materials.

Figure 6.2(b) shows the shear stress distributions obtained by direct DQ
method and ABAQUS. It is found that the curve of shear stress given by
ABAQUS is continuous, but not smooth. There exists a sharp turning point
at the interface. Direct DQ procedure fails again to reproduce the expected
phenomenon, yielding an almost zero shear stress distribution across the mid-
dle section, incomparable with those given by FEM.

It should be noted that the ordinates and abscissas are not proportionally
drawn in Fig. 6.2. To see the errors the direct DQ method produces, the
ordinates are deliberately prolonged in Fig. 6.2(a) and (b).

6.2 A multi-domain approach for numerical treatment
of material discontinuity

In order to capture the discontinuity correctly, the order of the scheme used
must be reduced to one at the discontinuity as mentioned in the previous
section. To do so, the two-dimensional domain 2 is decomposed into several
sub-domains: g, s= 1, 2..., M in such a way that any two of sub-domains
are disjoint, that is, Q, N Q; = () if s # t. Here ) is the empty set. Then, we
haveQ:QlﬂQgﬂ'uﬂQM.

The decomposition of the domain into several sub-domains should follow
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FIGURE 6.2: Stresses obtained by direct DQ and ABAQUS at the section
y = H/2 for the bi-material elastic structure with interface at x = L/2.

the general guideline that the physical constants in each sub-domain such as
Young’s modulus and Poisson’s ratio are constant. The boundaries of sub-
domains coincide with the interfaces of different materials. Take Fig. 6.1 as
an example. The interface of the two different materials defines the common
boundaries of sub-domain £, and Q5. In this way, each sub-domain 4 has
two types of boundaries: boundary I'?, which is a part of the whole domain
Q, and boundary T',,, which is the interface of sub-domain Q4 and Q;; see Fig.
6.3. We use superscript “s” or “t” to denote displacements and stresses in
each sub-domain. So w(®) is the displacement vector in the s-th sub-domain,

which has the structure as shown in Eq. (6.10).

The boundary conditions on I'? can be treated in the same way as before.
On the interface T'%,, however, special treatment is required. There are two
ways to impose the boundary conditions on the interfaces (namely compatibil-
ity condition). In the first way, the displacements and their normal derivatives
calculated from the two neighboring domains are set equal. Numerical tests
have shown that this procedure furnishes correct results for the homogeneous
problems but wrong results for the problems in the presence of material dis-
continuity (see Example 6.4). Therefore, compatibility conditions are strongly
dependent on the material discontinuity. Instead, in the second procedure,
the normal and shear stresses as well as the displacements on the interface
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FIGURE 6.3: Multi-domain decomposition with interface boundaries I',
and boundaries of the original domain I'?.
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are set equal. But the stress component along the interface is not fixed. This
procedure works very well for the present discontinuous elastic problems as
shown in subsequent sections.

The second procedure can be expressed in a mathematical form as

u® =u®, v =vO onrl (6.12a)
o =50 2 =20 o i (6.12b)

where aff) denotes the stress component perpendicular to the interface, and

T,(ls) denotes the shear stress along the interface.
Discretize each sub-domain Q(*) using N NYSS) nodes. In each sub-
domain, the discrete governing equations have the form of Eq. (6.10), that

is,

DEOw®) —Q®), s=1,2,... .M (6.13)

which is valid for nodes inside the sub-domain Q(*) and the nodes on boundary
I'°. For nodes on the interface I't,, Eq. (6.12) is applied instead as

HOw® = HOw®  on T, (6.14)

By assembling Eq. (6.13) with (6.14), we obtain a system of linear algebraic
equations

—D(l) -
D@
w® QW
: o w(® Q®@
o D : =1. (6.15)
H . .
' w(M) QX
[ E |

M
There are in total [] (NJES)N&S)) unknowns, which can be computed from

s=1
solving Eq. (6.15) by Gauss elimination. It is worth pointing out that local
DQ scheme is applied to each regular sub-domain in the same manner as in
the single domain. Since the coordinates of each sub-domain in the Cartesian
plane vary in different sub-domains, therefore, the weighting coefficients for
DQ discretization are location-dependent. This means the weighting coeffi-
cients vary from sub-domain to sub-domain.

In each sub-domain, DQ is employed locally and thus the numerical scheme
is high-order accurate. On the interface, the normal stress perpendicular
to the interface and shear stress along the interface are set equal. Because
stresses are the combinations of the first-order derivatives of displacements,
the multi-domain DQ scheme at the interface is reduced to first-order accurate.
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This is qualitatively in agreement with what we proposed in the previous
section. This will also be validated by the numerical examples given in the
following section.

6.2.1 Numerical examples

Numerical examples of discontinuous plane elastic problems made of dif-
ferent materials, in the absence of body forces, are presented in this section
to show the validity and efficiency of the present method. The direct DQ
method can not be employed to solve all of the problems directly but multi-
domain DQ can. All of the numerical results obtained by the present method
are compared with the results from the FEM commercial software, ABAQUS
(ABAQUS User Guide, 2002).

Example 6.1 Two-dimensional elastic structure made of two different mate-
rials

We first return to the example we have studied in Section 6.1, where it is
found that direct DQ cannot capture the finite discontinuity in stress com-
ponent oyat all. It also fails to capture the sharp turning point occurring in
shear stress distribution.

The multi-domain DQ is employed to this problem instead. The stress
distributions along the section y = H/2 obtained by multi-domain DQ and
ABAQUS are shown in Fig. 6.4. It is demonstrated in the figure that the
present multi-domain approach characterizes the finite jump in o, and the
sharp turning point in the shear stress 7 results obtained from both methods
are quantitatively in excellent agreement.

A convergence study has been performed by using six sets of different node
numbers. The results at two points A and B (point A is at the center of the
domain and point B is at the right top corner) are presented in Table 6.1. It
is observed from Table 6.1 that the results are slightly dependent on the node
numbers. In other words, the results are convergent with respect to the node
numbers, and the convergent rate is very fast. It is clear from the observation
that very accurate results can be obtained by using small number of nodes.

TABLE 6.1: The convergence study for Example 6.1

UyA

Mesh up (x107®)vg (x107%) 0,4 Domam T Domam 2 TA

5x5H 1.1393 -2.7528 9.5378 -3.0342 1.8755 -0.6151
<7 1.1321 -2.6853 9.5612 -3.2745 1.8672 -0.5534
9x9 1.1312 -2.6837 9.4914 -3.1060 1.8771 -0.5778
11x11 1.1311 -2.6866 9.4918 -3.2291 1.8704 -0.5643
13x13 1.1310 -2.6888 9.4491 -3.1172 1.8782 -0.5725

15x15 1.1308 -2.6901 9.4458 -3.2054 1.8727 -0.5671
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FIGURE 6.4: Stress distribution at the section y = H/2 for the bi-material
beam with interface in z-direction: (a) Normal stress oy; (b) shear stress 7.

Example 6.2 Sandwich composite plate

A sandwich composite cantilever plate consisting of three layers of two
materials is analyzed (Zong et al., 2005) shown in Fig. 6.5. The upper and
lower surface layers are made of the same materials. The core layer, on the
other hand, is made of a material different from the surface layers. According
to the geometry and materials used in the cantilever plate, the problem is
decomposed into three sub-domains that are connected by the interfaces along
the y-direction. Young’s modulus for the surface layers is 1.67 x 10°N/m? and
1.67 x 108 N/m? for core layer. Poisson’s ratio is assumed to be 0.3 for both
materials. Other parameters are L = 4.8m, H =1.2m, t. = 0.8m, ty = 0.2m
and p = 100N. The mesh used in this example is 15 x 7 for each sub-domain.

The boundary conditions for the sandwich cantilever plate are given as
follows:
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FIGURE 6.5: Sandwich composite cantilever plate made of two different
materials.

The solutions for the displacements and the stresses at the middle section
x = L/2 are given in Figs. 6.6 and 6.7, respectively. Displacements are con-
tinuous as required by the compatibility condition. Again discontinuous finite
jumps are observed at the material interfaces in o, and sharp turning point
in shear stress 7. It is also found from Figs. 6.6 and 6.7 that the numeri-
cal results produced by the multi-domain DQ approach agree well with those
given by ABAQUS, verifying the accuracy of the present approach.

Example 6.3 L-Shaped plane elastic problem

The multi-domain DQ approach is applied to solve a plane elastic problem
in an L-shaped domain, consisting of three parts made of two materials as
shown in Fig. 6.8. Based on its geometry and materials, the physical domain
is divided into three sub-domains denoted by 21, Q2 and 3, respectively,
as shown in Fig. 6.8. The sub-domains €2; and 23 have the same material
properties with Young’s modulus £y = E3 = 3.0 x 10"N/m?2, while Q, is
made of a different material with Young’s modulus Fy = 3.0 x 105N/m?.
Poisson’s ratios for two materials are taken as p = 0.3. The other parameters
are indicated in Fig. 6.8. The mesh adopted in this example is 11 x 11 for each
sub-domain. Figures 6.9 and 6.10 show the comparison between the stresses
obtained by multi-domain DQ and ABAQUS at the section of x = 3.75m
andy = 3.75m, respectively. Again the results are in excellent agreement,
validating the capability of the present approach and its applicability.

Example 6.4 Compatibility conditions
As mentioned in the previous section, the compatibility conditions at the
interfaces have a significant influence on the solutions. Two types of com-
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FIGURE 6.10: Stress distribution of the L-shaped problem on the line at
y = 3.75m: (a) normal stress; (b) shear stress.

patibility conditions can be imposed on the interfaces. Both assume that the
displacements on the interfaces calculated from two neighboring sub-domains
must be equal as expressed in Eq. (6.12a). The difference lies in that one type
assumes the equivalence of normal derivatives whereas the other type assumes
the equivalence of stress components instead; see Eq. (6.12b). For the sake of
brevity, we shall refer the former type as normal derivative boundary condition
(BC) and the latter type as stress BC. Both types of compatibility conditions
were tested to the problem as shown in Fig. 6.11. A two-dimensional elastic
medium made of two different materials separated at the section y = 0 is con-
sidered. The results for stress distribution along the section = L/2 obtained
by implementing the two different compatibility conditions are illustrated in
Fig. 6.12, together with those obtained by ABAQUS. Figure 6.12 shows that
the finite jump at the interface can be captured by applying normal deriva-
tive BC but the resultant stresses are not comparable with those given by
ABAQUS. In contrast, the stresses given by adopting stress BC are close to
those given by ABAQUS. Therefore, it is confirmed from the comparison in
Fig. 6.12 that stress compatibility conditions are suitable for elastic problems
in the presence of material discontinuity.

6.3 Multi-domain DQ method for irregular domain

The multi-domain differential quadrature approach, with the character of
being first-order accurate at the discontinuity while remaining high-order ac-
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FIGURE 6.11: Two-dimensional elastic medium made up of two different
materials separated at y = 0, - - - -, simply supported boundary condition.
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FIGURE 6.12: Stress distribution at the section x = L/2 for the plane
elastic problem in Fig. 6.11: (a) normal stress o;; (b) shear stress 7.
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curate elsewhere, is developed in the previous sections for the analysis of
plane elastic problems made of different materials. By setting the boundary
of each sub-domain on the interface of two different materials, discontinuity
is transformed to proper imposition of first-order compatibility conditions at
the interface. The problems considered in the previous sections are the com-
bination of regular sub-domains. That means the boundaries of sub-domains
are parallel to the coordinate axes. In view of this, local DQ scheme can be
applied directly to each sub-domain in the same manner as the single domain.

In multi-domain DQ approach, the analysis domain is firstly divided into a
certain number of sub-domains according to the domain’s geometry, bound-
ary condition or material discontinuity as shown in Fig. 6.3. If the problems
are assemblies of regular sub-domains, same as the problems studied in the
previous section, DQ scheme is carried out locally in each sub-domain. How-
ever, multi-domain D@ method is inapplicable to general irregular domains
with curvilinear sides which are not parallel to the coordinate axes and which
cannot be divided into regular sub-domains. In this case, coordinate trans-
formation, the common technique in FEM, is employed to map the irregular
sub-domain into a square computational domain in the natural coordinate.
The governing equations and boundary conditions, including the first-order
compatibility conditions of two adjacent sub-domains, are also transformed
into the natural coordinate. Thus all the computations are performed in the
rectangular computational domain.

It is well-known that inhomogeneities play an important role and may even
dictate the mechanical behavior of advanced composite materials. In recent
years, inhomogeneous problems have attracted considerable attentions and
have triggered extensive investigations. For example, Eshelby (1957), Jaswon
and Bhargava (1961), Honein and Hermann (1990), Gong and Meguid (1992,
1993) have studied the elastostatic behavior of one single inclusion in the elas-
tic medium under particular loading. In addition, the problem of an elastic
medium containing a finite number of arbitrary located inhomogeneous in-
clusions under simplified loading has been investigated by using the complex
potentials of Mushelishvili (1953), Zhang and Katsube (1995). In the last
decade, a lot of numerical methods, such as finite element method, boundary
integral equation approach have been developed to analyze the elastic and
thermoelastic behaviors of various kinds of inclusion problems (Nakasone et
al., 2000; Zhu and Meguid, 2000; Dong et al., 2002, 2003).

Herein, attempt is made to apply multi-domain DQ method in conjunction
with coordinate transformation to the plane elastic inhomogeneity problems.
The numerical examples, a square plate with a square inclusion, a square plate
with one and two circular inclusions under uniformly distributed loads, are
presented to demonstrate the feasibility and accuracy of the method in the
inhomogeneity problems.
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6.3.1 Coordinate transformation for irregular domain

Coordinate transformation is employed to transform the irregular sub-domain
in the Cartesian x — y plane to a square computational domain in the natural
coordinate £ — n by using the following equations

x=a(§n)
6.16

{ y=y(&n) (6.16)
All the variables, including their derivatives with respect to the space variable
x or y, should be mapped to the new coordinate system & — 7. The first-order
derivatives of an arbitrary function defined in the Cartesian x — y plane with
respect to x and y, are given by

0 0 0
o = 8_551 + (’“)_77% (6.17a)
0 0 0

where &, and 7, are the first-order derivatives of £ and n with respect to =z,
respectively. £, and 7, are the first-order derivatives of £ and n with respect
to y, respectively.

The second-order derivatives of a function could be derived from Eq. (6.17)
as

2 P, 9, 82 9 3

@ = 8—5251 + 8—772771 + 2517%@ + 5118_5 + nmma_n (6183)
2 9, 9, 92 9 )

o 8_525‘” + 8—77277‘” + 2&;%@ + fyya_§ + nyya_n (6.18b)
52 92 52 H? 0

0
(972; = 8_5251&1 + 8—77277m77y + (gmny + gynw)@ + §my8_€ + nmya_n (6'18C)

Equation (6.17) can be expressed in the matrix form as follows

(E-lealdf-or{d)  om

The above 2 x 2 matrix denoted by [J]™ "~ is the inverse of Jacobian matrix of
the transformation [J] defined as

oo

Q)
- 3

7] = Bi ‘Zf]] (6.20)

By use of Eq. (6.33b), the inverse matrix of Jacobian is obtained

-1_ - Yn —Ye _ _
1 = o || 1= - (6.21)
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where |J| is the determinant of the Jacobian.

Comparing the inverse matrix of Jacobian in Eq. (6.33a) with that in Eq.
(6.34), we have the following relationship

Ce=uyn/ Il ne=—ve/ Il & =—m/ ], my=ae/[J]  (6:22)
The substitution of Eq. (6.35) into Egs. (6.17) yields

0 1 0 0
e m (%8_5 - y£a_n) (6.23a)

0 1 0 0
- =— | -z,— — 6.23b
% =171 (o2 *7ean) (0:230)
Therefore, the second-order derivatives of £ with respect to  and y can be
expressed as

T 2= % (v —vess) (\ ‘)

7 (6.24a)
=T ( Yn¥Yen — ‘J‘ ]| & Yenm + % \]\ |J|,n)
9% _ 0 (¢ ):L(_I 9 4y, g) (_r_n)
ay? 1 ay \SY mm? nog T oy \ zIJI (6.24D)
= 77 \&nTen — |_J”||J|,g_$£$nn |§J| 11,

In a similar manner, the second-order derivatives of  with respect to = and
y can also be obtained

0% 1 Ynle 2

— 1= ___ |- T J 6.24
02 |J|2 ( YnYee + |J| | |,5 + Yelen — |J| | | ( C)
0°%n 1 g

R T T + J| . +xex J 6.24d
Dy? |J|2 ( e | | | |§ &ten — | | | |777 ( )

where |J| . and [J| , are the first-order derivatives of the determinant of Jaco-
bian with respect o ¢ and n, respectively. Differentiation of |J| in Eq. (6.21)
leads to
|| ¢ = TeYen — Yeen + YnTee — Tnyee (6.25a)
|J|,n = —TpYen + YnTen — YeTnn + TeYny (6.25Db)

And the mixed derivatives of & and 1 with respect to  and y are given by

0%¢ 1 < YnTy >

— = — | —ypzen + ST +yex J 6.26a
92y |J|2 YnTen |J| | |,§ YeTnn — |J| | | ( )
?n 1

Ynx YeXe
= — | —yexen — = + Ynxee + === |J > 6.26b
dxdy |J|2 < YeTen ] | |5 YnTee 7] | |,77 ( )
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The above formulation of coordinate transformation is general. Thus, var-
ious shape functions for transformation can be used. Herein, the quadratic
serendipity and cubic serendipity shape functions are illustrated and applied
to the numerical examples.

6.3.2 Quadratic sub-domain
The mapping of quadratic serendipity domain in the Cartesian  — y plane
to an 8-node square computational domain in the natural coordinates £ — 7,

—1 <&, n <1 asshown in Fig. 6.13, can be achieved by using the following
relationship (Bath, 1996)

8

x = ZNZ-(& n) - T (6.27a)
i=1
8
y= Z Ni(&n) - yi (6.27b)

where z; and y; are the coordinates of the i-th boundary node in z — y plane,
N;(&,m) are the quadratic serendipity shape function defined as:

Ni= -3 (1-OU-m+E+n), Np= 10+ n)(-1+6-n),

(1=A+n)(=1-&+mn),

RNy

Ny =1+ +n)(=1+&+n), Na=

FNgr.

Ny= (=)0 -m), No=g(1+81-),

N =

No= 51 -&)1+n), Ns=5(1-&1—7) (6.28)

The first-order derivatives of the physical coordinates with respect to the
natural coordinates are calculated as (Chen, 1999)
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FIGURE 6.13: Mapping of the quadratic serendipity element: (a) the
physical domain; (b) the computational domain .

e = 1(L=m)@¢+mar + (1 —n)(2€ —n)ws + 31+ 1) (2 + )z + 3(1
+1)(26 —n)zs — E(L—n)as + 5(1 —n?)xe — £+ n)ar — 5(1—n?)as
(6.29a)
2y =51 =€+ 2z + A+ (=6 + 2z + (1 + (6 +2n)zs + (1
— (=6 +2n)xs — 5(1 = )5 — (1 + E)we + 5(1 — ¥y — (1 — &as
(6.29b)
1=+ ny + (1 —n) (2 —ny2 + § (1+n)(2€+n)y3+ (1
+m)(26 = n)ys — &(1 — )y5 + 51—y — 5(1 +n)yr —5(1—n )ys
(6.29¢)
+1 (1+§)(§+2n)y3+ (-

5 Jyz —n(1 = &)ys
(6.29d)

Ty =21 =€+ 20y + (1 + (=€ + 2n)y2
5)(—§+2n)y4—%(1—€2)y5— n(1+ &)y + %(

And the second-order derivatives are given by (Chen, 1999)

1 1

Tee = 5(331 + o+ a3+ x4 — 205 — 207) + 577(—:171 — Xy + X3+ x4 + 205 — 227)
1 1

Loy = 5(:101 +$2+$3+JJ4—2ZC6—2$8)+§§(—$1 +zo+x3 — x4 — 236 + 2238)
1 1

Yee = 5 (U1 +y2 +ys +ya—2ys = 2y7) + on(=y1 — Y2 + s + ya + 2y5 — 2y7)

1 1
Yy = 5(3/1 +y2 + Y3 +ys — 2y — 2ys) + 55(—% +y2 + Y3 — Y4 — 2y6 + 2ys)
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Tey = %(l‘l — X2 + I3 — $4) + %5(_$1 —xo + 23+ x4 + 25 — 2$7)
+ 30(—21 + 23 + 23 — T4 — 216 + 228)

Yen = 1(y1 — 2+ ys — ya) + 5€(—y1 — Y2 + Y3 + ya + 2y5 — 2y7) (6.30)

+ In(=y1 + y2 + y3 — ya — 2y6 + 2ys)

6.3.3 Cubic sub-domain

A curvilinear quadrilateral domain with curve boundaries in the physical
coordinate x — y is shown in Fig. 6.14. Each side of the domain can be
approximated by a cubic function. The irregular domain can be mapped into
a square domain, —1 < &, n < 1 by use of the following cubic serendipity
shape function (Li et al, 1986)

12

T = ZNZ'(§7 n) - i (6.31a)
11:21

y=Y Ni&n) v (6.31b)
=1

where N;(&,n) is the cubic serendipity shape function defined by

Ni(ﬁﬂ?) = 3_12(1 +€z€)(1 +77i77)[9(€2 +772) - 10]) i=1,234

Ni(Em) = oo (1= €)1+ mm) (L4 966), 1 =5,6,7,8

where & and n; are the coordinates of the node 7 in the £ —7 plane. All of these
shape functions possess the delta function property, i.e., the shape functions
are equal to utility at the i-th point and zero at all the other points. The
first-order derivative of the physical coordinate with respect to the natural
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(a) (b)

FIGURE 6.14: Mapping of the cubic serendipity element from (a) physical
domain to (b) computational domain.

coordinate are derived as

4
3 B (1 m[E(9€2 + 90 —10) + 186(1 + &€ )i+

e =
8 12
> g5 (1 +mim)[-26(1 + 96:€) + 96 (1 — €)]a; + > 35 (1= 0)(1 + 9min)&i;

(6.32a)

4
7y = 3 (1 +GOIOE + 997 —10) +189(1 + )i+

=1

8 12
Z 39_2(1 - 5 )(1 + 9§i§)77i1'i + Z:g 3%(1 + flf)[—2n(1 + 977”7) 4 9,71.(1 _ 772)]=Tz'

=5
(6.32b)
4
Ye = ; 35 (1 + 7in)[£ (962 + 9n? — 10) + 18E(1 + &€)yi+
8 12
> (0 )26+ 96 + 961~ i+ 3 (1L~ )1+ I
(6.32¢)

Z o (1 + &) [: (962 + 9n? — 10) + 18n(1 + nin)|yi+

8 12
2 21— &)1+ 9%y + Z:g 2 (L+&O[=2n(1 + 9min) + 90 (1 — n?)]ys
(6.32d)

and the second-order derivatives are obtained as follows:
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4 8
mee = Y (L+mn) (18 + 54w + Y 3—92(1 +nim)(—2 — 54&;€)x;  (6.32a)
111 1125 .
Ty = Y (L+&E)(A8 + 5dnm)a; + 55 (1+&€)(=2 = 54mm)z; (6.32b)
=1 1=9
4 8

vee = D2 (1 mn) (18 + 546y + 3 (14 mn)(~2 — 546:€)ys (6:320)
111 ZI2E> .
Yoy = Z (14 &&) (18 + 54nim)y: + Z @(1 +&&) (=2 = 5dnin)y;  (6.32d)
=1 1=9
4
Ten = 35 [18&m + 27&m; (€2 + n?) — 10&n; + 18&mix;
i=1 (6.32e)

8 12
+ 25 357 (=26 — 276€% + 9&;)a; + Z:g 356 (=20 + 9 — 270 n;)

4
Yen = > 3518&m + 27Em; (€2 + n?) — 10&m; + 18&n;]y:
i=1 (6.32f)
8

12
+ 25 37i(—26 — 276,6* + 9&,)yi + ;} 355 (=2n + 90 — 27°n, )y

6.4 Multi-domain DQ formulation of plane elastic prob-
lems

6.4.1 Multi-domain DQ for plane elastic heterogeneous solids

To simulate the discontinuity at the interface of two adjacent sub-domains,
the numerical scheme should be first-order accurate at the interface while
remain high-order accuracy everywhere. As mentioned before, DQ method
is a high-order scheme which cannot capture the first-order accuracy at the
discontinuity, thus it fails to furnish correct results for the problem in the
presence of discontinuity. In this case, multi-domain DQ approach is adopted.
Multi-domain DQ method is based on DQ and domain decomposition as an
alternative to simulate complex problems with discontinuities in geometry,
boundary conditions and material. Each sub-domain is firmly bonded to-
gether through interfaces. Each sub-domain is guaranteed to be homogenous,
having the same material property through the sub-domain by the domain
decomposition. Then the discontinuity along the interface is transformed
by the imposition of compatibility conditions. In general, the heterogeneous
solid is composed of irregular sub-domains, which cannot be solved by the
present approach. Under the circumstances, the additional mapping tech-
nique is utilized to transfer the irregular sub-domain into a square one. Then
DQ discretization of the governing equation is applied in the square computa-
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tional domain. All the corresponding boundary conditions and compatibility
conditions along the interfaces are transformed from the physical domain to
the computational one. DQ scheme is applied separately in each normalized
sub-domain in the natural coordinates. Finally, all the differential quadrature
discretized equations are assembled and the solutions are obtained by use of
Gauss elimination.

6.4.2 Governing equations and its DQ discretization

In the absence of body force, the governing equation for a two-dimensional
problem in linear elasticity on the domain 2 bounded by the boundary I is
given by

a@ + 6 (92’1} + @ =0
ox? oxdy = O0y?
0%v 0%y 0%v

Oéa—yz +ﬁax—ay+@ =0 (6.33b)

(6.33a)

where x and y are space variables in the domain 2, w and v represent the
components of the displacement in z- and y-direction, respectively. When
plane stress case is assumed, the coefficients denoted by « and  are given by

2 14+p
a= , 6_1—/1 (6.34)
where p is Passion’s ratio, which may be varied from one sub-domain to
another. For plane strain problem, p is replaced by }i‘—ﬁ

In the previous section, the problem domain is assemblies of a certain num-
ber of regular sub-domains, and DQ formulation can be carried out on basis
of the sub-domains one by one directly without coordinate transformation.
Since the coordinates of each sub-domain in the Cartesian plane vary in dif-
ferent sub-domains, therefore, the weighting coefficients for DQ discretiza-
tion are location-dependent. However, if the sub-domains are of arbitrary
shapes, mapping technique is required to transform the irregular domain into
a square computational domain, and then DQ discretization can be formu-
lated. Since all the sub-domains are mapped into the identical square domain
—1 <&, n <1, the weighting coeflicients of the first- and second-order deriva-
tives denoted by a;; and b;; are the same.

According to Shu and Richards (1992), the weighting coefficients in the &
direction are determined by differentiating the Lagrange interpolation formula
as

M i ) 3
gt 17
N
- > ai =]
k=1,k#i

(6.35)

Qi =
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2 {Gu‘ “Qi5 — &a_”gj} , i FY

bij = N (6.36)
— b; 1=17
k:lz,;c;&i g J
where
N
ME)=T[€-¢)
=1
N
M(l)(gk): H (gk_gj)a k:172a"'5N
Jj=1,j#k

where &; denotes the mesh point in the ¢ direction in the computational do-
main. Similarly, the weighting coefficients in the 7 direction can be obtained
by replacing £ in Egs. (6.35) and (6.36) by 7.

By substituting Egs. (6.17) and (6.18) into Eq. (6.34), we obtain the fol-
lowing governing equations in €2, defined in the natural coordinate

d*u 9% du du 9?
R ) g + P& 55 + Bal&m ge + Fi& g + Fo(6m) gepnt
A2y + R )2 s Byen 2 + e )L + Ryl n) ol =
1,77852 26,7 3775 47777 77858
82 2 a 8 2
Hl(&n)852 + Ha (€, n) +H3(§ 1) 5+H4(€ Xl n H;(&, ”)aga +
_ &% 62 ou ou 02
Fién) 5 e + Fy(&, n) 5 + F3(6,m) 5+F4(§ M5, +F5(§ n)(%; =0
(6.37)
where

The above transformation functions F;(¢,n), H;(¢,n) and Fy(&,n) (i =
1,2,...,5) can be expressed as functions of ¢ and n by using Egs. (6.22)
and (6.24).

The application of DQ discretization to Eq.(6.37) results in a set of simul-
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Fi(&m) = 04555 +€§,
F2(§7n) « 771+77y7
F3(§777) « gmm'i_guua
F4(§a 77) = Ny + Nyy,
F5(§a 77) = 20°§:M. + 261y
Hi(&,n) = & + a°¢,
Hy(&m) = n2 + asnj
H3(§7 77) = gmm + « é‘yya
H4(§a 77) = Nzz + O°Nyy,
Hs(&,m) = 26um: + 20°8ymy
1(€,m) = B°EE,

F5(6,m) = B nany

_3(5) 77) = ﬂsgmy
E4(§7 77) = 557711;

5(§a 77) B° (gmnu + gunm)

taneous algebraic equations,

N7
(5 77) Z blkluklj +F2(§ 77) Z b]kzulkz + F3(§ 77) Z Qiky Uk, j
k1= 1 ko= 1 k1=1
+F4(§ 77) Z A ko Uiky T Fs (5 77) Z Qiky Z Ak Uky ko T+ Fl (5 77) kz bZkl Vk1j
ka=1 1 1 ko=1 1=1
Ny _
+F2 (5 77) Z b]kz Viky + F3 (5 77) kz Qiky Vky j
1 1
e N N,
+F4(§ 77) Z ko Viky T F5(§ 77) E Qiky Z ko Vkyky = 0
ka=1 k1=1 ko=1
(6.38a)
Ne¢ Ny _ Ne
Hy(&m) 32 bikyvrij + Ha(§,m) D2 bjkyvik, + Hs(§,m) 30 ik, Vkyj
k1=1 ko=1 k1=1
N, Ne N,
+H4(§,77) Z ajkzvi]w +H5(€777> Z Qiky Z ajkzvklkz
ko=1 k1=1 ko=1

_ Ne _ Ny, _ Ne
(&) D2 bikyunyj + F2(€m) Y0 bjkytin, + F3(&m) Y2 @ik, uk, i+

]i}l 1 ko=1 ki1=1
Ne N,
(5 77) Z ajk2u1k2 + F5(§ 77) Z Qik,y Z aJk2uk1k2 =0
k2 1 kl 1 kg 1

(6.38D)

where N¢ and N, are the number of the mesh points in the computational
domain in the direction of £ and 7, respectively. Usually, we adopt N¢ = N,
for an easy matching between adjacent sub-domains.
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Equation (6.39) can be expressed in the following compact form

N N

> dibust > divg =0 (6.392)
8=1 B=1

N N

> dZhust > dZus =0 (6.39b)
8=1 B=1

where o = (1 — 1)N, +j, N = N¢ x N,,, j = 1,..., N, and the coefficient
matrices are

d(lllﬁ = (Flbi;gl + F3aik1)6jk2 + (Fggjkz + F4djk2)5ik1 + Fsaik, Gk,
dilﬁ = d}fﬁ = (Flbikl + F3aik1)5jkg + (Fggjkz + F4djk2)6ik1 + FSGikldij
d2% = (Hybix, + Hsair, )0k, + (Hobjr, + HaGjr,)0ik, + Hsaik, Gk

where the delta function d;; = 1 if ¢ = j and it is zero if ¢ # j. The matrix

form for Eq. (6.40) is
dil g1z u(s) 0
[d21 dzz} (V(s)) = (0) (6.40)

This is a system of linear algebraic equations with 2/N unknowns. In compact
form, the above equation becomes

D®w®) =0, s=1,...M (6.41)
where
() dit g1z s) u(s)
D = d2t g22 | > w = v(®) (6.42)

In the same manner, the governing equations of matrix form in all the sub-
domains as Eq. (6.40) can be obtained. In the end, all the sub-matrices, the
weighting coefficient matrices as well as the unknown displacement vectors,
should be assembled together to arrive at a system of linear algebraic equa-
tions. The global set of algebraic equations can be expressed in matrix form
as

D@ w(
D® w(2)
=0 (6.43)

DM | \ ™)

where M is the number of sub-domains.

To make Eq. (6.43) solvable by Gauss elimination method, the enforcement
of external boundary conditions and continuity conditions along the interface
of two adjacent sub-domains are required. The boundary conditions which
are transformed into the computational domain can be implemented at the
boundary points directly with ease. The compatibility conditions along the
interfaces are illustrated in the following section.
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\ s

FIGURE 6.15: Interface of two adjacent sub-domains.

6.4.3 Compatibility conditions

As mentioned before, the compatibility conditions at the interfaces have
a dominant influence on the solutions. The successful application of multi-
domain DQ method in plane elastic problems with material discontinuity can
be achieved if the proper compatibility conditions are satisfied at the interfaces
between adjacent sub-domains. For the present problem, the compatibility
conditions at each node of the linear/or curvilinear interface between two
adjacent sub-domains shown in Fig. 6.15 are given as

u® =u®, vO =@ o7 (6.44)
o) = ol ) =7 onT (6.45)

where n; and ns are the outward unit normal vectors at a point in the interface
T" for the two sub-domains, respectively. as,ll) and 7',(111) are the stress component
perpendicular to the interface and shear stress along the interface for the first
sub-domain, respectively. Similarly, 05122) and Tt(122) are for the second sub-
domain.

Let n = (I,m), where I, m are the cosines of the angles between the normal
direction n and the axes = and y. The expression for the two direction cosines

on the four sides of a quadrilateral sub-domain can be given as follows (Zhong
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and He, 2003)

__ £ —r — +1
n=(,m)=1{ Vi =) ¢ (6.46)
’ l.ngyg (_yfv'rf) n= *1

Obviously, the displacement compatibility in Eq. (6.45) can be applied into
the natural coordinate directly without coordinate transformation. The equi-
librium conditions in Eq. (6.46) should be mapped into the computational
domain as the functions of £ and 7. The normal and shear stress on the
normal n denoted by o, and m,, respectively, can be expressed as

FE ou FE

Ov Elm OJu Ov
_ 2 2 oUW L o 0v  Lim ou OV
an—l_MQ(l +m u)ax+1—u2(lM+m)8y+(1+u)(6y+8x)
(6.47a)
_ FElm 0v  0du 9 9 E Ou Ov
Tn—1+u(8y 8I)+(l m)2(1+u)(8y+8x) (6.47b)

Equation (6.48) can be rewritten in the form of the natural coordinate £ — n
by using Eq. (6.17) as

E 2 2 % E 2 2 %
on = 75 (C+m )&, m] § on ¢+ Tz Crm?) &l § 5
— M on K on

+Elfm [5 ] (g_lg +[§ ] g_z (6 48&)
_ Blm A a5
™= 1—|—'u (K%nu]{g_z} [gmanz]{g_z

E(I> —m?) du o
T <[§y,ny] { % } + (&2, m2] { §_§ }) (6.48D)

By substituting the above equations into Eq. (6.46), the equilibrium condi-
tions at the nodes along the interface are formulated in the natural coordinate

§—n.

6.4.4 Numerical examples

In this section, a few numerical examples are presented to demonstrate the
validity of multi-domain DQ method for plane elastic heterogeneous solids
embedded with various shaped inclusions having different material properties.
In all the examples, the non-uniform mesh point distribution used in the work
of Shu and Richards (1992) are adopted to generate the mesh points in both
& and 7 directions in the computational domain for more accurate solutions
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and more rapid convergence rate,

{&——1+COS[(i—1)7T/(N§—1)], i ,2,.
n; =—1+cos[(j —1)m/(N,—1)], i=12,...,N,

I
[y
[N
b=

(6.49)

Example 6.5 A square plate with a square inclusion

The first example, shown in Fig. 6.16(a)is a square plate with a square
inclusion at its center under the uniform distributed forces at its left and right
sides. The plate and its inclusion possess different material properties, but
the two parts are bonded firmly with each other. Due to its double symmetry,
a quarter of the plate in Fig. 6.16(b)is analyzed for simplicity.

According to the material discontinuity and the geometry, the analysis do-
main can be divided into four rectangular sub-domains. The parameters taken
in this problem for the plate are: E; = 3.0 x 107 N/m?2, u; = 0.3 while the
parameters of the inclusion are Fy = 3.0 x 106 N/m?, pus = 0.25. The prob-
lem is solved for plane stress case with L= 2m, ¢ = 100N. Mapping technique
is employed to transform the four sub-domains in the physical coordinate into
the normalized natural coordinate —1 < &, n < 1 by 8-node quadratic sub-
domain. For the sake of comparison, multi-domain DQ method is applied to
solve the present problem directly basing on each regular sub-domain in the
physical coordinate, namely, avoiding coordinate transformation (CT). The
results given by the multi-domain DQ with and without CT are compared to
investigate the effects of the application of CT. The grid number 11 x 11 is
adopted for DQ discretization. Figure6.17 and 6.18 show the displacements
and stresses components on the line y = L/4, respectively. It is shown in
Fig.6.17 and 6.18 that both of the computed results are in excellent agree-
ment with those obtained by FEM. In other words, the numerical results of
the square plate given by the multi-domain DQ with and without CT are
close to each other. It can be concluded from Fig.6.17 and 6.18 that two
techniques (with and without CT) are equally suitable to solve the problems
which consist of regular sub-domains.

Note that displacement results shown in Fig. 6.17 are continuous across the
interface but not smooth because of the different materials of the adjacent
sub-domains. There exists a sharp turning point in the interface for the
displacements. As illustrated in Fig. 6.18, the normal stress o, and shear
stress along the line of y = L/4 are continuous at the interface as enforced
by the compatibility conditions, whereas the normal stress o, experiences an
abrupt finite jump at the node in the interface. The discontinuity of the
normal stress o, at the interface can be clearly captured by the multi-domain
DQ method which is found to be first-order accurate at the discontinuity.

To further investigate the convergence of the numerical results obtained by
multi-domain DQ method coupled with CT, the results at some selected nodes
(Points A, B, and C as shown in Fig. 6.16(b)) are summarized in Table 6.2
with different mesh sizes. From Table 6.1, it is clearly seen that the results
converge fast as the grid number increases.
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FIGURE 6.16: (a) A square plate with a square inclusion; (b) a quarter
of the square plate.
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FIGURE 6.18: Comparison of the stresses on the line of y = L/4 for the
square plate with a square inclusion: (a) Normal stress o,; (b) shear stress
Tzy; (¢) normal stress o,. (CT-Coordinate transformation.)

TABLE 6.2: Convergence of the multi-domain DQ results for
the square plate with a square inclusion by using CT

Element OxA OyA up(x107%) wp(x107°) OxC
5x5 51.3238 -12.7276 10.0435 -4.7057 97.7737
Tx 7 49.4023 -14.2027 9.84989 -4.6889 98.9832
9x%x9 48.9324 -14.5054 9.76603 -4.6909 99.1440

11 x 11 48.7672 -14.6197 9.71829 -4.6895 99.3532

13 x13  48.6902 -14.6711 9.68950 -4.6888 99.4435

ABAQUS 48.6505 -14.7043 9.60461 -4.7028 100.000
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Example 6.6 Square plate with a circular inclusion

Now we analyze a square plate with a circular inclusion subjected to uniform
distributed loading at its upper and low edges as shown in Fig. 6.19(a). Again,
the right upper quadrant of the plate in Fig. 6.19(b) is modeled due to double
symmetry. Similarly, the symmetry conditions are implemented at the left and
bottom edges. According to the material discontinuity and the geometry, the
analysis domain is decomposed into four sub-domains, three irregular sub-
domains with curved sides, one rectangular one. All the parameters taken in
this problem are the same as the first example except L = 5m. The plane
stress situation is assumed. To model the circular boundary, quadratic and
cubic serendipity sub-domains are employed to solve the problem and the
results are compared to examine the effects of different order elements on
the accuracy of the solutions. When 9 x 9 non-uniform grid number in each
sub-domain is used, the displacements components u at the z— axes and v at
the y—axes are illustrated in Figs. 6.20(a) and (b), respectively. Figure 6.21
demonstrates the normal stresses results along the y—axes. Figures 6.20 and
6.21 show that the numerical results given by the multi-domain DQ method
using quadratic and cubic serendipity sub-domains are close to each other,
indicating the relative independence of the results on different order sub-
domains. There is negligible difference between the two sets of results. Again,
the two sets of results given by the present DQ method agree well with those
by FEM. From Fig. 6.20, we note that turning points in the displacement
curves occur at the interface owing to the discontinuity of material properties.
As for the stress components shown in Fig. 6.21, o, experiences an abrupt
jump at the interface while o, is continuous at the interface according to
the imposition of continuity conditions. All of the features in the presence of
material discontinuity are captured clearly and exactly by the present method
(with CT) but direct DQ method (without CT) is incapable.

The numerical results given by quadratic and cubic sub-domains for points
A and B as shown in Fig. 6.19(b) are listed in Table 6.3. The two sets of results
by using increasing grid numbers are compared to examine quantitatively
the effects of the different order sub-domains on the accuracy of the results.
It is readily seen from Table 6.3 that the application of cubic sub-domain
produces relatively more accurate results than its quadratic counterpart when
compared with those given by ABAQUS. In general, high-order sub-domain
can approximate curvilinear boundaries more accurately, as a result, yielding
more accurate results than the low-order one. For more information about the
different-order sub-domains, the interested reader may refer to the paper of
Zhong and He (2003) in which three different-order sub-domains, quadratic,
cubic and quintic, are employed to solve the plane elastic problem of a square
plate with a circular hole at its center. The same conclusion is reached by
Zhong and He (2003), i.e., higher-order sub-domain is superior to its lower-
order counterparts in respect of the accuracy of the results. On the other
hand, more program work is demanded due to the higher-order coordinate
transformation. From Tables 6.3 and 6.4, it is clearly demonstrated that the
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FIGURE 6.19: (a) A square plate with a circular inclusion; (b) A quarter
of the plate.

numerical results converge rapidly with the increase of grid number.

TABLE 6.3: Results of the square plate with a circular inclusion by (I)
Quadratic sub-domain (IT) Cubic sub-domain

=5
Element mesh I Tzl i ?B x 10 T I TyB T
5X%XH -6.89596 -7.7701 1.1279 1.13443 101.0322 100.6259
Tx7 -7.79552 -7.9951 1.1313 1.13261 100.1497 100.0216
9%x9 -7.93897 -8.0590 1.1447 1.14687 99.97717 100.0187
11 x 11 -7.97405 -8.0554 1.1461 1.14853 99.98955 99.99313
ABAQUS -8.0112 1.14905 100.0

It is worth noting that the stress results are in good agreement with those
given by FEM except the results at the interface (see Fig. 6.18(c) and Fig. 6.21
(a)). There exists obvious discrepancy at the interface. This may be due to
the implementation of the first-order compatibility conditions at the interface
while high-order scheme is used elsewhere. The phenomenon indirectly shows
the character of the present method.

Example 6.7 Rectangular plate with two circular inclusions

The last example is a rectangular plate with two identical circular inclusions
as shown in Fig. 6.22. The plate is subjected to the uniformly distributed
loading on its four sides. Plane stress case is considered. Because of symme-
try, half of the plate is modeled and the symmetry conditions are imposed on
the left edge. In accordance with the material discontinuity and geometry,
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FIGURE 6.20: (a) Displacement component u at x-axis; (b) v at y-axis.

TABLE 6.4:  Convergence of the multi-domain DQ results for the

square plate with a circular inclusion by cubic sub-domain

Element mesh  o,4 OyA up(x107%) wp(x107°)  o.p
5X%XH -7.7701 32.6711 1.13443 1.36448 56.0812
TxT7 -7.9951 33.4946 1.13261 1.38082 57.2533
9x9 -8.0590 33.6002 1.14687 1.38414 57.2109

11 x 11 -8.0554 33.6105 1.14853 1.38434 57.1946
ABAQUS -8.0112 33.5709 1.14905 1.38451 57.2034




236 Advanced Differential Quadrature Methods

~~
A 100
S —— ABAQUS
~ +  Quadratic
ZSD < Cubic
~
8
o Y9
n
n
D-50
o
)
n
—=00
:
4
EGSOO 05 1 15 2 25
Z Y (m)
@
—
NS“O
100
—~ — ABAQUS
Z %0 +  Quadratic
< 4 Cubic
=80

2 a 9 N
8 8 3 3

@
S .

N
3

25

Normal stress o

FIGURE 6.21: (a) Normal stress o,; (b) o, along y-axis.



Multi-Domain Differential Quadrature Method 237

A

S

¢ L2 > L2 B

L2 d

»

A

NV

FIGURE 6.22: A rectangular plate with two circular inclusions.

the analysis domain is decomposed into nine irregular sub-domains. The pa-
rameters are taken as follows:

Uniform distributed load: ¢ = 100V

Length of the plate: 2L = 8m

Height of the plate: L = 4m

Radius of the inclusions: r = 1m

Young’s modulus for the plate: E; = 3.0 x 100 N/m?
Poisson’s ratio for the plate: u; = 0.17

Young’s modulus for the inclusions: Fy = 2.1 x 10! N/m?
Poisson’s ratio for the inclusions: uo = 0.25

The problem is constructed by use of cubic sub-domain for more accurate
results. The numerical results on the three points A, B and C are listed in
Table 6.5 with the refinement of the mesh sizes. The convergence of the results
can be assured by increasing the grid points. The problem consists of nine sub-
domains and the interfaces are up to twelve. As mentioned before, the high-
order DQ scheme is applied only at the interior nodes in the sub-domain except
the nodes on the interfaces. Instead, the first-order compatibility conditions
are enforced. Thus, high-order accuracy is obtained for the nodes inside the
domain but only first-order accuracy is achieved at nodes along the interfaces.
In view of this, the rate of convergence is influenced significantly. Therefore,
it is confirmed that the adverse effect of interfaces on the accuracy of the
solutions is unavoidable.
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TABLE 6.5: Results of rectangular plate with two circular inclusions

Element URB Ue
mesh  (x107%) (x1079)
5 x5 5.4905 4.3585  64.67307 112.4342 99.9937 136.9546
77 6.6008 4.2807  70.5088 102.9139 99.9873 136.8141
9x9 6.5964 4.3514  72.0298 97.62095 100.0367 147.9048

11 x 11 5.4463 4.3420  72.9877 98.74339 100.0325 146.6240

OyA OzB OyB OyC

6.5 Conclusions

A multi-domain differential quadrature has been exploited in this chapter
to solve plane elastic problems with material discontinuity, which cannot be
solved by direct DQ. Material discontinuity results in two remarkable phe-
nomena: discontinuous finite jump of a stress component and sharp turning
point in the shear stress. The proposed approach effectively captures these two
phenomena. By imposing the suitable compatibility condition at the inter-
faces of two different materials, the numerical scheme used here is first-order
accurate at the interface but high-order accurate elsewhere. The accuracy is
validated by comparing numerical results obtained by the present procedure
and ABAQUS.

Multi-domain differential quadrature approach in conjunction with coordi-
nate transformation has been exploited in this chapter to treat two-dimensional
elastic inhomogeneous problems. The multi-domain DQ is an improvement for
the original DQ method which is constrained to homogenous problems with
simple geometry and simple boundary conditions. For the present problems
with discontinuity in material and geometry, multi-domain DQ approach is
applicable to simulate the discontinuity where first-order accuracy is required.
Based on DQ and domain decomposition idea, the whole physical domain is
separated into a certain number of sub-domains according to the various dis-
continuities. In this regard, multi-domain DQ is similar to FEM in which the
whole domain is a combination of small elements. Thus, multi-domain DQ
is also termed as differential quadrature element method (DQEM). Mapping
technique is introduced in the application of multi-domain DQ to transform
the irregular sub-domain into the normalized square one by use of quadratic
or cubic serendipity sub-domain. The numerical examples are presented to
show the validity and efficiency of the method for plane elastic heterogeneous
solid with inhomogeneous inclusions. It is found that the numerical results
agree well with those by ABAQUS. From the stress results, the discontinuity
of the stress component can be clearly captured by multi-domain DQ method;
and the displacements obtained are continuous at the nodes on the interface
where sharp turning points appear. Through the analysis of complex struc-
tures, it is found that the interfaces have dominant influence on the accuracy
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of solutions. More research is required to minimize the adverse effect of the
interfaces.






Chapter 7

Localized Differential Quadrature

(LDQ) Method

Although DQ is a numerical technique of high accuracy, it was realized from
the very beginning that DQ is inefficient when the number of grid points is
large (Civan and Sliepcevich, 1983). Later it was revealed that it is also sen-
sitive to the grid point distribution. Quan and Chang (1989a,b) numerically
compared the performance of different grid point distributions and found that
the grid points given by the roots of the Chebyshev polynomials of the first
kind are nearly optimum. Bert and Malik (1996) pointed out that the opti-
mum distribution of grid points is also problem-dependent. Moradi and Taheri
(1998) investigated the effect of various spacing schemes on the accuracy of
DQ results for buckling behaviors of composites. Recently, a systematic error
analysis was carried out by Shu et al. (2001) to assess the effect of the grid
distribution. From the error analysis it is concluded that the optimal grid
distribution may not be given by the roots of orthogonal polynomials. It is
clearly shown from the previous works that the grid distribution exerts sig-
nificant influence on the accuracy of DQ results and the selection of the grid
distribution depends on the problems under consideration. To date, great
efforts have been devoted to finding the optimum grid distributions for differ-
ent problems analyzed by direct DQ method (Chen, 2001; Chen et al., 2000;
Fung, 2001). Even today, the general rule for the grid distribution is still
lacking.

Preferred grid distribution and small number of grid points greatly limit the
applications of DQ. An example is wave propagation in space. A traveling
wave sweeps all parts of space. Grid points should be uniformly distributed to
correctly capture wave profiles at different time steps. However, a preferred
grid distribution required by DQ fails to satisfy the accuracy requirement.
Moreover, fewer grid points also deteriorates wave profiles as time increases.
Motivated by the difficulties encountered by DQ, localized DQ method repre-
senting an important research direction is introduced in the present chapter.
It is hoped that the localized DQ method can handle more complicated prob-
lems such as wave propagation in space.

First in this chapter, an illustrative example is given to reveal some phe-
nomenological observations. A simplified stability analysis is then performed
to explain the observations. The stability analysis reveals that more grid
points used in DQ method furnish more accurate results but are accompanied

241
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by the occurrence of instability. In the engineering analysis, it is crucial to
keep the balance between the accuracy and stability of the results. To achieve
this balance, localized DQ method is proposed recently. Localized DQ method
is characterized by applying DQ approximation to a small neighborhood of
the grid point of interest rather than to the whole solution domain. The
derivatives at each grid point are then approximated by a weighted sum of
function values on its neighboring points, rather than on all grid points. In
doing so, we may obtain a very accurate solution without losing stability. The
applicability of the method will be validated through the wave propagation
examples.

7.1 DQ and its spatial discretization of the wave equa-
tion

It is well known that many grid points used in the DQ application may lead
to instability of the results, as will be demonstrated below by the following
example.

Consider the vibration of a string of unit length clamped at both ends. The
governing equation is the following wave equation in one dimension

0%u  O%u (8u

B o

2
W—W+g ) s 0<z<1 (7.1&)

with the boundary and initial conditions

du(zx,0)

ot
where u(z,t) is the transverse displacement of the string, ug is the amplitude
of the initial displacement. First consider the case ¢ = 0. In Eq. (7.1), the first
two relations are the fixed boundary condition and the last two relations state
the initial condition. The solution to Eq. (7.1) is given by the D’Alembert
integral as

u(0,t) = u(l,¢) =0, wu(z,0)=ugsin(2rz), =0 (7.1b)

u(xz,t) = ugpsin(2rz) cos(2nt), 0<ax <1 (7.2)
Suppose u(z,t) is approximated by its values u;(¢t) (i = 1,...,N) on N
distinct grid points 0 = 21 < ... < zy = 1. v;(¢) denotes velocity on each

grid point. Using DQ approximation rule, we rewrite Eq. (7.1a) in the form

of
ou;
ot

6 8

Vj Uj b I

—9'” = —9 2’” == E ”uz
Jj=1

= ’UZ-

i=1,...,N (7.3)
The above equation enables us to use the fourth-order Runge—Kutta method

to solve. Therefore, we use DQ for spatial discretization while Runge-Kutta
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method for temporal discretization. The procedure is similar with that in
Chapter 3 for dynamic instability problem. Taking time step as At = 10~ %s
and using three sets of uniform grid distributions, we obtain wave profiles at
different time steps as shown in Fig. 7.1. Figure 7.1 shows the string displace-
ments at several time steps for NV = 10, 15 and 18, respectively. In the figure,
the ordinate is the relative displacement u(z,t)/ug, and the abscissa is loca-
tion a(m). The solid lines denote DQ solutions while dots denote analytical
solutions given by Eq. (7.2).

Figure 7.1(a) shows the displacements every 0.15s apart using N= 10. The
simulations are run for several seconds and went though several cycles without
losing stability. The curves are not smooth, however. When N increases from
10 to 15 (Fig. 7.2(b)), the curves become much more smooth, but around
t = 0.75s, the solution becomes unstable. At time step ¢ = 0.9s, the solution
is totally invalid. Figure 7.1(c) depicts the displacements for N = 18. The
results are stable, being in good agreement with the exact solutions before ¢
= 0.45s, but instability occurs thereafter.

From the figure we have two phenomenological observations. First, high
accuracy requires large N. Good stability, however, requires using fewer grid
points. Second, DQ is of high accuracy, but poor numerical stability. There-
fore, besides error analysis as given in Eq. (5.10) in Chapter 5, we also need
stability analysis. In the following section, a simple stability analysis will be
presented.

7.2 Stability analysis

Stability requires that the solution be not far away from the true solution
if a small noise is present in the system. Suppose the function value f(z;,t) is
fluctuated by a noise perturbation e;. The perturbed derivative is then given
by

8f I“ Z% (2i,t) + 4] (7.4)

The change due to the noise perturbation in the first-order derivative is
af it
- Z aij€j (7.5)

For the sake of simplicity, we apply equidistance grid distribution for the
analysis. In this case, the coefficient of first-order derivative can be expressed
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as
Ni k N
: Nd., ai=-NY a. 7.6
k#i,j J#i

where L = zy — z; is the length of the solution domain. Substituting Eq.
(7.6) into Eq. (7.5) yields

56%’ NZ%@ (7.7)

N
It is found that Zl aj;€; is zero if all £; are equal based on the expression of
J:
coefficients in Eq.(1.35) in Chapter 1. ¢; are, however, not necessarily mu-
tually equal, so Z:l a;jsj is generally not zero. If €; is small, the deviation

of the partial derivative is small, too. For dynamic problems, however, these
small errors may accumulate with each time step. A rough estimation for
the first-order derivative is then that the accumulated error at each time step
is proportional to NAt, where At is time step. Analogically, the accumu-
lated error at each time step for the second-order derivative is proportional
o (NAt)2

If large N is used, time step must be small so as to keep the errors within
controllable range. This is exemplified by Fig.7.1, in which At is kept constant.
The case for N=18 becomes unstable faster than N =15, indicating that
higher order DQ discretization becomes unstable faster than lower-order DQ
discretization.

From the foregoing analysis, it is clearly illustrated that DQ is of high
accuracy but poor stability. The high accuracy can be achieved by using
more grid points. However, larger grid points unavoidably lead to instability
of the results. In other words, grid points exert reverse effects on accuracy
and stability.

It should be noted that the above stability analysis is just illustrative rather
than a rigorous proof. Stability of Lagrange polynomial interpolation is a
complicated problem, and thus is omitted here. In order to keep the balance
of accuracy and stability, we may propose that their sum is minimized, that
is,

of
Find N such that ‘5— + |R'| — min (7.8)

ox

Without solving the equation, it is believed that there exists an optimum
N since the accuracy is proportional to N or its powers from Eq. (5.10) in
Chapter 5, but stability is proportional to the reciprocal of N from Eq. (7.7).
This relation is schematically shown in Fig.7.2. In Fig.7.2, the abscissa is
the number of grid point N. The ordinate is either the residual ’Rl‘ or the
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FIGURE 7.1: DQ solution of the string vibration equation using 10, 15
and 18 grid points, respectively.
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Accuracy error +
stability perturbation

'

Stability
perturbation

ccuracy error

-
Nmin N

FIGURE 7.2: Accuracy and stability relationship with the number of grid
points, and the existence of a minimum on the curve of their sum.

perturbation of the first-order derivative ’5 %

. The residual ‘R1| is a mono-

tonically decreasing function of N while ‘6 %} is a monotonically increasing

function of N. The Ny, which minimizes Eq. (7.8) lies somewhere between
the two extremities from advanced calculus.

To keep the balance between these two factors, accuracy and stability, the
grid number N cannot be too large. This analysis, which we will not explore
further, motivates us to propose the idea of localization of DQ. Instead of
using the function values on all grid points to approximate the derivatives
as common DQ, we employ only a small portion of nearby grid points to
approximate the derivatives as demonstrated in Fig.7.3. For example, if we
want to find the derivatives at point A, we then find a neighborhood of point
A. The number of points in the neighborhood is assumed to be m(m << N).
We use these m points in the neighborhood to approximate the derivatives
at point A. Similarly, to find the derivatives at point B, we first specify the
neighborhood of point B of size m. The derivatives at point B are then
approximated by the weighted sum of the points in this neighborhood as
shown in Fig. 7.3.

In summary, for each grid point, there is a neighborhood around it with
m points which is greatly smaller than the total number of the grid pointsN.
The derivatives on each point are approximated by the sum of the function
values on the grid points inside its neighborhood. Stability is guaranteed if m
is not very large, say 5 ~ 8. Accuracy is also guaranteed by using any large
N. This idea leads us to the following two formulations, i.e., coordinate- and
spline-based localized DQ.
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FIGURE 7.3: Localization of DQ approximation to the neighborhood of a

node of interest.
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7.3 Coordinate-based localized DQ
7.3.1 DQ localization in one dimension

The first step to localize DQ method is to find the neighborhood of a grid
point of interest. We use

ra =z, —xz|, l=1,...,N (7.9)

to denote the distance between any two points in the solution domain. By
comparison, we may find the permutation s(1), s(2),...,s(N) such that

Tis(1) < Tis(2) < 0 < Tig(N) (7.10)

This is a typical permutation problem, and it is easy to find a suitable
algorithm to solve the problem.

It is clear that the points falling in the neighborhood of i-th point (x;) are
the first m points which satisfy the above equation. Denote

S =(s(1),s(2),...,8(m)), i=1,....,N (7.11)

and then .S; defines the neighborhood of the grid point of interest. We may
rewrite DQ approximation in this neighborhood in the form of

8f(:vz,t)
~or = Z aij f(xj,1) (7.12a)
JES;
a f xh
o =3 biflx;,t) (7.12b)
JES;:
where
1 .
Aij = ——— x? _x’f, JESH JFi (7.13a)
Tj—Ti oo T
k#i,j

Qi = — E @ij (7.13b)
j€S;
i

For the second-order derivative, the weighting coefficients can be obtained
by using Eq. (7.13) as

bz] = 2[04“0,“ - % ]7 7’7.] = 17 sy M, ( #] (714&)
J = i
bii=—3 by, i=1...,m (7.14b)
ji

These equations are similar to Eq. (1.45) in Chapter 1 for DQ in the
neighborhood in one-dimension.
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7.3.2 DQ localization in two dimensions

In a straightforward way, the localization can be extended to two dimen-
sions. Suppose the two dimensional domain of interest is discretized by N x M
regular grid points. Consider distance between any two points,

ra=lzi—x|, l=1,...,N, pup=ly;—wl, 5l=1,...,M (7.15)

By comparison, it is found that the sequence s(1),...,s(N) and ¢(1),...,q(M)
satisfy

Fis)) S Tis2) < 0 S Tis(N) Pig(1) < Pia(2) <o < Pig(ar) (7.16)
Denote neighborhood index sets as
Sij = (8(1)7 8(2)7 R S(m))7 QZ] = (Q(1)7 q(2)7 s 7q(m))7
i=1,....N,j=1,....M (7.17)

Si; and @);; determine the neighborhood of any grid point. Then the deriva-
tives are approximated using the points in the neighborhood:

w = Z aik f (T, yj,t) (7.18a)
x keSij
2
M Z bzkf Tk Yj, ) (718b)
keSi;
W = Z ajkf(xk;yj;t) (719&)
y keQi;
2
M 3" b (@i ye 1) (7.19b)
kEQij;

where a;; and b;; are of the same forms as in Egs. (7.13) and (7.14).

Since interpolation takes place only in the neighborhood, the above scheme
does not require the regular solution domain.

Consider discretization of the two-dimensional nonlinear wave equation

2u  u  O? ou\”
W_@+8—y2+g(8_x> (7.20)

Suppose the discrete value of u(z,y,t) on the grid point (z;,y;) is w;(t),
and its velocity is v;;(t). Then Eq. (7.20) can be rewritten in the following
form

85? =Y (7.21a)
81)i' 9
6t] = Z birur;+ Z biruir + g ('Uij) (7.21b)
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FIGURE 7.4: String vibration.

Runge—Kutta method can then be used to numerically integrate Eqs. (7.21)
in time direction.

7.3.3 Numerical examples

In this section, some numerical examples are presented to demonstrate the
capability of the localized DQ method.

Example 7.1 String vibration

The string vibration problem is governed by the same equation as given
by Eq. (7.1). We adopted the following parameters for the computation: the
nonlinear effect is not considered with g=0, neighborhood size (grid number in
the neighborhood) m = 5, the total number of grid points N = 40, and time
step At = 107%s. The simulation results (solid lines) and analytical solutions
(dots) at two time intervals of 0.2s and 0.3s are shown in Fig. 7.4(a) and (b),
respectively, for comparison. It is readily seen from Fig. 7.4 that the results
given by the new localized DQ method are in excellent agreement with the
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FIGURE 7.5: Wave propagation on a string.

analytical solutions. Recalling the example of Eq. (7.1), we conclude that the
present method is both stable and accurate.
Example 7.2 Wave propagation on a string

Wave propagation in a string has the same governing equation of string
vibration, but has different initial conditions. The initial wave profile is a
localized packet, which will sweep over the whole string at subsequent time
steps. The nonlinear effect is not considered with g=0 in Eq. (7.20).

Suppose the initial and boundary conditions are

x —0.375

w(0,t) =u(1,t) =0, wu(z,0) = ugsin( 0075

) (7.22)
It is a localized wave concentrated on a central small area. With time increas-
ing, it propagates outward toward the right and left ends. After hitting upon
both ends, the waves are reflected as a negative wave and travels inwards
toward the center. The two reflected waves meet again at center and repeat
next cycle. This is a complicated problem, which can serve as a good example
to test the present method.

In the numerical computations, the following parameters were used: m = 5,
N = 40 and time step At = 10~* s. The numerical results (denoted by solid
line) and the analytical solutions (denoted by dots) are shown in Fig. 7.5.
Again, they are in very good agreement.

For comparison, we conducted another computation with the same param-
eters as those in Fig.7.5 but with larger total number of grid points N = 100.
The numerical results are plotted in Fig.7.6. By comparing Fig.7.5 with 7.6(a),
it is observed that the curve in Fig.7.6(a) with N = 100 is smoother than that
in Fig.7.5 with N = 40. Furthermore, better agreement between the numerical
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FIGURE 7.6: Comparison between the results obtained by using N=40
and N=100.

results and the analytical solutions is achieved by using N = 100 as shown in
Fig.7.6(a). In other words, more grid points used in the localized DQ method
lead to more accurate results as demonstrated in Fig. 7.6(b). Even using grid
points as large as N = 100, stability remains maintained by the present local-
ized method. However, if we applied traditional global DQ approximation for
this wave propagation problem with N = 100 , a very small time step should
be used to guarantee the stability.

To further check the effect of the number of grid points on the accuracy
of the numerical results, the time history of wave displacements at the point
2 =0.25 for N =40 and N = 100 is compared in Fig. 7.6(b). From Fig. 7.6,
it is illustrated that the present method is indeed a local method due to the
fact that increasing grid number improves accuracy such as FEM. The more
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FIGURE 7.7: Nonlinear wave propagation along a string.

grid points are used, the better the results are, a feature different from global
methods.
Example 7.3 Nonlinear wave propagation on a string

Everything is the same as the previous example, the only difference being
the nonlinear effect is not zero with ¢ = 0.1 in Eq. (7.20). The numerical
results for this case are given in Fig. 7.7 using solid line. In the figure, the
results in Fig. 7.5 are also plotted using dotted line to compare the nonlinear
effect.

Figure 7.7 exhibits the significant nonlinear effects on the wave forms at
different time steps. In the linear case, the wave form is symmetric about
the axis u= 0, while in the nonlinear case, the symmetric axis is raised up.
Moreover, the nonlinear wave is no longer localized. The humped wave is
followed by a long tail. These are typical nonlinear phenomena.

This example also shows the ease to implement nonlinearity numerically.

Example 7.4 Wave propagation on a membrane

We now consider a two-dimensional wave propagation problem governed by
Eq. (7.20). Suppose u(z,y,t) represents the displacement of a rectangular
membrane subject to the following boundary and initial conditions

u(0,y,t) = u(l,y,t) = u(z,0,t) = u(z,1,¢t) =0 (7.23a)
u(z,y,0) = ug exp{—200[(z — 0.5)% + (y — 0.5)?]} (7.23b)
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FIGURE 7.8: Wave propagation on a membrane. The left column shows
the analytical solutions while the right column shows the numerical results.
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The exact solution can be obtained through calculus operations as

u(z,y,t) = ugp Z Z Cij U, (z,y) cos(2mw;;t) (7.24)
i=1 j=1
where
Y L W ) _(i2+j2)7r2
C; —5Os1n(2>51n<2)exp{ 800 (7.25a)
U, (x,y) = sin (inz) sin (jry) (7.25b)

1
wij = 5\/ i2 +]2 (725C)

The parameters used in the calculation were N = M = 40 and At = 10~%s.
The numerical and analytical results are shown in Fig. 7.8 at six time steps. In
the figure, the vertical ordinate shows the relative displacement wu(z,y,t)/ug
and the two horizontal axes indicate the x- and y-location. The left and right
columns show the analytical and numerical results, respectively.

The results correctly captured several features of wave propagation on a
membrane such as wave spreading, reflection at boundaries, wave interaction
after reflection. Quantitatively, the numerical results are also in very good
agreement with the analytical solutions, indicating the effectiveness of the
localized DQ method in the complicated dynamics problems.

Example 7.5 Wave scattering by a rectangle obstacle

Consider a rectangular domain with a small obstacle in the domain. Sup-
pose a sinusoidal wave like sound wave originated from left end propagating
rightward. The solution domain is assumed as

0<x<2 0<y<l5 (7.26)
The obstacle occupies the region
05<2<0.75, 0<y<0.87 (7.27)

The governing equation is given by Eq. (7.20). The boundary condition at
z=01is
u(0,y,t) = sin(27t) (7.28)

The boundary conditions at other boundaries and on the obstacles are that
the normal velocity is zero.

The grid distribution is uniform with N = 80 and M = 60. Time step is
still At = 10~%s. The results are shown in Fig. 7.9 for 12 time steps. In the
figure, the axes are locations in = and y directions, while the curves in the
figure are contours at different time steps. Fig.7.9 (a) shows a sinusoidal wave
propagates from the left side to the right side. At ¢t = 0.6 s, the wave front hits
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the obstacle as shown in Fig.7.9 (b). Because viscosity is neglected in the wave
equation in Eq. (7.20), the wave front sweeps the sides of the obstacle without
much deformation (see Fig.7.9(c) and(d)). But a reflected wave is generated
and bounced back. The incident and reflected waves meet somewhere behind
the obstacle, resulting in deformed contour lines behind the obstacle as shown
in Fig.7.9(e) and (f). Meanwhile, the wave fronts, after passing the obstacle,
meet again in front of the obstacle. These interference effects result in the
wave scattering pattern shown in Fig.7.9(g) behind the obstacle, where we
can see a closed curve right behind the obstacle. This closed curve grows and
re-opens as it moves past the body (see Fig.7.9 (i)~(k)). Until ¢t =1.6 s, a new
closed curve is formed again behind the obstacle, showing that a new cycle
starts.

This example shows the capability of the present method in dealing with
complicated problems. It is almost impossible to use the common DQ to solve
this problem due to the complicated solution domain and the problems itself.

Example 7.6 2D vector wave equation

With slight modifications, the above approach is applicable to the two-
dimensional wave equation in the vector form. Suppose the two-dimensional
vector wave equation is given in the following form of

0*°U
ot?

A — ail a12 . B= b11 b12 . U= U1 (7'30)
a1 a22 ba1 bao U2

are coefficient matrices and displacement vector, respectively. Equation (7.29)
has been used to model quite a few wave phenomena in engineering and sci-
ence, among which wave propagation in soil and bones are of particular inter-
est (Biot, 1956; Cowin, 1999). Both soil and bone are the so-called poroelastic
continuum, that is, porous elastic solids with fluid-filled pores. In a poroe-
lastic medium, waves in the solid matrix and in the pore fluid propagate at
different phase speeds, interacting with each other according to Eq. (7.29)
(Biot, 1956; Cowin, 1999).
Rewriting Eq. (7.29) in the form of

A =B V?U (7.29)

where

U _ vy
B
{%_Y _ A-1B V2U (7.31)

we may solve the above equation using the similar procedures as given in
Eq. (7.19) or in Eq. (7.21). A particular numerical example is given here.
Consider a one-dimensional poroelastic rod of length 1. At both ends, the rod
is fixed, that is,

Uz =0, t) = <8) U =1, t) = <8> (7.32a)
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Suppose the rod is initially assigned a sinusoidal deformation

Ut —0) — <u0sin(7mc)>7 Ut =0) _ <0) (7.320)

ug sin(mzx) ot 0

where ug is the amplitude. We solved this problem using the present method
with the following coefficient matrices

2400 —600 8 x 10° 3 x 107
A_<—600700 )’B_(3><1058><107> (7.33)

Figure 7.10 shows the time history of the displacements (u; and us) at the
center x = 0.5. The solid lines denote the displacement u; and us. The
crosses and dots denote the corresponding analytical solutions (Biot, 1956).
It is readily seen from Fig. 7.10 that the numerical results are identical to the
analytical solutions.

7.4 Spline-based localized DQ method

The essence of the localized DQ method defined in the previous sections
is to approximate the unknown functions by use of multi-segment functions.
Theoretically speaking, a function can be approximated to the desired degree
of accuracy by using polynomials or multi-segment polynomials. The former
is simple, but it becomes unstable as the polynomial order is high. Multi-
segment polynomials, on the other hand, are low-order ones which are stable
as well as accurate. In view of this, multi-segment functions are widely used
for approximation. Among multi-segment polynomials, spline functions are
particularly attractive. In practice, cubic B-splines are widely used for ap-
proximation, because they provide a suitable balance between flexibility and
accuracy (Schultz, 1973; Schumaker, 1981).

The spline-based DQ is a ramification of the DQ family. Taking the ad-
vantages of spline functions, the spline-based DQ is free of the limitation of
grid point number. So far, DQ based on quintic and sextic B-spline functions
has been successfully applied to the solution of various boundary-value prob-
lems (Zhong, 2004; Zhong and Guo, 2004). In this section, a spline-based DQ
method is introduced.

The present section is organized as follows. In Section 7.4.1, the cardinal cu-
bic spline interpolation functions are constructed and the explicit expressions
of the weighting coefficients for derivative approximation are given. The incor-
poration of initial conditions, the stability of the spline-based DQ method and
two ways of application are addressed in Section 7.4.2. Three dynamic sys-
tems of Duffing-type nonlinearity are solved in Section 7.4.3. The results are
discussed in Section 7.4.4 and some concluding remarks are given in Section
7.4.5.
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7.4.1 Cardinal cubic spline interpolation

First of all, a set of uniformly spaced nodes is selected in a normalized
interval [0, 1], i.e

Xo=0, Xy=1, X;11 —X;=h, j=0,1,2,....N—1,N (7.34)

where N+1 is the number of nodes in the interval, i is the length of every
segment. The normalized cubic B-spline function is given by (Schultz, 1973;
Schumaker, 1981)

0, x < —2h;

(x + 2h)3, oh<a<—h;
( )P —4(x+h)3, —h<z<O0;
?3() =55\ (@h—2)? —A(h—2)’. 0<az<h;
(2h — )3, h <x <2h;
0, x > 2h.

(7.35)

Apparently, it is a piecewise polynomial covering four consecutive segments
only. To build a global interpolation function over the interval, usually extra
nodes outside the interval [z, 2] are needed to meet the end condition re-
quirements. A typical spline interpolation over the given interval using cubic
B-splines is expressed in the form of

N+2
= D ®i(x)y;, @5 = Doz~ jh) (7.36)

j=—2

In order to meet the required interpolation condition
s3(i) = i (7.37)

the interpolation functions ®;(x) should satisfy the cardinal condition at every
node, i.e.

(I) i _.]7
otherwzse (7.38)
ij=— 1 “1,N,N+1,N+2,

where ®;(x) are usually given in terms of a combination of translated and
scaled spline function ¢3. To acquire the cardinal spline interpolation function
®,;(z), the following three auxiliary spline interpolation functions (Li and Qji,
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1979) are constructed first:

N+-2

x) = Z yjps(x — x5) (7.39a)
j:72
i (a Z s (@ — ) (7.39b)
j=—2
N+2
1

=> yies) (@ — x;) (7.39¢)

j=—2

where

0§72 (@) = ps(a + 1/2) + @3(z — 1/2) (7.402)
0§ (@) = pa(x + h) + g3z — h) (7.40b)

With the local non-zero property of the spline function ¢3(z), all the terms
but the one containing y; on the right sides of Eq. (7.39a), (7.39b) and (7.39¢)
are eliminated. Thus, the cardinal spline interpolation function is obtained as

ss(2) = 5 s(x) — 59872 (@) + 5050 @) (7.41)
Hence
oy 10 N4 ag (1) 4
®j(z) = Fes(e—2j) — g3 (@ - )+6s03 (x — ;) (7.42)

It has been shown that the accuracy of the cardinal spline in Eq. (7.41) is of
order O(h*) (Li and Qi, 1979). It can be readily seen that Eq. (7.37) is satis-
fied at every node (see Fig.7.11). Since the extra nodes outside the interval are
often cumbersome to handle, non-integral nodes within the interval are intro-
duced instead. Namely, x1/o = h/2, x3/2 = 3h/2 and xn_3/2 = (N — 3/2)h,

N—1/2 = (N —1/2)h are added in the vicinity of the two ends of the interval.
As a result, the spline-based DQ meets the self-starting requirement of a good
algorithm for initial-value problems (Hughes, 1987). The function values at
the non-integral nodes are given by

p 1 7 41
= D;(h/2)y _ ==
Y12 = 1_22 [2)yi = 5eg W2 +ys) = ge(y—1 +12) + =5 (Yo +41)
(7.43a)
and
N+2
1 7 41
= D, (3h/2
Ys/2 i:Z—Q (3h/2)y = 938 —(y-1+ys) — 9% —(yo+y3) + 7 =1 +v2)

(7.43b)
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Then, the function values at the extra nodes are given by solving Egs.
(7.43a) and (7.43b)

y—1 = 21(yo +y3) — ya + 288ys3/2 — 164(y1 + y2) (7.44a)
Y2 = 2TTyo + 288y1 /2 — 3608y1 + 6048y 5 — 3423ys + 440ys — 21y,
(7.44D)

Similarly, the function values at the extra nodes outside the right end of
the interval are expressed as

yn+1 =21 (yn—3 +yN) = yYn—a + 288yn_3/2 — 164(yn 2 +yn—1) (7.45a)

YN+2 = 277yN + 288yN_1/2 — 3608yN—1 + 6048yN_3/2 — 3423yN72+
440yn -3 — 21yn—4
(7.45b)

Now, the cardinal cubic B-spline interpolation function is rearranged into
the following form which is free of extra outside nodes

S 17 i:j,
s3(w) = Z Q;(2)y; 4 (i) = 03 = {O, otherwise, (7.46)
iji=0,. 1/213/22 L N—2N—3/2N—1,N—1/2,N

where

({E) =277 ( ) + 21(1)_1(5E) + (1)0(,@),
O (z) = 36089 ( 1) — 1640 _1 (2) + P1 (),

93 Ja() = 6048 _o(x) + 288Dy (x), (7.47a)
Qo(z) = —3423%_,(z) — 164D_, (z) + Po(a),

Qg = 440d_ ( ) + 21(1)_1(5E) + (1)3(,@),
Q4(,’E) = —21(13_2(11) — (I)_l(l') + @4(,@),

Qi(z) = Di(x) for 5<i<N-5 (7.47Db)
and

On_g = -21Pn o(x) — Pyyi(z) + Pr—u(z),

On_3 = 440(I)N+2(£L') + 21(1)N+1(,’E) + <I>N_3(;v),

QN,Q(x) = —3423‘1)N+2($) — 164‘1)N+1(I) + (I)N,Q(x),

QN—3/2 = 6048(I)N+2($) + 288(I)N+1(I), (747C)
On_1 = —3608‘1)N+2($) — 164‘1)N+1(I) + (I)Nfl(x),

Qn_1/2 = 288P N yo(x),

QN(:E) = 277@]\/4_2(:6) + 21(I)N+1(CL') + (I)N(:E).

It is noted that the selection of non-integral nodes at the vicinity of the
two ends is not unique. The selection of different non-integral nodes at the
vicinity of the two ends should meet the criterion that the extra nodes outside
the domain can be expressed in terms of the introduced nodes as well as the
inner nodes at the vicinity of the two ends.
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7.4.2 Weighting coefficients for spline-based DQ

The essence of the DQ method is that the derivative of a function with
respect to a space variable at a given point is approximated by a weighted
linear summation of the function values at all discrete nodes in the domain.
Therefore, the approximation of a derivative at a node in spline-based DQ is
given by

N
D, )} = C.(’_l) z;),
{f( )} ]Z:O 17 f( J) (748)
i,j=0,1/2,1,3/2,2,...,.N—2,N-3/2 N —1,N —1/2,N,

where D,, is a differential operator of order n, the subscript ¢ indicates the
value of D,{f(x)} at node z;, ijn ) are the weighting coefficients related to
the function values f(x;). In the spline-based DQ method, it is required that
Eq. (7.48) be exactly satisfied when function f(x) takes the cardinal spline
basis functions Q;(x). Consequently, all weighting coefficients are given in
explicit forms

1) _ oMy, (2) _ 0@,
Cij _Qj (‘TZ)7Cij _Qj (i), (7.49)
i,7=0,1/2,1,3/2,2,...,.N -2, N -3/2,N—-1,N —1/2 N.

It is worth mentioning that the localized nature of splines results in banded
weighting coefficient matrices for derivatives. Meanwhile, the following rela-
tionships among weighting coefficients hold

W _ o) @ _ A2
Cij’ = =Civ—iyiv—j Cij” = Clv—iyv—y) (7.50)
i,5=0,1/2,1,3/2,2,...,N —2,N - 3/2,N —1,N — 1/2, N.

7.4.3 Application of spline-based DQ method to initial-value
problems

(a) Incorporation of initial conditions

With the first-order weighting coefficients Ci(jl), initial conditions can be
incorporated into the spline-based DQ with ease following the same strategy
as described by Fung (2001). For simple representation, the superscript of
the weighting coefficients for the first-order derivatives is omitted. Then, Eq.

(7.48) is written as

N

N
s (2:) = Di{f (@)} =Y Cij f(x;) = Cuof(x0) + Y Cijf(xy).  (7.51)

=0 i=1/2
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Likewise, the second-order derivative of the function is written as

s"(x;) = Ciof'(z0) + f: Cij(Cjo f(wo) + g: Cik f(zr))
j=1/2 k=1/2 (7.52)
N N N
= Ciof'(xo) + > CijCiof(xo)+ > Cij >, Cjrf(ar)

Jj=1/2 j=1/2 k=1/2

Obviously, the two initial conditions f(zg) and f/(xo) are imposed. Egs.
(7.51) and (7.52) can be rewritten in the matrix forms as follows:

91/2 Yi/2
={Colyo+ 4 : (7.53)
(i YN
1/2 Y1/2
= {Co}7o + [CI{Co}yo + [C][C] § : (7.54)
UN YN

where {Cy} denotes {Cjo} vector, [C] denotes matrix [C;;] which is of size
(N+4)(N+4). In the same manner, high-order derivatives are given by

(m)

y1/2 m—1 y1/2
L= YOGl O b m>1 (T.55)
yz(vm) = YN

The above way to incorporate the initial conditions is simple and straightfor-
ward. In addition, the recursive formula in Eq. (7.55) implies that low-order
spline interpolation functions are applicable to the solution of high-order dif-
ferential equations. This will be demonstrated later in an example.

(b) Two ways of application

Since the spline-based DQ is constructed on the normalized interval [0, 1]
and the method is virtually free of limitation on the grid point numbers, there
are two practical ways of applying the method to the solution of initial-value
problems.

(1) Indirect approach. This approach is conventional since most time inte-
gration methods adopt the similar procedures. It is characterized by
the division of the entire time domain into several subintervals. The
spline-based DQ is applied to each subinterval. The end state condi-
tions for each subinterval are used as the initial conditions for the next
subinterval. The process is repeated until the solution at the end of the
interval is obtained.
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(2) Direct approach. It has been rare to evaluate the state variables at a
time directly unless it is close to the initial time. The development of
spline-based DQ, however, has made this achievable. This is attributed
to the local behavior of the spline functions. Suppose that 7 represents
the normalized time domain [0, 1], which is required by the spline-based
DQ); t represents the actual time variable, which is given as

t=Lrrel01], (7.56)

where L represents the length of actual time domain. Before the implemen-
tation of DQ, all time derivatives are transformed into the normalized time
domain
d™y 1 d™y
dt(m) — L) dr(n)’

n=12... (7.57)

7.4.4 Stability of spline-based DQ

The stability of an algorithm is of critical concern in the solution of initial-
value problems. Thus, an undamped linear single degree-of-freedom system is
considered to investigate the stability of the present spline-based DQ method.
The dynamic equation is expressed as

i) +wyt) =0 (7.58)
with initial conditions
yt=0)=yo and y({t=0)=vp (7.59)

The stability is evaluated by calculating the spectral radius of the numerical
amplification matrix [Z], which relates the state at the end of the temporal
interval to the initial state, i.e.

y|(t =end) | _ Yo
(e ma ) -2{) 0

The algorithm is said to be stable if the spectral radius |Amax < 1 or
unstable if otherwise.

Figure 7.12 shows the spectral radii for spline-based DQ with N= 8, 10
and 20. Clearly, there is no bifurcation or bubble in the curve because the
eigenvalues of the amplification matrix are a complex conjugate pair. It is
seen that the spline-based DQ is conditionally stable. The unstable compu-
tational time interval falls within [0.2, 1.3]Jwt. With the increase of number of
nodes, however, the unstable interval of the spectral radii remains virtually
unaltered and even becomes narrower. As reported by Fung in his compre-
hensive research about the stability of the conventional DQ method (Fung,
2002), the stable time domain varies with the increase of grid point number.
Even for the DQ with Legendre, Radau, Chebyshev grid patterns, A-stability
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is not guaranteed if the grid number is large. In contrast, the stability cri-
terion for spline-based DQ is virtually invariant against the number of grid
points. Furthermore, there is no limitation on the number of grid points in
spline-based DQ. This salient advantage makes it possible to achieve long-
term integration with satisfactory accuracy regardless of the stability of the
method. An example will be given later in which up to 800 nodes are used to
furnish solution of the long-term solution of a dynamic system.

7.4.5 Examples

Example 7.7 Duffing-type nonlinear equation
The form of Duffing-type nonlinear differential equation is written as

y? +y+ey® = Fsinwt (7.61)

where F' and € are given parameters, w is also a given constant which repre-
sents the enforcing frequency. The analytical solution is given approximately
by means of a trigonometric series

y = a1 sinwt + a3 sin 3wt + a5 sinbwt + . .. (7.62)

Three examples of Duffing-type nonlinear equations are calculated to illus-
trate the capability of the spline-based DQ method.

Case 1
A second-order differential equation which represents the free vibration of
pendulum is studied. The frequency of the oscillations depends on the initial
displacement of the pendulum. Given parameters ¢ = -1/6, w = 0.7 and F=
0 in Eq. (7.61) for the unforced Duffing system, the solution (Groves, 1983)
is
y =2 2.058sin0.7t + 0.0816 sin 2.1¢ + 0.00337 sin 3.5¢ (7.63)

for initial conditions

y =0, y(1) = 1.62376 (7.64)

Case 2
Given parameters F'=2, ¢ =-1/6, and w = 1 for the forced Duffing equation,
the solution (Groves, 1983) is

y = —2.5425sint — 0.07139 sin 3¢t — 0.00219 sin 5¢ (7.65)

for initial conditions
y=0, y(1) = —2.7676 (7.66)



Localized Differential Quadrature (LDQ) Method 265
Case 3

The following high-order (fourth-order) nonlinear differential equation is
studied

@ 45y @ 4y %ys —0 (7.67)
Its analytical solution (Groves, 1983) for w = 0.9 is given by
y = 2.1906 sin 0.9t — 0.02247sin 2.7t 4+ 0.000045 sin4.5¢ (7.68)
for initial conditions
y=0, vy(1) = 1.91103, y(?)= 0, y()—_1.15874 (7.69)

The computational time domain is chosen as [0, 100] for the three examples
unless otherwise stated. The selection of long time domain is to investigate
the stability and reliability of the method. As mentioned before, the accuracy
of the conventional DQ method decreases with the increase of domain length.
For the above three examples, acceptable solutions over only a few cycles were
obtained using the conventional DQ method. In the forced Duffing equation
case, convergent results were only obtainable for time domain shorter than
one half cycle (Groves, 1983).

During the solution of dynamic systems of Duffing-type nonlinearity, the re-
sultant nonlinear algebraic equations are solved using modified Powell hybrid
algorithm (Press et al., 1986). To demonstrate the stability of the spline-
based DQ method, the indirect approach is adopted in the solution of un-
forced Duffing system with ¢ =-1/6, w = 0.7 and F= 0. The solution over
100 s (approximately 11 cycles) is sought and the time domain is divided
into 100 subintervals. N= 8 is chosen for each subinterval. The results of
displacement, velocity and acceleration, which are displayed in Fig. 7.13, are
in excellent agreement with the analytical solutions. By using the indirect
approach, solution with the same order of accuracy shown in Fig. 7.13 over
much longer time domain, say over 30 cycles, is also obtainable. When more
subintervals are used in the indirect approach, larger accumulated errors oc-
cur eventually. There is a balance between the number of subintervals over
the time domain and the number of points N. When fewer intervals are used
in the indirect approach and the accumulation error is insignificant, the ac-
curacy of the results is virtually the same as that of the direct approach. In
the extreme case, i.e., the direct approach, large N is usually needed to gain
satisfactory accuracy. The results with the same accuracy as shown in Fig.
7.13 can be obtained using the direct approach when IV is increased to 400.
When more intervals are used in the indirect approach and the accumulation
error becomes pronounced, the result accuracy differs for the two approaches.
For clarity of presentation, only the results over the last few cycles are plotted
in Figs.7.13 to 7.15.
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The forced dynamic system in Eq. (7.61) with F' = 2, ¢ =-1/6, and w =
1 is dealt with using the indirect approach first. As reported by Liu and Wu
(2000), this problem poses challenge to direct DQ method since only one-
half-cycle solutions of satisfactory accuracy were obtainable. It is found that
results of satisfactory accuracy are obtained only for very short time domain,
say, t €[0, 10]. To acquire the solution with good accuracy over long time
domain ¢ €[0, 100], the direct approach and sufficient grid points are needed.
When N is increased to 600, the results are in very good agreement with the
analytical solution. The solutions of y, ¥y, y(® over ¢ € [0, 100] (about 16
cycles) for N= 800 are shown in Fig. 7.13. It is noteworthy that difficulty in
choosing a proper initial solution vector may arise when very large N is used
in the direct approach. But this is compensated by the removal of possible
accumulation error and stability concern.

To further demonstrate the spline-based DQ method, the high-order system
given in Eq. (7.67) is tackled. The solution over 100 s (approximately 14
cycles) is calculated and the time domain is divided into 10 subintervals. The
indirect approach is adopted and N= 70 is chosen in each subinterval. Very
good agreement with the available analytical solution is reached, as shown in
Fig.7.14. This confirms the declaration that low-order spline functions can
be used to solve high-order differential equations. Actually, solution with
reasonable accuracy is obtainable when N takes 40. In addition, further
reduction of the number of subintervals results in the need of large N and
accordingly the requirement of good initial solution in the iterative process.

7.4.6 Discussions

Based on the construction of cubic cardinal spline functions, a DQ method
has been developed and applied to the solution of dynamic systems governed
by Duffing-type nonlinear differential equations. Two solution approaches
have been presented and their effectiveness has been verified. The stability
of the spline-based DQ method has also been studied. Although it is con-
ditionally stable, the virtually invariant stable criterion with respect to the
number of grid points makes it a promising numerical tool in the solution of
initial-value problems. In addition, low-order spline functions are applicable
to the solution of high-order differential equations. In particular, the proposed
direct approach is attractive when long-term integration is encountered in the
analysis of dynamic systems.



Localized Differential Quadrature (LDQ) Method 267

7.5 Conclusions

DQ yields very accurate approximations of derivatives, but it is sensitive
to grid distributions and requires a relatively small number of grid points. A
simplified stability analysis in this chapter illustrates that stability is propor-
tional to the reciprocal of the number of grid points. The more points are
used, the poorer the stability is. It is the stability that deteriorates conver-
gence. In order to overcome the difficulty, a localized DQ method is developed
in this chapter. It is characterized by approximating the derivatives at a grid
point using the weighted sum of the points in its neighborhood rather than all
the grid points. In doing so, stability is enhanced, and accuracy is guaranteed
by using any large number of grid points. The effectiveness of the localized
DQ method is verified by the complicated dynamics problems. The results
obtained by the present method are found to be in good agreement with the
analytical results. However, the present method demands more CPU time on
permutation and localized DQ computations when compared with traditional
DQ approximations.
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FIGURE 7.13: Solution of Duffing equation of Example 1.

FIGURE 7.15: Solution of Duffing equation of Example 3.






Chapter 8

Mathematical Compendium

The mathematical compendium consists of four independent sections dealing
in detail with specific mathematics used in the main text. It is provided
as an aid to the readers who may not be familiar with these mathematical
applications and thus may find it difficult to collect and study the necessary
literature.

8.1 Gauss elimination

In linear algebra, Gauss elimination, named after German mathematician
and scientist Carl Friedrich Gauss (1777-1855), is one of the most important
numerical methods for solving a system of linear equations. The process of
Gauss elimination consists of two steps, i.e., Forward and Backward elimina-
tions. First, Forward elimination is performed to reduce a given system of
linear equations to triangular forms, or lead to a degenerate equation with
no solution, indicating that the system has no solution. This can be achieved
by using elementary row operation. In triangular form, the solutions of the
system can than be determined by back-substitution (Backward elimination).

A system of linear equations with n unknowns z1,xs, - ,x, is a set of n
equations of the form

a11r1 +aexe + ...+ a1px, = b1
211 + aooxo + ... + aspx, = bo

(8.1)
Ap1T1 + 2T + ... + GpnZyn = by
In matrix form, we have
Ax=Db (8.2)
with

a11 a12 - Qin Z1 b1

@21 a22 - A2n ] b2
A= , X= b = (8.3)

Anl Gp2 *** AQpn Tn bn

273
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The system is homogeneous if all the b; are zero, otherwise it is non-
homogeneous.

Gauss elimination consists of combining the coeflicient matrix A with the
right-hand side b to the “augmented” (n,n + 1) matrix

a1 a1z -+ a1p by
a1 G2 -+ G2p b2

[Ab]=|. . o (8.4)
anpl Gnp2 *** Qpn bn

A sequence of elementary row operations is then applied to this matrix so as
to transform the coefficient part to upper triangular form:

(1) multiply a row by a non-zero real number c,
(2) swap two rows,
(3) add c times one row to another one.

[A b} will then have taken the following form:

a1 a12 - G1p by
li / /
0 ahy -+ agy, by

Lo (8:5)
0 0 - b,

and the original equation is transformed to Rx = ¢ with an upper triangular
matrix R, from which the unknowns x can be found by back substitution.

Assume we have transformed the first column, and we want to continue the
elimination with the following matrix

ai1 a2 -+ Qi b1
/ i /

0 ay - aj, by
i / /

0 az ... a3, by (8.6)
/ i /

0 Apg ° App bn

To zero af, we want to divide the second row by the “pivot” ah,, multiply
it with a%, and subtract it from the third row. If the pivot is zero we have
to swap two rows. This procedure frequently breaks down, not only for ill-
conditioned matrices. Therefore, most programs perform “partial pivoting”,
i.e. they swap with the row that has the maximum absolute value of that
column.

“Complete pivoting”, always putting the absolute biggest element of the
whole matrix into the right position, implying reordering of rows and columns,
is normally not necessary.
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Another variant is Gauss-Jordan elimination, which is closely related to
Gaussian elimination. With the same elementary operations it does not only
zero the elements below the diagonal but also above. The resulting augmented
matrix will then look like:

ail 0 -0 b1

! ... /
0 ahjy ---0 b (8.7)
0 0 ---a,,b,

Therefore, back substitution is not necessary and the values of the unknowns
can be computed directly.

Example 8.1 A system of linear equations with three unknowns

In the following, a simple system of linear equations with three unknowns
is considered to demonstrate the procedure of Gauss elimination. The given
system is written as

1 +2x9 +2z3 = 2 Ly
1 +3x9 —213 = -1 Lo (8.8)
3r1 +5ry +8x3 = 8 Ls
with
122 1 2
A=|13-2|, x=|z2|, b=]|-1 (8.9)
358 T3 8
First, we eliminate x5 in the lines Lo and Ls:
1 + 2z + 23 = 2 L4
To — 4z3 = -3 Lo «— Ly — Ly (8.10)
—x2 + 23 = 2 Ly «— L3 —3L

Next, x; is eliminated in the line L3 as

r1 + 22 + 23 = 2 Ly
xI9 — 45[:3 = -3 L2 (8.11)
- 2{E3 = -1 L3 — L3 + LQ

Now it is obvious that the coefficient matrix A is reduced in triangular form
as

122
A=[01-4 (8.12)
00 -2

The first step of Gauss elimination—Forward elimination, is completed. The
second step, backward elimination, aims to solve the triangular form of linear
equations in reverse order. It can be readily seen from the line L3 that
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T3 =g (Ls) (8.13)

Then back-substituting zs = % into the line Ly, we have

Finally, 23 = 1/2 and 22 = —1 can be substituted into line L; for the
solution of 7 as
r1=3 (L) (8.15)

Thus the solutions of the system are determined.

For a system of linear equations with n unknowns solved by Gauss elimi-
nation, approximately 2n3/3 operations are required. Therefore, Gauss elim-
ination requires O(n?) order of computation. The algorithm can be coded by
any computer language and applied for systems with thousands of equations
and unknowns. However, for millions of equations, the algorithm is compu-
tationally expensive. In this case, these large systems are generally solved by
interactive methods instead (Kreyszig, 1999; Press et al., 1986).

8.2 Successive over-relaxation (SOR) method

There are two approaches that can be used to determine the solutions of
a linear system, i.e., direct methods and iterative methods. Direct methods,
such as Gauss elimination method, aim to solve a system of linear equations by
performing a finite number of operations to obtain the exact solutions. Direct
methods are effective for a relatively small system of equations. However,
the intensive computation prohibits the direct methods from solving large
systems. In this case, we should resort to iterative methods, a very effective
one of which is Successive Over-Relaxation (SOR) iterative method.

Suppose a system of linear equations is of the form

Ax=b (8.16)

The coefficient matrix A can be expressed as the sum of the diagonal, lower
triangular, and upper triangular matrices denoted by D, L and U, respectively.
The three matrices can be expressed as

00 -0 di0 -0 0 uts -+ Uin
I 0 -0 0 dap--0 00 - uy,
o . D=1|. . . . U= .

Inilpo - - 0 0 0 -dy, 00 ---0
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Equation (8.16) can then be rewritten as
(L+D+U)x=b (8.17)
Multiplying Eq. (8.17) across by the SOR relaxation factor w
wL+D+U)x=wb (8.18)
Adding Dx to both sides of Eq. (8.18), we have
D+ wLh)x=[(1-w)D—-wUlx+wb (8.19)

Multiplying Eq. (8.19) across by the inverse of (D + wL) leads to the recur-
rence relation for the SOR iteration

xD) — (D 4+ wL) (1 - w)D —wU® + (D +wL)'wb  (8.20)

where x(*)denotes the k-th iteration results.
If we introduce matrics

Msor = (D +wL) (1 — w)D — wU]
Csor=(D+ wL)ilwb (8.21)
Eq. (8.20) can be written as
x(k+1) = MSCRX(k) + Csor (8.22)

Note that for w = 1, the iteration reduces to the Gauss—Seidel iteration.
The iteration is repeated until the specified tolerance (the changes made by
iteration) is reached.

The selection of relaxation factor w depends on the properties of the coef-
ficients matrix A. For symmetric, positive definite matrices it can be proved
that w in the range of 0 and 2 will lead to convergence.

Example 8.2 A system of linear equations with two unknowns
Below, we shall illustrate the solution procedure of SOR method via a simple
system of linear equations defined by:

4 -1 z1\ (100
(L) ()= () 329
The diagonal D, lower triangular L, and upper triangular matrices U are

given by
40 0 0 0-1
o-(55) 1= (%0) v-(00)

The expressions of Mgor and Csor can then be written as

Msor = (D +wL) '[(1 -~ w)D — wU]

Mon = [(49) +o (*,0)] fo - (49) < (851)]
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l—-w ¢
= Mgsor = (w(l—w) &—i—l—w) (8.24)

Csor = (D +wL)"'wb .
cson=[(58) == (21)] ()]

25w
= Csor = (25w L M) (8.25)
4

By substituting Eqs. (8.24) and (8.25) into Eq. (8.23), one obtains

(k+1) 1 w (k) 25
;Cl . w 1 xl ( w )
=\ wi-w) w + w 8.26
<x§k+1)> (% 1—2—1—1—(4)) (xék)> 25w+¥ ( )

Assuming w = 1.1, four iterations of the SOR method are performed on this
linear system.

0" iteration Take initial approximations as

:Cgo) (0
A ) = o
1%t jteration Based on the initial values, the solutions are given by

2P\ (01 L1 n ) (215 ) _ (275
A0 ) T\ el Zose J o) 35.0625 ) ~ \ 35.0625

274 jteration Substituting the results in the previous iteration step gives
2\ /-01 1 e L (275 (34.39218750
xéQ) BN xél) 35.0625 ) \ 33.45160156

374 iteration In a similar manner, one obtains the solutions after 3rd iter-
ation:

Ju—

[
o

[=2]

2\ (01 Lt 2$? L (275 (33.25997168
xé@ o —O'TH —% xéQ) 35.0625 ) — \ 33.30133206
4" jteration Further iteration leads to

(M _(—0.1 Ll ) ¥ +(27.5 )_(33.33186915)
2 L AV 35.0625 33.33613081

It is clearly shown that the results converge to the true solutions x1 = 22 =
13& after fourth iteration (Kreyszig, 1999; Press et al., 1986).
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8.3 One-dimensional band storage

One-dimensional band storage, as its name implies, stores only the non-zero
elements while it neglects the zero ones in a sparse matrix by using a one-
dimensional matrix. When compared with the direct data storage scheme by
storing all elements, one-dimensional band storage can save computer mem-
ory considerably and thus enhance computational efficiency. When operat-
ing sparse matrices on a computer, it is of great significance to employ one-
dimensional band storage. This technique is widely applied in finite element
methods (FEM) for the storage of the sparse stiffness matrix. For example,
the following sparse symmetric matrix K can be stored in a one-dimensional
matrix A as

K11 K12 Ky,
K K30
K33 K3y K3
Ky Kys Ky
K55 Ksg Kss
Sym Kes Ko7 Kos

By doing so, the 8 x 8 matrix is represented by a one-dimensional matrix
with 21 entries only. Computer memory is reduced greatly. This reduction is
significant for larger matrices (Kreyszig, 1999; Press et al., 1986).

8.4 Runge-Kutta method (constant time step)

Runge—Kutta method is a method of numerically integrating ordinary dif-
ferential equations
dy

E = f(y7 t)7 y(O) =Y0 (827)
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by using a trial step at the midpoint of an interval to cancel out lower-order
error terms. Suppose the value of y(t) at time ¢", denoted by y", is known.
The integration time step is h. The second-order formula is

ki =hft",y")
ky =hf(t"+54,y" +2) (8.28)

kl - hf(tnvyn)
ks =hf(t" + L ym + 22) (8.29)
ky=hf(@™ + h,y" + ks3)

Yt =y Lk Tk 4 L+ Lky + O(RP)

sometimes known as RK4. This method is reasonably simple and robust and
is a good general candidate for numerical solution of differential equations
when combined with an intelligent adaptive step-size routine.

Differential equations of order higher than one are generally handled by
converting them into systems of first order equation by the use of dummy
variables.

The initial value problem

dy;
= Ji sy Ymy t
o = filn Ym, t) (8.30)
yl(to) = yi07i = 1527"' , M
which can be expressed in vector (matrix) form as
dy
——=f(t,y); y(to) =y, (8.31)

dt

can be handled by methods very similar to those given above for single equa-
tions.
We include the Runge—Kutta method as a typical example.

k) = hE(t",y")

h ki

ko = RE(t" + =, y" + -

h ko

ks = RE(t" + =, y" + —2
3= hE(E" + 55"+ 5) (8.32)

ky = hf(tn + h,y" + kg)

y'"=y"+ 1k1 + lkz + lk?, + 1k4 + O(h®)
6 3 3 6

"t ="+ h



Mathematical Compendium 281

The equations above (except the last equation) are vector equations. De-
noting the i-th component of k by k;; (j =1, 2, 3, 4) and denoting the i-th
component of yi by yir (k =1, 2, 3,...), we obtain by equating components

ki1 = hfi(tnay?a e 7y77‘:7,)

_ n h n , Q11 n Am1
kl? — hfz(t + 273/1 + 2 ) »Ym + 2 )
h aiz am2, .
k; :hitn -, T —_—, n —_— =1,2,---,
5= hfilt" + 5,97 + = Ym +—57) 1 m (8.33)

kig = hfi(t" + h,yl + a1z, -~ , Yy, + am3)

1
Yt =yl + 6(’%1 + 2kia + 2kis + kia) + O(h®)

"t ="+ h

8.5 Complex analysis
8.5.1 Complex variable

Complex analysis, traditionally known as the theory of functions of a com-
plex variable, is the branch of mathematics investigating functions of complex
numbers. It is useful in many branches of mathematics, including number
theory and applied mathematics, and in physics.

Complex analysis is particularly concerned with the analytic functions of
complex variables, which are commonly divided into two main classes: the
holomorphic functions and the meromorphic functions. Because the separa-
ble real and imaginary parts of any analytic function must satisfy Laplace’s
equation, complex analysis is widely applicable to two-dimensional problems
in physics.

A complex function is a function in which the independent variable and
the dependent variable are both complex numbers. More precisely, a complex
function is a function whose domain € is a subset of the complex plane and
whose range is also a subset of the complex plane.

For any complex function, both the independent variable and the dependent
variable may be separated into real and imaginary parts:

z=x+1iy (8.34a)
w = f(2) = u(z) +iv(z) (8.34b)

where z,y € R and u(z) and v(z) are real-valued functions. In other words,
the components of the function f(z)

u=u(z,y) (8.35a)
=v(z,y) (8.35b)
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can be interpreted as real valued functions of the two real variables, x and .
The basic concepts of complex analysis are often introduced by extending the
elementary real functions (e.g., exponentials, logarithms, and trigonometric
functions) into the complex domain.

Just as in real analysis, a “smooth” complex function w = f(z) may have a
derivative at a particular point in its domain 2. In fact, the definition of the

derivative L
) -t LEEN ()

s h (8:36)

is analogous to the real case but with one very important difference. In
real analysis, the limit can only be approached by moving along the one-
dimensional number line. In complex analysis, the limit can be approached
from any direction in the two-dimensional complex plane. (The claim that
“in real analysis, the limit can only be approached by moving along the one
dimensional number line” should not be confused with directional derivatives.
It may be explained that in directional derivatives, one still moves along the
one dimensional z line but it can be in ”discrete” units; that is, if one follows
y = 22 curve, that does not mean that one is moving on the plane (instead
of the one dimensional z line) but means that one is approaching in steps of
discrete units.)

If this limit, the derivative, exists for every pointzin €, thenf(z) is said
to be differentiable on Q. It can be shown that any differentiable f(z) is
analytic. This is a much more powerful result than the analogous theorem
that can be proved for real-valued functions of real numbers. In the calculus
of real numbers, we can construct a function f(z) that has a first derivative
everywhere, but for which the second derivative does not exist at one or more
points in the function’s domain. But in the complex plane, if a functionf(z)
is differentiable in a neighborhood it must also be infinitely differentiable in
that neighborhood.

By applying the methods of vector calculus to compute the partial deriva-
tives of the two real functions u(z,y) and v(z,y) into which f(z) can be
decomposed, and by considering two paths leading to a point z in 2, it can
be shown that the existence of derivative implies

ou ov ov ou

/ _vu O _Yr U
fi(z) = e +Z(9x 9y Zay (8.37)

Equating the real and imaginary parts of these two expressions we obtain
the traditional formulation of the Cauchy-Riemann Equations:

ou Ov Ou  Ov

= geand 30 =2 (8.38)

or, in another common notation

Uy = Vy,and  uy = —uy (8.39)
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By differentiating this system of two partial differential equations first with
respect to x, and then with respect to y, we can easily show that

2 2 2 2
8u+ﬂ:07and @_Favf

72 T 9 02 T ap (8.40)

In other words, the real and imaginary parts of a differentiable function of a
complex variable are harmonic functions because they satisfy Laplace’s equa-
tion.

8.5.2 Holomorphic functions

Holomorphic functions are complex functions defined on an open subset
of the complex plane which are differentiable. Complex differentiability has
much stronger consequences than usual (real) differentiability. For instance,
holomorphic functions are infinitely differentiable, a fact that is far from true
for real differentiable functions. Most elementary functions, including the ex-
ponential function, the trigonometric functions, and all polynomial functions,
are holomorphic.

8.5.3 Meromorphic functions

A meromorphic function on an open subset D of the complex plane is a
function that is holomorphic on all D except a set of isolated points, which
are poles for the function.

Every meromorphic function on D can be expressed as the ratio between
two holomorphic functions (with the denominator not constant 0) defined
on D: the poles then occur at the zeroes of the denominator. The Gamma
function is meromorphic in the whole complex plane.

Intuitively then, a meromorphic function is a ratio of two nice (holomorphic)
functions. Such a function will still be "nice”, except at the points where the
denominator of the fraction is zero, when the value of the function will be
infinite.

From an algebraic point of view, if D is connected, then the set of mero-
morphic functions is the field of fractions of the integral domain of the set of
holomorphic functions. This is analogous to the relationship between Q, the
rational numbers, and Z, the integers.
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8.6 QR algorithm
8.6.1 QR algorithm

The QR algorithm can be seen as a more sophisticated variation of the
basic “power” eigenvalue algorithm. Recall that the power algorithm repeat-
edly multiplies A times a single vector, normalizing after each iteration. The
vector converges to the eigenvector of the largest eigenvalue. Instead, the QR
algorithm works with a complete basis of vectors, using QR decomposition
to renormalize (and orthogonalize). For a symmetric matrix A, upon conver-
gence, AQ=QA, where A is the diagonal matrix of eigenvalues to which A
converged, and where Q is a composite of all the orthogonal similarity trans-
forms required to get there. Thus the columns of Q are the eigenvectors.

In numerical analysis of matrices, a QR algorithm is an eigenvalue algo-
rithm; that is, a procedure to calculate the eigenvalues and eigenvectors of a
matrix. The basic idea is to perform a QR decomposition, writing the ma-
trix as a product of an orthogonal matrix and an upper triangular matrix,
multiply the factors in the other order, and iterate.

Formally, let A be the matrix of which we want to compute the eigenvalues,
and let Ag:=A. At the k-th step (starting with & = 0), we write Ay as the
product of an orthogonal matrix Qj and an upper triangular matrix Ry and
we form Ay = RipQpr. Note that

A1 = RiQi = Q QuRiq, = Qi AkQu = Q" AxQx (8.41)

so all the Ay are similar and hence they have the same eigenvalues. The
algorithm is numerically stable because it proceeds by orthogonal similarity
transforms. Under certain conditions, the matrices Ay converge to a triangu-
lar matrix. The eigenvalues of a triangular matrix are listed on the diagonal,
and the eigenvalue problem is solved. In testing for convergence it is impracti-
cal to require exact zeros, but the Gershgorin circle theorem provides a bound
on the error.

In this crude form the iterations are relatively expensive. This can be mit-
igated by first bringing the matrix A to upper Hessenberg form (which costs
2n® 4+ O(n?)using Householder reduction) with a finite sequence of orthogonal
similarity transforms, much like a QR decomposition. Determining the QR
decomposition of an upper Hessenberg matrix costs 6n2 + O(n).

If the original matrix is symmetric, then the upper Hessenberg matrix is also
symmetric and thus tridiagonal, and so are all the Ajy. This procedure costs
2n®+0(n?) using Houscholder reduction. Determining the QR decomposition
of a tridiagonal matrix costs O(n).

The rate of convergence depends on the separation between eigenvalues,
so a practical algorithm will use shifts, either explicit or implicit, to increase
separation and accelerate convergence. A typical symmetric QR algorithm
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isolates each eigenvalue (then reduces the size of the matrix) with only one or
two iterations, making it efficient as well as robust.

8.6.2 QR decomposition
A QR decomposition of a real square matrix A is a decomposition of A as
A=QR (8.42)

where Q is an orthogonal matrix (meaning that Q7 Q =I) and R is an upper
triangular matrix (also called right triangular matrix). Analogously, we can
define the QL, RQ, and LQ decompositions of A (with L being a left triangular
matrix in this case).

More generally, we can factor a complex m X n matrix (with m > n) as the
product of an m X m unitary matrix and an m xXn upper triangular matrix. An
alternative definition is decomposing a complex m X n matrix (with m > n)
as the product of an m x n matrix with orthogonal columns and an n X n
upper triangular matrix. This is also called the thin QR factorization.

If A is nonsingular, then this factorization is unique if we require that the
diagonal elements of R are positive.

There are several methods for actually computing the QR decomposition,
such as by means of the Gram—Schmidt process, Householder transformations,
or Givens rotations. Each has a number of advantages and disadvantages.
They are separately introduced in the following.

(a) Computing QR by means of Gram-Schmidt
Consider the Gram—Schmidt process, with the vectors to be considered in the
process as the columns of the matrix

A=(a;| - |an) (8.43)

we define
>e (8.44)

proje.a =

where (v, w) = vI'w. Then

uj
uj=aj,e;=——
o
B . o w
U= az pro‘]elaQ’e2_Hu2H
k—1
. Ug
u,=ay — ZprOJekak,ekzm (8.45)
j=1

We then rearrange the equations above so that the a; are on the left, pro-
ducing the following equations

a; = e [u
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ag = Proje, az + e [[us|
az = projel az + pI‘Oje2 az +e3 ||u3||

k—1
a, = Y proje,a; + e [[u|| (8.46)
i=1

Note that since the e; are unit vectors, we have the following
a; = ey [luy|

a; = (e1,az) e + ey [|uy|

ag = (e1,a3) + (ez,a3) + es |lus]|
k—1
ar =Y (ejan) +ex Ju (847)

J=1

Now the right sides of these equations can be written in matrix form as follows:

[us]| (€1, a2) (e, a3) - --

0 Juof (e2,a3) -
(e1l---len) 0 0 |us|| - (8.48)

But the product of each row and column of the matrices above give us a
respective column of A that we started with, and together, they give us the
matrix A, so we have factorized A into an orthogonal matrix Q (the matrix
of exs), via Gram—Schmidt, and the obvious upper triangular matrix as a
remainder R.

Alternatively, R can be calculated as follows. Recall that Q = (e, |--- |en )
Then, we have

(e1,a1) (e1,as) (e1,ag) -

0 <eva><eaa>"'
R=Q"A=|0 0 leray . (8.49)

Note that (ej,a;) = ||u;| and (e;,ar) =0 for j > k and QQ” =1, so QT =
Q.

Example 8.3 QR decomposition of a third order matriz
Consider the decomposition of

12 —-514
A=16 167 —68
—424 —41
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Recall that an orthogonal matrix Q has the property
QQ" =1

Then, we can calculate Q by means of Gram—Schmidt as follows:

12 —69 —58/5
U= (uiuzug)=|6 158 6/5
—-430 -33

6/7 —69/175 —58/175
u u u,
Q= (nuiu o] Huin) =|3/7 158/175 6/175

—2/76/35  —33/35
Thus, we have
A=QQTA=QR
1421 —14
R=QTA=1[0 175 =70
00 35

(b) Computing QR by means of Householder reflections

A Householder reflection (or Householder transformation) is a transformation
that takes a vector and reflects it about some plane. We can use this property
to calculate the QR factorization of a matrix.

Q can be used to reflect a vector in such a way that all coordinates but one
disappear.Let X be an arbitrary real m-dimensional column vector such that
IX]| = |o for a scalara. If the algorithm is implemented using floating-point
arithmetic, then « should get the opposite sign as the first coordinate of X
to avoid loss of significance. If X is a complex vector, then the definition

o= —el MET X || (8.50)

should be used.
Then, where e; is the vector (1,0,...,0)”, and |-|| the Euclidean norm, set

u=X—o«ep,
V= T (8.51)
Q=1I-2vv’.

Q is a Householder matrix and

T

)

Qx = (,0,---,0 (8.52)

This can be used to gradually transform an m-by-n matrix A to upper
triangular form. First, we multiply A with the Householder matrix Q; we
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obtain when we choose the first matrix column for x. This results in a matrix
Q1A with zeros in the left column (except for the first row).

al * P *
0

QA = o (8.53)
0

This can be repeated for A’, (obtained from QA by deleting the first row
and first column), resulting in a Householder matrix Q’y. Note that Q5 is
smaller than Q;.Since we want it really to operate on Qi A instead of A/ we
need to expand it to the upper left, filling in a 1, or in general:

(T 0

After ¢ iterations of this process, ¢ = min(m — 1,n)

R=Q¢ - QQ:A

is an upper triangular matrix. So, with
Q=QiQ; -Q/ (8.55)

A = QR is a QR decomposition of A. This method has greater numerical
stability than the Gram—Schmidt method above.

Table 8.1 gives the number of operations in the k-th step of the QR-
Decomposition by the Householder transformation, assuming a square matrix
with size n.

Summing these numbers over the (n  — 1) steps (for a square matrix of
size n), the complexity of the algorithm is given by

2 1
§n3 +n® + sn-2=0 (n?) (8.56)

Example 8.4 QR decomposition of a third order matriz

TABLE 8.1: Operation numbers of QR-decomposition

Operation Number of operations in the k-th step
multiplications 2(n —k + 1)?

additions m—k+124+nm—k+1)(n—Fk) +2
division 1

square root 1
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Let us calculate the decomposition of

12 =514
A=16 167 —68
—-424 41

First, we need to find a reflection that transforms the first column of matrix
A, vector a; = (12,6, —4)", to |ja; | e; = (14,0,0)". Now,

u=x-—ae; (8.57)

and
u

]

Here, « = 14 and x = a; = (12,6, —4)T and then

v (8.58)

-1 1 -32
_ 2 _ 1
Ql_I—m 3 (—13—2)_1—7 -39 —6
-2 2  —64 (8.59)
6/7 3/7 —=2/7 ’
=1|3/7 —-2/76/7
—-2/76/7 3/7
Now observe:
1421 -14
QA=|0 —49-14
0 168 —-77

so we already have almost a triangular matrix. We only need to zero the (3,
2) entry. Take the (1, 1) minor, and then apply the process again to

—49 —14)

I —
A =My = (168 —717

By the same method as above, we obtain the matrix of the Householder
transformation

10 0
Q.= | 0-7/2524/25
024/25 7/25

after performing a direct sum with 1 to make sure the next step in the process
works properly. Now, we find

6/7 —69/17558/175
Q=QrQY =|3/7 158/175 —6/175
—2/76/35  33/35

1421 —14
R=QQA=Q"A=|(0 175-70
00 -35
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The matrix Q is orthogonal and R is upper triangular, so A = QR is the
required QR-decomposition.

(c)Computing QR by means of Givens rotations

QR decompositions can also be computed with a series of Givens rotations.
Each rotation zeros an element in the subdiagonal of the matrix, forming the
R matrix. The concatenation of all the Givens rotations forms the orthogonal
Q matrix.

In practice, Givens rotations are not actually performed by building a whole
matrix and doing a matrix multiplication. A Givens rotation procedure is used
instead which does the equivalent of the sparse Givens matrix multiplication,
without the extra work of handling the sparse elements. The Givens rotation
procedure is useful in situations where only a relatively few of diagonal el-
ements need to be zeroed, and is more easily parallelized than Householder
transformations.

Example 8.5 QR by means of Givens rotation
Let us calculate the decomposition of

12 —-514
A=16 167 —68
—424 —41

First, we need to form a rotation matrix that will zero the lowermost left
element, agy = —4 . We form this matrix using the Givens rotation method,
and call the matrix G;. We will first rotate the vector (6, —4), to point
along the X axis. This vector has an angle § = arctan (%4). We create the
orthogonal Givens rotation matrix, Gi:

10 0 10 0
G;=|0cos(f) sin(f) | = | 00.83205 —0.55470
0 — sin (8) cos (6) 0 0.55470 0.83205

And the result of G;A now has a zero in the az; element.

12 —51 4
Gi1A ~ | 7.21110 125.6396 —33.83671
0 112.6041 —71.83368

We can similarly form Givens matrices Go and Gg, which will zero the
sub-diagonal elements ag; and age, forming a triangular matrix R. The or-
thogonal matrix Q7 is formed from the concatenation of all the Givens ma-
trices QT= G3G2G;.Thus, we have G3G2GA = QTA =R, and the QR
decomposition is A = QR.



Mathematical Compendium 291

8.6.3 Connection to a determinant or a product of
eigenvalues

We can use QR decomposition to find the absolute value of the determinant
of a square matrix. Suppose a matrix is decomposed as A = QR. Then we
have

det (A) = det (Q) - det (R) (8.60)

Since Q is unitary |det (Q)| =1, thus

|det (A)| = |det (R)| = (8.61)

||7’n‘

K3

where r;; are the entries on the diagonal of R.
Furthermore, because the determinant equals the product of the eigenval-

ues, we have
T - T
i

(8.62)

2

where \; are eigenvalues of A.

We can extend the above properties to non-square complex matrix A by in-
troducing the definition of QR-decomposition for non-square complex matrix
and replacing eigenvalues with singular values.

Suppose a QR decomposition for a non-square matrix A:

A—Q<g>, QQ=1I (8.63)
where O is a zero matrix and Q is a unitary matrix.

From the properties of SVD (Singular Value Decomposition) and determi-
nant of matrix, we have
H Tii
i

where o; are singular values of A.
Note that the singular values of A and R are identical, although the complex
eigenvalues of them may be different. However, if A is square, it holds that

[~ = T~

In conclusion, QR decomposition can be used efficiently to calculate a prod-
uct of eigenvalues or singular values of matrix.

=] (8.64)

(8.65)







Chapter 9

Codes

Three sets of FORTRAN codes for DQ, complex DQ method and Coordinate-
based Localized DQ method are respectively given in this chapter for refer-
ence. These methods are explained in Section 1.3, Section 2.2 and Section
7.3.1 and corresponding examples can also be found in these sections.

If these codes do help you in your research, publication or else, your proper
acknowledgement is deeply appreciated.

9.1 DQ for numerical evaluation of function cos(x)

Example 1.4 is studied using the following code.

Main programme

n node number
xi(1i) nodes
yi(i) function value at node x(i)

O 0O 0 0 o060 o600

parameter (nmax=100)
dimension xi(nmax), yi(nmax), a(nmax, nmax), b(nmax, nmax)
dimension  zmi(nmax)
open(2, file=’dqcos.dat’)
n =15
pi 3.1415926
dx = 2.xpi/float(n—1)
x =dx
do i= 1, n
x = x + dx
xi(i) = x
yi(i) = fun(x)
end do

293
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c
do i=1, n
term=1.
do j=1, n

if(j .ne. i) then
term=terms*(xi(1i)—xi(j))
end if
end do
zmi(i)=term

end do

do i=1, n
do j=1, n
if(j .ne. i) then
a (i, j)=zmi(i)/zmi(j)/(xi(i)=xi(j))
end if
end do
end do
do i=1, n
sum=0.
do j=1, n
if(j .ne. i) then
sum=sum-+a (i,])
end if
end do
a(i,i)=—sum

end do

do i=1, n
do j=1, n
if(j .ne. i) then
b(i,j)=2.x(ali,j)va(i,i)—a(i,j)/(xi(i)=xi(j)))
end if
end do
end do

do i=1, n
sum=0.
do j=1, n
if(j .ne. i) then
sum=sum-+b (i,])
end if
end do

b(i,i)=—sum
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end do
C
do i=1, n
suml=0.
sum2=0.
do j=1, n

suml=suml+a (i, j)*fun(xi(j))
sum2=sum2+b (i, j)xfun(xi(j))
end do
write(2,2) xi(i), suml,—sin(xi(i)), sum2,—cos(xi(i))
2 format(2x, 6el5.6)
end do
stop
end

c subroutine calculating function value at x

function fun (x)
fun = cos(x)

return

end

9.2 CDAQ for harmonic problem

Example 2.2 is studied using the following code.

c

c Main programme: CDQ for harmonic equations

c

c n node number along the contour C

c
implicit realx8 (a—h,o0—2z)
parameter (nmax=2000,pi=3.1415926)
complex zi (nmax) , xni (nmax) , xi (nmax) , phi (nmax)
dimension zmax (nmax,nmax) , f1 (nmax), alpha(nmax),
beta (nmax)

c

¢ parameters
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c
scale=1.e0
n = 30
nl = 5x%2
n2 = 5%2
n3 = 5H%2
nd = bHx%2
m = 0x2
n = nHn
write (x,%) ’ca’
call circular(n,1.d0,1.d0,xi,zi,xni,fl,alpha, beta)
¢ call canti(n,nl,n2,n3,n4,xi,zi,fl,alpha, beta)
c call crack(n—-m,nl,n2,n3,n4,m,xi,zi,fl, alpha, beta)
c call hole(n—-m,nl ,n2,n3,nd,m,xi,zi,fl, alpha, beta)
C call canti2(n,nl,n2,n3,n4,xi,zi,fl,alpha, beta)
C do 1=1,2xn
c write (4,+) real(xi(1l)),imag(xi(1)),f1(142xn)
c write (x,+) real(xi(l)),imag(xi(1l))
c 4 format (2x,5€e15.6)
c enddo
c
call coef(n,alpha,beta,zi,xi,xni,zmax)
do i=1,2%n
do j=1, 2xn
zmax (i, j)=scalexzmax(i,j)
enddo
enddo
c
call gsl(2*n, zmax, f1)
c
do k=1,n
phi(k)=cmplx ({1 (k),fl (k+n))=xscale
enddo
c
c do 1=1,n
c fq= phi(1)+zi(1)*xconjg(derphi(1l))+conjg(chi(l))
c enddo
c

call plotcir (n,20,40,1.d0,zi,phi)
call plotcant(n,20,20,2.d0,1.d0,zi,chi,phi)
call plotcrack(n,30,20,2.d0,1.d0,zi,chi,phi)
call plotcant2(n,20,20,2.d0,1.d0,zi,chi,phi)
stop
end
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subroutine for calculating parameters for circle
subroutine circular (n,rr,rq,xi,zi,xni,fl alpha, beta)
implicit realx8 (a—h,o0—2z)

parameter (nmax=2000,pi=3.1415926)

complex zi (nmax) , fi (nmax) , xi (nmax) , xni (nmax)

dimension f1 (nmax) ,alpha (nmax) , beta (nmax)

m =0

do i=1m
alpha (i) =
alpha (i4n) =
beta (i) =
beta (i+n) =

enddo

do i=m+1,2%n
alpha(i) = 0.
beta (i) =

enddo

alpha (1) =

beta (1) =

)

_ o o =

—

alpha (n) =
beta (n
dth = 2.xpi/float (2xn)
th = —1.xdth
do 1=1,2xn+1
th = th4dth
th = float (1 —1)xdth
if(1 .le. n) then
th =0.5*%pi*(1l.—dcos(float (1—-1)/float (n—1)xpi))
else
th  =pi+0.5*pi*(l.—dcos(float (1-n)/float (n)*pi))
endif

O = O =

X = rr*cos(th)

y = rrxsin(th)

X0 = cos(th)

yn = sin (th)

b(l) = 2.xrqxcmplx(x,y)

if(th .ge. 0. .and. th .lt. pi)then
fi(l) = cmplx(0.,—-10.)

else

fi(1)=cmplx (0.0,0)

endif

fi (1)=cmplx(cos(th),0)
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zi (1) = cmplx(x,y)
xni(1)= cmplx(xn yn)
xi(l) = cmplx(x,y)
fi(l) = alplzag )*x1( )xx24+3.xbeta(1l)xconjg(xni(l))
* X1 * %k 2
enddo

dth = 2.xpi/float(n)

th = —1.xdth

do 1=1,n+1

th = th+dth

zi (1) = rqxcmplx(cos(th),sin(th))
enddo

write (2,2) real(zi(l)),imag(zi(1l))

do i=1,2xn

f1(i) = real(fi(i))

f1(i) = real(xnl(l))*real(xi(i))+imag(xni(i))
*xImag (xi(1))

enddo

return

end

plotting for circule

subroutine plotcir (n,mm,nn,rr,zi,phi)
implicit realx8 (a—h,o0—2z)

parameter (nmax=2000,pi=3.1415926)
complex zi (nmax) , phi (nmax)

complex z,fq,derl ,der2

open (2, file="laplace_1.dat’)
open (3, file="laplace_2.dat’)

znu = 0.3
ye = 2.11e8

dr = rr/float (mm)
dth = 2.xpi/float (nn)
T =0

do i=1mmtl1

r =71 + dr

th = —dth

do 1=1,nn+1

th=th+dth
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X rkcos(th)
y = rxsin(th)
z = cmplx(x,y)
call fun(n,zi,phi,z,fq)
call deriv(n,zi,z,phi,derl, der2)
call stress(n,zi,z,phi,phi,sx,sy,sxy,u,v)
write(2,2) x,y,real(fq),l.xreal(zxx*3),imag(fq),
1ximag (z*x3)
write (2,2) xtu,y+v,u,v
format (2x,6¢el5.6)
enddo
write (2,2)
write (3,2)
enddo
close (2)
close (3)
return
end

subroutine for data preparation for cantilever

subroutine canti(n,nl,n2,n3,n4,xi,zi,fl, alpha, beta)
implicit realx8 (a—h,o0—2z)
parameter (nmax=2000,pi=3.1415926)

complex zi (nmax) , fi (nmax) , xi (nmax)
dimension f1 (nmax) ,alpha (nmax) , beta (nmax)
znu = 0.3

a = 2.

b =1.0

x = 0.

dy = b/float(nl-1)

y = -dy
do i=1,nl
y = y+dy

y = 0.5%bx(1l.—dcos(float(i—1)/float (nl—1)*pi))
zi(i)=cmplx(x,y)

enddo

y =5b

dx = a/float (n2)
do i=1, n2

x = x—dx
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x = —0.5%xax(l.—dcos(float(i)/float (n2)xpi))
zi (i4nl)=cmplx(x,y)
enddo

dy = b/float (n3)
X = -a
do i=1,n3

y = y-dy

y = 0.5x%bx(14+dcos(float (i)/float (n3)xpi))
zi(i4+nl4n2)=cmplx(x,y)
enddo

dx = a/float (nd+1)
y = 0.
do i=1n4

X = x+dx

x = —0.5%xax(14+dcos(float(i)/float (nd+1)*pi))
zi (i4nl4n24n3)=cmplx(x,y)
enddo

do 1=1,n

xi(2x1-1)=zi (1)
write (x,%) 1,zi(1)
enddo

xi(2xn+1) = xi(1)

do 1=1,n
xi(2%x1)=0.5%(xi(2x1—-1)+xi(2x1+1))
write (x,x) 1,xi(2x1)

enddo

do 1=1,2%xnl1-1
alpha (1)=(3.—znu)/(1.4znu)
beta(1l) = —1.

enddo

do 1=2%nl,2%n

alpha(1l)=1.
beta (1) =1.
enddo

do 1=1,2%xnl1-1
fi(l) = cmplx(0.,0.)
enddo
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do 1=2%nl,2xnl+2xn2
fi(l) = cmplx(—real(xi(1)),0.0)
enddo

do 1=2%(nl4n2)+1,2%n
fi(l) = cmplx(a,0.)
enddo

do i=1,2%n

f1(i) = real(fi(i))
f1 (i+2*n)=imag(fi(i))
enddo

return
end

plotting for cantilever

subroutine plotcant (n,mm nn,aa,bb,zi,chi,phi)
implicit real*8 (a—h,o0—z)

parameter (nmax=2000,pi=3.1415926)

complex zi (nmax) , phi(nmax) , chi(nmax)
complex z

open(2,file="ecant_1.dat’)
open (3, file="ecant_-2.dat’)

dx = aa/float (mm—1)
dy = bb/float (nn—1)
X = —aa—dx
do i=1mm
x = x + dx
y = —dy
do 1=1,nn
y = y+dy

z = cmplx(x,y)
call stress(n,zi,z,chi,phi,sx,sy,sxy,u,v)

sx0 = —6.%(0.5%bb—y)*(x+aa)**2/bb**x34(0.5xbb—y)
/bbx#3.%(4.%(0.5%bb—y)*%2—0.6xbb*%2)
sy0 = —0.5%(1.+(0.5%bb—y)/bb)

*(1.—2%(0.5%bb—y)/bb)*x%2
sxy0=—6.%(x+aa)*(0.25xbb**x2—(0.5xbb—y )*x*2)/bb*x3
if (dabs(x+1) .le. 1l.e—1) then
write (3,2) x,y,sx,sx0,sy,sy0,sxy,—sxy0
write (2,2) x+u,y+v,sx,sy,sxy
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2 format (2x,8e15.6)
c endif
enddo
write (2,2)
write (3,2)
enddo
close (2)
close (3)
return
end

subroutine canti2(n,nl,n2,n3,n4,xi,zi,fl, alpha, beta)
implicit real*8 (a—h,o—z)
parameter (nmax=2000,pi=3.1415926)

c
complex zi (nmax) , fi (nmax) , xi (nmax)
dimension f1 (nmax) ,alpha (nmax) , beta (nmax)

c
znu = 0.3
a = 2.

b =1.
x = 0.

c
dy = b/float(nl-1)
y = —dy
do i=1n1

y = y+dy

c y = 0.5%bx(1.—dcos(float(i—1)/float (nl—1)*pi))
zi(i)=cmplx(x,y)

enddo
c
y =b
dx = a/float (n2)
do i=1, n2
x = x—dx
¢ x = —0.5%ax(l.—dcos(float(i)/float (n2)xpi))
zi (i4nl)=cmplx(x,y)
enddo
c
dy = b/float (n3)
X = -a
do i=1,n3
y = y-dy

c y = 0.5%bx(14+dcos(float (i)/float(n3)xpi))
zi(i+nl4n2)=cmplx(x,y)
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enddo

dx = a/float (nd+1)
y = 0.
do i=1,n4

X = x+dx

x = —0.5%xax(14+dcos(float (i)/float (nd+1)*pi))
zi (i4nl4n24n3)=cmplx (x,y)
enddo

do 1=1,n

xi(2x1-1)=zi (1)
write (x,%) 1,zi(1)
enddo

xi(2*n+1) = xi(1)

do 1=1,n
xi(2%x1)=0.5%(xi(2x1—-1)+xi(2x1+1))
write (x,x) 1,xi(2x1)

enddo
do i=1,n

zi(i)=(2zi(i)—cmplx (0.,0.))*1.
enddo

do 1=1,2%xnl1-1
alpha (1)=(3.—znu)/(1.4znu)
beta(1l) = —1.

enddo

do 1=2x%nl,2xn

alpha(1l)=1.
beta (1) =1.
enddo
do 1=1,2%(nl+n24n3)—1
fi(l) = cmplx(0.,0.)
enddo

do 1=2%(nl4n2+n3),2xn
fi(l) = cmplx(1.,0.0)
enddo

do i=1,2xn
f1(i) = real(fi(i))
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f1(i+2n)=imag(fi(i))

enddo
c
return
end
c
c plotting
c
subroutine plotcant2(n,mm,nn,aa,bb,zi,chi,phi)
implicit real*8 (a—h,o0—2z)
parameter (nmax=2000,pi=3.1415926)
complex zi (nmax) , phi(nmax) , chi(nmax)
complex z
c
open(2, file=’elastic.dat’)
open (3, file=’rand.dat’)
c
dx = aa/float (mm—1)
dy = bb/float (nn—1)
x = —aa—dx
do i=1pym
x =x + dx
y = —dy
do 1=1,nn
y = y+dy

z = cmplx(x,y)
call stress(n,zi,z,chi,phi,sx,sy,sxy,u,v)
sx0 = —12.%(0.5%bb+y ) x(x+aa)*+2/bbx*3

sy0 = 0.
sxy0=1.5%(1.—4.%(0.5%xbb+y)*%2/bb*%2)/bb
write (3,2) x,y,sx,sx0,sxy,—sxy0
write (2,2) x+u,y+v,sx,sy,sxy
2 format (2x,6el5.6)

enddo

write (2,2)

write (3,2)

enddo

close (2)

close (3)

return

end

data preparation for crack

subroutine crack(n,nl,n2,n3,n4,m,xi,zi,fl alpha,beta)



Codes 305

implicit realx8 (a—h,o0—2z)
parameter (nmax=2000,pi=3.1415926)

complex zi (nmax) , fi (nmax) , xi (nmax)
dimension f1 (nmax) ,alpha (nmax) , beta (nmax)
znu = 0.3

a = 2.

b = 2.0

x = 0.

dy = b/float(nl-1)

y = —dy
do i=1,nl
y = yHdy

y = 0.5%bx(1.—dcos(float(i—1)/float (nl—1)*pi))
zi(i)=cmplx(x,y)

enddo
y =b
dx = a/float (n2)
do i=1, n2
x = x—dx
x = —0.5%ax(l.—dcos(float(i)/float (n2)xpi))
zi(i4+nl)=cmplx(x,y)
enddo

dy = b/float (n3)
X = -a
do i=1,n3
y = y-dy
y = 0.5%bx(14+dcos(float (i)/float (n3)xpi))
zi(i+nl4n2)=cmplx(x,y)
enddo

dx = a/float (nd+1)
y = 0.
do i=1,n4

X = x+dx

x = —0.5%ax(1+dcos(float (i)/float (nd+1)xpi))
zi (i4nl4n24n3)=cmplx (x,y)
enddo

do 1=1,n
xi(2x1-1)=zi (1)
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write (x,%) 1,zi(1)
enddo

xi(2xn+1) = xi(1)

do 1=1,n
xi(2%x1)=0.5%(xi(2x1—-1)+xi(2x1+1))
write (x,%) 1,xi(2x*1)

enddo
hole
dth = 0.
dy = 0.

if(m .gt. 0) dth = 2.xpi/float (m)
if(m .gt. 0) dy = b/float (m)
th = 2.%pi+dth

y = —0.5xdy

do i=1m

x = 0.1

y = y+dy

th = th—dth

x = —0.5%xa+.2xcos(th)
y = 0.5%b+.2xsin (th)
zi(i+n)=cmplx (x,y)
enddo

dth = 0.

if(m .gt. 0) dth = 2.xpi/float (2%m)
th = 2.xpi+dth

do i=1,2%m
th = th—dth
x = —0.5%¥a+0.2xcos (th)

y = 0.5%b40.2x%sin (th)
xi (i+42*n)=cmplx (x,y)
enddo

do 1=1,2%xnl1-1
write (x,%) 1,xi(1)

alpha (1)=(3.—znu)/(1.4znu)

beta (1) = —1.
enddo

do 1=1,2x%(n+n)
alpha(1l)=1.
beta (1) =1.
enddo
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do 1=1,2%xnl1-1

fi(1)=0.

enddo

do 1=1,2%n
fi(l) = cmplx(0.,imag(xi(1l)))
fi(l) = cmplx(—real(xi(1)),0.)

enddo

do 1=2#n+1,2%(n+m)
fi(l) = emplx(0.,0.)
enddo

do i=1,2%(n+m)

fl1(i) = real(fi(i))

f1 (i+2#(ntm))=imag (fi(i))
enddo

return
end

data preparation for a hole in a plate
subroutine hole(n,nl,n2,n3 ,n4,m,xi,zi,fl, alpha, beta)

implicit real*8 (a—h,o0—z)
parameter (nmax=2000,pi=3.1415926)

complex zi (nmax) , fi (nmax) , xi (nmax)
dimension f1 (nmax) ,alpha (nmax) , beta (nmax)
znu = 0.3

a = 2.

b = 1.0

x = 0.

y = 0.5%bx(1.—dcos(float (i—1)/float (nl—1)*pi))

zi(i)=cmplx(x,y)
enddo

y =5b
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dx = a/float (n2+1)

x = 0.

do i=1, n2

x = x—dx

x = —0.5%xax(l.—dcos(float(i)/float (n2)xpi))
zi (i4nl)=cmplx(x,y)

enddo

dy = b/float (n3+1)

X = —a

y =b

do i=1,n3
y = y-dy

y = 0.5x%bx(14+dcos(float (i)/float (n3)xpi))
zi(i4+nl4n2)=cmplx(x,y)
enddo

dx = a/float (nd+1)

y = 0.

X = -a

do i=1,n4

X = x+dx

x = —0.5%xax(14+dcos(float(i)/float (nd+1)*pi))
zi (i4nl4n24n3)=cmplx (x,y)

enddo

do 1=1,n

xi(2x1-1)=zi (1)
write (x,%) 1,zi(l)
enddo

xi(2*n+1) = xi(1)

do 1=1,n
xi(2%x1)=0.5%(xi(2x1—-1)+xi(2x1+1))
write (x,x) 1,xi(2x1)

enddo
hole
goto 3
dth = 0.
dy = 0.

if(m .gt. 0) dth
if(m .gt. 0) dy
th = 2.%pi+dth

2.xpi/float (m)
b/float (m)
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y = —0.5xdy
do i=1m

x = 0.1 ¢ y = y+dy
th = th—dth

x = —0.5%xa+.2xcos(th)
y = 0.5%b+.2xsin (th)
zi (i4n)=cmplx (x,y)
enddo
dth = 0.

if(m .gt. 0) dth = 2.x%pi/float (2m)
th = 2.xpit+dth
do i=1,2xm

th = th—dth

x = —0.5%¥a+0.2xcos (th)
y = 0.5%b+40.2%sin (th)
xi (i42*n)=cmplx (x,y)
enddo
c
dth = 0.

if(m .gt. 0) dth = 2.xpi/float (2m)
th = 2.xpi+dth
do i=1,2xm

th = th—dth

x = —0.5%¥a+0.2xcos (th)
y = 0.5%b+40.2xsin (th)
xi(i142*n)=cmplx (x,y)
enddo

do 1=1,2%xnl1-1
alpha (1)=(3.—znu)/(1.+znu)
beta(l) = —1.

enddo

continue

do 1=1,2%n
alpha(1l)=1.
beta (1) =1.

enddo

do 1=1,2%xnl1-1
fi(l) = cmplx(0.,imag(xi(l)))
enddo
do 1=2%nl,2%(nl4+n2)
fi(l) = cmplx(0.,b)
enddo

309
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x do 1=2x%(nl4n2)+1,2x(nl4n24n3)
X fi(l) = cmplx(0.,imag(xi(1l)))
X enddo
x do 1=2%(nl4n2+4n3)+1,2xn
X fi(l) = cmplx(0.,0.)
X enddo
c
c
do 1=1,2%n
fi(l) = cmplx(0.,imag(xi(1l)))
enddo
fi(2>kn1) 0.
fi (2% (nl+n2))=0.
fi(2 (n1—|—n2+n3)) 0.
fi(2%n)=
c
do 1=2#n+1,2%(n+m)
fi(l) = cmplx(0.,0.)
enddo
c
do i=1,2%(n+n)
f1(i) = real(fi(i))
f1 (i+2%(n+m))=imag( fi(i))
enddo
c
return
end
c
c plotting
c
subroutine plotcrack (n,mm,nn,aa,bb,zi,chi,phi)
implicit realx8 (a—h,o0—2z)
parameter (nmax=2000,pi=3.1415926)
complex zi (nmax) , phi(nmax) , chi (nmax)
complex z
c
open (2, file=’crack_1.dat’)
open (3, file=’crack_2.dat’)
c
dx = aa/float (mm—1)
dy = bb/float (nn—1)
x = —aa—dx
do i=1ym

X = x + dx
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y = —dy
do 1=1,nn
y = y+dy

z = cmplx(x,y)
call stress(n,zi,z,chi,phi,sx,sy,sxy,u,v)

sx0 = —6.%(0.5xbb—y)x(x+aa)*+2/bbx*3
+(0.5%bb—y)/bbx*3.%(4.%(0.5%bb—y)**%2—0.6xbbxx2)
sy0 = —0.5%(1.4(0.5%bb—y)/bb)

(1. —2%(0.5%xbb—y)/bb)*%2
sxy0=—6.%(x+aa)*(0.25xbb**x2—(0.5xbb—y )*x*2) /bb*x3
if (cabs(z—cmplx(—1,0.5)) .le. 0.) then

sx=0.

sy =0.

sxy=0.

u=0.

v=0.
endif
write (3,2) x,y,sx,sx0,sy,sy0,sxy,—sxy0
write (2,2) x4u,y+v,sx,sy,sxy
format (2x,8el15.6)
enddo
write (2,2)
write (3,2)

enddo
close (2)
close (3)
return
end

subroutine for stress calculation
subroutine stress(n,zi,z,chi,phi,sx,sy,sxy,u,v)

implicit realx8 (a—h,o0—2z)
parameter (nmax=2000,pi=3.1415926)

complex zi (nmax)

complex phi(nmax) , chi (nmax)
complex fq,z,derl ,der2

zmu = 1.e3

znu = 0.3

zkappa=(3.—znu)/(l.+znu)
ye = 2.11e8
c
do k=1,n
call deriv(n,zi,zi(k),phi,fq)
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derphi (k)=fq
call deriv(n,zi,zi(k),chi,fq)
derchi (k)=fq
enddo

call fun(n,zi,chi,z,fq)

call deriv(n,zi,z,derchi,fq)

call deriv(n,zi,z,chi,fq,der2)

call deriv(n,zi,z,phi,derl, der2)

c call deriv(n,zi,z,derphi,der2)

sy =real (2.xderl+conjg(z)*der2+fq)
sxy=imag(conjg(z)xder2+fq)

sx = 4xreal(derl)—sy

call fun(n,zi,phi,z,der2)

call fun(n,zi,chi,z,fq)

u=real (zkappaxder2—z*conjg(derl)—conjg(fq))
v=imag (zkappaxder2—z*conjg(derl)—conjg(fq))
u=0.5%u/zmu

v=0.5%v/zmu

o o0 o0 o0 o0 o o0

return
end
c
c subroutine for forming L
c
subroutine zmi(n,l,zi,z,zl)
implicit real*8 (a—h,o—2z)
parameter (nmax=2000)
complex zi (nmax)
complex prod ,zl ,z
prod=(1.,0.)
do k=1,n
if(k .ne. 1) then
prod=prodx(z—zi(k))
endif
enddo
zl=prod
return
end
c
c complex DQ
c

subroutine dq(n,zi,xi,a)

implicit realx8 (a—h,o0—2z)

parameter (nmax=2000)

complex zi (nmax), a(nmax,nmax), xi(nmax)
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complex z11 ,sum, prod

do i=1,2xn

do k=1,n
call zmi(n,k,zi,zi(k),zll)
sum=cmplx (0.,0.)

do 1=1,n

if(l .eq. k) goto 2
prod=1.

do j=1,n

if(j .ne. 1 .and. j .ne. k)
prod=prodx(xi(i)—zi(]))
enddo
sum=sum+prod
continue
enddo
a(i,k)=sum/zll
enddo
enddo

return
end

Multiplication

subroutine zint (n,zi,xi,zlbd)
implicit real*8 (a—h,o—2z)

parameter (nmax=2000 ,mmax=>50)
complex zi (nmax) , zlbd (nmax,nmax) , xi (nmax)
complex zl , zll
do i=1,2%n
do k=1,n

call zmi(n,k,zi,xi(i),zl)
call zmi(n,k,zi,zi(k),zll)
zlbd (i ,k)=z1/2z11

enddo

enddo

return
end

Function
subroutine fun(n,zi,fi,z,fq)

implicit realx8 (a—h,o0—2z)
parameter (nmax=2000 ,mmax=>50)
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complex zi (nmax) , fi (nmax) ,zlambda (nmax)
complex zl , z11l jsum, fq ,z
do j=1,n

call zmi(n,j,zi,z,zl)
call zmi(n,j,zi,zi(j),zll)
zlambda(j)=z1/z1l

enddo
c
sum=cmplx (0.,0.)
do i=1,n
sum=sum+zlambda (i )* fi (i)
enddo
c
fgq=sum
return
end
c
c coef matrix
c
subroutine coef(n,alpha beta,zi,xi,xni,zmax)
implicit realx8 (a—h,o0—2z)
parameter (nmax=2000 ,mmax=>50)
complex c1 (nmax,nmax) , ¢2 (nmax,nmax) , xni (nmax)
complex zi (nmax) , xi (nmax) , zlbd (nmax,nmax) ,
a (nmax ,nmax)
dimension zmax (nmax,nmax ) , alpha (nmax) , beta (nmax)
call dq(n,zi,xi,a)
call zint(n,zi,xi,zlbd)
do i=1,2%n
do k=1,n
cl(i,k)= alpha(i)=*zlbd (i, k)
c2(i,k)= beta(i)xconjg(xni(i))*a(i, k)
enddo
enddo
c
do i=1,2%n
do k=1,n
zmax (i ,k) = real (cl(i,k)+c2(i,k))
zmax (i ,k+n) = —imag(c2(i,k)+cl(i,k))
enddo
enddo
c
prod = 1.
do i=1,2xn

prod=prodxbeta (i)
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enddo
if (dabs(prod) .le. 1.d—10) zmax(1l,n+1)=1.d10

return
end

c differentiation

subroutine deriv(n,zi,z,phi,derl, der2)

implicit realx8 (a—h,o0—2z)

parameter (nmax=2000)

complex zi (nmax) , phi(nmax) ,a(nmax) ,b(nmax) , zl (nmax)
complex zll ;z ,sum,derl ,der2 ,prod

goto 4
derl=cmplx (0.,0.)
do k=1,n
call zmi(n,k,zi,zi(k),zll)
zl (k)=1z11
sum=cmplx (0.,0.)
do 1=1,n
if(1 .eq. k) goto 2
prod=1.
do j=1,n
if(j .ne. 1 .and. j .ne. k) prod=prodx(z—=zi(j))
enddo
sum=sum-+prod
2 continue
enddo
a(k)=sum/ z1l
derl=derl+4sum/ z11*phi(k)
enddo

goto 5
4 do k=1,n
call zmi(n,k,zi,zi(k),zll)
zl (k)=1z11
enddo

do k=1,n
if (cabs(z—zi(k)) .ge. 1.d—5) then
sum=cmplx (0.,0.)
do 1=1,n
if(1 .ne. k) then
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call zmi(n,1,zi,z,zll)
sum=sum+z11
endif
enddo
a(k)=sum/(z—zi(k))/zl(k)
endif
enddo

do k=1,n
f(cabs(z—zi(k)) .1t. 1.d-5) then
sum=cmplx (0.,0.)
do 1=1,n
if(1 .ne. k) then
sum=sum+a (1)*xzl(1)/z](k)
sum=sum—a (1)
endif
enddo
a(k)=sum
endif
enddo

do k=1,n

if (cabs(z—zi(k)) .ge. 1.d—5) then

sum=cmplx (0.,0.)

do 1=1,n
if(1 .ne. k) then
sum=sum-+a (1)*z1(1)/zl (k)
endif

enddo

b (k)= (sum—a (k) ) / (2—7i (k))

endif

enddo

do k=1,n
f(cabs(z—zi(k)) .1t. 1.d-5) then
sum=cmplx (0.,0.)
do 1=1,n
if (1 .ne. k) then
sum=sum-+b (1)*z1(1)/z1 (k)
endif
enddo
b(k)=cmplx (.5,0.)*sum
endif
enddo
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Codes

derl=cmplx (0.,0.)
der2=cmplx (0.,0.)
do k=1,n
derl=derl4a(k)*phi(k)
der2=der2+b (k)= phi (k)
enddo

return
end
enddo

Gauss elimination
subroutine gsl(n, a, b)

implicit real*8 (a—h,o—z)
parameter (nmax=2000)

dimension a(nmax,nmax),b(nmax)

dimension m(nmax)
ep = 1. e—12
do 10 i = 1, n
m(i) = i
do 20 k =1, n
p = 0.
do 30 i =
do 30 j

jo =]
continue

if (abs(p) — ep) 200, 200, 300
0 write (*,%) ”Solution failure”

return

0 if(jo .eq. k) goto 400

do 40 i = 1,

k) =m(jo)
m(jo

do 50 n
t = a(io, j)
a(io,j) = a(k,j)

)) .le. abs(p)) goto 30

) =]
0 if (io .eq. k) goto 501
i =k,
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do 70 i = k, in
do 80 j = k, in

80 a(i+1, j+1) = a(i+1, j+1) — a(i+1,k)*xa(k,j+1)
70 b(i4+1) = b(i+1) — a(i+1,k) * b(k)
20 continue

do 90 il = 2, n
i=n +1-—1i1
do 90 j =1, in

i

90 b(i) = b(i) — a(i, j+1) * b(j+1)
do 1 k=1, n
i =m(k)
1 a(l, 1) = b(k)
do 2 k=1, n
2 b(k) = a(1l, k)
return
end

9.3 Localized DQ method

Example 7.2 is studied using the following code.

¢
c Main programme

¢

implicit real*8 (a—h,o—2z)

parameter (nmax=1000, mmax=>50)

dimension  dy(nmax), y0(nmax), tout(10000)
common /coord/xi(nmax)

common /corder/mset,jcount (nmax, mmax)
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Codes
open(2, file=’ldql.inp’)
open(3, file=’ldql.dat’)
open(4, file=’ldqtime.dat’)

Initilization

pi = 3.1415926
mset = 3

nnode= 100

nout = 200

do k=1, nout
tout (k)=(k—1)*2e—1
end do

xi(1)=0.

dx = 1./float (nnode—1)

do j=2, nnode
xi(j)=xi(j—-1)+dx

end do

do i=1, 2*nnode—+1
y0(1i)=0.
end do

Ordering

call smthlng(nnode, mset, xi, jcount)
do i=1, nnode

write (x,%) 1i,(jcount(i,j),j=1,5)

end do

do i=37, 62

do i=1,nnode
yO(i)=sin ((xi(i)—xi(15))/(xi(25)—xi(15))=*pi)
gOéi—l—l):zinitial(xi(i))

do i=1, nnode
yO(i+1)=sin (1*xi(i)#*pi)
end do
t0 = 0.
tf = 0.001
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nt = 100

dt (tf—t0) /float (nt)
dt = 1l.e—4

nt = 10000

t = — dt

do i = 1, nt+l
t = t+dt
tms=t*1000
y0 (nnode+2)=exp(—t5)
y0(2)=sin (2.% pixt)
y0(2)=(1.—exp(—t/1.e—3))

y0(2)=
(nnode+1) 0.
yO(

nnode+2)=0.
y0(2*nn0de+1)—0.
call rk(2+nnode+1, dt, y0, dy)

o o o0

o o

(2,2) tms,
write (3,2) y0(1)x1000, y0(2), y0(3), y0(4)
write(4,2) t, y0(26)
write(4,2) t, y0(12)
do k=1, nout
if (abs(t—tout(k)) .1t. 0.5xdt) then
write (x,%) 1,t
do j=1, nnode
c write (3, 2) xi(j), y0(j+1),
c . (zinitial (xi(j)—t)+zinitial (xi(j)+t))*0.5
write(3, 2) xi(j), y0(j+1), sin(l.xpixxi(j))
kxcos (1.xpixt)
end do
write(3,2)
format (4x, 7el5.6)
4 format (4x, lel5.6)
end if
end do
c write (3 ,4)
end do
stop
end

write (2,

o o o0 o o

[\)

subroutine rk(n, h, y, dy)
implicit realx8 (a—h,o0—2z)
parameter (nmax=1000)
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dimension y(nmax), dy(nmax), yc(nmax), yl(nmax), a(4)
a(l) = 0.5 % h

a(2) = a(l)
a(3) =nh
a(4) =h
do i =1, n
yl(i) = y(i)
end do
do k=1, 3
do i =1, n

)

ye(i) = y1(i) + a(k) = dy(i)
y(i) =y(i) + a(k+1) = dy(i) / 3.

end do

call diffun ((n—-1)/2, yc, dy)
end do
do i =1, n

y(i) =y(i) +a(l) = dy(i) / 3.
end do

call diffun ((n—-1)/2, yc, dy)
return
end

subroutine diffun (nnode, y0, dy)

implicit real*8 (a—h,o0—z)

parameter (nmax=1000, mmax=50)

dimension dy(nmax), disp(nmax), y0(nmax)

dimension y2(nmax), xint(nmax),yint(nmax
yint2 (nmax)

common /coord/xi(nmax)

common /corder/mset,jcount (nmax, mmax)

vel (nmax)

),

dy (1) = 1.
do i=1, nnode
disp (1)=y0(i+1)
vel (1)=y0(i+Il+nnode)
end do

do i=1, nnode
do j=1, mset
yint (j)=disp (jecount (i,j))
xint (j)=xi(jcount (i ,j))
end do
call dq(mset, xint, yint, yint2)
y2(i)=yint2 (1)
enddo
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do j=1, nnode

dy (j+1)=vel (j)
dy (j+1+nnode)=1.xy2(j)
end do
c
return
end
c
subroutine dq(n, xi, yi, y2)
implicit real*8 (a—h,o0—2z)
parameter (nmax=1000)
dimension yi(nmax), a(nmax, nmax), b(nmax, nmax)
dimension zmi(nmax), y2(nmax), xi(nmax)
c
do i=1, n
term=1.
do j=1, n
if(j .ne. i) then
term=termx*(xi(i)—xi(j))
end if
end do
zmi(i)=term
end do
c
do i=1, n
do j=1, n
if(j .ne. i) then
a(i,j)=ami(i)/ami(j)/(xi(i)=xi(}))
end if
end do
end do
do i=1, n
sum=0.
do j=1, n
if(j .ne. i) then
sum=sum-+a (i,])
end if
end do
a(i,i)=—sum
end do
c
do i=1, n
do j=1, n

if(j .ne. i) then

b(i,j)=2.%(a(i,j)xa(i,i)=a(i,j)/(xi(i)=xi(j)))
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end if
end do
end do

do i=1, n
sum=0.
do j=1, n
if(j .ne. i) then
sum=sum-+b (i,])
end if
end do
b(i,i)=—sum
end do

do i=1, n

suml=0.

sum2=0.

do j=1, n
suml=suml+a(i,j)*yi(])
sum2=sum2+b (i,j)*yi(])
end do

y2(i)=sum2

write (x,%) 1, sum2
write(2,2) xi(i), suml,—sin(xi(i)),sum2,—cos(xi(i))
format (2x, 6el5.6)
end do
return
end

Smoothing length

subroutine smthlng(nnode, mset, x, jcount)
implicit realx8 (a—h,o0—2z)

parameter (nmax=1000, mmax=>50)
dimension  x(nmax), hi(nmax), alfr (nmax)
integer jeount (nmax,mmax), icount (nmax)
np=nnode
m =mset
do i =1, np

do j=1, np

alfr (j) = dist(i,j,x)
end do

call order(alfr, np, icount)
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do j = 1, mset
jeount (i,j) = icount(j)
end do
hi(i) = dist(i,jcount(i,m), x)
end do
do i =1, np
hi(i)=0.5xhi(i)

end do

return

end

Distance

function dist (i,j,x)

implicit real*8 (a—h,o—z)

parameter (nmax=1000)

dimension  x(nmax)
dist=abs (x(i)—x(j))

return

end

SUBROUTINE ORDER(ALFR,N, NO)

implicit realx8 (a—h,o0—2z)

PARAMETER (nmax=1000)

dimension ALFR(Nmax) , SR(Nmax)
INTEGER N

INTEGER NO(nmax)

DOT =1, N
SR(I) = ALFR(I)

END DO

DOI =1, N
SMIN = 1.e20
DOJ =1, N

IF (SR(J) .LE. SMIN) THEN
SMIN = SR(J)
NO(I)= J
END IF
END DO
SR(NO(I)) = 2.e20
END DO

DOI=1,N
SR(I) = ALFR(NO(I))
END DO
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DOT =1, N
ALFR(I) = SR(I)
END DO
RETURN
END
function zinitial (x)
implicit real*8 (a—h,o0—2z)
parameter (nmax=1000, mmax=>50)

common /coord/xi(nmax)

pi — 3.1415926

zinitial = 0.

if(x .gt. 0.375 .and. x .lt. 0.625) then
zinitial =sin((x —0.375)/0.25x%pi)

end if

return

end
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