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Preface

The finite element method is one of the major tools used in the numerical
solution of partial differential equations. This book offers a fundamental and
practical introduction to the method, its variants, and their applications.
In presenting the material, I have attempted to introduce every concept in
the simplest possible setting and to maintain a level of treatment that is as
rigorous as possible without being unnecessarily abstract.

The book is based on the material that I have used in a graduate course
at Southern Methodist University for several years. Part of the material was
also used for my seminar notes at Purdue University, University of Minnesota,
and Texas A&M University. Furthermore, this book was the basis for summer
schools on the finite element method and its applications held in China, Iran,
Mexico, and Venezuela.

This book covers six major topics and four applications. In Chap. 1, the
standard (H'- and H2-conforming) finite element method is introduced. In
Chaps. 2 and 3, two closely related finite element methods, the nonconforming
and the mixed finite element methods, are discussed. The discontinuous and
characteristic finite element methods are studied in Chaps. 4 and 5; these two
methods have been recently developed. The adaptive finite element method
is considered in Chap. 6. The last four chapters are devoted to applications of
these methods to solid mechanics (Chap. 7), fluid mechanics (Chap. 8), fluid
flow in porous media (Chap. 9), and semiconductor modeling (Chap. 10).
In each chapter, a brief introduction, the notation, a basic terminology, and
necessary concepts are given. Theoretical considerations and bibliographi-
cal information are also presented at the end of each chapter. The reader
who is not interested in the theory may skip them. Each of the three main
types of partial differential equations, i.e., elliptic, parabolic, and hyperbolic
equations, is treated in this book. Nonlinear problems are studied as well.

In Chap. 1, we describe the finite element method. We first introduce this
method for two simple model problems in Sect. 1.1. Then, in Sect. 1.2, we
discuss the small fraction of Sobolev space theory that is sufficient for the
foundation of the finite element method as studied in this book. In Sect. 1.3,
we develop an abstract variational formulation for this method and give some
examples. Section 1.4 is devoted to the construction of general finite element
spaces. In Sects. 1.1 and 1.4, we concentrate on polygonal domains; curved
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domains are treated in Sect. 1.5. In Sect. 1.6, we very briefly touch on the
topic of numerical integration. The finite element method is extended to tran-
sient and nonlinear problems in Sects. 1.7 and 1.8, respectively. Section 1.9 is
devoted to theoretical consideration of the finite element method; in partic-
ular, an approximation theory for the finite element method is established.
For self-containedness, in Sect. 1.10, we briefly discuss solution techniques
for solving the linear systems arising from the finite element method; these
techniques are needed to complete some of the exercises given in Sect. 1.12.
For those who have had a course in numerical linear algebra, this section can
be skipped. Bibliographical information is given in Sect. 1.11.

In Chap. 2, we discuss the application of the nonconforming finite element
method to second- and fourth-order partial differential equation problems
(cf. Sects. 2.1 and 2.2). In particular, the nonconforming P; (i.e, Crouzeix-
Raviart), rotated @1, Wilson, Morley, Fraeijs de Veubeke, Zienkiewicz, and
Adini elements are described. In Sect. 2.3, we briefly present an application
of this method to a nonlinear transient problem.

In Chap. 3, we study the mixed finite element method. As an introduction,
in Sect. 3.1, we first describe this method for a one-dimensional model prob-
lem. Then we generalize it to a two-dimensional model problem in Sect. 3.2.
In Sect. 3.3, we consider the method for general boundary conditions. In
Sect. 3.4, we present various mixed finite element spaces, and, in Sect. 3.5,
we state the approximation properties of these spaces. In Sect. 3.6, we briefly
present an application of the mixed method to a nonlinear transient prob-
lem. We also discuss solution techniques for solving the linear algebraic sys-
tems arising from this method in Sect. 3.7. These techniques include the
classical Uzawa, minimum residual iterative, alternating direction iterative,
mixed-hybrid, and equivalence-to-nonconforming algorithms. Here the mixed
method is developed in a simple setting. The book by Brezzi-Fortin (1991)
should be consulted for a thorough treatment of the subject.

In Chap. 4, we first study the discontinuous Galerkin (DG) finite element
method and its stabilized versions for advection problems (cf. Sect. 4.1).
Then, in Sect. 4.2, we show how to extend these methods to diffusion prob-
lems. In Sect. 4.3, we discuss the recently developed mixed discontinuous
finite element method.

In Chap. 5, we discuss the modified method of characteristics (cf. Sect. 5.2),
the Eulerian-Lagrangian method (cf. Sect. 5.3), the characteristic mixed
method (cf. Sect. 5.4), and the Eulerian-Lagrangian mixed discontinuous
method (cf. Sect. 5.5). In Sect. 5.6, we consider the application of these
methods to nonlinear problems. In Sect. 5.7, we comment on the character-
istic finite element method.

In Chap. 6, we present a brief introduction of some of basic topics on
the two components for the adaptive finite element method: the adaptive
strategy and a-posteriori error estimation. In Sect. 6.1, we introduce the
concept of local grid refinement in space. In Sect. 6.2, we briefly discuss a data
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structure which efficiently supports adaptive refinement and unrefinement.
In Sect. 6.3, we discuss a-posteriori error estimates for stationary problems,
and, in Sect. 6.4, extend them to transient problems. In Sect. 6.5, we briefly
consider their application to nonlinear problems.

In Chap. 7, we introduce linear elasticity (cf. Sect. 7.1). In Sect. 7.2, we
state variational formulations of the governing equations. Then, in Sect. 7.3,
we describe the H'-conforming, mixed, and nonconforming finite element
methods for the discretization of these equations.

In Chap. 8, we describe the derivation of the Stokes and Navier-Stokes
equations from the fundamental principles of classical mechanics governing
the motion of a continuous medium (cf. Sect. 8.1). In Sect. 8.2, we introduce
variational formulations of the Stokes equation. Then, in Sect. 8.3, we apply
the H!-conforming, mixed, and nonconforming finite element methods for the
numerical solution of this equation. In Sect. 8.4, we remark on an extension
to the Navier-Stokes equation.

In Chap. 9, we study two-phase flow in a porous medium. In Sect. 9.1, we
state the governing equations for two-phase flow and their variants defined
in terms of pressure and saturation. In Sect. 9.2, we use the mixed finite
element method for the pressure solution. Then, in Sect. 9.3, we employ the
characteristic finite element method for the saturation solution. In Sect. 9.4,
we present a numerical example.

In Chap. 10, we introduce the drift-diffusion, (classical) hydrodynamic,
and quantum hydrodynamic models in semiconductor modeling (cf. Sect. 10.1)
and finite element methods for solving these models (cf. Sect. 10.2). In
Sect. 10.3, we present a numerical example using the hydrodynamic model.

This book can serve as a course that provides an introduction to numer-
ical methods for partial differential equations for graduate students. Some
elementary chapters, such as the first three chapters, can be even taught
at undergraduate level. It can be also used as a reference book for math-
ematicians, engineers, and scientists interested in numerical solutions. The
necessary prerequisites are relatively moderate: a basic course in advanced
calculus and some acquaintance with partial differential equations. For the
theoretical considerations in this book, some acquaintance with functional
analysis is needed.

Chapters 1 through 6 form the essential material for a course. Because
each of Chaps. 2 through 6 is essentially self-contained and independent,
different course paths can be chosen. The problem section in each chapter
plays a role in the presentation, and the reader should spend the time to
solve the problems.

I take this opportunity to thank many people who have helped, in dif-
ferent ways, in the preparation of this book. During my graduate study and
post-doctoral research, I had incredibly supportive supervision by Profes-
sors Bernardo Cockburn, Jim Douglas, Jr., Richard E. Ewing, and Kaitai Li.
Many of my students made invaluable comments at the early stages of this
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book. I would also like to thank Professor Ian Gladwell for reading the whole

manuscript and making invaluable suggestions.

Dallas, Texas, USA Zhangzin Chen
March 2005
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1 Elementary Finite Elements

A numerical approach for solving a differential equation problem is to dis-
cretize this problem, which has infinitely many degrees of freedom, to pro-
duce a discrete problem, which has finitely many degrees of freedom and
can be solved using a computer. Compared with the classical finite difference
method, the introduction of the finite element method is relatively recent.
The advantages of the finite element method over the finite difference method
are that general boundary conditions, complex geometry, and variable ma-
terial properties can be relatively easily handled. Also, the clear structure
and versatility of the finite element method makes it possible to develop gen-
eral purpose software for applications. Furthermore, it has a solid theoretical
foundation that gives added reliability, and in many situations it is possible to
obtain concrete error estimates in finite element solutions. The finite element
method was first introduced by Courant in 1943 (Courant, 1943). From the
1950’s to the 1970’s, it was developed by engineers and mathematicians into
a general method for the numerical solution of partial differential equations.

In this chapter, we describe the finite element method. We first introduce
this method for two simple model problems in Sect. 1.1. Then, in Sect. 1.2,
we discuss the small fraction of Sobolev space theory that is sufficient for the
foundation of the finite element method as studied in this book. In Sect. 1.3,
we develop an abstract variational formulation for this method and give some
examples. Section 1.4 is devoted to the construction of general finite element
spaces. In Sects. 1.1 and 1.4, we concentrate on polygonal domains; curved
domains are treated in Sect. 1.5. In Sect. 1.6, we briefly touch on the topic
of numerical integration. The finite element method is extended to transient
and nonlinear problems in Sects. 1.7 and 1.8, respectively. Section 1.9 is de-
voted to theoretical considerations of the finite element method; in particular,
an approximation theory for the finite element method is established. The
reader who is not interested in the theory may simply skip this section. For
self-containedness, in Sect. 1.10, we briefly discuss solution techniques for
solving the linear systems arising from the finite element method; these tech-
niques are needed to complete some of the exercises given in Sect. 1.12. For
those who have had a course in numerical linear algebra, this section can be
skipped. Finally, bibliographical information is given in Sect. 1.11. Students
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are encouraged to do some of the exercises given in Sect. 1.12; these exercises
are closely related to the material presented in this chapter.

1.1 Introduction
The exposition in this section has two purposes: (1) to introduce the termi-

nology and (2) to summarize the basic ingredients that are required for the
development of the finite element method.

1.1.1 A One-Dimensional Model Problem

As an introduction, we consider a stationary problem in one dimension

d?p
—@:f(x), O<z<1, L)
p(0) =p(1) =0,

where f is a given real-valued piecewise continuous bounded function. Note
that (1.1) is a two-point boundary value problem. A number of problems
in physics and mechanics arise in form (1.1). For example, consider an elas-
tic bar with tension one, fixed at both ends (x = 0, 1) and subject to a
transversal load of intensity f (cf. Fig. 1.1). Under the assumption of a small
displacement, the transversal displacement p satisfies problem (1.1) (cf. Ex-
ercise 1.1).

/ §

p(x)

Fig. 1.1. An elastic bar

The finite difference method for (1.1) is to replace the second derivative by
a difference quotient that involves the values of p at certain points. The dis-
cretization of (1.1) using the finite element method is different. This method
starts by rewriting (1.1) in an equivalent variational formulation. For this,
we introduce the scalar-product notation

(v,) = / (e dr

for real-valued piecewise continuous bounded functions v and w, and we define
the linear space
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v . . .
— is piecewise

dx
continuous and bounded on (0,1), and v(0) = v(1) = 0} .

V= {v : v is a continuous function on [0, 1],

This space is a subspace of a Sobolev space introduced in the next section.
We also define the functional F': V — IR by

1 /dv dv
Fo)==> (%2, -
=3 (5 %) vev.
where IR is the set of real numbers. It will be shown at the end of this
subsection that (1.1) is equivalent to the minimization problem

Find p € V such that F(p) < F(v) YveV. (1.2)

Problem (1.2) is called a Ritz variational form of (1.1).

In mechanics, for example, the quantity %(%, %’,) is the internal elastic
energy, (f,v) is the load potential, and the functional value F'(v) represents
the total potential energy associated with the displacement v € V. Therefore,
problem (1.2) corresponds to the fundamental principle of minimum potential
energy in mechanics.

In terms of computations, (1.1) can be expressed in a more useful, direct
formulation. Multiplying the first equation of (1.1) by any v € V, called a
test function, and integrating over (0, 1), we see that

(£2.0) = (.

Application of integration by parts to this equation yields

(2 5) =, (13)

where we use the fact that v(0) = v(1) = 0 from the definition of V. Equation
(1.3) is called a Galerkin variational or weak form of (1.1). It corresponds to
the principle of virtual work in mechanics, for example. If p is a solution to
(1.1), then it satisfies (1.3). The converse also holds if d?p/dz? exists and is
piecewise continuous and bounded in (0,1), for example; see Exercise 1.2. Tt
can be seen that (1.2) and (1.3) are equivalent (see the end of this subsection).

We now construct the finite element method for solving (1.1). Toward
that end, for a positive integer M, let 0 =2 <1 < ... <2y < xp41 =1
be a partition of (0,1) into a set of subintervals I; = (z;_1,;), with length
hi=xz;—x;—1,i=1,2,....,. M+ 1. Set h = max{h; : 4 =1,2,..., M + 1}.
The step size h measures how fine the partition is. Define the finite element
space
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Vi, = {v : v is a continuous function on [0,1],v is linear

on each subinterval I; , and v(0) = v(1) =0} .

See Fig. 1.2 for an illustration of a function v € V},. Note that V, C V (i.e.,
V}, is a subspace of V).

- X

0 X1 X 1

Fig. 1.2. An illustration of a function v € V},

The discrete version of (1.2) is
Find pp, € V3, such that F(pg) < F(v) Yo eV, . (1.4)

Method (1.4) is referred to as the Ritz finite element method. In the same
manner as for (1.3) (see the end of this subsection), (1.4) is equivalent to the
problem:
Find pp, € V}, such that o dv _ (f,v) Yv €V (1.5)
Ph h dr ' dx - ) h - .
This is usually termed the Galerkin finite element method.
It is easy to see that (1.5) has a unique solution. In fact, let f = 0, and

take v = pj, in (1.5) to give
dpn dpr\ _
dr’ dx ’

S0 py, is a constant. It follows from the boundary condition in V}, that py = 0.
We introduce the basis functions p; € Vi, i =1,2,..., M,

oy [ Wiz,
PRI = N0 it

That is, ¢; is a continuous piecewise linear function on [0, 1] such that its
value is one at node x; and zero at other nodes (cf. Fig. 1.3). It is called a
hat or chapeau function.

Any function v € V}, has the unique representation

M
v(x):zvi%(x), 0<z<1,
i=1
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Fig. 1.3. A basis function in one dimension

where v; = v(x;). For each j, take v = ¢; in (1.5) to see that

(Clphds'ﬁ

= i =1,2,..., M.
d$7 d.’L’> (f?gp_])v j » < I

Set

M
pu(x) = sz‘%‘(f)a pi = pr(xi) ,

and substitute it into (1.6) to give

M dy; dy;
§ L ) py = ; j=1,2,... :
<dx7dx>pl (f?@j)? .7 727 >M

i=1

(1.6)

(1.7)

This is a linear system of M algebraic equations in the M unknowns pq,

P2, -..,pup- It can be written in matrix form
Ap=1,

where the matrix A and vectors p and f are given by

a11 a2 ... Qai1pMm D1 f1

as  ax ... a4y P2 f2
A = s p = 5 f =

api1  ap2  --- OGMM yaUs fm

with

dp; dp; .

(1.8)

The matrix A is referred to as the stiffness matriz and f is the load vector.

By the definition of the basis functions, we observe that

dpi dp;
de ' dz

>:0 if i —j] > 2,
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so A is tridiagonal; i.e., only the entries on the main diagonal and the adjacent
diagonals may be nonzero. In fact, the entries a;; can be calculated:
1 1 1 1

Qg = 7—+ —, Qi—1;=—7", Qji+1 = —7—.
hi = hit1 h; hit1

Also, it can be seen that A is symmetric: a;; = a;;, and positive definite:

M
n"An= Z nia;jn; >0 for all nonzero n € R
ij=1

where n7 denotes the transpose of 17. Because a positive definite matrix is
nonsingular, the linear system (1.8) has a unique solution. Consequently, we
have shown that (1.5) has a unique solution py € V4, in a different way.

The symmetry of A can be seen from the definition of a;;. The positive
definiteness can be checked as follows: With

M

T]:ZT]Z@ZEV}H 77:(77177]2a-~-a77M)7
=1

we see that
M M
dp; dp;
3,7=1 1,j=1
M M

doi de; dn dn
= T ) ) 7 = ETERETN 207
;77 dx ;nﬂ dz (dx dz

so, as for (1.5), the equality holds only for n = 0 since a constant function n
must be zero because of the boundary condition.

We remark that A is sparse; that is, only a few entries in each row of A are
nonzero. In the present one-dimensional case, it is tridiagonal. The sparsity
of A depends upon the fact that a basis function in V}, is different from zero
only on a few intervals; that is, it has compact support. Thus it interferes only
with a few other basis functions. That basis functions can be chosen in this
manner is an important distinctive property of the finite element method.

In the case where the partition is uniform, i.e., h =h;, i =1,2,..., M +1,
the stiffness matrix A takes the form

2 -1 0 ... O 0

-1 2 -1 0

0o -1 2 0
1
A==
h

0 0 2 -1
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With division by h in A, (1.5) can be thought of as a variant of the central
difference scheme where the right-hand side consists of mean values of fy;
over the interval (z;_1,z;41).

We end this subsection with two remarks. The first one is on an error
estimate for (1.5). In general, the derivation of an error estimate for the finite
element method is very technical. Here we briefly indicate how to obtain an
estimate in one dimension. Subtract (1.5) from (1.3) to get

dp dpp dv

We introduce the notation

1/2
Joll = (v,0)1/2 = (/ v d””) |
0

This is a norm associated with the scalar product (-,-) (cf. Sect. 1.2). We use
Cauchy’s inequality (cf. Exercise 1.4)

(v, w)| < ol [lw] - (1.10)

Note that, using (1.9), with v € V}, we see that

dp _dpn|*_ (dp _ dpn dp _ dpn
dr dx dr dx’'dxr dz
_ (9 _dpn (dp _dv|  tdv _ dpn
" \dx  dz’l|dx dz de dz
d_do dp o
dr dx’dxr dx )’
so, by (1.10),
dp  dpp dp dv
— - < ||l= == . 1.11
‘dw dx _‘dm dx VeV (L11)

This equation implies that p; is the best possible approximation of p in V},
in terms of the norm in (1.11).

To obtain an error bound, we take v in (1.11) to be the interpolant pp, € Vj,
of p; i.e., py, is defined by

pr(x;) = play), 1=0,1,...,M+1. (1.12)
It is an easy exercise (cf. Exercise 1.5) to see that, for € [0, 1],
h? d*p(y)

_5 <

|(p = pn) ()] < max | =gz | )
dp  dpn d*p(y) '
op _ Pk <h .

‘(dm dx > (x)‘ - yrél[%,}i} dx?
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With v = pp, in (1.11) and the second equation of (1.13), we obtain
dp _ dpn

?p(y)
de dx '

dz?
Using the fact that p(0) — pp(0) = 0, we have

o) -y = [ (=T ay acba,

which, together with (1.14), implies

< h max

1.14
- y€(0,1] ( )

d’p(y)
Ip(x) = pa(2)] < homax | =
Note that (1.15) is less sharp in & than the first estimate in (1.13) for the
interpolation error. With a more delicate analysis, we can show that the first
error estimate in (1.13) holds for p, as well as py. In fact, it can be shown
that pp, = pp, (cf. Exercise 1.6), which is true only for one dimension.

In summary, we have obtained the quantitative estimates in (1.14) and
(1.15), which show that the approximate solution of (1.5) approaches the
exact solution of (1.1) as h goes to zero. This implies convergence of the
finite element method (1.5).

The second remark is on the equivalence between (1.2) and (1.3). Let p
be a solution of (1.2). Then, for any v € V and any € € IR, we have

F(p) < F(p+ev) .

. zel01]. (1.15)

With the definition
G(e) = F(p+ ev)

1 (dp dp dp dv e (dv dv
) <dm’ da;) Te (dx’ i) T2\ dw e(fv) = (fip)
we see that G has a minimum at € = 0, so 42(0) = 0. Since

dG dp dv
E(O) (Cll"(,‘ll‘> *(f,"U) )

p is a solution of (1.3). Conversely, suppose that p is a solution of (1.3). With
any v € V, set w=wv —p € V; we find that

Fo) = Fo-tw) = 5 (0 D) (k)

() (e e L (e d
_2<da:’dx> (f’p)+<dm’dx> (f’w)+2(dm’da:>
1 /dp dp 1 (dw dw
= (= =]~ S (22T >
S (2B) -5 () 2F0),

which implies that p is a solution of (1.2). Because of the equivalence between
(1.1) and (1.3), (1.2) is equivalent to (1.1), too.
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1.1.2 A Two-Dimensional Model Problem

In this subsection, we consider a stationary problem in two dimensions

—Ap=f in 2,

1.16
p=20 onl', ( )

where €2 is a bounded domain in the plane with boundary I', f is a given
real-valued piecewise continuous bounded function in €2, and the Laplacian
operator A is defined by

Ap = @ a—zp .
or?  Ox3

Corresponding to the one-dimensional problem (1.1) for an elastic bar, con-

sider an elastic membrane fixed at its boundary and subject to a transversal

load of intensity f (cf. Fig. 1.4). Under the assumption of small displacements,

we can check that the transversal displacement p satisfies (1.16).

Fig. 1.4. An elastic membrane

We introduce the linear space

. . . ov Ov
V =<wv: vis a continuous function on €, e and — are
T T2

piecewise continuous and bounded on €2, and v = 0 on F} .
This space is a subspace of a Sobolev space introduced in the next section.

Let us recall Green’s formula. For a vector-valued function b = (b1, bs), the
divergence theorem reads:

/V~bdx:/b~ud€, (1.17)
Q T

where we recall that the divergence operator is given by

_ Ob, dby

b= — =
v 6371 8.132,

v is the outward unit normal to I', and the dot product b - v is defined by
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b'V:b1V1+b2V2.

With v, w € V, we take b = (57 6” w,0) and b = (0, %w) in (1.17), respec-
tively, to see that

Ov Jw ov _
/ 9 2w dx + , Oz D7 dx amlwuz de, i=1,2. (1.18)

Using the definition of the gradient operator, i.e.,

ov Ov
Vo = (80:17 a@) s

we sum over ¢ = 1,2 in (1.18) to obtain

/Avwdx:/@wdﬁ—/Vwdex, (1.19)
Q r ov Q

where the normal derivative is expressed by

v v ov
=—mn+_—v.

87 6371 ! 81‘2

Relation (1.19) is Green’s formula, and it also holds in three dimensions (cf.
Exercise 1.7).
Introduce the notation

a(p,v):/QVp'Vv dx, (f,v):/ﬂfv dax .

The form a(-,-) is called a bilinear form on V- x V (cf. Sect. 1.3). Also, we
define the functional F': V — IR by

1
F(U):ia(v,’l})*(f7’0), vevV.
As in one dimension, (1.16) can be formulated as the minimization problem
Find p € V such that F(p) < F(v) YveV.

This problem is equivalent to the variational problem (1.20) below, exactly
using the same proof as for (1.2) and (1.3).
Multiplying the first equation of (1.16) by v € V' and integrating over 2,

we see that
f/Apvdx:/fvdx.
Q Q

Applying (1.19) to this equation and using the homogeneous boundary con-
dition lead to
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/Vp~VvdX:/fvdx YoeV.
Q Q

Thus we derive the variational form
Find p € V such that a(p,v) = (f,v) YoeV. (1.20)

We now construct the finite element method for (1.16). For simplicity, in
this section, we assume that €2 is a polygonal domain. A curved domain
will be handled in Sect. 1.5. Let K}, be a partition, called a triangulation, of
 into non-overlapping (open) triangles K; (cf. Fig. 1.5):

O=K UKyU...UK,

such that no vertex of one triangle lies in the interior of an edge of another
triangle, where (2 represents the closure of Q (i.e., Q = QUT) and a similar
meaning holds for each K.

Fig. 1.5. A finite element partition in two dimensions

For (open) triangles K € K}, we define the mesh parameters

diam(K) = the longest edge of K and h = max diam(K) .
€EKn

Now, we introduce the finite element space
Vi, = {v : v is a continuous function on §,v is linear
on each triangle K € K, andv=0on I} .
Notice that V3, C V. The finite element method for (1.16) is formulated as
Find pp, € V3, such that a(pp,v) = (f,v) Yo eV . (1.21)

Existence and uniqueness of a solution to (1.21) can be checked as for (1.5).
Also, in the same fashion as in the proof of the equivalence between (1.2)
and (1.3), one can check that (1.21) is equivalent to a discrete minimization
problem:

Find pp, € V3, such that F(pg) < F(v) YoeV,.

Denote the vertices (nodes) of the triangles in Kj by x1,%2,...,%,;. The
basis functions ¢; in V, 1 =1,2,..., M, are defined by
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oy ! ii=j,
PIIT N0 i

The support of ¢;, i.e., the set of x where ¢;(x) # 0, consists of the triangles
with the common node x;; see Fig. 1.6. The function ¢; is also called a hat
or chapeau function.

Fig. 1.6. A basis function in two dimensions

Let M be the number of interior vertices in Kj; for convenience, let the
first M vertices be the interior ones. As in the previous subsection, any func-
tion v € V} has the unique representation

M
v(x) =Y vipi(x), x€Q,
i=1

where v; = v(x;). Due to the boundary condition, we exclude the vertices on
the boundary of €.
In the same way as for (1.5), (1.21) can be written in matrix form
(cf. Exercise 1.8)
Ap =T, (1.22)

where, as before, the matrix A and vectors p and f are given by

A =(aij), p=(p;), £=(f;),

with
aij:a((piacpj)a fj:(fa(pj)a i,j:1,2,...,M.

As in one dimension, it can be checked that the stiffness matrix A is sym-
metric positive definite. In particular, it is nonsingular. Consequently, (1.22)
and thus (1.21) has a unique solution. Also, notice that A is sparse from the
construction of the basis functions.

As an example, we consider the case where the domain is the unit square
2 =1(0,1) x (0,1) and K}, is the uniform triangulation of 2 as illustrated in
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Fig. 1.7. An example of a triangulation

Fig. 1.7 with the indicated enumeration of nodes. In this case, the matrix A
has the form (cf. Exercise 1.9)

4 -1 0 0 0 -1 0 0 0

-1 4 -1 0 0 0 -1 0 0

-1 4 -1 0 0 -1 0

0 -1 4 0 0 0 -1

A=10 0 0 4 -1 0 0 0
-1 0 0 -1 4 -1 0 0

0 -1 0 0 -1 4 0 0

-1 0 0 4 -1

0 -1 0 -1 4

Note that associated with the four corner nodes (e.g., node 1), there are
only three nonzeros per row; the adjacent diagonal entry for such a node (e.g.,
node 5) may be zero. For other nodes adjacent to the boundary (e.g., node
2), there are solely four nonzeros per row. From this form of A, the left-hand
side of the ith equation in (1.22) is a linear combination of the values of pj,
at most at the five nodes illustrated in Fig. 1.8. After division by h2, system
(1.22) can be treated as a linear system generated by a five-point difference
stencil scheme for (1.16).

In practical computations (cf. Sect. 1.1.4), the entries a;; in A are ob-
tained by summing the contributions from different triangles K € Kj:

Aij :a(gﬁl,@]) = Z aK (@Za@]) )
KeKy

where
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Fig. 1.8. A five-point stencil scheme

afj{- =X (pi,p5) = /KVgoi -V; dx . (1.23)

Using the definition of the basis functions, we see that a® (¢;, ¢;) = 0 unless
nodes x; and x; are both vertices of K.

We end with a remark on an error estimate. As noted earlier, the deriva-
tion of an estimate is very delicate. An approximation theory will be presented
in Sect. 1.9. Until then, all error estimates for multi-dimensional problems
will be just stated without proof. By the same argument as for (1.11), we
have

Ve = Vpu|| < [Vp = Vol Vv eV,

where p and py, are the respective solutions of (1.20) and (1.21), and we recall
that ||-|| is the norm

1/2
dp 2 Jdp 2
Vp|| = — — d
193 (L((ax) () a
This means that py, is the best possible approximation of p in V}, in terms of

the norm deduced from the bilinear form a(-, ). Applying the approximation
theory developed in Sect. 1.9, it holds that

lp = prll + RV — Vpu|| < Ch?, (1.24)

where the constant C' depends on the second partial derivatives of p and the
smallest angle of the triangles K € K}, but does not depend on h. error
estimate (1.24) indicates that if the solution is sufficiently smooth, p, tends
to p in the norm || - || as h approaches zero.

1.1.3 An Extension to General Boundary Conditions

We now extend the finite element method to the stationary problem with
another type of boundary condition
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(1.25)

where v and g are given functions and we recall that dp/dv is the normal
derivative. This type of boundary condition is called a third, mized, Robin,
or Dankwerts boundary condition. When v = 0, the boundary condition is
a second or Neumann condition. When ~ is infinite, the boundary condition
reduces to a first or Dirichlet condition, which was considered in the previous
subsection. A fourth type of boundary condition (i.e., a periodic boundary
condition) will be considered in Chap. 5. In this subsection, we treat the case
where v is bounded.

Note that if ¥ = 0 on T, Green’s formula (1.19) and (1.25) imply that (cf.

Exercise 1.11)
/fdx+/gd€:0. (1.26)
Q r

For (1.25) to have a solution, the compatibility condition (1.26) must be sat-
isfied. In this case, p is unique only up to an additive constant.
Introduce the linear space

v ov
V= {v : v is a continuous function on €, and — and —

(9931 6$2
are piecewise continuous and bounded on Q} ,

and the notation

a(v,w):/Vv-Vwdx—&—/’vadé7 v,w eV,
Q r

(fav)Z/va dx, (g,v)rz/rgv de, veV.

Then, as in the previous subsection, (1.25) can be written (cf. Exercise 1.12):
Find p € V such that a(p,v) = (f,v) + (9,v)p YoeV. (1.27)

Note that the boundary condition in (1.25) is not imposed in the definition
of V. It appears implicitly in (1.27). A boundary condition that need not be
imposed is called a natural condition. The pure Neumann boundary condition
is natural. The Dirichlet boundary condition has been imposed explicitly in
V in Sect. 1.1.2, and is termed an essential condition.

If v = 0, the definition of V' needs to be modified to take into account the
up-to a constant uniqueness of solution to (1.25). That is, the space V can
be modified to, say,
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Ov v
V =< wv:vis a continuous function on 2, — and —
8x1 6.7;2

are piecewise continuous and bounded on 2 ,

and /vde}.
Q

To construct the finite element method for (1.25), let K}, be a triangula-
tion of {2 as in the previous subsection. The finite element space V}, is defined
by

Vi, = {v : v is a continuous function on  and

is linear on each triangle K € K} .

Note that the functions in V}, are not required to satisfy any boundary con-
dition. Now, the finite element solution satisfies

Find pp, € V3, such that a(ps,v) = (f,v) + (g,v)p YoeV,. (1.28)

Again, for the pure Neumann boundary condition, V}, needs to be modified
to

Vi = {v : v is a continuous function on € and is linear
on each triangle K € K}, and / vdx = O} .
Q

As in the last two subsections, (1.28) can be formulated in matrix form,
and an error estimate can be similarly stated under an appropriate smooth-
ness assumption on the solution p that involves its second partial derivatives.

The Poisson equation has been considered in (1.16) and (1.25). More
general partial differential equations will be treated in subsequent sections
and chapters.

1.1.4 Programming Considerations

The essential features of a typical computer program implementing the finite
element method are included in the following parts:

e Input of data such as the domain €2, the right-hand side function f, the
boundary data v and g (cf. (1.25)), and the coefficients that may appear
in a differential problem:;

e Construction of the triangulation Kj;

e Computation and assembly of the stiffness matrix A and the right-hand
side vector f;

e Solution of the linear system of algebraic equations Ap = f;

e Output of the computational results.
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The data input can be easily implemented in a small subroutine, and the
result output depends on the computer system and software the user has.
Here we briefly discuss the other three parts. As an illustration, we focus on
two dimensions.

1.1.4.1 Construction of the Triangulation Kj,

The triangulation K} can be constructed from a successive refinement of an
initial coarse partition of §2; fine triangles can be obtained by connecting the
midpoints of edges of coarse triangles, for example. A sequence of uniform
refinements will lead to quasi-uniform grids where the triangles in K, essen-
tially have the same size in all regions of Q (cf. Fig. 1.9). If the boundary T
of Q is a curve, special care needs to be taken of near I' (cf. Sect. 1.5).

Fig. 1.9. Uniform refinement

In practical applications, it is often necessary to use triangles in K} that
vary considerably in size in different regions of ). For example, one utilizes
smaller triangles in regions where the exact solution has a fast variation
or where certain derivatives are large; see Fig. 1.10, where a local refinement
strategy is carried out. In this strategy, proper care is taken of in the transition
zone between regions with triangles of different sizes so that a so-called reqular
local refinement results (i.e, no vertex of one triangle lies in the interior of
an edge of another triangle; see Chap. 6). Methods that automatically refine
grids where needed are called adaptive methods, and will be studied in detail
in Chap. 6.

Let a triangulation K} have M nodes and M triangles. The triangulation
can be represented by two arrays Z(2, M) and Z(3, M), where Z(i,j) (i =
1,2) indicates the coordinates of the jth node, j = 1,2,..., M, and Z(i, k)
(1 = 1,2,3) enumerates the nodes of the kth triangle, & = 1,2,..., M. An
example is demonstrated in Fig. 1.11, where the triangle numbers are denoted
in circles. For this example, the array Z(3, M) is of the form, where M =
M =11:

112 3 4 45 6 7 7 8
Z=12 45 4 5 7 9 7 9 10 10
4 3 4 6 7 6 7 8 10 8 11
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Fig. 1.10. Nonuniform refinement
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Fig. 1.11. Node and triangle enumeration

If a direct method (Gaussian elimination) is employed to solve the linear
system Ap = f, the nodes should be enumerated in such a way that the band
width of each row in A is as small as possible. This matter will be studied in
Sect. 1.10, in connection with the discussion of solution methods for linear
systems.

In general, when local refinement is involved in a triangulation Kj, it is
very difficult to enumerate the nodes and triangles efficiently; some strategies
will be given in Chap. 6. For a simple domain  (e.g., a convex polygonal
Q), it is rather easy to construct and represent a triangulation that utilizes
uniform refinement in the whole domain.

1.1.4.2 Assembly of the Stiffness Matrix

After the triangulation K}, is constructed, one computes the element stiffness
matrices with entries ag given by (1.23). We recall that af](» = 0 unless nodes
x; and x; are both vertices of K € Kj,.

For a kth triangle Ky, Z(m,k) (m = 1,2,3) are the numbers of the
vertices of Kj, and the element stiffness matrix A% = (ak

mn)m,n:l is now
calculated as follows:

Gy = Vo -V, dx, m, n=1,23,
Ky

where the (linear) basis function ¢,, on K}, satisfies
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( ) 1 ifm=n,
m\XZ(n = .
PmiXz(nk) 0 ifm#n.

The right-hand side on K}, is computed by

=1 fomdx, m=123.
Ky

Note that m and n are the local numbers of the three vertices of K}, while ¢
and j used in (1.23) are the global numbers of vertices in Kj,.

To assemble the global matrix A = (a;;) and the right-hand side f = (f;),
one loops over all triangles Kj and successively adds the contributions from
different Kj,s:

For k=1,2,..., M, compute
AZ(m k), Z(nk) = G2 (m,k),Z(nk) T U »
fZ(m,k) :fZ(mk)"_fy]:m m, n=1,23.

The approach used is element-oriented; that is, we loop over elements (i.e., tri-
angles). Experience shows that this approach is more efficient than the node-
oriented approach (i.e., looping over all nodes); the latter approach wastes
too much time in repeated computations of A and f.

1.1.4.3 Solution of a Linear System

The solution of the linear system Ap = f can be performed via a direct
method (Gaussian elimination) or an iterative method (e.g., the conjugate
gradient method), which will be discussed in Sect. 1.10. Here we just mention
that in use of these two methods, it is not necessary to exploit an array
A(M,M) to store the stiffness matrix A. Instead, since A is sparse and
usually a band matrix, only the nonzero entries of A need to be stored, say,
in an one-dimensional array.

1.2 Sobolev Spaces

In the previous section, an introductory finite element method was developed
for two simple model problems. To present the finite element method in a
general formulation, we need to use function spaces. This section is devoted to
the development of the function spaces that are slightly more general than the
spaces of continuous functions with piecewise continuous derivatives utilized
in the previous section. We establish the small fraction of these spaces that is
sufficient to develop the foundation of the finite element method as studied
in this book.
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1.2.1 Lebesgue Spaces

In this section, we assume that ) is an open subset of ]Rd, 1 <d < 3, with
piecewise smooth boundary. For a real-valued function v on 2, we use the

notation
/ v(x) dx
Q

to denote the integral of f in the sense of Lebesgue (Rudin, 1987). For 1 <
q < 0o, define
1/q
ol = ( [ oo ax)

[0l Lo (@) = ess sup{|v(x)| : x € Q} ,

For ¢ = oo, set

where ess sup denotes the essential supremum. Now, for 1 < g < oo, we
define the Lebesgue spaces

L) = {v: v is defined on Q and ||v| pa(q) < oo} .

For ¢ = 2, for example, L?(f2) consists of all square integrable functions on
Q0 (in the sense of Lebesgue). To avoid trivial differences, we identify two
functions v and v whenever [[u — v|[La(q) = 0; i.e., u(x) = v(x) for x € Q,
except on a set of measure zero.

Given a linear (vector) space V, a norm in V, || - ||, is a function from V
to IR such that

o |[v]| >0 VveV;|v|=0if and only if v = 0.
o |lcv|| =|c| ]| VeeR, veV.
o |lu+v| < |lull+ v VYu, v €V (the triangle inequality).

A linear space V endowed with a norm | - || is called a normed linear
space. V is termed complete if every Cauchy sequence {v;} in V has a limit v
that is an element of V. The Cauchy sequence {v;} means that ||v; —v;|| — 0
as i,j — 00, and completeness says that ||v; — v|]| — 0 as i — co. A normed

linear space (V]| -) is called a Banach space if it is complete with respect to
the norm || - ||. For 1 < ¢ < oo, the space L1(f2) is a Banach space (Adams,
1975).

There are several useful inequalities that hold for functions in L(2). We
state them without proof (Adams, 1975).

Hélder’s inequality: For 1 < q,q' < oo such that 1/¢+ 1/¢' = 1, it holds
that

[wolli) < llulla@llvllpe @) Ve € LU(Q), ve LT(Q). (1.29)

When g = ¢’ = 2, this inequality is also called Cauchy’s or Schwarz’s inequal-
ity
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||UU||L1(Q) < ”uHL?(Q)HUHLZ(Q) Yu, v € L2(Q) . (130)

The triangle inequality applied to LI(2) is referred to as Minkowski’s in-
equality:

lu+vllLa) < llulla) + lvlla) — Yu, v e LU(Q) . (1.31)

1.2.2 Weak Derivatives

We introduce the notation

Doy — lely
O 0xy? - - Oy’
where o = (a1, o, .. ., ag) is a multi-index (called a d-tuple), with aq, as, . . .,

ag nonnegative integers, and |a| = a; + ag+ ...+ g is the length of . This
notation indicates a partial derivative of v. For example, as d = 2, a second
partial derivative can be written as D*v with a = (2,0), @ = (1,1), or
a=(0,2).

In calculus, derivatives of a function are defined pointwise. The variational
formulation in the finite element method is given globally, i.e., in terms of
integrals on 2. Pointwise values of derivatives are not needed; only derivatives
that can be interpreted as functions in Lebesgue spaces are used. Hence it
is natural to introduce a global definition of derivative more suitable to the
Lebesgue spaces.

For a continuous function v defined on €, the support of v is the closure
of the (open) set {v: v(x) # 0,x € Q}. If this set is compact (i.e., bounded),
then v is called to have compact support in 2. When € is bounded, it is
equivalent to saying that v vanishes in a neighborhood of the boundary I"
of €.

For Q ¢ IR?, indicate by D(Q) or C5°(Q) the subset of C°°(€) (the lin-
ear space of functions infinitely differentiable) functions that have compact
support in . We use the space D(Q) to introduce the concept of weak (gen-
eralized) derivatives. For this, we need the following function space:

LL,.(Q) = {v:v € L'(K) for any compact K inside Q} .
Note that L}

L () contains all of C°(£2) (continuous functions in ). Functions
in Lj,.(Q) can behave arbitrarily badly near the boundary. With dist(x,T’)

e 1/dist(x,T) c Ll (Q), for

denoting the distance from x to I', the function e ioe

example.
A function v € L}, () is said to have a weak derivative, D¢ v, if there is
a function u € L () such that

loc
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/ u(x)p(x) dx = (—1)! / v(x)D%(x) dx Y € D(Q) .
Q Q
If such a function u does exist, we write D v = u.

For any multi-index «, if v € Cl®l(Q), then the weak derivative D®v
exists and equals D%v (cf. Exercise 1.13). Consequently, we will ignore the
difference in the definition of DS and D®. Namely, if classical derivatives do
not exist, the differentiation symbol D® will refer to weak derivatives.

Ezample. We consider a simple example with d = 1 and Q = (—1,1). Let
v(z) =1 — |z|. Then D'v exists and is given by

-1 ifx>0,
u(x) = .
1 ifz<O.

In fact, for ¢ € D(Q), an application of integration by parts yields

/1 U(x)fl—i(a@) dx

~1
- 0 dg@ 1 dQD
= /_1 v(x)%(x) dx + ; U(CE)@(:E) dx

0 1
wel?s - [ HJM@0¢V+MM&—A(—Uw@MM

-1

=—/Umwmwm

-1

since v is continuous at 0.

Note that v is not differentiable at 0 in the classical sense. However, its
first weak derivative exists. One can show that its higher order derivative Div
does not exist for i > 2 (cf. Exercise 1.14).

1.2.3 Sobolev Spaces

We now use weak derivatives to generalize the Lebesgue spaces introduced
in Sect. 1.2.1.

For r = 1,2,... and v € L}, (), assume that the weak derivatives D*v

exist for all |«| < r. We define the Sobolev norm
1/q

[v]lwrae) = Z HDaU”%q(Q) )

oo <r
if 1 < g < o0. For ¢ = oo, define

HU”W’V‘,OC(Q) = Imax ||Da'UHLoo(Q) .
o] <r
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The Sobolev spaces are defined by
W"“,(I(Q) = {U € Llloc(Q) : ||UHWT“1(Q) < 00}7 1 S q S oo .

One can check that |||/ r.q(q) is a norm; moreover, the Sobolev space W"™4(Q)
is a Banach space (Adams, 1975).

We denote by W;"?(£2) the completion of D(Q) with respect to the norm
|| ’ ||W“‘I(Q)-

For © ¢ R? with smooth boundary and v € W9(Q), the restriction
to the boundary T', v|r, can be interpreted as a function in L9(T") (Adams,
1975), 1 < ¢ < oo. This does not assert that pointwise values of v on ' make
sense. For ¢ = 2, for example, v|r is only square integrable on I'. Using this
property, the space W;'?(Q2) can be characterized as

W (Q) = {ve WH%(Q) : D*|r = 0 in L*(I), |af <r} .
For later applications, the seminorms will be used:
1/q

|U|WT“1(Q) = Z “Dav||%q(Q) ) 1 < q <00,
|a|=r

[vlwree (o) = max [D%v|| L= () -
Furthermore, for ¢ = 2, we will utilize the symbols
H™(Q) = W™23(Q), Hy(Q) = Wi2(Q), r=1,2,....

That is, the functions in H" (), together with their derivatives D*v of order
|a| < 7, are square integrable in 2. Note that H°(Q2) = L?(Q).

The Sobolev spaces W™4(2) have a number of important properties.
Given the indices defining these spaces, it is natural that there are inclu-
sion relations to provide some type of ordering among them. We list a couple
of inclusion relations; see Exercise 1.15.

For nonnegative integers r and k such that r < k, it holds that

Wka(Q) c Wn(Q), 1<g¢< . (1.32)
In addition, when 2 is bounded,
Wra(Q) c Whi(Q), 1<q<q <o, (1.33)

forr=1,2,....

1.2.4 Poincaré’s Inequality

We show an important inequality which will be heavily used in this book,
Poincaré’s inequality. It is sometimes called Poincaré-Friedrichs’ inequality
or simply Friedrichs’ inequality.
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Before introducing this inequality in its general form, we first consider
one dimension. For any v € C§°(I) (I = (0,1), the unit interval), because

v(0) = 0, we see that
* dv(y)
v(z) = dy
@= [

Consequently, by Cauchy’s inequality (1.10), we have
1 1 1/2 1 2 1/2
= ([o) ([ ()
v(z)|< —| dy < dy -] dy
@) /0 dy 0 o \dy
LN ? 1/2
= o dy )
</0 (dy) )

which, by squaring and integrating over I, yields

1ol L2y < [0l ry -
Because C§°(I) is dense in Hg (1), we see that
||”HL2(1) < olm ) VweV = H&(I) . (1.34)

This is Poincaré’s inequality in one dimension.

We can extend this argument to the case where () is a d-dimensional
cube: Q = {(z1,22,...,2q) : 0 < x; <, i =1,2,...,d}, where l > 0 is a
real number. Again, since C§°(€2) is dense in H}((2), it is sufficient to prove
Poincaré’s inequality for v € C§°(£2). Then we see that

1 ov
v(xl,xg,...,xd):v(O,xQ,...,md)—f—/ e (y,xa,...,2q) dy .
0o dn1

Because the boundary term vanishes, it follows from Cauchy’s inequality

(1.10) that
e 1| ov 2
0P [y [ | )| dy
0 0 1
l 2
ov
<l — dy .
> A axl (ya X2, 71'd) Y
Integrating over 2 implies
[Vl 2y S Uolgagqy Yo € Hg(Q) (1.35)

For a general open set Q C IR? with piecewise smooth boundary, if v €
H'(Q) vanishes on a part of the boundary I' with this part having positive
(d — 1)-dimensional measure, then there is a positive constant C, depending
only on 2, such that (Adams, 1975)
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HUHL?(Q) < C|U|H1(Q) . (1.36)

If Q is bounded, this inequality implies that the seminorm | - |z1(q) is equiv-
alent to the norm || - || g1 () in H§(£2). In general, an induction argument can
be used to show that |-|g+(q) is equivalent to ||- || g+(q) in H5(Q), r =1,2,....

1.2.5 Duality and Negative Norms

Let V be a Banach space. A mapping L : V — IR is called a linear functional
if
L(auw+ pv) = aL(u) + BL(v), «,BER,u, veV.

We say that L is bounded in the norm || - ||y if there is a constant L > 0 such
that R
|L(v)| < L|jv|lv YoeV.

The set of bounded linear functionals on V is termed the dual space of V,
and is denoted by V.

A bounded linear functional L is actually Lipschitz continuous (and thus
continuous); i.e.,

|L(v) — L(w)| = |L(v —w)| < L|jv —w|ly Yo, weV.

Conversely, a continuous linear functional is also bounded. In fact, if it is not
bounded, there is a sequence {v;} in V such that |L(v;)|/||lvs|[v > 4. Setting
w; = v;/ (#||vilv), we see that |L(w;)] > 1 and ||w;||v = 1/i. Then w; — 0 as
i — oo, which, together with continuity of L, implies L(w;) — 0 as i — oc.
This contradicts with |L(w;)| > 1.

For L € V', define

Ll = sup 20
ozvev [[v]lv

Since L is bounded, this quantity is always finite. In fact, it induces a norm
on V', called the dual norm (cf. Exercise 1.16), and V' is a Banach space
with respect to it (Adams, 1975).

Let us consider the dual space of LI(Q), 1 < ¢ < co. For f € LY (Q),
where 1/g+1/¢' =1, set

L(v) = / f(x)v(x) dx, veLi(Q).
Q
It follows from Holder’s inequality (1.29) that L is bounded in the L9-norm:
L) < 1 fllpa@llvllLoy, v eLi(€Q).

Thus every function f € L7 (Q) can be viewed as a bounded linear functional
on L(€2). Due to the Riesz Representation Theorem (cf. Sect. 1.3.1), all
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bounded linear functionals on L9(Q) arise in this form, so L7 () can be
viewed as the dual space of L4(€2). The number ¢’ is often termed the dual
indezx of q.

For 1 < ¢ < oo and a positive integer r, the dual space of the Sobolev
space W1(Q) is indicated by W (Q), where ¢’ is the dual index of ¢g. The
norm on W~"7(Q) is defined via duality:

L(v)

LIy o y= sup ——t—, LeW "I(Q).
ozvewna(Q) [[V]wra@)

1.3 Abstract Variational Formulation

The introductory finite element method discussed in Sect. 1.1 will be written
in an abstract formulation in this section. We first provide this formulation
and its theoretical analysis, and then give several concrete examples. These
examples will utilize the Sobolev spaces introduced in Sect. 1.2, particularly,
the spaces H"(Q), r =0,1,2,....

1.3.1 An Abstract Formulation

A linear space V', together with an inner product (-,-) defined on it, is called
an inner product space and is represented by (V, (- )) With the inner product
(+,+), there is an associated norm defined on V:

lv]] = v/ (v,v), veV.

Hence an inner product space can be always made to be a normed linear
space. If the corresponding normed linear space (V, || - ||) is complete, then
(V7 (-, )) is termed a Hilbert space.

The space H"(Q2) (r =1,2,...), with the inner product

(u, V) r () = Z /QD”‘u(x)Do‘fu(x) dx, u, ve H"(Q)

la|<r

and the corresponding norm || - || z+(q), is a Hilbert space (Adams, 1975).
Suppose that V' is a Hilbert space with the scalar product (-,-) and the
corresponding norm || - ||y. Let a(-,-) : V x V — IR be a bilinear form in the
sense that
a(u, av + pw) = aalu,v) + Ba(u, w) ,
alau + Bv,w) = aa(u,w) + Ba(v,w) ,

for a, 8 € R, u,v,w € V. Also, assume that L : V — IR is a linear functional.
We define the functional F': V' — IR by

Fw) = %a(uv) — L(v), veV.
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We now consider the abstract minimization problem
Find p € V such that F(p) < F(v) YoeV, (1.37)
and the abstract variational problem
Find p € V such that a(p,v) = L(v) YoeV. (1.38)

To analyze (1.37) and (1.38), we need some properties of a and L:

a(-,-) is symmetric if

a(u,v) = a(v,u) Yu, veV. (1.39)

e a(-,-) is continuous or bounded in the norm || - ||y if there is a constant
a* > 0 such that

la(u,v)| < a*||lullv|v]v Yu, veV. (1.40)

e a(-,-) is V-elliptic or coercive if there exists a constant a, > 0 such that

la(v,v)| > a.|jv]|? YveV. (1.41)
e L is bounded in the norm || - ||y:
L) < L|v|ly  WYweV. (1.42)

The following theorem is needed in the proof of Theorem 1.1 below
(Conway, 1985).

Theorem (Riesz Representation Theorem). Let H be a Hilbert space with
the scalar product (-,-)g. Then, for any continuous linear functional L on H
there is a unique u € H such that

L(v) = (u,v)H .

We now prove the next theorem.

Theorem 1.1 (Lax-Milgram). Under assumptions (1.39)—(1.42), problem
(1.38) has a unique solution p € V', which satisfies the bound

L

Q.

Ipllv < (1.43)

Proof. Since the bilinear form a is symmetric and V-elliptic, it induces a
scalar product in V:

[u,v] = a(u,v), u, veV.
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Moreover, by (1.40) and (1.41), we see that
aloly < [v,v] <@l VweV.

That is, the norm induced by [, -] is equivalent to || - ||v. To this new norm,
L is still a continuous linear functional. Thus, according to the Riesz Repre-
sentation Theorem, there is a unique p € V' such that

[p,v] = L(v) Yv e V;
ie.,
a(p,v) = L(v) YoeV,
which is (1.38). To show stability, we take v = p in (1.38) and use (1.41) and
(1.42) to see that

a.lpll¥ < a(p,p) = L(p) < Lilp|lv ,

which yields (1.43). O

Under assumptions (1.39)—(1.42), it can be shown in the same way as in
Sect. 1.1.1 that problems (1.37) and (1.38) are equivalent. One can check that
(1.38) still possesses a unique solution even without the symmetry assump-
tion (1.39) (Ciarlet, 1978). In this case, however, there is no corresponding
minimization problem.

1.3.2 The Finite Element Method

Suppose that V4, is a finite element (finite dimensional) subspace of V. The
respective discrete counterparts of (1.37) and (1.38) are

Find pj, € V}, such that F(pp) < F(v) Yv eV, (1.44)

and
Find pp, € V3, such that a(pp,v) = L(v) Yv eV, . (1.45)

Theorem 1.1 remains valid for problems (1.44) and (1.45) under assumptions
(1.39)—(1.42). Moreover, the solution p, € V}, satisfies

L
lpnllv <~ (1.46)

*

Let {p;}, be a basis of V},, where M is the dimension of V},. We choose
v = p; in (1.45) to give

a(pn, ¢;j) = L(p;), i=12,...,M. (1.47)

Set
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M
ph=Y pipi, PiER,
i=1
and substitute it into (1.47) to give
M
Za(%»@j)pi = L(ij)7 j=12,....M.
i=1

In matrix form, it is

Ap=L, (1.48)

where
A = (a;5), P = (pi), L= (L),
aij = a(pi,pj), Li=L(pi), i, j=1,2,.... M.

Theorem 1.2. Under assumptions (1.39) and (1.41), the stiffness matriz A
is symmetric and positive definite.

Proof. Since a(y;, ¢;) = a(ej, vi) by (1.39), A is obviously symmetric. For
v = (v;) € R, define
M
v = Zvigai cVy.
i=1

Then we find that
M

a(v,v) = Z via(pi, p;)v; = vEAV .

ij=1
If v # 0 and thus v # 0, it follows from (1.41) that
vIAv > a.|v|3 >0,

so A is positive definite. [
We now prove an error estimate (Céa’s Lemma).

Theorem 1.3. Under assumptions (1.39)—(1.42), if p and py, are the respec-
tive solutions to (1.38) and (1.45), then

a*
lp = prlly < —lp—vlv Yo eVi. (1.49)

Proof. Because V;, C V, we subtract (1.45) from (1.38) to see that
a(p — pp,w) =0 Yw eV, . (1.50)
Using (1.40), (1.41), and (1.50), for any v € V}, it follows that
allp — pullZ < alp — phsp — pr) = a(p — ph,p — v)
<a*[lp=pulvllp—lv
which implies (1.49). O
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1.3.3 Examples

We apply the theory developed in Sects. 1.3.1 and 1.3.2 to some concrete
examples. More applications will be provided in subsequent chapters. These
examples will employ finite element spaces V}, that consist of piecewise poly-
nomials on partitions or triangulations K = {K} of Q C R¢ (d=1,2,3)into
elements K. For d = 1, the elements K will be intervals; for d = 2, they will
be triangles or quadrilaterals; for d = 3, they will be tetrahedra, rectangular
parallelepipeds, or prisms (cf. Sect. 1.4). We will need certain regularity on the
functions in V}, depending on second- or fourth-order differential problems
studied. For the spaces introduced in Sect. 1.1, for example, the functions in
V}, are required to be continuous on 2. The continuity requirement for Vj, is
related to the space H'(Q). As a matter of fact, if V}, is composed of piece-
wise polynomials, one can show that Vj, C H*(Q) if and only if V;, C C°(€Q).
That is, Vi, C H'() if and only if the functions in V}, are continuous on Q.
Similarly, V;, € H?(Q) if and only if Vj, € C1(Q); i.e., Vi, € H?(Q) if and
only if the functions in V}, and their first partial derivatives are continuous
on Q. These equivalences give the regularity requirement on the functions in
V3, (cf. Exercise 1.17).

Ezample 1.1. Let us return to the one-dimensional problem (1.1). Define

I=(0,1),V=HsI), | -llv=I"lla),and
dv dw
a(v,w) = <dm’da:>7 L(v) = (f,v), v, weV,

where f € L?(I) is given. We now check conditions (1.39)—(1.42). First, it is
obvious that a(-,-) is symmetric. Second, by Cauchy’s inequality (1.10), note

that
dv

dx

dw

< -
a(w0)] <| i

<l llwllar

L2(1) L2(I)

for v, w € V, so (1.40) holds with a* = 1. Third, using Poincaré’s inequality
(1.34) in one dimension, we observe that

2

L1 )) ’

|L(v)| < ||fHL2(1) ||UHL2(1) < Hf||L2(I) ||U||H1(1) )

dv ||

dx

dv

dx

1
afo) = | -1 (wn;m +]

so (1.41) is true with a, = 1/2. Finally, by (1.10),

L2(I)

ie., (1.42) is satisfied with L = |lfIlL2(r)- Thus Theorem 1.1 applies to prob-
lem (1.1).

For h > 0, let K}, be a partition of (0, 1) into subintervals as in Sect. 1.1.1.
Associated with Kp, let V}, C V be the space of piecewise linear polynomi-
als introduced in Sect. 1.1.1. Applying Theorem 1.3 and the approximation
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analysis given in Sect. 1.1.1, we see that if the solution p is in the space
H?(I), then

D = pullzy + hlp = pulaiay < CR2|pluzqy (1.51)
where p and pj, are the respective solutions of (1.1) and (1.5).
Ezample 1.2. We now consider the Poisson equation (1.16) in two dimensions.
For a polygon Q@ C IR?, set V.= H(Q), || - v = - |z (), and
a(v,w) = (Vu,Vw), L(v)=(f,v), v, weV,

where f € L*?(Q) is given. Conditions (1.39), (1.40), and (1.42) can be verified
in the same fashion as in the previous example: a* = 1 and L = || f| r2(q).
We use the two-dimensional version of Poincaré’s inequality (1.36) to prove

(1.41) with
1o
+ = —min< —, ,
=5 C?

where C'is given by (1.36). Therefore, Theorem 1.1 applies to problem (1.16).
For h > 0, let K; be a triangulation of € into triangles, as defined in
Sect. 1.1.2. For K € Ky, as previously, we define the mesh parameters
hg = diam(K) = the longest edge of K, h = max diam(K) .

KeKy,

We also need the quantity
px = the diameter of the largest circle inscribed in K .

We say that a triangulation is regular if there is a constant 31, independent

of h, such that

h
K <p  VKek,. (1.52)
PK

This condition says that the triangles in K} are not arbitrarily thin, or equiv-
alently, the angles of the triangles are not arbitrarily small. The constant 5;
is a measure of the smallest angle over all K € Kj.

The finite element space V}, is defined as in Sect. 1.1.2; i.e.,

Vi={veH'(Q): v|, € A(K), K € Kp,, and v|. =0} ,

where Py(K) is the set of linear polynomials on K. If the solution p to the
Poisson equation (1.16) is in H?(f2), the approximation theory in Sect. 1.9
will yield an error estimate of the form

lp = prllar @) < Chlplaz(@), (1.53)

where the constant C' depends only on §; in (1.52), but not on h or p. To
state an estimate in the L2-norm, we require that the polygonal domain 2
be convex. In the convex case, it holds that (cf. Sect. 1.9)
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1p = prllz2) < CR|pla(q) - (1.54)

Estimates (1.53) and (1.54) are optimal (i.e., the estimates with the largest
power of h one can obtain between the exact solution and its approximate
solution). Instead of a polygonal domain, if the boundary T" of Q is smooth,
convexity is not required for (1.54).

Example 1.3. The analysis in the previous example can be extended to a more
general second-order problem:

-V (aVp)+ B -Vp+cep=f in Q,

1.55
p=0 onI, ( )

where a is a 2 X 2 matrix, 3 is a constant vector, and c is a bounded, nonneg-
ative function. They, together with f € L?(Q), are given functions. Assume
that a satisfies

2
0 < a. <nf? Z a;(xX)min; <a* <oco, x€Q, n#0eR?.
ij=1

This problem is an example of a convection-diffusion-reaction problem; the
first term corresponds to diffusion with the diffusion coefficient a, the second
term to convection in the direction 3, and the third term to reaction with
the coefficient ¢. We here consider the case where the size of |3| is moderate.
For convection- or advection-dominated problems, the reader should refer to
Chaps. 4 and 5. Many problems arise in form (1.55), e.g., the problems from
multiphase flows in porous media and semiconductor modeling (cf. Chaps. 9
and 10).
Define V = H}(Q), || - [lv = | - |51 (), and

a(v,w) = (aVv, Vw) + (8 - Vv, w) + (cv,w) ,

L(v) = (f,v), v, weV.
Note that a(-,-) is not symmetric due to the presence of 3, so (1.39) does
not hold. However, conditions (1.40)—(1.42) do hold. The proof of (1.40) and

(1.42) is the same as in the previous example. To verify (1.41), by (1.19) we
see that

(B-Vov,v)= (B -vu,v)r — (v,8-Vuv),
so, by the fact that v|p =0,

(B-Vv,v)=0.
Hence we obtain

a(v,v) = (aVv, Vo) + (cv,v), veV.
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Consequently, in the same manner as in Example 1.2, (1.41) follows from the
assumptions on a and c.

Following a remark after Theorem 1.1, the variational problem associated
with (1.55) has a unique solution. Also, the corresponding discrete problem
and its error estimates can be stated as in the previous example.

While we have considered only the Dirichlet boundary condition in these
three examples, boundary conditions of other types can be analyzed as in
Sect. 1.1.3 (cf. Exercises 1.20 and 1.21).

Example 1.4. In this example, we consider a fourth-order problem in one
dimension:

ﬁizf(x% 0<z<l1,
dx J J (1.56)
p(0) =p(1) = 20 =L@)y=0,

Cdr T dx
where f € L%(I) is given. With I = (0,1), define

d
V:Hg(f) = {U € Hz(I) :0(0) =v(1) = é 0
with the norm [ - [[v = || - [| g2 (r)- Also, set

d*>v d*w
a(v,w) = (d:z:Q’sz)’ L(v) = (f,v), v, weV.

From Poincaré’s inequality (1.34), we can deduce that

o
dx?

dv
< || Z=
dx

[oll 2y < ’ YvoeV.

L2 ‘ L2(1)

As a result, this example can be analyzed in the same way as for Example
1.1.

Asin Sect. 1.1.1, let K, : 0 =2g <21 < ... <zpy < zpmy1 =1Dbea
partition of I into subintervals I; = (z;_1,x;), with length h; = z; — x;_1,
1=1,2,...,M+ 1. Set h = max{h; : i = 1,2,..., M + 1}. Introduce the
finite element space

x
of degree 3 on each subinterval I; ,

and v(0) = v(1) = %(0) - %(1) - 0} .

dv
Vi, = {v s v and . are continuous on I, v is a polynomial

As parameters, or degrees of freedom, to describe the functions v € V},, we
can use the values and first derivatives of v at the nodes {xl}f‘ifl of K.
It can be shown that this is a legitimate choice; that is, a function in V}, is
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uniquely determined by these degrees of freedom (see Example 1.13 in the
next section). Now, the finite element method for (1.56) can be defined as in
(1.45). Moreover, if the solution p to (1.56) is in H3(I), the following error
estimate holds (cf. Sect. 1.9):

lp = prllv < Chlplasy -

Note that because the first derivative of v € V}, is required to be contin-
uous on I, it has at least four degrees of freedom on each subinterval in Kj,.
Thus the degree of v must be greater than or equal to three.

Example 1.5. In this example, we extend the one-dimensional fourth-order
problem to two dimensions, i.e., to the biharmonic problem:

A?p=f in Q,

1.57
p:@zo onl, ( )
ov

where A2 = AA. This problem is a formulation of the Stokes equation in fluid
mechanics (cf. Exercise 8.2). It also models the displacement of a thin elastic
plate, clamped at its boundary and under a transversal load of intensity f; see
Fig. 1.12, where the thin elastic plate has a surface given by Q ¢ IR? (vefer to
Chap. 7). The first boundary condition p|r = 0 says that the displacement p is
held fixed (at the zero height) at the boundary I', while the second condition
Op/Ov|r = 0 means that the rotation of the plate is also prescribed at T.
These boundary conditions thus imply that the plate is clamped.

Fig. 1.12. An elastic plate

We introduce the space

VHg(Q){UEHz(Q)S’USUOOHF},
v

with the norm || - ||y = || - [[z2(q). With this definition and Green’s formula
(1.19), we see that
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0Ap
(A2p7 ’U) = < ’U) - (VApa VU)
ov r

ov
- <Ap7 81/>F + (Apa A’U)
= (Ap, Av), vevV.
We thus define
a(v,w) = (Av, Aw), L) = (f,v), v, weV.

Conditions (1.39), (1.40), and (1.42) can be easily seen, while (1.41) follows
from the inequality (Girault-Raviart, 1981)

||’U||H2(Q) é C”A’U”LZ(Q) VU S V .

Let K}, be a triangulation of €2 into triangles as in Example 1.2. Associated
with K}, we define the finite element space

Vi, = {v : v and Vv are continuous on 2, v is a polynomial of

0
degree 5 on each triangle, and v = a—v =0 on I‘} .
v

This space is often known as the Argyris triangle. Since the first partial
derivatives of the functions in Vj, are required to be continuous on Q C RR?,
there are at least six degrees of freedom on each interior edge in Kj. Thus
the polynomial degree must be greater than or equal to five. The degrees of
freedom for describing the functions in V}, will be discussed in Example 1.13
in the next section. With this V},, the finite element method (1.45) applies to
(1.57). If the solution p to (1.57) is in H3(Q), there is the error estimate

lp = pnllv < Chlplas) -

Problem (1.57) will be further considered in Chaps. 2 and 7; other spaces such
as the reduced Argyris triangle and Morley element for the approximation of
problem (1.57) will be studied.

1.4 Finite Element Spaces

1.4.1 Triangles

In Sects. 1.1.2 and 1.3.3, we have considered the finite element space of piece-
wise linear functions for the approximation of second-order partial differen-
tial equations. In this section, we consider more general finite element spaces.
First, we treat the case where Q C IR? is a polygonal domain in the plane. Let
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K}, be a triangulation of € into triangles K as in Sect. 1.1.2. We introduce
the notation

P.(K)={v: v is a polynomial of degree at most r on K} ,

where r = 0,1,2,.... For r =1, P;(K) is the space of linear functions, used
previously, of the form

v(x) = voo + v10Z1 + Vo122, X = (x1,22) € K, v € PI(K),

where v;; € IR, 4,5 = 0,1. Note that dim(P;(K)) = 3; i.e., its dimension is
three.
For r = 2, P,(K) is the space of quadratic functions on K:

2 2
v(X) = voo + V10Z1 + Vo1Z2 + V20T + V11Z1T2 + Vo2xs, v € Po(K)

where v;; € IR, 4,5 = 0,1,2. We see that dim(P»(K)) = 6.
In general, we have

P.(K)=<v: v(x)= Z vijaial, x e K,vij € Ry, 1>0,
0<itsi<r

SO

dim(P,(K)) = W .

Ezxample 1.6. Define
Vi = {v: v is continuous on Q) and U|K € P(K),K € K} ,

where v| - represents the restriction of v to K. As parameters, or global
degrees of freedom, to describe the functions in V, we use the values at the
vertices (nodes) of Kj,. It can be shown that this is a legitimate choice; that
is, a function in V}, is uniquely determined by these global degrees of freedom.
To see this, for each triangle K € K, let its vertices be indicated by mj,
mo, and mg; see Fig. 1.13. Also, let the (local) basis functions of P;(K) be
Ai, i = 1,2,3, which are defined by

Ai(my) = A i,j=1,2,3.
0 ifi#j,
m3
m mz

1

Fig. 1.13. The element degrees of freedom for Pi(K)
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These basis functions can be determined in the following approach: Let an
equation of the straight line through the vertices my and ms be given by

co+c1x1 +coxe =0,
and then define
AL(x) = y(co + 11 + cox2), X = (21,22) ,

where the constant «y is chosen such that A;(m;) = 1. The functions Ay and
A3 can be determined in the same approach. These functions A1, A2, and A3
are sometimes called the barycentric coordinates of a triangle. If K is the
reference triangle with vertices (1,0), (0,1), and (0,0), A1, A2, and A3 are,
respectively, x1, x2, and 1 — zq — z9. Now, any function v € P;(K) has the
unique representation

v(x) = Zv(mi))\i(x), xe K.

=1

Thus v € P;(K) is uniquely determined by its values at the three vertices.
Therefore, on each triangle K € K}, the degrees of freedom, element degrees
of freedom, can be these (nodal) values. These degrees of freedom are the
same as the global degrees of freedom and are used to construct the basis
functions in Vj, (cf. Sect. 1.1.2).

We claim that for v such that v|x € Pi(K), K € Kj, if it is continuous
at internal vertices, then v € C°({2). Obviously, it suffices to show that v is
continuous across all interelement edges. Let triangles K, Ko € K} share a
common edge e with the end points m; and ms, and set v; = v|k, € P1(K;),
i = 1,2. Then the difference v; — vy defined on e vanishes at m; and ms.
Because v1 —vs is linear on e (in either x; or x3), it vanishes on the entire edge
e. Thus v is continuous across e, and we proved the claim that v € C°(Q).

For a problem with an essential boundary condition, this condition needs
to be incorporated into the definition of V}, as in Sect. 1.1.2. This remark also
applies to the examples below.

Ezxample 1.7. Let
Vi = {v: v is continuous on ) and ’U|K € P(K), K € Kp} .

Namely, V}, is the space of continuous piecewise quadratic functions. The
global degrees of freedom of a function v € V}, are chosen by the values of
v at the vertices and the midpoints of edges in K}. It can be seen that v is
uniquely defined by these degrees of freedom. For each K € K}, the element
degrees of freedom are shown in Fig. 1.14, where the midpoints of edges of
K are denoted by my;, 1 < j, 4,5 = 1,2, 3.

In fact, because dim(P;(K)) equals the number of degrees of freedom (6),
it suffices to show that if v € Py(K) satisfies
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Fig. 1.14. The element degrees of freedom for P»(K)

v(mi):(), U(mij)zoa i<j7 i?j:132a33

then v = 0. For this, consider edge momg. Since v € Py(K) is quadratic
(in a single variable) on this edge and vanishes at three distinct points msy,
mo3, and mg, then v = 0 on momgs (cf. Exercise 1.24) and it can be written
(cf. Exercise 1.25) as

v(x) =M(x)w(x), xekK,
where w € Py(K). Similarly, we can show that v = 0 on edge m;ms3 and
v(x) = A (x) A2 (x)wo, xe K,

where wq is a constant. Note that

N
N

0 = ’U(mlg) =

i.e., wg = 0. Therefore, v =0 on K.
It can be seen (cf. Exercise 1.26) that a function v € P»(K) has the
representation

=1 (1.58)

Also, as in Example 1.6, we can prove that if v is continuous at the internal
vertices and midpoints of edges and v € Py(K), K € K}, then v € C°(Q).

Ezxample 1.8. Set
Vi, = {v : v is continuous on 2 and v|K € P3(K), K € Kh} .

That is, V}, is the space of continuous piecewise cubic functions. Let K € K,
have vertices m;, ¢ = 1,2, 3. Define, for i, j = 1,2,3, i # j,

1
(my +my +m3), mi; =2 (2m;+my),

Wl

mgy =
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m; m; , My 3

Fig. 1.15. The element degrees of freedom for P3(K)

where my is the center of gravity of K (centroid); see Fig. 1.15. It can be
proven that a function v € P3(K) is uniquely determined by the following
values:

v(mi)v U(mO)a U(mi,j)7 ivj:17273ai7éj-

These values can be used as the degrees of freedom.
In fact, because dim(P3(K)) equals the number of degrees of freedom
(10), it is sufficient to prove that if v € P5(K) satisfies

U(mo)zv(mi):v(mi,j)207 i?j:17273ui7éj7

then v =0 on K. Indeed, for such a v, it can be seen as in Example 1.7 that
v has the representation

v(x) = M (x)Aa(x)A3(x)wo,  x € K,

where wq is a constant. Since

we see that wy = 0, and thus v =0 on K.

Ezample 1.9. The degrees of freedom for P3(K) (and thus for V},) can be
chosen in a different way. A function v € P5(K) is also uniquely defined by
(cf. Fig. 1.16)

ov

0z;

v(mi), ’U(mo), (m,-), 22172,3,j:1,2

m, m,

Fig. 1.16. The second set of degrees of freedom for Ps(K)



40 1 Elementary Finite Elements

In fact, it suffices to show that if v € P3(K) satisfies

0
v(me) =v(my) = — (m;) =0, i=1,2,3,j=12, (1.59)
8wj
then v = 0 on K. Using (1.59), we see that
v v v
e i) = lt ltzov -:172737
at(m) 3x1<m)1+812(m>2 !
where t = (t1,t2) is a tangential direction. Particularly, we see that
v v
a(mﬂ = a(m:%) =0,

where t is the direction from my to ms, which, together with v (msy) =
v (mg3) = 0 and the fact that v is cubic (in a single variable) on edge moms,
implies that v = 0 on this edge. The same argument shows that v = 0 on
edges mymgs and myms. Then, in the same way as in Example 1.8, we see
that v =0 on K.

The corresponding finite element space V;, € C%(Q) is defined by

ov
8xi

vertices of Kp;

Vi = {v : v and (i = 1,2) are continuous at

ﬂKe&m%KeK*.

We have considered the cases 7 < 3. In general, for any r > 1, we define
Vi, = {v : v is continuous on 2 and 11|K € P(K), K ¢ Kh} .

A function v € P.(K) can be uniquely determined by its values at the three
vertices, 3(r — 1) distinct points on the edges, and (r — 1)(r — 2)/2 interior
points in K. The values at these points can be employed as the degrees of
freedom in V4.

1.4.2 Rectangles

We now consider the case where {2 is a rectangular domain and Kj is a
partition of £ into non-overlapping rectangles such that the horizontal and
vertical edges of rectangles are parallel to the x1- and zs-coordinate axes,
respectively. We also require that no vertex of any rectangle lie in the interior
of an edge of another rectangle. We introduce the notation

.,
Qr(K)=qv: v(x)= Zvijxixg,xel(, vi; €ERy, 72>0.
i,j=0

Note that dim(Q.,.(K)) = (r + 1)2.
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For r =1, we define
Vi = {v : v is continuous on {2 and U|K e1(K), Ke Kh} .
A function v € Q1(K) is bilinear and of the form
v(x) = voo + vioT1 + Vo122 + V112122, X = (21,22) € K, v;; €R.

As in the triangular case, it can be checked that v is uniquely determined by
its values at the four vertices of K, which can be chosen as the degrees of
freedom for V4, (cf. Fig. 1.17).

® @
Fig. 1.17. The element degrees of freedom for @ (K)

For r = 2, define
Vi, = {v : v is continuous on  and U|K €Q:(K), K e Kh} ,

where @Q2(K) is the set of biquadratic functions on K. The degrees of free-
dom can be chosen by the values of functions at the vertices, midpoints of
edges, and center of each rectangle (cf. Fig. 1.18). Other cases r > 3 can be
analogously discussed.

The use of rectangles requires that the geometry of 2 be special. Thus it is
of interest to utilize more general quadrilaterals, which will be considered in
the next section, in connection with isoparametric finite elements (cf. Exercise
1.29).

Fig. 1.18. The element degrees of freedom for Q2(K)
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1.4.3 Three Dimensions

Ezample 1.10. In three dimensions, for a polygonal domain Q C IR?, let K,
be a partition of € into non-overlapping tetrahedra such that no vertex of
any tetrahedron lies in the interior of an edge or face of another tetrahedron.
For each K € K}, and r > 0, set

P.(K)=<v: v(x)= g vijpriries, x € K, v € R 3,
0<itj+h<r

where x = (21,22, x3) and

(r+1)(r+2)(r+3) .

dim(P, (K)) = 5

For r = 1, the function values of v € P;(K) at the four vertices of K can be
utilized as the degrees of freedom (cf. Fig. 1.19). Other cases r > 2 can be
also handled.

Fig. 1.19. The element degrees of freedom for Pi(K) on a tetrahedron

Ezample 1.11. Let Q be a rectangular domain in IR*, and K}, be a partition
of  into non-overlapping rectangular parallelepipeds such that the faces are
parallel to the x1-, x2-, and zz-coordinate axes, respectively. For each K €
K}, the polynomials we use for V}, are of the type

s
Qr(K)=qv: v(x)= Z vijkz’ix%x’g,xel(, vijrk €IR >, 7>0.
i,5,k=0

Note that dim(Q,(K)) = (r + 1)3. For r = 1, the function values of v €
Q1(K) at the eight vertices of K can be utilized as the degrees of freedom
(cf. Fig. 1.20).
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Fig. 1.20. The element degrees of freedom for Q1(K) on a cube

Ezample 1.12. Let Q C IR? be a domain of the form Q = G x [y, 3], where
G c R? and l1 and l5 are real numbers. Let K}, be a partition of {2 into prisms
such that their bases are triangles in the (z1,x2)-plane with three vertical
edges parallel to the zs-axis. Define P, , to be the space of polynomials of

degree [ in the two variables x1 and x4 and of degree r in the variable x3.
That is, for each K € Kj, and [, r > 0,

,
. _ i o ook
P.(K)=<(v: v(x)= Z Zvijkmﬁxéxg, x € K, v, € R
0<i+5<l k=0

Note that dim(P,,(K)) = (I+1)(I+2)(r +1)/2. For [ = 1 and r = 1, the
function values of v € Py 1(K) at the six vertices of K can be utilized as the
degrees of freedom (cf. Fig. 1.21).

(2 °
Fig. 1.21. The element degrees of freedom for P; ;1(K) on a prism
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1.4.4 A C' Element

In the final example, we consider a finite element space V}, that is a subspace
of C1(€2). This space has been briefly studied in Example 1.5. As noted there,
to satisfy V3, € C1(Q), we require that polynomials be degree at least five on
each triangle. Special constructions of Kj; must be employed to satisfy the
C'-condition if polynomials of lower degree are used (e.g., the Hsieh-Clough-
Tocher element; see Ciarlet, 1978).

Fig. 1.22. Argyris’ triangle

Example 1.13. Let K}, be a triangulation of € into triangles K as in Sect.
1.1.2, and define

Vi, = {v: v and Vo are continuous on Q;v|x € P5(K), K € K} .

For each K € K}, its vertices and midpoints of the edges are denoted by m;
and m;;, ¢ < j, 1,7 = 1,2,3; see Fig. 1.14. A function v € P5(K) is uniquely
determined by the degrees of freedom

D*v(m;), i=1,2,3, || <2,

P (1.60)
So(my), i <jig=123,

where we recall that Ov/Ov is the normal derivative (cf. Fig. 1.22). In fact,
because both dim(P5(K)) and the number of degrees of freedom are equal to
21, it suffices to show that if these degrees of freedom vanish, then v = 0 on
K. Toward that end, note that if t is the direction from ms, to mg, then

ov 0%v .
v(m;) = a(mi) = w(mi) =0, 1=2,3. (1.61)

Because v is a polynomial of degree five (in either x1 or x2) on edge momg,
v = 0 on this edge. Also, since

ov ov 0 (0ov .
87(m23> = aj(mi) = 7t (81/) (m;) =0, i=2,3, (1.62)
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and Jv/Jv is a polynomial of degree at most 4 on edge moms, we see that
Ov/0v = 0 on this edge. The fact that both v and dv/0v vanish on moms
implies

v(x) = (M) wx), xekK,

where w € P3(K). The same argument yields

v(x) = (M) (M) (Ns(x))*wo,  x€K,

where wg is a constant. Because v € Ps(K), the only possibility is that
wg = 0, and thus v =0 on K.

We claim that for v such that v|x € Ps(K), K € K, if its degrees
of freedom given by (1.60) are continuous, then v € C1(Q). Let triangles
K,, Ky € K}, share a common edge e with the end points my and m3 and
midpoint mss, and set v; = v|k, € P1(K;), ¢ = 1,2. Suppose that

Do‘vl(mi) = l)o"Ug(l’ni)7 1= 2,3, |O[| S 2 5

0 0
O )= 0 )

Then the difference v; — vy satisfies (1.61) and (1.62), so

O(vy —
vl—m:M:O one.
ov
Furthermore, if v1 — v = 0 on e, we see that
Ovy —v
Nor—va) o
ot

Therefore, v and its first partial derivatives are continuous across e, and the
claim is proven.

The C*(Q) element introduced in this example is often known as the
Argyris triangle. It has 21 degrees of freedom on each triangle K € Kj. One
can reduce this number of degrees of freedom by restricting to the class of
polynomials of degree five whose normal derivatives on each edge of K are
polynomials of degree three rather than four. For this class of polynomials,
the normal derivative along an edge is uniquely determined by the derivatives
at its endpoints (vertices). The number of degrees of freedom on each K € K},
for this reduced Argyris triangle (preferably, Bell’s triangle; cf. Fig. 1.23) is
18:

D%(my), i=1,2,3, || <2.

In summary, a finite element is a triple (K, P(K),¥k), where K is a
geometric object (i.e., element), P(K) is a finite dimensional linear space of
functions on K, and Xk is a set of degrees of freedom, such that a function
v € P(K) is uniquely defined by Y. For instance, in Example 1.6, K is a
triangle, P(K) = P1(K), and Xk is the set of the values at the vertices of
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my m;

Fig. 1.23. Bell’s triangle

K. When Xk includes the values of partial derivatives of functions, the finite
element is said to be of Hermite type, as in Examples 1.9 and 1.13. When all
degrees of freedom are given by function values, the finite element is called a
Lagrange element.

1.5 General Domains

In the construction of finite element spaces so far, we have assumed that
the domain 2 is polygonal. In this section, we consider the case where € is
curved. For simplicity, we focus on two space dimensions.

For a two-dimensional domain 2, the simplest approximation for its
curved boundary I' is a polygonal line; see Fig. 1.24. The resulting error
due to this approximation is of order O(h?), where h is the mesh size as
usual; see Exercise 1.28. To obtain a more accurate approximation, we can
approximate I" with piecewise polynomials of degree r > 2. The error in this
approximation becomes O(h"*1). In the partition of such an approximated
domain, the elements closest to I' then have one curved edge.

Fig. 1.24. A polygonal line approximation of '
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As an example, let (k,P(K),EK) be a finite element, where K is the
reference triangle with vertices m; = (0,0), my = (1,0), and sz = (0,1)
in the X-plane. Furthermore, assume that this element is of the Lagrange
type; that is, all degrees of freedom are defined by the function values at
certain points m;, ¢ = 1,2,...,1 (cf. Sect. 1.4). Suppose that F is a one-to-
one mapping of K onto a curved triangle K in the x-plane with inverse F~1;

ie.,, K = F(K) (refer to Fig. 1.25). We then define

P(K)={v:v(x) =9(F'(x), xe K, o € P(K)},

Yk consists of function values at m; = F(m;), i =1,2,...,1.
ey
m3
F
Py 2
m; m,

Fig. 1.25. The mapping F

If F = (F1,Fy) is of the same type as the functions in P(K), i.e.,
Fi, F; € P(K), then we say that the element (K, P(K),YXk) is an isopara-
metric element. In general, F~! is not a polynomial, and thus the functions
v € P(K) for a curved element are not polynomials either.

Let K, = {K} be a triangulation of € into “triangles” where some of
them may have one or more curved edges, and let {2;, be the union of these
triangles in K. Note that €2, is an approximation of 2 with a piecewise
smooth boundary. Now, the finite element space V}, is

Vi, ={ve H' () :v|x € P(K), K € Kj,} .

With this space, the finite element method can be defined as in (1.21) for the
Poisson equation (1.16), for example. Moreover, error estimates analogous to
(1.53) and (1.54) hold.

We now consider the computation of a stiffness matrix. Let {¢;}!_; be a

basis of P(K). We define
vi(x) = @i(F_l(x)), xeK, i=1,2,...,1.

For (1.16), we need to compute (cf. Sect. 1.1.2)

aK(%,@j):/ Vi - Vejdx, i, j=1,2,...,1. (1.63)
K
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It follows from the chain rule that

Op; 0 F 09 021 | 0p; 0o

- . -1 —
oo~ 3zr PiE X)) = 5 e i B0
for k = 1,2. Consequently, we see that
Ve =G TV,

where G~7 is the transpose of the Jacobian of F~1:

021 Ois
a7 oxy Oy
| 031 0@,
Oxy  Ozo

When we apply the change of variable F : K — K to (1.63), we have

a® (pi, ;) = /K (GTTV) - (GTTV;) |det G dx (1.64)
fori,j =1,2,...,1, where |det G| is the absolute value of the determinant of
the Jacobian G:

81‘1 81‘1
G- 0%1 0o
6562 8@
01 0o
Applying an algebraic computation, we see that
1
G—T — G—l T _ /
( ) det G~ ’
where
(91'2 78‘%2
G — 0o 0%
_Om On
0o  0I
Hence (1.64) becomes
1
K IN7 A I~ ~
i) = | (G'V@) (G'V@;) = dx, 1.65
(oue) = [ (@V0)-(@VE) g dx. (169
for ¢,7 = 1,2,...,1. Therefore, the matrix entry a;; on K can be calculated

by either (1.64) or (1.65). In general, it is difficult to evaluate these two
integrals analytically. However, they can be relatively easily evaluated using a
numerical integration formula (or a quadrature rule); refer to the next section
for more details.
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We now describe an example of constructing the mapping F : K — K.

Let the reference triangle K have vertices m;, ¢ = 1,2,3, and midpoints
m; of the edges, i = 4,5,6. Furthermore, let P(K) = P»(K) and let ¥,
be composed of the function values at m;, ¢ = 1,2,...,6. Define the basis

A

functions ¢; € Py(K) by
@i(m;) =96;;, 4,7=1,2,...,6.

Also, let the points m;, ¢ = 1,2,...,6 in the x-plane satisfy that m4 and mg
are the midpoints of the line segments m;ms and m;mg, respectively, and
m; is slightly displaced from the line segment momy; see Fig. 1.26. We now
define F' by

i=1
Clearly, m; = F(m;), i = 1,2,...,6. Moreover, it can be shown that F is

one-to-one for sufficiently small hx (Johnson, 1994), i.e., for sufficiently fine
triangulations near T'.

Fig. 1.26. An example of the mapping F

1.6 Quadrature Rules

As mentioned in the previous section, some integrals such as (1.64) and (1.65)
can be evaluated only approximately. We can use a quadrature rule of the type

/Kg(X) dx ~ Zwig(xi) : (1.66)

where w; > 0 and x; are certain weights and points in the element K, re-
spectively. If the quadrature rule (1.66) is exact for polynomials of degree r,
ie.,

/Kg(x) dx =Y wiglx), g€ PK)., (1.67)
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then the error in using (1.66) can be bounded by (Ciarlet-Raviart, 1972)

) <Cntt > /|D“ )| dx

|a|=r+1

m

) dx — Zwlg X;)

where r > 0; refer to Sect. 1.2 for the definition of D®g. Several examples
are presented below, where r indicates the maximum degree of polynomials
for which (1.67) holds.

Fzrample 1.14. Let K be a triangle with vertices m;, midpoints m;;, i, =
1,2,3, i < j, and the center of gravity mg. Also, let |K| indicate the area of
K. Then

/ g9(x) dx ~ |K|g(myg) where r =1,
K

/ g(x) dx =~ |I§7|(g<m12) + g(mg3) + g(my3)) where r =2,
K

~g(m;) | 9g(mo) | 2
/K( dx ~ |K]| Z 20 20 +T5(9(m12)+9(m23)

i=1
+g(m13))} where r =3 .

Ezxample 1.15. Let K be a rectangle centered at the origin and with edges
parallel to the z1- and xzo-coordinate axes of lengths 2h; and 2hs, respectively.
Then

/ g(x) dx =~ |K|g(0) where r =1,
K

w25 5) (55

where r = 3.

1.7 Finite Elements for Transient Problems

In this section, we briefly study the finite element method for a transient
(parabolic) problem in a bounded domain Q C R%, d > 1:

qS——V(an):f in QxJ,
—0 onI'x J, (1.68)
p(-,0) =po in Q,
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where J = (0,7] (T > 0) is the time interval of interest and ¢, f, a, and pg
are given functions. A typical such problem is heat conduction in an inho-
mogeneous body {2 with heat capacity ¢ and conductivity tensor a. We will
first present a semi-discrete approximation scheme where (1.68) is discretized
only in space using the finite element method. Then we consider fully discrete
approximation schemes where the time discretization is based on the back-
ward Euler method or the Crank-Nicholson method. For more details on the
finite element method for transient problems, refer to the book by Thomée
(1984).

1.7.1 A One-Dimensional Model Problem

To understand some of the major properties of the solution to problem (1.68),
we consider the following one-dimensional version that models heat conduc-
tion in a bar:

op 0%

% 920 O<z<mteld,

p(0,t) =p(m,t)=0, teJ, (1.69)
p(z,0) = po(x), O<x<m.

Application of separation of variables yields
o0 . 5
p(z,t) = Zpée‘f tsin(jz) , (1.70)
j=1

where the Fourier coefficients p% of the initial datum pg are given by

j [2 [T o .
Py = ;/ po(x)sin(jz) dz, i=12....
0

Note that {\/gsin(jx)};?';l forms an orthonormal system in the sense that

2 (7 1 ifj=k,
7/ sin(jz) sin(kz) dz = L (1.71)
T Jo 0 ifj#k.

It follows from (1.70) that the solution p is a linear combination of sine waves
sin(jx) with amplitudes pé—e*j *t and frequencies j. Because e ™7 *tis very small
for j2t moderately large, each component sin(jz) lives on a time scale of order
O(j72). Consequently, high frequency components are quickly damped, and
the solution p becomes smoother as ¢ increases. This property can be also
understood from the following stability estimates:
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1)) < Ipollzzy. €
%
ot

We prove these two estimates formally (a proof that is not concerned with
any of the convergence questions). From (1.70) and (1.71) it follows that

1900y = | 77t g;<) ey
S (#)" = ol -

Jj=1

(1.72)
. _?HPO”L2 teJ.
L2(Q)

<

o3

Also, note that
O = i, oy i .
X3~ e sinii)
j=1

so that

L2(Q)

H %i ()" (— %)%
j=1

Using the fact that 0 < y2e~Y < C for any v > 0, we see that

Jaro

It follows from the second estimate in (1.72) that if |[po|z2(q) < oo, then
10p/0t()| 2y = O(t™1) as t — 0. An initial phase (for ¢ small) where
certain derivatives of p are large is referred to as an initial transient. In
general, the solution p of a parabolic problem has an initial transient. It will
become smoother as ¢ increases. This observation is very important when the
parabolic problem is numerically solved. It is desirable to vary the grid size
(in space and time) according to the smoothness of p. For a region where p
is nonsmooth, a fine grid is used; for a region where p becomes smoother,
the grid size is increased. That is, an adaptive finite element method should
be employed, which will be discussed in Chap. 6. We mention that transients
may also occur at times ¢ > 0 if the boundary data or the source term (the
right-hand side function in (1.68)) changes abruptly in time.

C
S t3||po||2L2(Q)

L2(Q)

1.7.2 A Semi-Discrete Scheme in Space

We now return to problem (1.68). For simplicity, we study a special case of
this problem where ¢ = 1 and a =1 (the identity tensor). Set
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V:Hol(Q) = {’UGHl(Q): U’F :O} .

As in Sect. 1.1.2, we exploit the notation

a(p,v):/QVp'Vv dx, (f,v):/ﬂfv dx .

Then (1.68) is written in the variational form: Find p : J — V such that

(%) +atpo) =) voevites,

p(x,0) = po(x) Vx eN.

(1.73)

Let V}, be a finite element subspace of V. Replacing V in (1.73) by Vj,
we have the finite element method: Find py, : J — V}, such that

<8ph v)+a(ph, )= (f,v) Yve VWV, ted,
(1.74)
(P (+,0),v) = (po,v) Yo eV, .

This system is discretized in space, but continuous in time. For this reason,
it is called a semi-discrete scheme. Let the basis functions in V}, be denoted
by @i, i =1,2,..., M, and express pj as

0= mieix), () ex . (1.75)

For j =1,2,..., M, we take v = ¢; in (1.74) and utilize (1.75) to see that,
fort € J,

M

S

dp; .
Z(‘pu(pJ) dtz +Za(4pi,<pj)pi = (f790j)7 7= 1,2,”.,M’
=1 i=1
M
Z‘pw@g pz <p0790j)7 j:1,2,...,M7
=1

which, in matrix form, is given by

dp(t)
B~ +Ap(t)=f(t), telJ, 1.76)
Bp(0) = po ,

where the M x M matrices A and B and the vectors p, f, and pg are
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= (aij), aij = a(pi, ;) ,
= (bij), bij = (pis ;) ,
= (pj), f=(f;), fi=v),

=((po);),  (Po)j = (Po; ;) -

Both A and B are symmetric and positive definite, as was shown in the
stationary case. Their condition numbers are of the order O(h~2) and O(1)
as h — 0 (cf. Sect. 1.10), respectively, where we recall that for a symmetric
matrix, its condition number is defined as the ratio of its largest eigenvalue to
its smallest eigenvalue. For this reason, the matrices A and B are referred to
as the stiffness and mass matrices, respectively. Thus (1.76) is a stiff system
of ordinary differential equations (ODEs). The usual way to solve an ODE
system is to discretize the time derivative as well. One approach is to exploit
the numerical methods developed already for ODEs. Because of the large
number of simultaneous equations, however, simple numerical methods for
transient partial differential problems have been developed independent of
the methods for ODEs. This will be discussed in the next subsection.

We show a stability result for the semi-discrete system (1.74) with f = 0.
We choose v = pp(t) in the first equation of (1.74) to obtain

0
(gﬁm) +a(pn,pn) =0,

which gives
1d 9
) dt“ph( )||L2(Q) + a(ph,pn) = 0.

Also, take v = pp(0) in the second equation of (1.74) and use Cauchy’s
inequality (1.10) to see that

[P (0) L2 () < [lPollz2() -

Then it follows that

t
lon () 1720 + 2/0 a(pn(€), pr(0)) dt = |lpr(0)[|72(0) < lIPollZ(q) -
Consequently, we obtain

lon ()] 22y < llpollL2(), teJ. (1.77)

This inequality is similar to the first inequality in (1.72). In fact, the latter
inequality can be shown in the same manner as for (1.77). The derivation of an
error estimate for (1.74) is much more elaborate than that for a stationary
problem. We just state an estimate for the case where V}, is the space of
piecewise linear functions on a quasi-uniform triangulation of ) in the sense
that there is a positive constant 35, independent of h, such that
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hx > fB2h VK € K}, , (178)

where we recall that hx = diam(K), K € K, and h = max{hg : K € K},}.

Condition (1.78) says that all elements K € K}, are roughly of the same size.
The error estimate reads as follows (Thomée, 1984; Johnson, 1994):

T

max [[(p — pr) (@)l L2 @) < C( 1+ |In 55

h2||p(t . 1.79
) )y - (179
Due to the presence of the term In h~2, this estimate is only almost optimal.

1.7.3 Fully Discrete Schemes

We consider three fully discrete schemes: the backward and forward Fuler
methods and the Crank-Nicholson method.

1.7.3.1 The Backward Euler Method

Let 0 = t° < t! < ... < t¥ = T be a partition of J into subintervals
Jn = (t"71 "), with length At" = t" —¢"~1. For a generic function v
of time, set v = v(t"). The backward Fuler method for the semi-discrete
version (1.74) is: Find pj € Vi, n=1,2,..., N, such that

(pﬁ —pp !

A ,'U) +a(pZav) = (fn,'U) Yv eV s

(1.80)
(phsv) = (po,v) Yo €V .

Note that (1.80) comes from replacing the time derivative in (1.74) by the
difference quotient (p} —pi'~)/At". This replacement results in a discretiza-
tion error of order O (At¢™). As in (1.76), (1.80) can be expressed in matrix
form

(B + AAt") p* = Bp™~! + frA"

Bp(0) = po , (1.81)

where

M
pzzzp?@“ n:0517"'5Na
i=1

and
p" = (., 05, 0i) "
Clearly, (1.81) is an émplicit scheme; that is, we need to solve a system of
linear equations at each time step.
Let us state a basic stability estimate for (1.80) in the case f = 0. Choosing
v = py in (1.80), we see that
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ol — (0p =t o) + a (pf, p) At =0 .

It follows from Cauchy’s inequality (1.10) that
_ _ 1 _ 1
(e "om) < el < Sllpn =117 + S liphll* -
Consequently, we get
1 1, .-
SRl = Sllpn = I + a (), i) A" <0

We sum over n and use the second equation in (1.80) to give

j
Il +2> " a (o, o) At < [lph|1* < [Ip°]° -

n=1

Because a (p},py) > 0, we obtain the stability result
il <P, G=0.1,...,N (1.82)

Note that (1.82) holds regardless of the size of the time steps A#/. In other
words, the backward Euler method (1.80) is unconditionally stable. This is a
very desirable feature of a time discretization scheme for a parabolic problem.

We remark that an estimate for the error p — p;, can be derived. The error
stems from a combination of the space and time discretizations. When V}, is
the finite element space of piecewise linear functions, for example, the error
p" —py (0 <n < N) in the L2-norm is of order O (At + h?) (Thomée, 1984)
under appropriate smoothness assumptions on p, where At = max{Atj, 1<
j< N}

1.7.3.2 The Crank-Nicholson Method

The Crank-Nicholson method for (1.74) is defined: Find p} € Vi, n =
1,2,..., N, such that

n n—1 n n—1 n n—1
Ph — Ph Ph T P (" +T
(i) +o (i) = (B

1.83
Yv eV, ( )
(p%,v) :(po,v) YoeV,.

In the present case, the difference quotient (pj — p’,fl) /At™ now replaces
the average (9p(t™)/0t + dp(t"~*)/0t) /2. The resulting discretization error
in time is O ((At™)?). Similarly to (1.81), the linear system from (1.83) is

At? At" fr £l
<B + = A) p" = (B — 2A> ptt+ P A ,

2
Bp(0) = po ,

(1.84)
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forn =1,2,..., N. Again, this is an implicit method. When f = 0, by taking
v = (pI +p;~")/2 in (1.83) one can show that the stability result (1.82)
unconditionally holds for the Crank-Nicholson method, too; see Exercise 1.30.
For the piecewise linear finite element space Vj, for each n the error p™ — p}!
in the L2-norm is O ((At)? 4+ h?) this time. Note that the Crank-Nicholson
method is more accurate in time than the backward Euler method and is
slightly more expensive from the computational point of view.

1.7.3.3 The Forward Euler Method

We conclude with the forward Fuler method. This method takes the form:
Find py; € Vi, n=1,2,..., N, such that

n__ ,n—1
(ph Ph ,v) —|—a(p2_1,v) = (f”’l,v) Yo eV,,

Atr (1.85)
(p?wv) = (pOaU) You € Vi s
and the corresponding matrix form is
Bp" = (B — AAt")p* L + 1A
p" = ( )P (1.86)

Bp(0) = po -

Introducing the Cholesky decomposition B = DD (cf. Sect. 1.10) and
using the new variable q = D”p, where D7 is the transpose of D, problem
(1.86) is of the simpler form

qn _ (I _ AAt") qn—l + D-lfr—1 A ,
q(o) = D_lpo ’

where A = D-'AD~ 7. Clearly, (1.87) is an ezplicit scheme in q. A stability
result similar to (1.82) can be proven only under the stability condition

(1.87)

At" < Ch?, n=12...,N, (1.88)

where C' is a constant independent of At and h. This can be seen as follows:
With f =0, the first equation of (1.87) becomes

q" = (I- AAt")q" . (1.89)
Define the matrix norm
. A
A~ e Al
nerM nzo ||n||

where [|n|| is the Buclidean norm of n: [n|* = nf +n3 + ... + 03, n =
(m1,M2, - - . ,mar)- Assume that the symmetric matrix A has eigenvalues p; > 0,
1=1,2,..., M. Then we see that (Axelsson, 1994)
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Al = .
Al i:g,aj?iMqu\

Thus it follows that

I- AAY| = 1— At .
I | i_lngaXMl % |

—LyLyeee

Let the maximum occur as i = M, for example. Then
IL—AAr| <1,

only if puprAt"™ < 2. Since ppyr = O(h™2) (cf. Sect. 1.10), At" < 2/uy =
O(h?), which is (1.88).

The stability condition (1.88) requires that the time step be sufficiently
small. In other words, the forward Euler method (1.85) is conditionally sta-
ble. This condition is very restrictive, particularly for long time integration.
In contrast, the backward Euler and Crank-Nicholson methods are uncondi-
tionally stable, but require more work per time step. These two methods are
more efficient for parabolic problems since the extra cost involved at each
step for an implicit method is more than compensated for by the fact that
bigger time steps can be utilized.

1.8 Finite Elements for Nonlinear Problems

In this section, we briefly consider an application of the finite element method
to the nonlinear transient problem

)
)G~V (@p)Ve) = fp)  mQxJT,
p=0 onl xJ, (1.90)
p(+0) =po inQ,

where c(p) = c(x,t,p), a(p) = a(x,t,p), and f(p) = f(x,t,p) depend on
the unknown p. In (1.90) and below, for notational convenience, we drop the
dependence of these coefficients on x and ¢t. We assume that (1.90) admits a
unique solution. Furthermore, we assume that the coefficients ¢(p), a(p), and
f(p) are globally Lipschitz continuous in p; i.e., for some constants Cg, they
satisfy

‘g(pl) - g(pQ)‘ S C§|p1 _p2‘7 P1, P2 € IR7 g =c¢, a, f . (191)

With V = HZ (), problem (1.90) can be written in the variational form:
Find p: J — V such that
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<c(p)8p,v> + (a(p)Vp, Vv) = (f(p),v) YweV,ted,
ot (1.92)

p(x,0) = po(x) Vx e Q.

Let V}, be a finite element subspace of V. The finite element version of (1.92)
is: Find pp, : J — V}, such that

Opn v a v) = v v
(C(ph) ETR >+( (pn) VR, Vv) = (f(pn),v) Vo e Vy, (193

(pn(+,0),v) = (po, v) YveV,.

As for (1.76), after the introduction of basis functions in Vj,, (1.93) can be
stated in matrix form

C(p)%)+A(p)p:f(p), telJ, (190

Bp(0) =po -
Under the assumption that the coefficient ¢(p) is bounded below by a positive
constant, this nonlinear system of ODEs locally has a unique solution. In fact,

because of assumption (1.91) on ¢, a, and f, the solution p(t) exists for all ¢.
Several approaches for solving (1.94) are discussed in this section.

1.8.1 Linearization Approaches

The nonlinear system (1.94) can be linearized by allowing the nonlinearities
to lag one time step behind. Thus the backward Euler method for (1.90) takes
the form: Find p} € V},, n =1,2,..., N, such that

pn _pnfl
(c (PZ*l) hAtnh’U) + (a (pzﬂ) Vil Vo)
=(f(ErY),0) VeV, (1.95)

(p%,v) = (po,v) Yo e V.
In matrix form it is given by

C (pn! pn _ pn—l A n—1\,.n _ f n—1
(") =5 — A )P = ("), (1.96)
Bp(0) = po -

Note that (1.96) is a system of linear equations for p”, which can be solved
using iterative algorithms as discussed in Sect. 1.10, for example. When V}, is
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the finite element space of piecewise linear functions, the error p™ — pj! (0 <
n < N) in the L?-norm is of order O (At + h?) as for problem (1.68) under
appropriate smoothness assumptions on p and for At small enough (Thomée,
1984; Chen-Douglas, 1991). We may use the Crank-Nicholson discretization
method in (1.95). However, the linearization decreases the order of the time
discretization error to O(At), giving O (At + h?) overall. This is true for
any higher-order time discretization method with the present linearization
technique. This drawback can be overcome by using extrapolation techniques
in the linearization of the coefficients ¢, a, and f (cf. Sect. 5.7). Combined with
an appropriate extrapolation, the Crank-Nicholson method can be shown to
produce an error of order O((At)?) in time (Douglas, 1961; Thomée, 1984).
In general, higher-order extrapolations increase data storage.

1.8.2 Implicit Time Approximations

We now consider a fully implicit time approximation scheme for (1.90): Find
pp € Vu,n=1,2,..., N, such that

n_ ,n—1
(c (p}) m,u) + (a (p}) Vp}, Vv)
=(f(pp).v) Yo EV,, (1.97)

(p?wv) = (pO;U) YveV,.

Its matrix form is

n _ n—1
Cp) P A" =1(p") . o

Bp(0) = po -
Now, (1.98) is a system of nonlinear equations in p”, which must be solved
at each time step via an iteration method. Let us consider Newton’s method

(or Newton-Raphson’s method). Note that the first equation of (1.98) can be
rewritten as

(A(p") + AltnC(p”)) p" - Altn

C(p")p" ' —f(p")=0.
We express this equation as

F(p")=0. (1.99)



1.8 Finite Elements for Nonlinear Problems 61

Newton’s method for (1.99) can be defined in the form

Set v0 = pnL;
Iterate vF = vF=1 4 dF, k=1,2,...,

where d* solves the system
G(vk'_l)dk = —F(Vk_1> ,

with G being the Jacobian matrix of the vector function F:

F.
G- (3 ) |
Wi/ ij=12...m

If the matrix G(p™) is nonsingular and the second partial derivatives of F
are bounded, Newton’s method converges quadratically in a neighborhood of
p"; i.e., there are constants € > 0 and C such that if ’v’“fl — p”| < ¢, then

|vk . pn| < C’vk—l . pn|2 _

The main difficulty with Newton’s method is to get a sufficiently good ini-
tial guess. Once it is obtained, Newton’s method converges with very few
iterations. This method is a very powerful iteration method for strongly non-
linear problems. There are many variants of Newton’s method available in the
literature (Ostrowski, 1973; Rheinboldt, 1998). We remark that the Crank-
Nicholson discretization procedure can be used in (1.97) as well. In the present
implicit case, this procedure generates second order accuracy in time. Numer-
ical experience has indicated that the Crank-Nicholson procedure may not
be a good choice for nonlinear parabolic equations because it can be unstable
for such equations.

1.8.3 Explicit Time Approximations

We end with the application of a forward, explicit time approximation method
to (1.90): Find p} € Vj,, n=1,2,..., N, such that

o Ph—Ph o
(c (ph) NG 7v> + (a(pp) Vpp=t, Vo)
=(F@pY),0) VeV,  (L100)

(19,0) = (po,v) Vo€ Vi,

In matrix form it is written as follows:

n n—1
P —P n—1 n—1 n—1
o TAET)PT =",
At (1.101)

Bp(0) = po -

C(p")
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Note that the only nonlinearity is in matrix C. This system can be solved
via any standard method (Ostrowski, 1973; Rheinboldt, 1998).

For the explicit method (1.100) to be stable in the sense discussed in
Sect. 1.7, a stability condition of the following type must be satisfied:

A" < Ch?, n=1,2,...,N, (1.102)

where C' now depends on ¢ and a (cf. (1.88)). Unfortunately, this condition
on the time steps is very restrictive for long time integration, as noted earlier.

In summary, we have developed linearization, implicit, and explicit time
approximation approaches for numerically solving (1.90). In terms of com-
putational effort, the explicit approach is the simplest at each time step;
however, it requires an impracticable stability restriction. The linearization
approach is more practical, but it reduces the order of accuracy in time for
high-order time discretization methods (unless extrapolations are exploited).
An efficient method is the fully implicit approach; the extra cost involved
at each time step for this implicit method is more than compensated for by
the fact that bigger time steps may be taken, particularly when Newton’s
method with a good initial guess is employed. Modified implicit methods
such as semi-implicit methods (Aziz-Settari, 1979) can be applied; for a given
physical problem, the linearization approach should be applied to weak non-
linearity, while the implicit one should be used for strong nonlinearity (Chen
et al., 2000).

1.9 Approximation Theory

1.9.1 Interpolation Errors

It follows from (1.49) that the error ||p —py||v can be bounded by choosing a
suitable function v € V}, and analyzing ||p —v||yy. We often choose v = mp €
V}, to be a certain interpolant of p in Vj,.

We define the interpolation operator m;, for three examples. Consider the
case where Q C IR? is a polygon, K}, is a triangulation of © into triangles,
V = H*(Q), and (cf. Example 1.6)

VhZ{U€V2U|K€P1(K),K€K;L}.

Let {m;}M, be the set of vertices in K},. For any u € C°(Q), we define its
interpolant mpu € Vj, by

mru(m;) = u(m;), i=1,2,....M. (1.103)

Thus mpu is the piecewise linear function that has the same values as u at
the nodes of Kj,.
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For V}, defined in Example 1.7, i.e,
Vi ={ve H(Q):v|g € P(K), K € K3,} ,

let now {m;}}, be the collection of vertices and midpoints of edges in Kp;
the interpolant m,u € V3, of u € C°(Q) is defined by the same expression
(1.103). That is, mpu is the piecewise quadratic function that has the same
values as u at the vertices and midpoints of Kj,.

Consider Example 1.13, where

Vi ={ve H*(Q) :v|x € Po(K), K € K3} .

Let {m;} and {m'} be the sets of vertices and midpoints of edges in Kj,
respectively. Now, for any u € C1(Q), we define m,u € Vj, by

D¥(mpu)(m;) = D*u(m;), |a] <2,

ompu, ;o Ou,

where v is a unit normal to the edge containing m’. For other finite element
spaces introduced in Sect. 1.4, the interpolation operator 7, can be similarly
defined using their respective degrees of freedom.

In this section, we will estimate ||p — 7p||v. To that end, we introduce
some concepts. As noted, a function f : Q — IR™ is Lipschitz continuous in
Q if there is a constant C' > 0 such that

1Fx) = fWI < Cllx =yl vx,y eQ2CR?,

where d and m are two positive integers. A hypersurface in R is a graph if
it can be represented by a function ¢ in the form

Ty :9(5517“-733i717$i+17---71'd)> (xla'~-7x7;717xi+17"‘7$d> S D )

for some i (1 < i < d) and domain D C R*"'. A domain Q C IR? is termed
a Lipschitz domain if for each x in the boundary I" of €2, there is an open
subset Oy C IR? containing x such that Ox N T can be represented by the
graph of a Lipschitz continuous function.

Lemma 1.4 (Bramble-Hilbert Lemma, 1970). Let Q € IR? be a Lipschitz
domain, and let F : H"(Q) — Y be a bounded linear operator, where r > 1
and )Y is a normed linear space, such that P._1(QY) is a subset of the kernel of
F, where the kernel of F is defined by {v € H"(Q) : F(v) = 0}. Then there
is a positive constant C such that

IF@)lly < CONFIHlvllar @), — veH (),

where || F|| is the norm of the operator F.
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Lemma 1.5 (Transformation formula). Let K and K be two affine-equivalent
open subsets of RY; i.e., there is a bijective affine mapping

F:IA(—>K7
F(x) =b+ B;x,

where By is a nonsingular matriz and b € R is some vector. If v € H"(K),

then the composite function © = vo F € H"(K), and there is a constant

C(d,r) such that

olae sy < OB ldet B[ ol (1104
where |B1|| is the matriz norm of By. Analogously, it holds that

| (i) < C(d, )[BT [det B1|1/2|6|HT(K) . (1.105)
Proof. Since C"(K) is dense in H"(K), it is sufficient to work with the func-

tions v € C"(K). Then © € C"(K). For any multi-index o = (ay, ova, - . . , org)
with |a| = r, we use a multilinear form of the derivative of order 7:

D*H(%x) = D"0(X)(€a;,€ans - -, €a,)

where the vectors e,, (1 < i < r) are some of the basis vectors of R®. For
any vectors y;, = 1,2,...,r, a multilinear form of the rth-order derivative
is defined by

: 9 o) d
D o(x)(y1,¥2, - ¥r) = || <y“ax1 gt eridaxd> v(x) ,
=1

where y; = (Y1, Yi2, - - > Yid), ¢ = 1,2,...,7. Then we see that

(Do) < [D"ox)[|=  sup  |[D"0(X)(y1, ¥z, ¥0)l -
lyill=1.1<i<r

Consequently, we obtain
12 _ A (SN2 95
By = [ X ID0G0Ras
lol=r (1.106)
<a [ D).
K

It follows from the chain rule that

Dr’{}(f{)(yh y2,... 7y’r) = DT'U(X)(BI}’h BIY27 cee 7B1y’l") 9

so that
[D"0(x)[ < IB1||"[|D™v(x)]| -
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Hence it follows that
[ Ipri) P < By [ Do) P (1.107)

Applying a change of variables yields

/ | D"v(F(%))|*d% = |det B;|~ 1/ | D" v(x)||?dx . (1.108)
Because there is a constant C(d, r) such that

D" o(x)| < C(d,r) max D% (x)],

we have

/ D70 |2dx < C(dy ) ol ) - (1.109)

Combining (1.106)—(1.109) gives (1.104). Inequality (1.105) can be shown in
the same way. [
To use Lemma 1.5, it is necessary to estimate the norms ||B;|| and

|[B1 !l in terms of geometric quantities. For this, we introduce the parameters
(cf. Fig. 1.27)

hyx = diam(K), hg = diam(K),
pr = the diameter of the largest circle inscribed in K,

P = the diameter of the largest circle inscribed in K.

Lemma 1.6. Let K and K be two affine-equivalent open subsets ofIRd, Then

h -

hk _
B < £
PK

B.] < —
Pr

)

=

K

Fig. 1.27. Affine-equivalent sets
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Proof. The matrix norm of B; can be defined as

1 .
Bl = — sup [|Bix] .
i I%ll=px

For a given X satisfying ||X|| = pg, there are two points X1, X5 € K such
that X; — Xo = X (cf. Fig. 1.27). Because B1x = F(%X1) — F(%2) with F(%;),
F(%2) € K, we see that ||B1%X|| < hx. Thus the bound on ||B;|| follows. The
bound on || B || can be shown similarly. [

We now prove a local interpolation estimate of errors.

Theorgm 1.7. FQT integers 1 > 0 and m > 0 with v +1 > m, let 7 :
H™ 1K) — H™(K) be a linear mapping satisfying

=1 Ve P.(K). (1.110)
For any open set K that is affine-equivalent to K’, define the mapping 7 by
TRV =70, e HYK), ve HY(K) . (1.111)

Then there is a constant C = C(#, K) such that

r+1

v — 7TKU|Hm(K) <C plv(n |U|H"'+1(K)7 NS HT—H(K) . (1.112)
K

Proof. Applying the polynomial invariance (1.110), we deduce that
b—70=1—-7)(0+w), ©eHTYK), ©e P.(K),

where I : H”‘l(f() — H”L(IA() is the identity mapping. Then, using Lemma
1.4, we see that
0= F iy < 11— 7 0 o4 bl
. wAePT(K) (1.113)
< C(WaK)‘U|H7'+1(R) :

It follows from (1.111) that

—

(v—7gv) =0 —7D,
so that, by (1.105),
|0 = Tk (i) < CBTH™[det By|Y?[0 — 78] o ) - (1.114)
Next, using (1.104), we see that

18] g iy < ClBal[™[det By ™2 (0] e i) - (1.115)
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Finally, combining (1.113)—(1.115) and exploiting Lemma 1.6, we obtain the
desired result (1.112). O

As an application of Theorem 1.7, let us consider the case where K, is a
triangulation of a polygon {2 into triangles, and V}, is given by

Vi ={ve H (Q):v|g € P.(K), K € K1}, r>1.

For any u € C°(Q), let mpu € V}, be defined using the degrees of freedom in
Vi, (cf. Sect. 1.4).

Corollary 1.8. For K € Ky, assume thatu € CO(K)NH*(K),1 < s <r+1.
Then

Hu —’/Thu”Lz(K) < Ch%|U|H5(K), 1<s<r+1,

hs 1.116
|u—7rhu|H1(K)§Cp—K|u|Hs(K), 1<s<r+1. ( )
K

In the triangular case, the reference triangle K in the X-plane has vertices
(0,0), (1,0), and (0, 1), and any triangle K € K}, is affine-equivalent to K (cf.
Exercise 1.32). Then this corollary follows from Theorem 1.7 with m = 0 or
1. We emphasize that the constant C in (1.116) depends only the polynomial
degree r > 1, but not on the function v and the mesh size h.

If V}, is given by

Vi ={ve H*(Q):v|x € P.(K), K € K3} ,

then Theorem 1.7 with m = 2 can be used to obtain

S

h
lu—mpulpe ) < C—lulgs), 2<s<r+1, K€Ky, (1.117)
P

provided u € CY(K)NH*(K), K € Kj,2<s<r+1.

1.9.2 Error Estimates for Elliptic Problems

It follows from Céa’s lemma (Theorem 1.3) that
lp—pullv <Cllp—vlly ~ YveV,,

so that, with v = m,p € V3, (the interpolant of p),

I = pullv < Cllp = mnpllv - (1.118)

Theorem 1.9. For Ezample 1.2 in Sect. 1.3.3, with V. = H}(Q) and

Vi ={v e H} Q) :v|kx € P.(K), K € K3}, r>1,
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if Ky is a shape-regular triangulation of ) into triangles, then

Ip = pullai) < CR M plgs), 2<s<r+1. (1.119)

Proof. Note that 7|k = 7x. As a result, this theorem follows from (1.118),
Corollary 1.8 by piecing all the triangles together, and applying condition
(1.52), where the constant 31 in (1.52) is absorbed into the constant C' in
(1.119). O

Similarly, for Example 1.5, with V = H2(Q) and

Vi ={ve HQ) :v|g € Ps(K), K € K},} ,
it follows from (1.117) and (1.118) that

Ip = phlle2@) < Ch*|plas(o) - (1.120)

1.9.3 L2-Error Estimates

An error bound in terms of the H!-norm is given in (1.119). We now obtain
an estimate in the L?-norm using a duality argument that has been called
Aubin-Nitsche’s technique (Aubin, 1967; Nitsche, 1968). For this, we assume
that € is a convex polygon. In this case, there is a constant C' independent
of f such that the solution to the Poisson equation (1.16) satisfies (Girault-
Raviart, 1981)

Iplle2() < Cllfllr2o) - (1.121)

Namely, if f € L?(Q), then p € H?(Q). If Q is polygonal, convexity is required
for (1.121). If the boundary T of  is a smooth curve (particularly, without
corners or cups), convexity is not required. In the smooth case, if f € H*(Q),
then p € H**2(Q) for s = 0,1,..., and

[pllas+20) < Cllfllzs @) - (1.122)

This property is called solution regularity (Girault-Raviart, 1981). If T" is
not smooth, the regularity result (1.122) may not hold, even for s = 0. For
example, if © has a corner, the solution p to (1.16) or its derivatives can have
a singularity at the corner even if f is smooth (e.g., f € H*(Q) for a large s)
(Dauge, 1998).

Lemma 1.10. Let H be a Hilbert space with the norm || - ||z and the scalar
product (-,-), and let the imbedding V — H be continuous in the sense that

llle < Cllv|lv YoeV.

Then, under assumptions (1.39)—(1.42), if p and p, are the respective solu-
tions to (1.38) and (1.45),
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1 .
lp—paller < Cllp—pully sup {lﬁ|w¢—vw}7 (1.123)
vem o} LIIYlE veva

where, for given ¢ € H, @y € V is the solution of the problem

a(w,py) = (w, ) YweV. (1.124)

Proof. By duality, the norm of an element in a Hilbert space H can be cal-
culated as follows:

lwl|lg = sup (w, 9) . (1.125)
ver\{o} 1YVla

We recall (1.50):
a(p —pp,v) =0 YoeV,.

Then, applying (1.40) and (1.124), we see that

(p = pn,¥) = a(p —pn, py)
=a(p—pn ey —v) <Clp—prlviey —vllv, veV,.

Consequently, we obtain
(p —pn,¥) < Cllp—paullv inf [y — v,
veV)

which, together with the definition (1.125), i.e.,

lp—pallw = sup P—Pm¥)
verm\foy  [Ylla

implies the desired result. [

Theorem 1.11. For Ezample 1.2 in Sect. 1.3.3, with V = H}(Q) and
Vi ={v € H}(Q) :v|x € P.(K), K € K3}, r>1,

if Ky is a shape-reqular triangulation of Q into triangles and the regularity
result (1.121) holds, then

||p — ph||L2(Q) S ChT+1|p‘Hr+1(Q), T Z 1. (1126)

Proof. For Example 1.2, we choose
H=1*Q).

Then it follows from the solution regularity (1.121), Lemma 1.10, and the
second approximation property in (1.116) with s = 2 that
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lp = pulle2) < Chllp — pulla @)

which, together with (1.119), implies the desired result. [

The estimates in (1.119) and (1.126) do not exclude the possibility that
the error is large at certain points. To prevent this, it is necessary to
bound the error using the L*°-norm. Under the condition that the solution
p € W22(Q), Q c R?, the following estimates (with » = 1) can be shown
(Ciarlet, 1978):

lp =l Lo (2) < CR* I h*2|plwz<(q) ,
[P — prlwie() < Ch|Inh||plw2.(q) - (1.127)

1.10 Linear System Solution Techniques

In Sects. 1.1 and 1.7, we have seen that the application of the finite ele-
ment method to a stationary problem or to an implicit scheme of a transient
problem produces a linear system of equations of the form

Ap =f, (1.128)

where the M x M matrix A = (a;;) is symmetric, positive definite, and sparse.
In this section, we review two basic solution techniques for solving (1.128),
one based on Gaussian elimination or Cholesky’s approach and the other
being the conjugate gradient algorithm. These two techniques are sufficient for
completing the exercises given in Sect. 1.12 that are related to the numerical
solution of sample problems. For more information on solution algorithms for
linear systems, refer to the books by Axelsson (1994) and Golub-van Loan
(1996), for example.

1.10.1 Gaussian Elimination

A direct method, Gaussian elimination, is studied first for the case where A
is a tridiagonal matrix, and then for the case where A is a general positive
definite matrix.

1.10.1.1 A Tridiagonal Case

In Sect. 1.1.1, we have seen that the matrix A in the one-dimensional case is
tridiagonal; i.e., it has the form

al bl 0 0 0

co as by ... 0 0

0 cs3 asz ... 0 0
A =

0 0 0 ... apm-1 by—1
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System (1.128) with such a tridiagonal matrix can be solved either by a
direct elimination algorithm or by an iterative algorithm. For one-dimensional
problems, no known iterative algorithm can compete with direct elimination.
Hence we consider only direct elimination for a tridiagonal system.
In general, for a positive definite matrix A, it has a unique L U-factorization
(Golub-Van Loan, 1996)
A =1LQ, (1.129)

where L = (1;;) is a lower triangular M x M matrix, i.e., l;; = 0if j > 4, and
Q = (gi;) is an upper triangular M x M matrix, ie., ¢;; = 0 if j < 4. For
the special tridiagonal matrix under consideration, the matrices L and Q are
sought to have the form

L 0 0 ... 0 0
C2 lQ 0 0 0
0 C3 l3 0 0
L= ) ,
0 O lyy—1 O
0 0 CM l]u
and
1 q1 0
0 1 ¢
0 0 1
Q =
0 0 0 1 qm—1
0O 0 0 ... 0 1

We note that the lower diagonal of L is the same as that of A, and the
main diagonal of Q is set to have all ones. The identity (1.129) gives 2M — 1

equations for the unknowns: ly,ls,...,ly; and q1,42,...,qam—1- The solution
is

ll = a1,

Qi—lzbi—l/li—la i:273a"'7M7

li:ai—ciqi,l, i:2,3,...,M.

With the factorization (1.129), system (1.128) can be easily solved using
forward elimination and backward substitution:

Lv=1f,
Qp = v (1.130)

Namely, since L is lower triangular, the first equation in (1.130) can be solved
by forward elimination:
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_ﬁ _ Ji — civia

_ = . i=23,.... M.
Lo I, ‘

U1

Next, since Q is upper triangular, the second equation in (1.130) can be
solved by backward substitution:

PM = VM, Di=Vi— qiPit1, i=M-1,M-2,...,1.

As discussed in Sect. 1.1.1, for many practical problems, the matrix A is
symmetric:

ai b 0 ... 0 0

bl as bg 0 0

0 bg as ... 0 0
A =

0 0 0 cee Qpr—1 b]w,l

0 0 0 bM—l apnr

In the symmetric case, A is factorized by
A=LLT,

where L7 is the transpose of L and L now takes the form

L 0 0 ... 0 0

@ b 0 ... 0 0

0 q2 lg 0 0
L=

0 0 0 ... Iy—1 O

O O 0 qm—1 lM

With this factorization, the elements are computed as follows:
l1 = 4\/a1,
ql:bl/ll, iZl,Q,...,M—l,
li+1: aH_l—q?, iZl,Q,...,M—l.

Now, system (1.128) can be solved in a similar forward elimination and back-
ward substitution fashion.
In using the LU factorization algorithm we must assure that

L, £0, i=12...,M.

It can be shown that if A is symmetric positive definite, [; > 0,1 =1,2,..., M
(Axelsson, 1994; Golub-van Loan, 1996). These quantities I; are referred to
as the pivots.
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1.10.1.2 A General Case

As noted above, for a general positive definite matrix A, it has the factor-
ization (1.129), where L = (I;;) is a unit lower triangular matrix, i.e., {;; =1
and l;; = 0if j > ¢, and Q = (g;;) is an upper triangular, i.e., ¢;; = 0 if
j < i. We give the computation of L and Q = A(M) where the matrices A*),

k=1,2,..., M, are successively computed using Gaussian elimination:
Set A = A;
Given A®) of the form
k k k k
a§1) agz) e agk) e a(u&
k k k
0 aéQ) ... agk) . a(QZ\BI
AR — : : . : . : ’
0 0o ... a,(clz,) e a,i’j\)/[
k k
0 0o ... agw)k . aSW)M

set Ly = —a't /a®) =k 4+ 1,k4+2,... M,

calculate A+ = (ag?ﬂ)) by

W= =12 korj=1,2 . k-1,
(k+1) _ (k)
Gij = Qij

a

Flgay), i=k+1,... M, j=k... M.

Again, if A is symmetric positive definite, a,(jc) >0, k=1,2,...,M.
In the case where A is symmetric, it can be alternatively factorized as

A =BB7; (1.131)
i.e.

J
Zbikbjk:aij7 1=12,...,4,1=1,2,..., M.
k=1

In this case, the entries b;; of B in (1.131) can be computed directly using
Cholesky’s approach, it =1,2,.... M

)

)
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We note that in the above computation of B, M square root operations
are required. To get around this, we can write B as

B = BD, (1.132)

where B is a unit lower triangular matrix (i.e., bii=1,i=1,2,..., M) and
D is a diagonal matrix:

Dzdiag(ﬁ,@,...,@) .

In this factorization we see that

J
> birdibik = aij,  j=1,2,...,0, i=1,2,...,M,
k=1

which implies, for i =1,..., M,

i1
72
di = a; — Y _bhdy
k=1

j—1
gij:<aij_zgikdk5jk>/dj, j=12,...,i—1.
k=1

The number of arithmetic operations in (1.133) for a symmetric matrix
A is asymptotically of the order M?3/6. If the matrix A is sparse, then one
can greatly reduce the number of operations by using the sparsity. This is
the case when A is a band matriz. That is, for the ith row, there is an integer
m; such that

(1.133)

a;; =0 ifj<m;, i=12....M.

Note that m; is the column number of the first nonzero entry in the ith row.
Then the band width L; of the ith row satisfies

lez—m“ 221,2,,M

We warn the reader that 2L; + 1 is sometimes called the band width. It can
be checked from (1.133) that A and B have the same number m;. Thus, in
the band case, (1.133) can be modified to (1 =1,2,..., M)

1—1
d; = a; — Z E?kdk ,

k::mi
j—1
bij = | Qi — Z bikdkbjk /dj s
)

k= max(m;, m;

(1.134)

j=my2,...0i—1.
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We remark that the number of arithmetic operations to factor a band
matrix is asymptotically of the order M L?/2, where L = maxi<;<ny L;; see
Exercise 1.33. This number is much smaller than M3 /6 if L is smaller than
M. In the finite element method, we have

aij = alpi ;). i, j=1,2,...,M,
where {api}f‘il is a basis of V},. Then we see that

L = max{]i — j| : ¢; and ¢; correspond to degrees of

freedom belonging to the same element} .

Consequently, the band width depends on the enumeration of nodes. If direct
elimination is used, the nodes should be enumerated in such a way that the
band width is as small as possible. For example, with a vertical enumeration
of nodes in Fig. 1.28, L is 5 (assuming that one degree of freedom is associated
with each node). With a horizontal enumeration, L would be 10.

10
5
4
3
2
1
6

Fig. 1.28. An example of enumeration

Now, we return to (1.128) with the factorization (1.131) of A, where B
is given by (1.132). With this factorization, system (1.128) becomes
BD2v =f,
- (1.135)
B'p=v.

We emphasize that these two systems are triangular. The first system is

Zgikdkvk:ﬁ, i=1,2,...,M.
k=1

Thus forward elimination implies

i—1 7
i — D1 bikd .
_h g s badioe gy (1.136)
d; d;

U1
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Similarly, the second system is solved by backward substitution:

M
Pr=UnM, Pi=UVi— Y bripk,
k=it1
t=M-1,M-2,...,1. (1.137)

If A is a band matrix, we apply (1.134) to (1.136) to give

i—1 7
_h v — Ji = 2 k=, bikdik vk
d17 K3 dl b

Also, it follows from (1.137) that

vy i=2,3,...,M.

Pym =VmM,
PM—1 = VMm—1 — brm,vi—1 P

PM—2 = VM—2 — bym—1,M—2 Pv—1 — by, m—2 Dy s

pl=U1—62,1p2—53,1p3—-~-—6M,1pM~

Note that one subtracts lNJM,k py from v, k=M —1,M —2,...,1. Due to
the band structure of A, i.e.,

ZN)MJC:O ifk<mM,

EM,;C pas is subtracted from vy only when k > mj;. As a result, one can first
find vy successively by

vp = vk —bik pi, k=mymi+1,...i—1,i=MM-1,...,1,
and then obtain
pi = v, i=MM-1,...,1.
1.10.2 The Conjugate Gradient Algorithm

We recall that the condition number of a symmetric matrix A is defined by

the largest eigenvalue of A

cond(A) = the smallest eigenvalue of A

For the matrix A in system (1.128) (for second order problems), it has a
condition number proportional to h=2 (cf. (1.138)). For the application of the
finite element method to a large-scale problem, it would be very expensive
to solve the resulting system of equations via a direct method like Gaussian
elimination discussed in the previous subsection. Consequently, the usual
technique to obtain the solution of a large-scale system is to use an iterative
approach. In this section, we consider an application of the conjugate gradient
algorithm to system (1.128).
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1.10.2.1 Condition Numbers

If A in (1.128) is the stiffness matrix arising from the discretization of an
elliptic problem of order 2m, then the condition number cond(A) under as-
sumptions (1.52) and (1.78) is estimated by

cond(A) =O(h™*™), m>1. (1.138)

As an example, we show (1.138) for Example 1.2; i.e., m = 1 and the finite
element space V}, is the space of piecewise linear polynomials on a triangula-
tion K. Let {p;}M, be the basis of V}, introduced in Sect. 1.1.2. For v € Vj,
set

M
vzg vipi, v = (v1,V2,...,00) .
i=1

Lemma 1.12. There exist positive constants C', C1, and Cy, depending only
on B and Ba in (1.52) and (1.78), such that

[Vll2) < Ch vl 220, vEVh,

(1.139)
Cih|vll < vllzz ) < Cohllv]l, ve Vi,

where || v]|? = |v1|? + [v2|? + ... + |var|?

The first inequality is called an inverse inequality or inverse estimate.
The L2-norm of the gradient of v is bounded by the L2-norm of v itself at
the price of a factor proportional to h~'. We prove only this inequality; the
second inequality is proven in the same way.

Proof. Tt suffices to prove that for each triangle K € K},
IVollzery < Chgt vllrey, v e PU(K), (1.140)

with C independent of K and v; the desired result follows from summation
over K € K, and (1.78).

We first show (1.140) when K = K is the reference triangle with vertices
(1,0), (0,1), and (0,0). Let M, Ao, and A3 be the usual basis functions of
P, (K). For

3
0(3) =Y 0\i(2), @ €K, V= (in,ba03),

i=1
we define

IVl 2k

g(¥) = ——
101l 22 (%)

, {)Gpl(f()» ||@||L2(f<)7£0'
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Note that
gyv) =g(¥v)  VyeR,v#0;

namely, the function g is homogeneous of degree zero. Thus it suffices to prove
that there is a constant C' > 0 such that

g¥)<C  WeBy={veR’:|v|=1}. (1.141)

Because g is continuous on By and Bs is compact (bounded and closed) in
IR?, g achieves a maximum on By. This proves (1.141), and thus (1.140) when
K=K.

We now show (1.140) when K is an arbitrary triangle with vertices my,
i=1,2,3; see Fig. 1.29. Introduce the linear mapping F : K—K by

x =F(x) =m; + (my — my)&; + (m3 — my)is ,
where X = (&1, &2). For any v € P,(K), we define
i(x) =v(F(x)), xeK.
The chain rule gives

v 9 o 00 Qiy | 9D Dy
8$i - 8.%‘,‘ (U( (X))) - 8,@1 81‘,‘ + 8@2 8.%‘1‘ ’

for i = 1, 2. Consequently, we see that
V=G TV,

where G~7 is the transpose of the Jacobian of F~1:

01 0o
G—T: 81‘1 81‘1
0%1 0o
81‘2 8&62
m;
ms3
F
e K
m, m,
I/I\ll I/\['lz

Fig. 1.29. A mapping F
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Thus we see that
/ V|2 dx:/ 1G=TVo|* |det G d
K K

where |det G| is the absolute value of the determinant of the Jacobian G:

(9561 81’1

01 022
G— =

81‘2 81‘2

01 0o

Using the facts that [jm; — my|| < Chg, i = 2,3, and (1.140) holds when
K = K, we obtain

/ |Vol? dxgc/ V| dfcgc/ v? dfcgc*h;f/ v? dx
K K K K

which implies (1.140) for an arbitrary K € K. O

Theorem 1.13. For Ezample 1.2 in Sect. 1.3.3, with V. = H}(Q) and

Vi ={ve H}(Q) :v|x € P(K), K € K} ,
if conditions (1.52) and (1.78) hold, then
cond(A) = O(h™2) . (1.142)

Proof. For
M

’U:Zvi@iv V:(/Ulvaw"vUM)v
i=1
we recall that
a(v,v) = viAv.

As a result, using (1.139), we see that

vIAv _ a(v,) < On-? [0]1%2 0 <C.
vz v~ [vi> —

On the other hand, it follows from Poincaré’s inequality (1.36) that

vIiAv  a(v,v) Cl”””%ﬁ(ﬂ) 2 1
ME TV 2T 2 OF et e ().

Hence the largest eigenvalue of A is bounded above by C' and the smallest
eigenvalue of A is bounded below by C;h?%. Therefore, cond(A) < Ch=2. O
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1.10.2.2 The Algorithm

Since A is symmetric positive definite, it deduces a scalar product (-,-) on
RM:

M
(v,w) =vIAw = Z Vi Ai5W5, v,weRM.
ij=1
The norm || - ||a corresponding to (-, -) is usually called the energy norm:
IVlla = (v.v)"?,  veRM.

The conjugate gradient algorithm for the solution of (1.128) can be now
defined as follows:

Given an initial guess p° € R, set r® = Ap® — f and d° = —r°;

For k=1,2,..., determine p* and d* by

k1. gk—1
Q-1 = *W )
P’ =p" " +apad,
r* = ApF - f,
(rk, dk-1)
Bre-1 = (@1, a1y

d* = —rF 4 3, _d*1 .

It can be shown that the conjugate gradient algorithm gives, in the ab-
sence of round-off errors, the exact solution after at most M steps; i.e.,

ApF =f for some k < M .

In practice, the required number of iterations is sometimes smaller than M.
In fact, for a given tolerance ¢ > 0, to satisfy

Ip —p*lla < ellp—p°|la
it suffices to choose k such that (Axelsson, 1994)

1 2
k> 5 cond(A) ln6 .
Hence the required number of iterations for the conjugate gradient algorithm
is proportional to y/cond(A). As shown above, in a typical finite element
application to a second-order elliptic problem, cond(A) = O(h~2), so the
required number of iterations is of order O(h™1).
It is possible to reduce the condition number of the problem via a precon-
ditioning technique. In fact, one can find a symmetric positive definite matrix
C; such that
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C,Ap = C,f (1.143)
is much better conditioned than (1.128); i.e., cond(C;A) < cond(A). The
construction of C; should be easy. A class of techniques for constructing
C; are based on incomplete Cholesky factorization of A. The resulting ILU
preconditioners will make the conjugate gradient algorithm very simple and
efficient (Axelsson, 1994). Another class of techniques have been recently
developed that are optimal in the sense that the required number of opera-
tions is of order O(M). These techniques are based on the multigrid method
(Hackbusch, 1985; Bramble, 1993) and on the domain decomposition method
(Smith et al., 1996). Preconditioning techniques will not be studied in this
book.

1.11 Bibliographical Remarks

There are numerous books on the finite element method discussed in this
chapter (e.g., Strang-Fix, 1973; Ciarlet, 1978; Li et al., 1984; Thomée, 1984,
Brenner-Scott, 1994; Johnson, 1994; Braess, 1997; Quarteroni-Valli, 1997).
The content of Sects. 1.5 and 1.6 closely follows Johnson (1994). In Sect. 1.7,
we briefly treated transient problems. The book by Thomée (1984) exclusively
handles time-dependent problems. In Sect. 1.9, we briefly touched on the topic
of linear system solution procedures. For more information on this subject,
the reader should see the books by Axelsson (1994) and Golub-Van Loan
(1996), for example. Finally, for mor information on the finite element theory,
the reader should refer to Ciarlet (1978) and Brenner-Scott (1994).

1.12 Exercises

1.1.  Consider an elastic bar with tension one, fixed at both ends (z = 0,1)
and subject to a transversal load of intensity f (cf. Fig. 1.1). Under the
assumption of small displacements, show that the transversal displace-
ment p satisfies problem (1.1).

1.2.  Show that if p € V = H}(I) satisfies (1.3) and if p is twice continuously
differentiable, then p satisfies (1.1).

1.3. Write a code to solve the one-dimensional problem (1.1) approximately
using the finite element method developed in Sect. 1.1.1. Use the func-
tion f(x) = 4m? sin(27z) and a uniform partition of (0,1) with h = 0.1.

Also, compute the errors
1/2
_ /1 dp_dpn\"
o \dr dz ’

with A = 0.1, 0.01, and 0.001, and compare them. Here p and p; are
the exact and approximate solutions, respectively (cf. Sect. 1.1.1). (If
necessary, refer to Sect. 1.10.1.1 for a linear solver.)

dp dpp

dx dx
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1.4.
1.5.
1.6.

1.7.
1.8.
1.9.

1.11.
1.12.
1.13.

1.15.
1.16.

1 Elementary Finite Elements

Show Cauchy’s inequality (1.10).

Prove the estimates in (1.13).

Referring to Sect. 1.1.1, show that the interpolant p;, € V}, of p defined
in (1.12) equals the finite element solution py, obtained by (1.5).
Prove Green’s formula (1.19) in three space dimensions.

Carry out the derivation of system (1.22).

For the following figure:

Fig. 1.30. The support of a basis function at node x;

construct the linear basis function at node x; according to the definition
in Sect. 1.1.2. Then use this result to show that the stiffness matrix A
in (1.22) for the uniform partition of the unit square (0,1) x (0,1) given
in Fig. 1.7 is determined as in Sect. 1.1.2.

. Write a code to solve the Poisson equation (1.16) approximately us-

ing the finite element method developed in Sect. 1.1.2. Use f(z1,22) =
82 sin(2mzy)

sin(2rz2) and a uniform partition of Q@ = (0,1) x (0,1) as given in
Fig. 1.7. Also, compute the errors

1/2
|Vp = Vpu| = </Q IVp — Vpn|? dx) ,

with h = 0.1, 0.01, and 0.001, and compare them. Here p and p;, are
the exact and approximate solutions, respectively, and h is the mesh
size in the x1- and xo-directions. (If necessary, refer to Sect. 1.10.1.2 or
Sect. 1.10.2 for a linear solver.)

Prove (1.26) for (1.25).

Derive (1.27) from (1.25) in detail.

Show that for any multi-index a, if v € C!?1(Q), then the weak deriva-
tive D v exists and equals D%v.

. Let v(z) = 1 —|z|, z € (—1,1). Prove that weak derivatives of order

greater than one of v do not exist.

Show the inclusion relations (1.32) and (1.33).

Let V be a Banach space with norm || - ||y and V' be the dual space to
V. For L € V', define



1.17.

1.20.

1.21.
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L(v
1Ll = sup 2
0#£veEV ||UHV
Show that || - ||y defines a norm on V.

Let V}, be a space of piecewise polynomials of degree » > 1 for a tri-
angulation K} of a polygon € into triangles. Show that V;, ¢ H(Q)
if and only if V;, € C°(Q). That is, V;, C H(Q) if and only if the
functions in V}, are continuous on (2. Similarly, prove that V,, C H?(Q)
if and only if V3, € C1(Q); i.e., Vi, € H%(Q) if and only if the functions
in V3, and their first derivatives are continuous on .

. Consider the problem with an inhomogeneous boundary condition:

d*p
dz?
p(0) =ppo, p(1) =pp1,
where f is a given real-valued piecewise continuous bounded function
on (0,1), and ppo and pp; are real numbers. Write this problem in a
variational formulation, and construct a finite element method using
piecewise linear functions. Determine the corresponding linear system
of algebraic equations for a uniform partition.

= f(z), 0<a<l,

. Consider the problem with a Neumann boundary condition at « = 1:

—— = f(x), 0<z<1,

Express this problem in a variational formulation, formulate a finite
element method using piecewise linear functions, and determine the
corresponding linear system of algebraic equations for a uniform parti-
tion.

Give a variational formulation for the problem

—Ap+cep=f in
op _
w7
where ¢(x) > ¢, > 0, x € Q. Check if conditions (1.39)—(1.41) are
satisfied.
Give a variational formulation for the problem
-V-(aVp)+ep=f in Q,

P=9p onTp,

onl,

Yp+aVp-v =gy on 'y,

where a is a d x d matrix (d = 2 or 3), ¢, f, gp, and gy are given
functions of x, and -~y is a constant. Under what conditions on a, ¢, and
~ are the conditions (1.39)—(1.41) satisfied?
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1.22.

1.23.

1.24.

1.25.

1.26.
1.27.

1.28.

1 Elementary Finite Elements

Consider the Poisson equation (1.16) with an inhomogeneous boundary
condition, i.e.,

—Ap=f in Q,

p=g onlI',

where 2 is a bounded domain in the plane with boundary I', and f
and g are given. Express this problem in a variational formulation,
formulate a finite element method using piecewise linear functions, and
determine the corresponding linear system of algebraic equations for a
uniform partition of Q@ = (0,1) x (0, 1) as given in Fig. 1.7.

Consider the problem

—Ap=Ff in Q,

P=gp onl'p,
0
—p:gN on 'y,
ov

where  is a bounded domain in the plane with boundary I, ' =
I'pUTN, IpNTx =0, and f, gp, and gy are given functions. Write
down a variational formulation for this problem and formulate a finite
element method using piecewise linear functions.

Set

P.(I) = {v: v is a polynomial of degree at most r on I} ,

where r = 0,1,2,... and I is an interval. Show that if v is zero at r + 1
distinct points on I, then v = 0. Hint: If v € P,.(I) is zero at some point
xo € I, then v(z) = (x — z9)w(x), where w € P._1(I).

Let K be a triangle with vertices m;, ¢ = 1,2, 3. Show that if v € P,.(K)
vanishes on the edge momyg, then v is of the form

v(x) = A (x)w(x), xe K,

where w € P,_1(K) and )\ is defined as Example 1.6.

Prove equation (1.58).

Construct a finite element subspace Vj, of V.= H}(I) that consists of
piecewise quadratic functions on a partition of I = (0,1). How can the
parameters (degrees of freedom) be chosen to describe such functions?
Find the corresponding basis functions. Then define a finite element
method for (1.1) using this space V}, and express the corresponding
linear system of algebraic equations for a uniform partition.

Suppose that T' is a circle with diameter L and that I';, is a polygonal
approximation of I' with vertices on I" and maximal edge length equal

to h. Show that the maximal distance from I" to I'j, is of the order
h2 /AL (cf. Sect. 1.5).
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1.30.

1.31.

1.32.

1.33.
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Let K = (0,1) x (0,1) be the unit square with vertices m;, i = 1,2, 3,4,
P(K) = Q(K), and Y. ;- be the degrees of freedom corresponding to the
values at m;. If K is a convex quadrilateral, define an appropriate map-
ping F : K — K so that an isoparametric finite element (K, P(K), k)
can be defined in the form

P(K) = {v:v(x) = 8(F (x)), xe€ K, o € P(K)},
Yk consists of function values at m; = F(m;), i =1,2,3,4.
Show the stability result (1.82) for Crank-Nicholson’s method (1.83)

with f = 0. What can be shown if f # 07
Consider the time-dependent problem

%7V~(an)+ﬁ~Vp:f in QxJ,
p=20 onI'x J,
p(70):p0 inQ7

where a is a d x d matrix (d = 2 or 3), 3 is a constant vector, and f
and pg are given functions. Extend the methods (1.74), (1.80), (1.83),
and (1.85) to this problem and show a stability inequality similar to
(1.82) for the method (1.80) in the case f = 0.

Show that for any triangle K in the x-plane, K is affine-equivalent to
the reference triangle K in the X-plane with vertices (0,0), (1,0), and
(0,1).

Prove that the number of operations to factor an M x M matrix with
band width L is M L?/2 (cf. Sect. 1.10.1.2).



2 Nonconforming Finite Elements

In the development of the finite element method for a second-order differen-
tial equation problem in the preceding chapter, piecewise polynomials in a
finite element space V}, were required to be continuous throughout the whole
domain 2. Due to this continuity requirement, the resulting method is called
the H'-conforming finite element method. For the discretization of a fourth-
order problem, functions in V}, and their first derivatives were required to be
continuous on Q. In this case, the finite element method is termed the H2-
conforming method. In this chapter, we introduce the nonconforming finite
element method in which functions in a finite element space V}, for the dis-
cretization of a second-order problem are not required continuous on €; for
a fourth-order problem, their derivatives (and even the functions themselves
in some cases) are not required continuous on €.

Compared with the conforming finite element spaces introduced in Chap.
1, finite element spaces used in the nonconforming method (i.e., nonconform-
ing spaces) employ fewer degrees of freedom, particularly for a fourth-order
differential equation problem. The nonconforming method was initially intro-
duced in the early 1960’s (Adini-Clough, 1961). Since then, it has been widely
used in computational mechanics and structural engineering; see Chaps. 7
and 8. In this chapter, we discuss its application to second- and fourth-order
partial differential equation problems; see Sects. 2.1 and 2.2, respectively. In
Sect. 2.3, we briefly present an application of this method to a nonlinear
transient problem. Section 2.4 is devoted to theoretical considerations. The
reader who is not interested in the theory may skip this section. Finally, in
Sect. 2.5, bibliographical information is given.

2.1 Second-Order Problems

As in the preceding chapter, for the purpose of introduction, we consider a
stationary problem for the unknown p:

-V - (aVp) = in Q,
(aVp) = f 2.1)
p=g onl
where Q ¢ R? (d =2 or 3) is a bounded two- or three-dimensional domain
with boundary I, the diffusion tensor a is assumed to be bounded, symmetric,
and uniformly positive-definite in x:
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d
0<a.<n* > aij(x)nm; <a* <oo, x€Q n#0eR,
i,j=1
n = (m,n2,...,n4), and f and g are given real-valued piecewise continuous

bounded functions in Q and T, respectively. A typical such problem is heat
conduction where one seeks the temperature distribution p in an inhomoge-
neous plate 2 with conductivity tensor a. This problem corresponds to the
stationary case of problem (1.68) studied in Chap. 1.

We recall the scalar-product notation

(v,w) = / v(x)w(x) dx ,
Q
for real-valued functions v, w € L*(Q), where (cf. Sect. 1.2)
L*(Q) = {v : v is defined on 2 and / v? dx < oo} .
Q

We will also use the linear space (cf. Sect. 1.2)
1 2 2 d
H'(©Q) = {ve 12(Q): Vo e (L)'}, d=20r3.
Furthermore, set
V=Hj(Q)={ve H(Q):vjp =0} .

Multiplying the first equation of (2.1) by v € V and integrating over €,

we see that
—/V-(an)vdx:/fv dx .
Q Q

Applying Green’s formula (1.19) to this equation and using the boundary
condition in the definition of V', we have

/(an)-VvdXZ/fvdx YveV,
o Q

from which we derive the variational form
Find p € H'(Q) such that a(p,v) = (f,v) YveV, (2.2)

where p|r = g and
a(p,v) = (aVp, Vv) .

As happened in Chap. 1, the variational form (2.2) is equivalent to a min-
imization problem. In subsequent sections, we construct the finite element
method for (2.1) that uses various nonconforming elements.
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2.1.1 Nonconforming Finite Elements on Triangles

Let Q be a polygonal domain in the plane, and let K be a triangulation of
Q) into non-overlapping (open) triangles K:

such that no vertex of one triangle lies in the interior of an edge of another
triangle, where {2 and K represent the closure of Q and K (i.e., Q = QUT
and K = K UOK, where K is the boundary of K), respectively. The mesh
parameters hx and h are defined as in the preceding chapter:

hx = diam(K) and h = max hrk ,

where diam(K) is the length of the longest edge of K.
Now, we introduce the finite element spaces on triangles
Vi = {v € L*(Q) : v|k is linear, K € K},;v is continuous

at the midpoints of interior edges} ,

and
Vi = {v € L3(Q) : v|k is linear, K € Kj;v is continuous
at the midpoints of interior edges and

is zero at the midpoints of edges on I'} .

It can be shown that the degrees of freedom (i.e., the function values at
the midpoints of edges) for V, (cf. Fig. 2.1) are legitimate. Namely, a linear
function v on each K € K} is uniquely determined by them. In fact, by
connecting the midpoints of the edges on each triangle K € K, we obtain a
smaller triangle (cf. Fig. 2.1) on which v € P; vanishes at the vertices. Then
an argument analogous to that in Example 1.6 applies (cf. Exercise 2.1).

Fig. 2.1. The degrees of freedom for the Crouzeix-Raviart element
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In Sect. 1.1.2, functions in the finite element space are required to be
continuous across interelement boundaries. In contrast, the functions here
are continuous only at the midpoints of interior edges, so Vj, ¢ V. In this
case, V}, is referred to as a nonconforming finite element space. Because of
the nonconformity, we introduce the mesh-dependent bilinear form ay(-,-) :
Vh X Vh — 1R

ap(v,w) = Z (aVv, V) , v, wE V.
KeKy

Then the nonconforming finite element method for (2.1) is formulated as
follows:

Find pj, € Vj, such that ap(pp,v) = (f,v) YveVy, (2.3)

where p, equals g at the midpoints of the edges on the boundary I'.
Existence and uniqueness of a solution to problem (2.3) can be easily
checked. In fact, set f =g = 0. Then (2.3) becomes

an(pr,v) =0 Yo eV, .

With v = p;, in this equation, we see that pj is a constant on each K € Kj,.
Due to the continuity of p; at interior midpoints, p; is a constant on 2.
Consequently, the zero boundary condition implies p;, = 0. Uniqueness also
yields existence since (2.3) is a finite-dimensional linear system.

Denote the midpoints (nodes) of edges in K, by X1, X2,...,% ;. The basis
functions ¢; in Vp, i =1,2,..., M, are defined as follows:
(x)) 1 ifi=j,
PN 0 ity

The support of ¢;, i.e., the set of x where p;(x) # 0, consists of the triangles
with the common node x;; see Fig. 2.2. In the present case, the support of
each (p; consists of at most two triangles.

et

\/

Fig. 2.2. A basis function in two dimensions
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Let M (M < M) be the number of interior nodes in Kj,. For notational
convenience, the interior nodes are chosen to be the first M nodes. Then any
function v € V}, has the unique representation

M
x):Zvicpi(x), xeq,
i=1

where v; = v(x;). Also, the solution to (2.3) is given by

Ph = szsoz + Z IKPk (24)

k=M+1

where g, = g(xx).
For each j, we take v = ¢; in (2.3) to see that

ah(phvgoj):(facpj)a j:17277M
Substituting (2.4) into this equation, we have
M
Zah(¢17¢3)pz:(f7¢1)_ Z ah(gpk;@j)gkn J:172a7M

k=M+1

This is a linear system of M algebraic equations in the M unknowns pq,
P2, --.,Pum- It can be written in matrix form

Ap=f, (2.5)
where the matrix A and vectors p and f are given by

A =(aij), p=(pj), £=(f),

with, 4, j =1,2,..., M,
i
aij = an (pisp),  f = (fr5) — Z n(k, ©5)g
k=M+

Symmetry of A can be seen from the definition of a;;: a;; = a;;. Positive
definiteness can be checked as in Chap. 1: With

M

nzznlwlevhn n:(n17n27'~'777M)7
i=1
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we see that

M M
Z NiQij1; = Z nian (%’a%‘)ﬁj

ij=1 ig=1
M M
=an | Y _nipi,»_mies | =an(nm) =0,
i=1 j=1

so, as for (2.3), the equality holds only for n = 0 since a constant function n
must be zero because of the boundary condition in V},. Particularly, positive
definiteness implies that A is nonsingular. As a result, (2.5) has a unique
solution. This is another way to show that (2.3) has a unique solution. System
(2.5) can be solved using the linear system solution techniques discussed in
Sect. 1.10.

We have considered a Dirichlet boundary value problem in this section. A
Neumann or more general boundary value problem can be treated in a similar
manner; see Sect. 1.1.3. An error analysis for the nonconforming finite element
method (2.3) is delicate. A general theory for this method will be presented
in Sect. 2.4. Here we just state the error estimate: If the solution p to (2.1)
is in H2(€2), then

1/2

lp = pullLz) + R < Z IV(p —ph)H%p(K))z)
KeKy,

2 (2.6)

< Che|pll a2 (o) »

where pj, is the solution of (2.3), C' is a constant independent of h, and the
triangulation Kj, is assumed to be regular (see the definition of regularity
on a triangulation in (1.52)). For the definition of the norms used in (2.6),
refer to Sect. 1.2. The norm ||V(p — pn)l(z2(k))> Will be often denoted by
IV (p = pn)llLe(x)-

The nonconforming finite element under consideration is the linear
Crouzeix-Raviart (1973) element, which is the simplest nonconforming ele-
ment on triangles (also called the P;-nonconforming element). For a quadratic
nonconforming element on triangles, refer to Fortin-Soulie (1983). For general
high-order nonconforming elements on triangles, see Arbogast-Chen (1995).

2.1.2 Nonconforming Finite Elements on Rectangles

We now consider the case where {2 is a rectangular domain and Kj is a
partition of €2 into rectangles such that the horizontal and vertical edges of
rectangles are parallel to the x1- and zs-coordinate axes, respectively, and
adjacent elements completely share their common edge. Associated with Kj,
we define the nonconforming finite element spaces on rectangles
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V, = {ve L3(Q) 1 v|g = ak + d%x1 + adexs + afe (23 — 23)
aie € R, K € Kj; v is continuous at the
midpoints of interior edges} ,

and

Vi ={v € L3(Q) : v|x = ak + akx1 + a3 xa + af (23 — 23) ,

ai € R, K € Kj; v is continuous at the
midpoints of interior edges and is zero at

the midpoints of edges on I'} .

The degrees of freedom for Vj, can be the function values at the midpoints
of edges in K}, (cf. Fig. 2.3), and they are legitimate (cf. Exercise 2.5). With
this definition, a linear system similar to (2.5) can be derived, and the error
estimate (2.6) remains the same.

Fig. 2.3. The degrees of freedom for the rotated Q1 element

This rectangular nonconforming element is termed the rotated Q1 element
(Rannacher-Turek, 1992; Chen, 1993B) because of the fact that 23 — x3 can
be generated from x1x2 by a rotation of 45°. The degrees of freedom for this
element can be chosen in a different way (cf. Exercise 2.7):

Vi, = {v € L*(Q) : v|g = ak + a%x1 + adxs + af (23 — 23),

a% € R, K € K;; if K; and K5 share an

edge e, then /v|3K1 dt = /'U|8K2 dﬁ} ,

€ €

and
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Vi, = {v € L%(Q) : v|g = ak + a1 + adexo + af (22 — 22),
at- € R, K € Kp; if K1 and K, share an

edge e, then /U|8K1 et = /v|aK2 de;

e e

/ vle (M:O} .
enl’

The determination of the basis functions must be modified accordingly. De-
note the set of edges in Kj, by eq,ea,...,ey. The basis functions ¢; in Vj,
i=1,2,..., M, are determined by

i/ P
leil Je, 0 ifi#j,
where |e;| represents the length of the edge e;.

Although the degrees of freedom are different in these two spaces, they
exhibit the same convergence rate as in (2.6). In terms of implementation, the
linear system of equations from the second definition seems better conditioned
(Chen-Oswald, 1998).

The rotated Q1 nonconforming element is the simplest available on rec-
tangles. The next simplest element is the Wilson nonconforming element
(Wilson’s rectangle), which is defined by

Vi = {v 2|k € Po(K), K € Kp; v is determined

by its values at the vertices of K and
2
v
the mean values of its second derivatives 922
7
2

v
over K; v =0 at the verticeson I ; |
8:52

2
v
where the mean value of — over K is defined by

0z?
|K|/ 8351

with |K| being the area of K. Using this space in (2.3), the error estimate
(2.6) remains valid. That is, while more degrees of freedom are exploited in
the Wilson element, the convergence rate is the same as in the rotated @)1 el-
ement. For general high-order nonconforming elements on rectangles, refer to
Arbogast-Chen (1995). We remark that although rectangular elements have
been presented, an extension to general quadrilaterals can be made through
change of variables from a reference rectangular element to quadrilaterals;
refer to Sect. 1.5.
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2.1.3 Nonconforming Finite Elements on Tetrahedra

Let K}, be a partition of Q € IR? into tetrahedra such that adjacent elements
completely share their common face. In three dimensions, P, is now the space
of polynomials of degree r in three variables x1, x2, and x3. The following
space is the three-dimensional analogue of the Crouzeix-Raviart space on
triangles:

Vi ={v e L3(Q) :v|x € P(K), K € Kp;v is continuous
at the centroids of interior faces and
is zero at the centroids of the faces on I'} .

The degrees of freedom are the function values at the centroids of faces in Kj,
(cf. Fig. 2.4). With this definition in (2.3), the nonconforming finite element
method and its analysis can be given in a similar fashion as in Sect. 2.1.1.
Moreover, estimate (2.6) holds.

Fig. 2.4. The three-dimensional Crouzeix-Raviart element

2.1.4 Nonconforming Finite Elements on Parallelepipeds

Let Q C IR? be a rectangular domain and K, be a partition of  into rectan-
gular parallelepipeds such that their faces are parallel to the coordinate axes
and adjacent elements completely share their common face. As in the two-
dimensional case, the rotated Q1 nonconforming element in three dimensions
can be defined using two different sets of degrees of freedom. Namely, it can
be defined either in terms of nodal values (cf. Fig. 2.5):

Vi ={v e L3(Q) : v|k = ak + a%x1 + axo + afexs + a5 (23 — 23)
+aS (22 —2%), a; € R, K € Kp,; v is
continuous at the centroids of interior faces

and is zero at the centroids of the faces on I'} |
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Fig. 2.5. The three-dimensional rotated @1 element

or in terms of the mean values over faces:

Vi, = {v € L*(Q) : v|x = af + akx1 + afxs + afws + a (23 — 23)

+a% (23 — 23), ai¢ € R, K € Ky; if Ky and K>

share a face e, then /v|aK1 at = /v|aK2 dar;

/ Ve dl = 0} .
enI’

Again, they produce the same convergence rate as in (2.6), but the second

definition seems to yield a better conditioned stiffness system (Chen-Oswald,
1998).

The three-dimensional analogue of the Wilson nonconforming element is
called the Wilson brick (Ciarlet, 1978):

V, = {v (g € Po(K) @Span{xlxgxg}, K e Ky;

v is determined by its values at the vertices of K

2
. . v
and the mean values of its second derivatives 722
1
0%v 0%v )
75, and — on K; v =0 at the verticeson I' ; .
0x3 Oxs

Equivalently, the Wilson brick can be defined as
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Vi, = {v cv|lg € Q1K) @span{x%,:c%,x%}, K € Ky;

v is determined by its values at the vertices of K

o%v
and the mean values of its second derivatives 722
17
0%v 0%v
75, and — on K; v =0 at the verticeson I ;|
Oxs Oxs

where Q1 (K) is the space of trilinear functions on K (cf. Sect. 1.4.3). The
Wilson brick has more degrees of freedom than the three-dimensional rotated
(21 element, but has the same convergence rate.

2.1.5 Nonconforming Finite Elements on Prisms

Let © ¢ IR® be a domain of the form Q = G x (I,15), where G C IR? and
l1 and Iy are real numbers. Let K} be a partition of €2 into prisms such
that their bases are triangles in the (x1,z2)-plane with three vertical edges
parallel to the xs-axis and adjacent prisms completely share their common
face. The nonconforming finite elements on prisms are analogues of those on
rectangular parallelepipeds. Hence they can be defined using two different
sets of degrees of freedom: nodal values (cf. Fig. 2.6) or mean values over
faces. As an example, we present them in terms of the latter:

\

Fig. 2.6. The prismatic nonconforming element
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Vi = {v € L2(Q) : v|g = ak + akw1 + adwo + afxs + al (v?

+x3 — 223), a%; € R, K € Kp; if K7 and Ko

share a face e, then /v|aK1 al = /v\axz dt,

/ v|e dl = O} .
enI’

Estimate (2.6) holds for this prismatic element.

In summary, we have presented the simplest nonconforming finite ele-
ments on triangles, rectangles, tetrahedra, rectangular parallelepipeds, and
prisms. In practice, these elements are the most often used nonconforming
elements. For corresponding higher-order nonconforming elements, the reader
should refer to Arbogast-Chen (1995). An error analysis for these elements
will be carried out in Sect. 2.4.

2.2 Fourth-Order Problems

We now extend the nonconforming finite element method to the fourth-order
problem
A’p=f in Q,

2.7
:@:O onl, 27)
ov

where Q c IR?, A2 = AA, and v is the outward unit normal to boundary
T". This problem was briefly studied in Sect. 1.3.3 using the conforming finite
element method. It models the displacement of a thin elastic plate under a
transversal load of intensity f. The first boundary condition p|r = 0 says
that the displacement p is held fixed (at the zero height) at the boundary T,
while the second condition Op/dv|r = 0 means that the rotation of the plate
is also prescribed at I'. These boundary conditions thus imply that the plate
is clamped. In this section, we examine various nonconforming finite elements
for (2.7).
We use the linear space

p

V:Hg(ﬂ):{veHz(Q):v:izOonF}7

with the norm
[vllv = vl m2(0) -
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By Green’s formula (1.19) and the boundary conditions in V', we see that

0Ap
(A2p,v) = <,v> — (VAp, Vv)
ov r

- (Ap, gZ)F + (Ap, Av) (2.8)

:(Avav)a 'UGV,

which is the bilinear form used Example 1.5 for the conforming finite element
method. To have a well-posed problem for the nonconforming method for
(2.7), this bilinear form needs to be modified. Toward that end, let t =
(t1,t2) denote the unit tangential vector along I', oriented in the usual way.
In addition to the outward normal derivative operator 9/0v, we also use the
differential operators

% =Vu-t,
0%v 2 0%
v = 2 Vligyar
i,j=1
0?v & 9?%v
oz g;l i gar,

Then one can prove Green’s second formula

/ < v J*w 0%v %w 9% 82w>
2 dx
Q

Ox10xy Ox10z9 022 022 022 Da?

0%v dw 0% dw 3 )
~ [ (oo e~ Gge) 6 ve @), ve @),

(2.9)

The proof of this formula is left as an exercise (Exercise 2.9).
Note that

9?v dw  9*vow 3 9

by the definition of HZ(2). Because of (2.10), we introduce a new bilinear
form:

62p 0%v
alpv) = (Bp a0y + (- o) |2 (520 00

_(Pp &0\ _ (9P 0P
02’ 0x3 0r3 02 ) |’
where o is a physical constant known as Poisson’s ratio (Ciarlet, 1978). In
the model for the bending of plates, it satisfies 0 < o < 1/2. Using (2.8)
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and (2.9), equation (2.7) can be written in the variational form (cf. Exercise
2.10):
Find p € V such that a(p,v) = (f,v) Yv e V. (2.11)

We emphasize that the introduction of the constant ¢ in the bilinear form
a(-,-) is for the well-posedness of the discrete problem using the nonconform-
ing method for (2.7) (cf. (2.15)).

To distinguish the bilinear form used for (1.57) and that for (2.7), we refer
to a fourth-order problem associated with the bilinear form for the former as
a biharmonic problem, while we refer to the same problem corresponding to
the bilinear form for the latter as a plate problem. The latter concept comes
from the observation that (2.11) corresponds to the variational formulation
of the (clamped) plate problem, which concerns the equilibrium position of a
plate of constant thickness under the action of a transverse force; see Chap. 7
for more details.

It follows from the definition of the bilinear form a(-,-) that

a(v,0) = 0| Avl3aoy + (1= O)ofday. v € HX Q). (2.12)

Thus we see that a(-,-) is V-elliptic (cf. Sect. 1.3.1). Also, it is easy to see
that it is continuous in the norm || - || z2(q). Therefore, (2.11) has a unique
solution in V' (Theorem 1.1 in Sect. 1.3.1). Moreover, it is known that p €
H3(Q) N HZ(Q) if Q is a convex polygon or a smooth domain (Kondratev,
1967).

If we define the functional (total potential energy of the plate)

1 H2v 9% 0?v 0%
F(v) = 5 (Av, Av) + (1 - 0) ((mlaxg’ amlam) - <ax§’ax§)>
_(fa 'U) ’

then (2.11) is equivalent to the minimization problem

Find p € V such that F(p) < F(v) Yv e V. (2.13)

The proof of this equivalence can be given in the same manner as for the
equivalence between (1.2) and (1.3) (cf. Sect. 1.1.1).

2.2.1 The Morley Element

Let 2 be a polygonal domain in the plane, and let K} be a triangulation
of Q into triangles, as in Sect. 2.1.1. The Morley element (Morley, 1968) on
triangles is defined as follows: On each triangle K € K}, the shape function
is in P»(K), and the degrees of freedom are the values of the function at
the vertices of the triangle and the values of the first normal derivatives at
the midpoints of the edges of the triangle (cf. Fig. 2.7; also refer to Exercise
2.12). Thus, for problem (2.7) the Morley finite element space is given by
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Fig. 2.7. The degrees of freedom for the Morley element

Vi ={ve L*(Q): v|x € Po(K) for all K € Ky; v is
continuous at the interior vertices and vanishes
at the vertices on I'; dv/0v is continuous
at the midpoints of interior edges and
vanishes at the midpoints of the edges on T'} .

Note that functions in V}, are not continuous in €2, and thus V;, ¢ V. Com-
pared with the H2-conforming finite element studied in Example 1.5, the
Moley element uses far fewer degrees of freedom.

As in the previous section, we introduce the mesh-dependent bilinear form
ah(-,-) : Vh X Vh — 1R by

03v 0%w
ntom = 3 {(@n aw+ 002 (525 550

KeKy
(o ey (0 o o
0x?’ 023 ) & 0x3" 03 ) 1| |7 v W b

Now, based on the Morley element, the nonconforming finite element
method for (2.7) is formulated as follows:

Find p;, € V}, such that ap(pn,v) = (f,v) Yv € V. (2.14)

Setting
0%v 0% 0%v v
2 g ov 2 o
ol Z {(395%’3;1;%)1,(—'— (6x18z2’31713x2)K

KeKy
9%v 0%v
A Vi
*(ax%’ax%>K}’ vet

an(v,v) > (1 —0)|v||3, Yv € Vp,. (2.15)

then we see that

Hence, if || - ||5 is a norm on V4, (2.14) has a unique solution p;, € V}. That
I - |l5 is indeed a norm on V3 can be seen as follows: Let ||v]|, = 0, v € V4.
Then the first partial derivatives of v are constant on each K € Kj. Since
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Again, functions in V}, are not continuous in 2. For this element, inequality
(2.15) still holds, and the results on existence, uniqueness, and convergence
of a solution to (2.14) given in the previous subsection remain valid.

2.2.3 The Zienkiewicz Element

Another cubic nonconforming element on triangles is the Zienkiewicz element
(Bazeley et al., 1965). This element has the same shape functions as the
Fraeijs de Veubeke element, but utilizes different degrees of freedom. It is
defined as follows: On each triangle K € Kj},, the shape function is in P3(K),
and the degrees of freedom are the values of the function and of its first
partial derivatives at the vertices of the triangle (cf. Fig. 2.9). The problem
of determining a complete cubic function by these degrees of freedom does not
have a unique solution, unless an additional independent relation is added,
such as the following one:

3 3
6v(mg) — 2 v(m;)+ Y (m; —myg) - Vo(m;) =0, (2.18)
=1

i=1

where mg and m; are the centroid and vertices of the triangle K, respectively.
Now, the Zienkiewicz finite element space is given by

Vi ={ve L*Q): v|xg € P3(K) for all K € Kj; v, v/dz1,
and Ov/0x4 are continuous at the interior
vertices and vanish at the vertices on I’
v on each K satisfies (2.18)} .

O first derivatives

Fig. 2.9. The degrees of freedom for the Zienkiewicz element

Observe that for v € V;, the restriction v|. on each edge of K € K}, is
a polynomial of degree at most three in a single variable. Because such a
polynomial is uniquely determined by its values and the values of its first
derivative at the end points of e, we see that v is continuous on Q. That is,
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the functions in Vj, are continuous on €2; however, they are not continuously
differentiable.

Again, inequality (2.15) holds for the Zienkiewicz element. To see that
I Iz is & norm on V4, let ||v||, = 0, v € V3. Then the first partial derivatives
of v are constant on each K € Kj,. Since they are continuous at the interior
vertices and equal zero at the vertices on I', v is constant on each K € Kj,.
Also, because v is continuous at the interior vertices and equal zero at the
vertices on T', we have v = 0. Therefore, || - |5, is a norm on V}, and by
(2.15), problem (2.14) has a unique solution when V4, is the Zienkiewicz finite
element space.

To state a convergence rate for the Zienkiewicz element, we need an as-
sumption on the triangulation Kj. We assume that all triangles in K} have
their edges parallel to three given directions (cf. Fig. 2.10). Then, if p € H3(Q)
and pp € V3 is the solution of (2.14), the following error estimate holds
(Lascaux-LeSaint, 1975):

1p = prllzro) + Rllp — prlln < CR2|plasq) - (2.19)

225
V51555

VA

Fig. 2.10. Triangles with edges parallel to three given directions

2.2.4 The Adini Element

Let Q be a rectangular domain, and K, be a partition of ) into rectangles, as
in Sect. 2.1.2. We now introduce a nonconforming finite element on rectangles,
the Adini element (Adini-Clough, 1961): On each rectangle K € K, the
shape function is in P3(K) & span{xizs,z123}, and the degrees of freedom
are the values of the function and of its first partial derivatives at the vertices
of the rectangle (cf. Fig. 2.11). Then the Adini finite element space is defined
by

Vi, ={v € L*(Q) : v|x € P3(K) @ span{aizs, 2123}, K € Ky;
v, Ov/0x1, and Jv/dxs are continuous
at the interior vertices and vanish at the
vertices on I'} .
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C ®

C, ®

Ofirst derivatives

Fig. 2.11. The degrees of freedom for the Adini element

As seen as for the Zienkiewicz element, the functions in the Adini space V},
are continuous on ), but not continuously differentiable. Furthermore, the
results on existence, uniqueness, and convergence of a solution to (2.14) for
the Zienkiewicz element remain true here. In addition, if the partition K, is
uniform in both z1- and zs-directions, it holds that (Lascaux-LeSaint, 1975;
Ciarlet, 1978)

p = pulln < CR?[plaao) - (2.20)

2.3 Nonlinear Problems

The nonconforming finite element method has been developed for stationary
problems in the previous two sections. It can be also applied to the discretiza-
tion of time-dependent transient problems as in Chap. 1 using the conforming
method. As an example, we briefly present an application to a more general
transient problem, the following nonlinear transient problem:

dp

c(p)g; =V (alp)Vp) = fp) 0 QxJ,
p=20 onl'xJ, (2.21)
p(+,0) =po in Q,

where ¢(p) = c(x,t,p), a(p) = a(x,t,p), f(p) = f(x,t,p), J = (0,T] (T'>0),
and Q ¢ IR, d = 2 or 3. This problem has been studied for the conforming
finite element method in the preceding chapter. We assume that (2.21) admits
a unique solution. Furthermore, we assume that the coefficients ¢(p), a(p),
and f(p) are globally Lipschitz continuous in p; i.e., for some constants Ce,
they satisfy

1€(p1) — &(p2)| < Celp1 — pal, p,mER, E=c a, f. (2.22)
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Let V = HZ(£2). Then problem (2.21) can be written in the variational
form: Find p : J — V such that

(c(p)%?,v) + (a(p)Vp, Vo) = (f(p),v) VeV, ted,
(2.23)
p(x,0) = po(x) Vx e Q.

Let V), be one of the nonconforming finite element spaces introduced in
Sect. 2.1. Then the nonconforming finite element method for (2.21) is: Find
pp + J — Vp, such that

(C(ph)a§:771> + > (alpn)Vpn, Vo)

KeKy

= (flpn),v) Yoe Vi, (2.24)

(ph(‘70)7'0) = (pO,U) Yv € ‘/h .

As for (1.93) (also see (2.5)), after introduction of basis functions in Vj,
system (2.24) can be restated in matrix form
dp
Clp); +APp=1f(P), te/,
(2.25)

Bp(0) = po -

Under the assumption that the coefficient ¢(p) is bounded below by a positive
constant, this nonlinear system of ODEs locally has a unique solution. In
fact, because of assumption (2.22) on ¢, a, and f, the solution p(¢) exists
for all ¢. The various solution approaches (e.g., linearization, implicit time
approximation, and explicit time approximation) developed in Sect. 1.8 for
the conforming finite element method can be applied to (2.25) in the same
fashion.

2.4 Theoretical Considerations

In this section, we present a convergence theory for the nonconforming finite
element method. First, we give an abstract formulation for this method. Then,
as an example, we apply this formulation to second-order partial differential
equations. For an application to fourth-order equations, the reader should
refer to Lascaux-LeSaint (1975).

2.4.1 An Abstract Formulation

In general, if the finite element space used in the discretization of an H™-
elliptic problem (m > 1) is not a subspace of the Sobolev space H™ (),
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the finite element space is termed a nonconforming finite element space. In
Sect. 2.1, m = 1, while, in Sect. 2.2, m = 2. In the nonconforming case,
a convergence analysis is by no means obvious. The convergence theory in
Sect. 1.9 for the conforming method must be extended. In particular, Céa’s
Lemma (Theorem 1.3) must be generalized. The notation in Sect. 1.9 will be
utilized.

Suppose that V' is a Hilbert space such that Hj(Q) C V C H"(Q) for some
integer r > 0. Let a(+,-) : V x V — IR be a bilinear form and L : V — IR be
a linear functional. Then we consider the abstract variational problem

Find p € V such that a(p,v) = L(v) YoeV. (2.26)

Under the assumptions of Theorem 1.1, this problem has unique solution.

Suppose that V4, is a finite dimensional space with norm ||-||. Let ap (-, ) :
Vi x Vi, — IR be a discrete bilinear form and L; : V), — IR be a linear
functional. We also consider the discrete problem

Find pp, € V3, such that ap(pp,v) = Lp(v) YoeV,. (2.27)

Assume that ap(-,-) is well defined on V' x V, it is continuous in the sense
that
lap (v, w)| < a*||v|pllw]|n Yo, we VUV, (2.28)

and it is Vj,-elliptic:
lan(v,v)] > a.|v||? Yv eV, (2.29)

where a* and a, are positive constants independent of h. Under properties
(2.28) and (2.29), problem (2.27) has a unique solution py, € V.

The next lemma, Strang’s Second Lemma, is a generalization of Céa’s
Lemma from the conforming finite element method to the nonconforming
method.

Lemma 2.1. Let the bilinear form an(-,-) satisfy (2.28) and (2.29). Then, for
the respective solutions p and pp of (2.26) and (2.27), there exists a constant
C > 0, independent of h, such that

] ap(p,w) — Lp(w
Ip—pnln <C (it lp—olln+ sup (22l Eal]) o 5,
vEV) weVy\{0} [[wl|n

Proof. For any v € Vj, it follows from (2.27) and (2.29) that

axllpr —vl|2 < an(pn — v, pn —v)
=an(p —v,pn —v) + [Ln(pn —v) — an(p, pn —v)] .

Dividing this inequality by ||pr — v||n, setting w = pp — v, and using (2.28),
we see that
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|Ln(w) — an(p, w)]

axllpn = vlln < a®llp —olln +

which, together with the triangle inequality

lp —pulln <llp—vln+Iv—pulln,

implies (2.30). O

In (2.30), the first term in the right-hand side is referred to as the ap-
proximation error, and the second term is called the consistency error. The
latter error stems from nonconformity.

The duality argument developed in Sect. 1.9.3 also needs to be generalized
to the nonconforming method; the next lemma extends the Aubin-Nitsche
technique in the conforming method.

Lemma 2.2. Let H be a Hilbert space with the norm || - ||g and the scalar
product (-,-), and let Vi, C H and the imbedding V. — H be continuous in
the sense that

lollg < Cllvfly VveV.

Then, under (2.28), we have
1 *
lp—pulle < sup  ——{a*|lp = pullnllew — @nlln
ver\fo} [Y|la
+lan (p = pn, ) — (p = P, )|
+lan (p, 0y — o) = L (py — on)l}

where, for given v € H, ¢y €V is the solution of the problem
a(w,yp) = (w,) Yw eV |

and @y, is the corresponding nonconforming finite element solution.

Proof. For any ¢ € H, it follows from the definition of ps, ¢y, and ¢, that

(p — o, ) = an (p,y) — an (P, vn)

= ap (p — Phs Py — 1) + an (Prs Py — ¢n) + an (p — Pry h)
an (p = Ph, ey — ¢n) = [an (p = pr, 0y) — (0 — Phy V)]
—lan (p;pyp — on) — L (y — ¢n)]

which, together with (2.28) and the identity

lp—pnls = sup EPmY)
vermfoy  [Ylla

yields the desired result. [
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2.4.2 Applications

We present an application of the theory to the second-order problem (2.1).
For simplicity, we consider the model problem

—Ap=f in Q,

2.31
p=0 onl. ( )

Define the spaces
V =H}Q), H=L*Q),

and the bilinear form
a(v,w) = (Vov, Vw), v, weV.

The norm and scalar product of H are given by

[vllz = lvlle), — (v,w) = /Qv(x)w(x) dx .

As an example, we carry out in detail the analysis for the Crouzeix-Raviart
nonconforming element. The finite element space V}, is given by

Vi = {v € L3(Q) : v|k is linear, K € Kj;v is continuous
at the midpoints of interior edges and

is zero at the midpoints of edges on I'} |
and the bilinear form ap(-,-) : Vi, x V), > R is

ap(v,w) = Z (Vv,Vw) v, we V.
KeKy

The norm || - ||, on V4, is
lolls = a*(v,0),  veVi.
The linear functionals L : V' — IR and Ly : V;, — IR are given by
L) =(f,v), veV, Lplw)=(fv), veEV,.
Let Q be a convex polygon. Then the H2-regularity result holds (cf. (1.121))
[Pl z2(0) < Cllfllz2) - (2.32)

We now apply Lemmas 2.1 and 2.2 to obtain error estimates for the
Crouzeix-Raviart element. For this, we need the conforming finite element
space
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W, = {v: v is a continuous function on €2, v is linear
on each triangle K € K, and v=0o0onT} .

For v € H%(Q), let m,v be the interpolant of v in Wp; i.e., v and 7,v have
the same values at the vertices in Kj,.

We say that the domain () satisfies a cone condition if for every point on
the boundary I', there exists a cone with a positive angle such that this cone
can be positioned in Q with its vertex at that point (cf. Fig. 2.12).

Fig. 2.12. The left domain satisfies the cone condition. The right domain does not
satisfy the cone condition

We need the following trace theorem (Lions-Magenes, 1972):

Lemma 2.3. Let the bounded domain 2 have a piecewise smooth boundary
and satisfy the cone condition. Then there is a bounded linear mapping -y :

HY(Q) — L*(T) such that
@)z < Cllollmiy,  ve HY(Q),
and y(v) = v|p for all v € CY(Q).

It follows from this theorem that (v) is the trace of v on boundary T, i.e.,
the restriction of v to I'. The evaluation of a function in H*(£2) at a point on
I" does not always make sense. This theorem implies that the trace of v on T’
is at least in L?(T").

We also need the Bramble-Hilbert Lemma (Bramble-Hilbert, 1970), which
is Lemma 1.4 in Chap. 1.

Lemma 2.4. Let Q C IR? have a Lipschitz continuous boundary T', and
F: H"(Q) — Y be a bounded linear operator, where r > 1 and Y is a normed
linear space, such that P._1(Q) is a subset of the kernel of F. Then there is
a positive constant C such that

[F)lly < CEONFHvllar @), — veH(Q),
where | F|| is the norm of the operator F.

We are now in a position to apply Lemmas 2.1 and 2.2 to the Crouzeix-
Raviart nonconforming element. Again, {2 is assumed to be a convex polygon.
The following result also holds when it has a smooth boundary T
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Theorem 2.5. Suppose that Q C R? is convexr. Then, if the solution p
to (2.31) is in H?(Q) and py is the Crouzeiz-Raviart nonconforming finite
element solution, it holds that

Ip = pullrz) + hllp = palln < CR?[pla2(0)

provided the triangulation K}, is shape-regular in the sense (1.52).

Proof. Since W}, is a subspace of V},, the approximation error in (2.30) can
be estimated (cf. Sect. 1.9):

' —oll, < . .
UIEH‘% lp —vlln < Chlp|az ) (2.33)

It thus suffices to bound the consistency error in (2.30). Using Green’s formula
(1.19) and (2.31), we see that

an(p, w) — Lp(w) = an(p,w) — (f,w)
= Z (VPv vw)K - (f’ w)

KeKp
- > (Be.v) - (@pw)x] - (7.0)
_ K;{h (g}fiw) . (2.34)

For each e € K, we define the mean value of w on e
_ 1
We = H/wh( e . (2.35)

Note that each interior edge appears twice in the sum of (2.34), and w, is a
constant. Then it follows from (2.34) that

anlpw) — Ln(w) = 3037 (ggw - m) S (23)
KeKyp ecOK e
By (2.35), we have
/(w—we) dt=0.
Using the definition of 7, p, we see that

nlpo) - L) = 3 3 (G-

KeKjp ecOK

v

5(ghp)7w _ we>e ’

so that, by Cauchy’s inequality (1.10),
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jan(p,w) = Lu(w) < D D IV = mnp) leollw = @ellze) - (2:37)
KeKy e€0K

We now estimate the right-hand side of (2.37). By Lemmas 2.3 and 2.4, for
the reference triangle K with vertices (1,0), (0, 1), and (0,0), we get

IV(p = mnp) L2 0i) < CIV P = T0p)llg )
< Cllp = mapll =iy
< Clolyacie - (2.38)

Applying a scaling argument (Dupont-Scott, 1980; also see Lemmas 1.5 and
1.6) to (2.38), we obtain, for K € Kj,

IV(p = 7np)lL2ox) < CBM2|pl g2k - (2.39)
In a similar way, we have, for e € 0K,
[w = Wellr2(e) < Clwlg gy
and, for e € 0K, K € Ky,
[w = el 2(e) < CRM 2w g i) - (2.40)
We substitute (2.39) and (2.40) into (2.37) to have
lan(p,w) — L (w)|

< Ch Y Il lwla

KeK
s (2.41)
1/2 1/2
< Ch( Z |P|§{2(K)) <Z |w|%11(1<))
KeKp KeKn

= Chlplgz@llwlln
which, together with Lemma 2.1 and (2.33), yields

[P = prlln < Chlplazq) - (2.42)

We now apply Lemma 2.2 to estimate p — pp, in the L?-norm. It follows
from (2.42) that
oy — enlln < Chlpylmz(a) - (2.43)
As for (2.41), we can show that

lan (p = pr, 0y) — (0 = Py ¥)| < Chloy |2 llp — pulln

(2.44)
|an (p, 0y — n) — L (py — on)l < Chlplaz9)lloy — enlln -
Finally, we combine Lemma 2.2, (2.32), (2.43), and (2.44) to obtain
lp = prllz2(0) < CR?[plr2(q) - (2.45)

Inequalities (2.42) and (2.45) imply the desired result. O
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2.5 Bibliographical Remarks

The nonconforming P; element in Sect. 2.1.1 was first introduced by Crouzeix-
Raviart (1973). The rotated @1 element in Sect. 2.1.2 was developed indepen-
dently by Rannacher-Turek (1992) and Chen (1993B). In Rannacher-Turek
(1992), this element was applied to the numerical solution of a Stokes prob-
lem, and it was shown that this nonconforming element provides the simplest
example of discretely divergence-free nonconforming elements on quadrilat-
erals. In Chen (1993B), this element was derived from a mixed finite ele-
ment (i.e., the lowest-order Raviart-Thomas mixed element on rectangles; see
Chap. 3). The extension of these two nonconforming elements to tetrahedra,
rectangular parallelepipeds, and prisms in Sects. 2.1.3-2.1.5 was considered
by Arbogast-Chen (1995).

For the Morley, Fraeijs de Veubeke, Zienkiewicz, and Adini elements for
the fourth-order problems in Sect. 2.2, the reader refers to Morley (1968),
Fraeijs de Veubeke (1974), Bazeley et al. (1965), and Adini-Clough (1961),
respectively. For the stability and convergence analysis of these elements, the
reader should see Lascaux-LeSaint (1975) and Ciarlet (1978). The theoretical
development in Sect. 2.4 follows Braess (1997).

2.6 Exercises

2.1. For v € Pi(K), where K is a triangle, show that v is uniquely deter-
mined by its values at the midpoints of the three edges of K (refer to
Sect. 2.1.1).

2.2. Use Fig. 2.13 to construct the linear basis functions ¢; at the three
nodes x; according to the definition in Sect. 2.1.1. Then use this result
to determine the stiffness matrix A in (2.5) for problem (2.1), with

Fig. 2.13. The support of a basis function at node x;
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2.3.

2.4.

2.5.

2.6.

2.7.

2.8.

2.9.
2.10.

2 Nonconforming Finite Elements

a = I (the identity tensor), g = 0, and a uniform partition of the unit
square (0,1) x (0,1) as given in Fig. 1.7.

Write a code to solve problem (2.1) approximately using the noncon-
forming finite element method developed in Sect. 2.1.1. Use a =TI (the
identity tensor), f(z1,22) = 872 sin(2mz1) sin(27x2), g = 0, and a uni-
form partition of Q@ = (0,1) x (0,1) as given in Fig. 1.7. Also, compute

the errors
1/2
2
lp—pnll = (/Q (p—pn) dX) :

with A = 0.1, 0.01, and 0.001, and compare them. Here p and p; are
the exact and approximate solutions, respectively, and h is the mesh
size in the x1- and xo-directions. (If necessary, refer to Sect. 1.10.1.2 or
Sect. 1.10.2 for a linear solver.)

Consider the problem

—Ap=f in Q,

P=49p onI'p,
0

p:gN OnFN7
ov

where Q is a bounded domain in the plane with boundary I', T' = T'p U
I'n,TpNTx =0, and f, gp, and gx are given functions. Write down a
variational formulation for this problem and formulate a nonconforming
finite element method using the Pj-nonconforming element discussed
in Sect. 2.1.1.

Let v = a' + a%z1 + a2y + a*(2? — 23), where ¢’ € R (i = 1,2,3,4)
and K is a rectangle. Prove that v is uniquely defined by its values at
the midpoints of the four edges of K (refer to Sect. 2.1.2).

Let v = at + a?xy + a’zs + a*x122, where o' € R (i = 1,2,3,4) and
K is a rectangle. Is v uniquely defined by its values at the midpoints
of the four edges of K? Why?

Let v = a' +a’x +a®za +a* (23 —23), where ¢’ € R (i = 1,2,3,4) and
K is a rectangle. Show that v is uniquely defined by its four integral
values [ v dl, e € OK (refer to Sect. 2.1.2).

For Fig. 2.14, construct the rotated @)1 basis functions associated with
the edges e according to the definition in Sect. 2.1.2 (using the mean
values over edges). Then use this result to determine the stiffness matrix
A in (2.5) for problem (2.1) generated by the rotated @1 nonconforming
method, with a = I (the identity tensor), g = 0, and a uniform partition
of the unit square (0,1) x (0,1) into rectangles with the mesh size h.
Prove Green’s second formula (2.9).

Use (2.9) and (2.10) to show that problem (2.7) can be written in the
variational form (2.11).



2.11.

2.12.

2.13.
2.14.

2.15.
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| [ —
I —

Fig. 2.14. The support of a basis function associated with edge e

Let V = HZ(Q), and define the bilinear form V x V — IR:

82p 0%v
a(p, 'U) — (Apa AU)+(]‘ - U) |:2 <ax18$2 ’ 8w13$2>

9%p 0% &%p 0%

(0w?’6w§> <3w§’3$?)]'
Prove that a(-,-) is V-elliptic (see Sect. 1.3.1 for the definition of V-
ellipticness).
For v € Po(K), where K is a triangle, show that v is uniquely deter-
mined by its values at the three vertices of K and the values of its
normal derivatives at the midpoints of the three edges of K (refer to
Sect. 2.2.1).
Prove the Vj,-elliptic property (2.15).
Give a variational formulation for the problem

—Ap+p=f in Q,
g—i:g onl',

and formulate a nonconforming finite element method using the P;-
nonconforming space (cf. Sect. 2.1.1). Check if conditions (2.28) and
(2.29) are satisfied.

Give a variational formulation for the problem

-V -(aVp)+ep=f in Q,

pP=4gp onIlp,

Yp+aVp-v =gy onl'y,
where a is a 2 X 2 matrix, ¢, f, gp, and gy are given functions of x, and
~ is a constant. Formulate the nonconforming finite element method for
this problem using the Pj-nonconforming space (cf. Sect. 2.1.1). Under

what conditions on a, ¢, and « are the conditions (2.28) and (2.29)
satisfied?
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2.16. Let ©  IR? be a convex polygonal domain, and a and f be given as
in the second-order problem (2.1). Formulate the nonconforming finite
element method for the following problem using the P;-nonconforming
space (cf. Sect. 2.1.1):

V.- (aVp)+p=f Q.
p=0 onl.

Under the assumption that p € H?(Q), prove Theorem 2.5 for the
resulting nonconforming method.



3 Mixed Finite Elements

In this chapter, we study the mized finite element method, which generalizes
the finite element methods discussed in the preceding chapters. This method
was initially introduced by engineers in the 1960’s (Fraeijs de Veubeke, 1965;
Hellan, 1967; Hermann, 1967) for solving problems in solid continua. Since
then, it has been applied to many areas such as solid and fluid mechanics;
see Chaps. 7 and 8. In this chapter, we discuss its application to second-order
partial differential equation problems. The reason for using the mixed method
is, among others, that in some applications a vector variable (e.g., a fluid ve-
locity) is the primary variable in which one is interested. Then the mixed
method is developed to approximate both this variable and a scalar variable
(e.g., a pressure) simultaneously and to give a high order approximation of
both variables. Instead of a single finite element space used in the standard
finite element method, the mixed finite element method employs two differ-
ent spaces, which suggests the name mized. These two spaces must satisfy an
inf-sup condition for the mixed method to be stable. Raviart-Thomas (1977)
introduced the first family of mixed finite element spaces for second-order el-
liptic problems in the two-dimensional case. Somewhat later, Néd’elec (1980)
extended these spaces to three-dimensional problems. Motivated by these
two papers, there are now many mixed finite element spaces available in the
literature; see Brezzi et al. (1985, 1987A, 1987B) and Chen-Douglas (1989).

As an introduction, in Sect. 3.1, we first describe the mixed finite element
method for a one-dimensional model problem. Then we generalize it to a two-
dimensional model problem in Sect. 3.2. In Sect. 3.3, we consider the method
for general boundary conditions. In Sect. 3.4, we present various mixed finite
element spaces, and, in Sect. 3.5, we state the approximation properties of
these spaces. In Sect. 3.6, we briefly present an application of the mixed
method to a nonlinear transient problem. We also discuss solution techniques
for solving the linear algebraic systems arising from this method in Sect. 3.7.
Section 3.8 is devoted to theoretical considerations of this method. Finally,
bibliographical information is given in Sect. 3.9. Here the mixed method is
developed in a simple setting. The book by Brezzi-Fortin (1991) should be
consulted for a thorough treatment of the subject.
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3.1 A One-Dimensional Model Problem

As in Chap. 1, for the purpose of demonstration, we consider a stationary
problem for p in one dimension

d?p
_E:f(x)’ 0<z<1, 6.1)
p(0) =p(1) =0,

where the function f € L?(I) is given, with I = (0,1) and
L*(I) = {v : v is defined on I and /v2 dzx < oo} .
I

We recall the scalar-product notation in L?(I):

)= [ Co(@yule) do

for real-valued functions v,w € L2(I) (cf. Sect. 1.2). We will also use the
linear space (cf. Sect. 1.2)

HY(I) = {v € L*(I): Z—; € LQ(I)} .
Set

V =HYI), W=LI).

Observe that the functions in W are not required to be continuous on the
interval I.
After introducing the variable

dp
=——, 3.2
dx (32)
equation (3.1) can be recast in the form
du
—=1f. 3.3
2y (33)

Multiplying (3.2) by any function v € V' and integrating over I, we see

that J
- (%
(u,v) = (dx’v> .

Application of integration by parts to the right-hand side of this equation

leadb tO
(u 'U) — p 71}
’ ’ dfl; ’
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where we use the boundary conditions p(0) = p(1) = 0 from (3.1). Also, we
multiply (3.3) by any function w € W to give

(Ziw) — (f,w).

Therefore, we see that the pair of functions u and p satisfies the system

dv
(U,’U)— (dx7p> _07 U€V7

(o) =g wew o

This system is referred to as a mized variational (or weak) form of (3.1). If
the pair of functions u and p is a solution to (3.2) and (3.3), then this pair
also satisfies (3.4). The converse also holds if p is sufficiently smooth (e.g., if
p € H?(I)); see Exercise 3.1.

We introduce the functional F : V x W — IR by

F(v,w);(v,v)(gi,w)Jr(f,w), veV,weW.

Then it can be checked (see the end of this section) that problem (3.4) is
equivalent to the saddle point problem: Find u € V and p € W such that

F(u,w) < F(u,p) < F(v,p) YoeV, weW. (3.5)

For this reason, problem (3.4) is also referred to as a saddle point problem.
To construct the mixed finite element method for solving (3.1), for a
positive integer M let 0 = 1 < 22 < ... < zpy = 1 be a partition of
I into a set of subintervals I;_1 = (x;_1,x;), with length h; = x; — x;_1,
1=2,3,..., M. Set h = max{h;,2 < i < M}. Define the mized finite element
spaces
Vi, ={v: v is a continuous function on [0, 1]
and is linear on each subinterval I;} ,
W), = {w : w is constant on each subinterval I;} .

Note that V;, C V and W), C W. Now, the mized finite element method for
(3.1) is defined as follows:

Find up € Vj, and pp, € W), such that

dv
(Uh,'U) - (dl’7ph> = 0) GRS Vh ) (36)

(%,w)z(f,w), w e Wy .
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It can be shown that (3.6) has a unique solution. In fact, let f = 0; take
v =wuy and w = pp, in (3.6) and add the resulting equations to give
(uh? uh) =0 )

so that up, = 0. Consequently, it follows from (3.6) that

d
(“,ph) =0, wveV.
dx

Choose v € V}, such that dv/dx = p;, (thanks to the definition of V}, and W,)
in this equation to see that p, = 0. Hence the solution of (3.6) is unique.
Uniqueness also yields existence since (3.6) is a finite-dimensional linear
system.

In the same argument as for the equivalence between (3.4) and (3.5),
problem (3.6) is equivalent to the saddle point problem: Find w, € V}, and
pn € Wj, such that

F(up,w) < F(up,pr) < F(v,pr) Yv € Vi, we Wy . (3.7)
We introduce the basis functions ¢; € Vi, 1 =1,2,..., M,
1 ifi=j,
i\Tj) = P .
vi(z;) {O Wit
see Fig. 1.3. Also, the basis functions ©; € Wy, i =1,2,..., M —1, are defined
by
1/) ( ) 1 ifx e I; s
i\L) =
0 otherwise.

These functions 1; are characteristic functions. Now, functions v € V}, and
w € Wy, have the unique representations

M M—-1
”U({ZZ) - Z’Uigﬁi(l'), w(‘r) - Z wﬂpz(x), 0<z<1,

i=1

where v; = v(z;) and w; = wl,. Take v and w in (3.6) to be these basis
functions to see that

de, ,
(Uh;SDj)(d;,ph)O, ]:1,2,...,M,

(3.8)
d
<C;;ha¢]>:(fij)v j:17277M_1

Set

M
un(x) =Y wipi(e),  w = up(z)
i=1
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and
M—1

Prk(2), DL = Dalr, -
p

Substitute these two expressions into (3.8) to give

l d
Z(%’a@j)ui—z< Lpﬂ/)k) j=1,....M,

i]\:/ll k=1 (39)
dpi .

We introduce the matrices and vectors
A= (aij)i,jzl,Q,.“,]V[’ B = (ka)J 1,2,..,M, k=1,2,... M—1 >
U= (ui)i:LQ,“.,M? p= (Pk)k:1,2,...,M—17 f= (fj)j:l,Q ..... M—1 >
where

d
aij = (@i, 95), bk = ( %JP/@) I = (f,1) .

With these, system (3.9) can be written in matrix form

(o o) (0)- (%) o

where B” is the transpose of B. Note that (3.10) is symmetric, but indefinite.
It can be shown that the matrix M defined by

M_AB
\BT o

has both positive and negative eigenvalues (cf. Exercise 3.6).

We remark that the matrix A is symmetric and positive definite; refer to
Sect. 1.1.2. It is also sparse. In the one-dimensional case, it is tridiagonal. In
fact, it follows from the definition of the basis functions that

alJ:(cpiawj)ZO lf‘zfj‘ZQa

so that
h ha
a1l = - OaOMM = — >
3
and, fori=2,3,... , M —1,
h; _hi | hiy _ hina
Aj—1,5 = 67 Q5 = 3 + 3 ) Qg 541 6 .
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It can be also seen that

bjj:]-a bj—}-l,j:*]-a j:1,2,...,M71;

all other entries of B are zero. That is, the M x (M — 1) matrix B has the

form

0
0
0

0
0
0

= o O

0

In the case where the partition is uniform, i.e., h = h;, the matrix A is given
by

210 0 0
1 4 1 0 0
A—ﬁ 01 4 0 0
_6 . . . . .
0 0 O 4 1
0 00 1 2

We end this section with two remarks. First, even for the one-dimensional
problem, an error analysis for the mixed finite element method (3.6) is deli-
cate. General error estimates for this method will be described in Sect. 3.8.
We just point out that an error estimate of the following type can be obtained
for (3.6):

(3.11)

where u, p and up, pp are the respective solutions of (3.4) and (3.6), C
depends on the size of the second derivative of p, and we recall the norm

(cf. Sect. 1.2)
1
loll = oz = ( / o2 dx)

When u is sufficiently smooth (e.g., u € H?(I)), we can show the error
estimate

lp —pnll + [lu —un| < Ch,

1/2

lu —up|| < Ch?. (3.12)

Error bounds (3.11) and (3.12) are optimal for p and u.

Second, we establish the equivalence between (3.4) and (3.5). Suppose
that (u,p) is a solution of (3.4). With any v € V, set 7 =v —u € V; we see
that
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1 du dr
Flo.p) = Flut ) = (b rout 1) = (5 + ) + ()

_ % (u,u) — (ﬁ,p) +(fip) + (u,7) = <Z;>P) + % (,7)

= Flu.p) +5 (1,7) 2 Flu,p)

Thus the second inequality in (3.5) is shown. The first inequality can be
proven similarly.

Conversely, let (u,p) be a solution of (3.5). Then, for any v € V and any
e € IR, it follows from the second inequality in (3.5) that

F(u,p) < F(u+ ev,p) .
We define the function
Gle) = F(u+ ev,p)

= % (u,u) + €(u,v) + %(v,v) - (Z;Z,p) —€ (Z;;P) +(f:p)

G
—(0) = 0. Note that
de

o=t~ (Fr),

so (u,p) satisfies the first equation in (3.4). The second equation in (3.4)
follows from the first inequality in (3.5) in the same fashion.

Then we see that G has a minimum at ¢ = 0, so

3.2 A Two-Dimensional Model Problem

We now extend the mixed finite element method in the previous section to a
stationary problem in two dimensions

—Ap=f in Q,

3.13
p=0 onl, ( )

where Q is a bounded domain in the plane with boundary T' and f € L?(Q)
is a given function. We recall that

L*(Q) = {v : v is defined on §2 and / v? dx < oo} .
Q

We also use the space

H(div, Q) = {v = (v1,v2) € (L*())*: V-v € L*(Q)} ,
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where 5 5
v v
_ou v

C O Omy

It can be checked (cf. Exercise 3.7) that for any decomposition of € into
subdomains such that the interiors of these subdomains are pairwise disjoint,
the space H(div, Q) consists of those functions whose normal components are
continuous across the interior edges in this decomposition. Define

V-v

V = H(div,Q), W =L*Q).

Set
u=-Vp. (3.14)

Equation (3.13) is then given by
Vou=f. (3.15)
Multiply (3.14) by v € V and integrate over ) to see that
(u,v) =—(v,Vp).

Applying Green’s formula (1.19) to the right-hand side of this equation, we
have
(u,v) = (v ' V,p) ’

where we use the boundary condition in (3.13). Also, multiplying (3.15) by
any w € W, we get
(V'U,’LU) = (faw) .

Thus we have the system for u and p

(u,v) = (V-v,p) =0, vev, (3.16)
(V~u,w):(f,w), weWw.
This is the mixed variational form of (3.13). If u and p satisfy (3.14) and
(3.15), they also satisfy (3.16). The converse also holds if p is sufficiently
smooth (e.g., if p € H?(Q)); see Exercise 3.8. In a similar fashion as for (3.4)
and (3.5), (3.16) can be written as a saddle point problem.
For a polygonal domain €2, let K}, be a partition of 2 into non-overlapping
(open) triangles such that no vertex of one triangle lies in the interior of an
edge of another triangle. Define the mixed finite element spaces

vV, Z{VEVZ V‘K: (bK$1 +aK,be2+cK),
aK,bK,cK EIR7 KGKh},

Wi, = {w: w is constant on each triangle in K3} .
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As noted, V}, can be also described as follows:

V, = {V : V‘K = (bK.Qil 4+ ag,bxxs +CK), Ke Ky,
ak,bi,cx € R, and the normal components of v

are continuous across the interior edges in Kj} .

Note that Vi, C V and W, C W. The mixed finite element method for (3.13)
is defined as follows:

Find uy € V;, and pp, € Wy, such that
(up,v) = (V-v,pp) =0, vevy,, (3.17)
(V'uh,UI):(f,’lU), ’UJEWh.

It can be proven as for (3.6) that (3.17) has a unique solution.

Let {x;} be the set of the midpoints of edges in K}, i =1,2,..., M. With
each point x;, we associate a unit normal vector v;. For x; € ', v; is just the
outward unit normal to I'; for x; € e = K1 N Ky, K1, Ko € K}, let v; be any
unit vector orthogonal to e (cf. Fig. 3.1). We now define the basis functions
of Vi, i=1,2,...,M, by

1 ifi=7,

<sai-ui><xj>={0 il

Any function v € V;, has the unique representation
M
v(x) = Zvitpi(x), x €,
i=1

where v; = (v - v;) (x;). Also, the basis functions ¥; € Wy, i = 1,2,..., N,
can be defined as in the previous section; i.e.,

wi(x)—{l ifx e K; ,

0 otherwise ,

Fig. 3.1. An illustration of the unit normal v
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where ) = vazl K; and N is the number of triangles in K. Any function
w € Wy, also has the representation

N
w(x) = Zwiwi(x), X e w = w|K’i .
i=1

In the same manner as in the previous section, system (3.17) can be recast
in matrix form (cf. Exercise 3.9):

B RO

A= (aij)i,jzl,Q,...JM? B = (bjk)j:1,2,...,M, k=1,2,....N °
U= (“i)i:m ,,,,, M> p= (pk)k:m ..... N, f= (fj)j:1,2,...,N )

where

with
aij:(‘Pi,SOj), bij—(V'90j71/Jk)7 fj:(fal/}j) .
Again, the matrix M defined by

M_AB
\BT o

has both positive and negative eigenvalues. The matrix A is symmetric, pos-
itive definite, and sparse. In fact, it has at most five nonzero entries in each
row in the present case (cf. Exercise 3.9). The matrix B is also sparse, with
two nonzero entries in each row in the present case.

Let u, p and uy,, py be the respective solutions of (3.16) and (3.17). Then
the following error estimate holds (cf. Sect. 3.8):

lp —pnll + [lu—upl| < Ch, (3.19)

where C' depends on the size of the second partial derivatives of p. This
estimate is optimal for the present pair of mixed finite element spaces.

3.3 Extension to Boundary Conditions
of Other Types

3.3.1 A Neumann Boundary Condition

In the previous section, we considered the Dirichlet boundary condition in
(3.13). We now extend the mixed finite element method to the stationary
problem with the homogeneous Neumann boundary condition:
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—Ap=f in Q,

3.20
@ =0 onl, ( )
ov

where dp/Jv is the derivative of p normal to boundary T
Application of Green’s formula (1.19) to (3.20) yields

/Qfdx:O.

This is a compatibility condition. In this case, p is unique up to an additive
constant.
We define the spaces

V ={v=(v1,v2) € H(div,): v.r=00nT},

W:{weLQ(Q): /dex:()}.

With the choice of these two spaces, the mixed variational form of
(3.20) is
Find u € V and p € W such that
(u,v) = (V-v,p) =0, veVv, (3.21)
(v'uaw):(fvw)v wewWw.
Note that the Neumann boundary condition becomes the essential condition
that must be incorporated into the definition of the space V. In contrast, the
Dirichlet boundary condition is the essential condition in the finite element
method (cf. Sect. 1.1.3).
Let K} be a partition of Q into non-overlapping triangles, as defined in
the previous section. We define the mixed finite element spaces

V;, ={v e H(div,Q) : V|K = (bxx1 +ak,bxxa + k) ,
ag,br,cxk €ER, K € K, andv-v=0onT},

W, = {w: w|K is constant on each K € K; and wdx:O} .

Q

Again, Vi, C 'V and W}, C W. The mixed finite element method for (3.20)
reads as follows:
Find u, € Vj and pp, € Wy, such that
(up,v) —(V-v,pp) =0, vevy,, (3.22)
(V-up,w) = (f,w), we Wy .

This system can be rewritten in matrix form as in (3.18), and the error
estimate (3.19) also holds.
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3.3.2 A Boundary Condition of Third Type

We now consider a boundary condition of third type:

—Ap=f in Q,
9] 3.23
Wt =g onlI", (32
ov

where ~y is a strictly positive function on I' and ¢ is a given function. This
boundary condition is also called a mixed, Robin, or Dankwerts boundary
condition.

With the linear spaces V and W defined as in Sect. 3.2, the mixed vari-
ational form of (3.23) is

Find u € V and p € W such that
(u,v)+/7_1u-uv-udﬂ—(V-V,p)
r

:—/'y*lgv-udﬁ, vev,
r
(V-u,w) = (f,w), weW.

(3.24)

Similarly, with the mixed finite element spaces in Sect. 3.2, the mixed finite
element method for (3.23) is given by

Find up € Vj, and pp € Wj, such that
(up,v) +/’y*1uh vv-vdl—(V-v,pp)
r

Z—/’y_lgv-ydé, vevy,
r
(V'uh,w):(f,w), UJEW},

(3.25)

The matrix form and error estimate of (3.25) can be obtained in the same
fashion as in Sect. 3.2 (cf. Exercise 3.13).

The two-dimensional Poisson equation has been considered so far in this
chapter. The mixed finite element method for more general partial differential
equations will be treated in later sections and chapters.

3.4 Mixed Finite Element Spaces

We consider a stationary problem for the unknown p:

-V -(aVp) = f in 2,

(3.26)
p=g onl',

where Q ¢ R? (d =2 or 3) is a bounded two- or three-dimensional domain
with boundary I, the diffusion tensor a is assumed to be bounded, symmetric,
and uniformly positive-definite in x:
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d
0<a, <|n? Z aij(x)nin; < a* < oo, x€Q, n#0cR?, (3.27)
i,j=1
n = (m,n2,...,n4), and f and g are given real-valued piecewise continuous

bounded functions in  and I, respectively. This problem was considered in
the preceding two chapters. To write (3.26) in a mixed variational form, the
Sobolev spaces introduced in Sect. 3.2 will be exploited. The norms of the
two spaces W = L%(Q) and V = H(div, Q) are, respectively, defined by

1/2
Jwl = |lw]l2) = (/ w? dx) ., wew,
Q

and 12
Vlv = IVlgdiv.g) = IVIP+IV-v27 veV.

The definition of H(div, Q) for Q C IR? is similar to that in Sect. 3.2; in this
case, recall that

o 8’1)1 81}2 87]3

VoV b m T oay

v = (’U17,027U3) .
Let
u=-aVp. (3.28)

In the same way as in the derivation of (3.16), problem (3.26) is written in
the mixed variational form:

Find u € V and p € W such that

(afluyv)—(v'v,p):—/gv~ud£, vev, (3.29)
(V-uw) = (f,w), ' wew.

There is a constant C; > 0 such that the inf-sup condition holds (cf. Sect. 3.8)

p v

—— > Ci|w||  YweW. (3.30)
0#£veV [v]lv

Because of (3.27) and (3.30), problem (3.29) has a unique solution u € V
and p € W, with u given by (3.28).

Let Vi, € V and W), C W be certain finite dimensional subspaces. The
discrete version of (3.29) is

Find u; € V, and p, € W}, such that

(@ tup,v) = (V-v,pn) = — / gv-vdl, veVy, (3.31)
r

(v'uh?w):(faw)a w e Wy .
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For this problem to have a unique solution, it is natural to impose a discrete
inf-sup condition similar to (3.30):

sup |(VV,’U))‘

> Cyllw] Yw € Wy, , (3.32)
oxvev, [[Vllv

where C3 > 0 is a constant independent of h.

In the previous two sections, we have considered the mixed finite element
spaces Vj and W}, over triangles. These spaces are the lowest-order triangu-
lar spaces introduced by Raviart-Thomas (1977), and they satisfy condition
(3.32) (cf. Sect. 3.8). In this section, we describe other mixed finite element
spaces that satisfy this stability condition. These spaces are RTN (Raviart-
Thomas, 1977; Néd’elec, 1980), BDM (Brezzi et al., 1985), BDDF (Brezzi
et al., 1987A), BDFM (Brezzi et al., 1987B), and CD (Chen-Douglas, 1989)
spaces.

Condition (3.32) is also called the Babuska-Brezzi condition or sometimes
the Ladyshenskaja-Babuska-Brezzi condition.

For simplicity, let €2 be a polygonal domain in this section. For a curved
domain, the definition of the mixed finite element spaces under consideration
is the same, but the degrees of freedom for Vj, need to be modified (Brezzi-
Fortin, 1991).

3.4.1 Mixed Finite Element Spaces on Triangles

For Q c IR?, let K}, be a partition of  into triangles such that adjacent
elements completely share their common edge. For a triangle K € Kj, let

P.(K)={v: v is a polynomial of degree at most r on K} ,

where 7 > 0 is an integer. Mixed finite element spaces Vj;, x W}, are defined
locally on each element K € Kp, so let Vi (K) = Vj,|k (the restriction of
V, to K) and Wh(K) = Wh|K~

3.4.1.1 The RT Spaces on Triangles

As noted, these spaces are the first mixed finite element spaces introduced
by Raviart-Thomas (1977). They are defined for each r > 0 by

Vi(K) = (P(K))* @ ((21,22) P (K)), Wi(K) = P,(K)

where the notation @ indicates a direct sum and (21, 22)P.(K) = (21 P.(K),
xo P (K )) The case r = 0 was used in the previous sections. In this case, we
observe that V,(K) has the form

Vi(K)={v:v=(arx +bxz1,cx +bxz2), ax, bx, cxk € R},
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and its dimension is three. As discussed in Sect. 3.2, as parameters, or the
degrees of freedom, to describe the functions in Vj, we use the values of
normal components of the functions at the midpoints of edges in Kj, (cf.
Fig. 3.2). Also, in the case r = 0, the degrees of freedom for W}, can be the
averages of functions over K, as in Sect. 3.2.

Fig. 3.2. The triangular RT

In general, for r > 0 the dimensions of V,(K) and Wy (K) are

dim(V,(K)) = (r+ 1)(r +3), dim(W,(K)) = %2(7’”) .

They will be useful in the definition of certain projection operators into V,
(cf. Sect. 3.8.4). The degrees of freedom for the space Vj(K), with r > 0,
are given by (Raviart-Thomas, 1977)

(Vv-v,w), Yw € P,(e), e € 0K ,

(v, W)k Yw € (P_1(K))* ,
where v is the outward unit normal to e € K. We claim that this is a legit-
imate choice; i.e., a function in V}, is uniquely determined by these degrees
of freedom. Because dim(V(K)) equals the number of degrees of freedom
(i.e., (r+1)(r+3)), it suffices to show that if these degrees of freedom vanish

(v-v,w)e.=0 Yw € P,(e), e € 0K ,

(V,W)K =0 Yw € (Pr—l(K))2 , (333)

then v = 0 on K. Since v - v € P.(e) on each e € K, the first equation of
(3.33) yields v-v = 0 on e. For w € P.(K), Green’s formula (1.19) implies

/V~vwdx:—/V-dex+/ v-vwdl.
K K oK

The second term in the right-hand side of this equation vanishes. Since Vw €
(P,_1(K))?, the first term also vanishes by the second equation of (3.33).

Consequently,
/ V- vwdx=0,
K
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which implies V - v = 0 because V - v € P.(K). Therefore, there ex-
ists a stream function ¢ € H'(K) such that v = curl, where curl¢ =
(—0¢/0xq,00/0x1).

Set v = q + (21, 22)v, where q € (P,(K))* and v € P,(K). Without loss
of generality, let v be a homogeneous polynomial of degree r. Then

V- ((z1,2)v) = 2v +x1§—;1 +x2§—;}2 =(r+2veP.(K).

Since V-v =0, V-q+ (r+2)v = 0. As a result, v = 0 because V - q
€ P._1(K). Hence v = q € (P,(K))?, and the stream function ¢ € Py, (K).

Due to the fact that v -v = 0 on 9K, 0¢/0t = 0 on 0K, where t is
a tangential direction. Thus ¢ is a constant on K. We may assume that
¢ = 0 on 0K since ¢ is unique up to a constant. This implies ¢ = A1 Aa A3,
where ¢ € P._5(K) and A1, A2, and A3 are the barycentric coordinates of
the triangle K (cf. Sect. 1.4).

Finally, for w € (P._1(K))?, it follows from the second equation of (3.33)
and integration by parts that

O:/ V-de:/ curl¢ - w dx
K K

= / ¢ curlw dx = / A A2 A3y curlw dx
K K

where curlw = g’g — ?97;’12, with w = (wq,ws). Letting ¢ = curlw in this

equation yields

/ )\1)\2)\3’(/)2 dx =0.
K

Since AiAsA3 > 0 on K, ¢ = 0; thus ¢ = 0 and v = 0. This proves uni-
solvance.

3.4.1.2 The BDM Spaces on Triangles

The BDM spaces on triangles (Brezzi et al., 1985) lie between corresponding
RT spaces, are of smaller dimension than the RT space of the same index,
and provide asymptotic error estimates for the vector variable of the same
order as the corresponding RT space. They are defined for each r > 1 by

Viu(K) = (P(K))?, Wi(K)=P,_y(K) .

The simplest BDM spaces on triangles are those with » = 1. In this case,
Vh (K) is

Vi(K) ={v:v=(ak + a%kx1 + a¥xa,a% + aSex1 + aSexa)
d. €R, i=1,2,...,6},
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| |
1 1

Fig. 3.3. The triangular BDM

S0 its dimension is six. The degrees of freedom for V, are the values of normal
components of functions at the two quadratic Gauss points on each edge in
K}, (cf. Fig. 3.3). The space Wy (K) with » = 1 consists of constants.

In general, for » > 1 the dimensions of V,,(K) and W, (K) are

dim(Vy(K)) = (r+1)(r+2), dim(Wy(K)) = w :

Let
BT-+1(K) = {U S PT-+1(K) : U‘@K = 0} = )\1A2A3P7«_2(K) .

The degrees of freedom for Vi, (K) are (Brezzi et al., 1985)
(Vv-v,w), Yw € P.(e), e € 0K ,

(v, Vw)g Yw e P_1(K),
(v, curl w)g Vw € Bri1(K) .

They are a legitimate choice; see Exercise 3.14.

3.4.2 Mixed Finite Element Spaces on Rectangles

We now consider the case where {2 is a rectangular domain and Kj is a
partition of € into rectangles such that the horizontal and vertical edges of
rectangles are parallel to the x1- and xs-coordinate axes, respectively, and
adjacent elements completely share their common edge. Define

l r
Qur(K)=qv: v(x)= szijxiszv x = (z1,22) € K,v;; €R
i=0 j=0
ie., Qi r(K) is the space of polynomials of degree at most ! in z; and r in
zo, I,r > 0.

3.4.2.1 The RT Spaces on Rectangles

These spaces are an extension of the RT spaces on triangles to rectangles
(Raviart-Thomas, 1977), and for each r > 0 are defined by
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Vi(K) = Qri1,-(K) X Qrri1(K), Wi(K)=Q,(K) .
In the case r = 0, V,(K) takes the form
Vi(K) ={v:v=(ak + akzy,ak +akrs), ai €R, i=1,234},

and its dimension is four. The degrees of freedom for V are the values of
normal components of functions at the midpoint on each edge in Kj (cf.
Fig. 3.4). In this case, Qo o(K) = Py(K).

|
1

Fig. 3.4. The rectangular RT

For a general r > 0, the dimensions of Vj(K) and Wj(K) are
dim(Vy(K)) =2(r +1)(r +2), dim(W,(K)) = (r+1)*.
The degrees of freedom for V,(K) are given by (cf. Exercise 3.15)

(v -v,w)e Yw € P.(e), e € 0K ,
(v,w)k Yw = (w1, w2), w1 € Qr—1,(K), wa € Qrr_1(K).

3.4.2.2 The BDM Spaces on Rectangles

The BDM spaces (Brezzi et al., 1985) on rectangles differ considerably from
the RT spaces on rectangles in that the vector elements are based on aug-
menting the space of vector polynomials of total degree r by exactly two
additional vectors in place of augmenting the space of vector tensor-products
of polynomials of degree r by 2r 4+ 2 polynomials of higher degree. A lower
dimensional space for the scalar variable is also used. These spaces, for any
r > 1 are given by

Vi(K) = (R«(K))2 @ span {curl (z]7a) , curl (z25t)}
Wi(K) = Pr1(K) .
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In the case r =1, V(K) is

Vi(K) ={v:v=(ak +aka1 + alxs — afal — 2a% .z, ,

6 7 8 4 5 2
p + apT + ag T2 + 205 T122 + aKxQ) ,

a. €R, i=1,2,...,8},

and its dimension is eight. The degrees of freedom for V;, are the values of

normal components of functions at the two quadratic Gauss points on each
edge in K, (cf. Fig. 3.5).

| |
vy

Fig. 3.5. The rectangular BDM

For any r > 1, the dimensions of Vj(K) and Wj(K) are

dim(Vh(K)> =(r+1)r+2)+2, dim(Wh(K)) = w .

The degrees of freedom for V,(K) are (cf. Exercise 3.16)

(v v,w), Yw € P,(e), e € 0K ,
(v, W)k Yw € (Pr_3(K))* .

3.4.2.3 The BDFM Spaces on Rectangles

These spaces (Brezzi et al., 1987B) are related to the BDM spaces on rec-
tangles and are also called reduced BDM spaces. They give the same rates
of convergence as the corresponding RT spaces with fewer parameters per
rectangle except for the lowest degree space. For each r > 0, they are defined
by

Vi(K) ={w € P,;1(K) : the coefficient of 25" vanishes}

x {w € P.y1(K) : the coefficient of 27" vanishes},

Wh(K) = PT(K) .
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In the case r = 0, the BDFM spaces are just the RT spaces on rectangles.
For a general r > 0, the dimensions of V},(K) and Wj(K) are

dim(Vy,(K)) = (r +2)(r +3) -2, dim(W,(K)) = w ,

The degrees of freedom for V;,(K) are defined by (cf. Exercise 3.17)

(Vv-v,w), Yw € P.(e), e € 0K ,
(v, W)k vYw € (Pr_1(K))? .

While rectangular elements are presented, an extension to general quadri-
laterals can be made through change of variables from a reference rectangular
element to quadrilaterals (Wang-Mathew, 1994); refer to Sect. 1.5.

3.4.3 Mixed Finite Element Spaces on Tetrahedra

Let K}, be a partition of Q C IR? into tetrahedra such that adjacent elements
completely share their common face. In three dimensions, P, is now the space
of polynomials of degree r in three variables x1, x2, and x3.

3.4.3.1 The RTN Spaces on Tetrahedra

These spaces (Néd’elec, 1980) are the three dimensional analogues of the RT
spaces on triangles, and they are defined for each r > 0 by

Vi (K) = (P(K))’ @ (21,29, 23) Po(K)), Wi(K) = P.(K),

where (21,2, 23) P (K) = (21 P-(K), 22 P.(K), 3P, (K)). As in two dimen-
sions, for r =0, Vy, is

Vi(K) ={v:v = (akx +brxzi,cx + bxxa, dx + bxx3),
ax, bg, cx € IR} s

and its dimension is four. The degrees of freedom are the values of normal
components of functions at the centroid of each face in K (cf. Fig. 3.6).
In general, for » > 0 the dimensions of V,(K) and Wy (K) are

r+1D)(r+2)(r+4)

dim (V) (K)) = 5 :
dim (W, (K)) = (r+1)(r —é— 2)(r+3) .

The degrees of freedom for Vi (K) are

(V-v,w)e Yw € P.(e), e € 0K ,
(v, W)k vw € (Pr_1(K))* .
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Fig. 3.6. The RTN on a tetrahedron

3.4.3.2 The BDDF Spaces on Tetrahedra
The BDDF spaces (Brezzi et al., 1987A) are an extension of the BDM spaces
on triangles to tetrahedra, and they are given for each r > 1 by

Vi(K) = (Po(K))®, Wy(K) = Py(K) .

The dimensions of V,(K) and Wy (K) are

(r+1)(r+2)(r+3)

dim(V(K)) = 5 ,

dim (W, (K)) = w .

The degrees of freedom for Vi (K) are

(V-v,w)e Yw € P,.(e), e € 0K ,

(v,Vw)g Yw € Pr_1(K),

(v,w)g Vwe{ze (P(K))®:z-v=0o0ndK
and (z, Vw)g =0, w € P._1(K)}.

3.4.4 Mixed Finite Element Spaces on Parallelepipeds

Let © C IR® be a rectangular domain and K}, be a partition of € into rec-
tangular parallelepipeds such that their faces are parallel to the coordinate
axes and adjacent elements completely share their common face. Define, with
X = (171, 2, Ig),

l m T
Qumr(K)=<v: v(x)= ZZ vijkxﬁméx’g, x€K,vijr €Rp;
i=0 j=0 k=0

i.e., Qum,r(K) is the space of polynomials of degree at most [ in x1, m in xo,
and r in z3 on K, respectively, [,m,r > 0.
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3.4.4.1 The RTN Spaces on Rectangular Parallelepipeds

These spaces (Néd’elec, 1980) are the three dimensional analogues of the RT
spaces on rectangles and for each r > 0 are defined by

Vh(K) = Qr+1,r,r(K) X QT,T+1,7"(K) X Qr,r,r+1(K) 5
Wh(K) = Q’I‘,T,T(K) .

For r =0, Vy is

Vi(K) = {v:v=(ak + a%x1,a3 + akxa,a% + alx3) ,

ai. €R, i=1,2,...,6},

and its dimension is six. The degrees of freedom are the values of normal
components of functions at the centroid of each face in K (cf. Fig. 3.7).

Fig. 3.7. The RTN on a cube

For r > 0, the dimensions of V,(K) and W, (K) are
dim(V,(K)) =3(r + 1)*(r +2), dim(W,(K)) = (r+1)%,
and the degrees of freedom for V,(K) are

(Vv-v,w), Yw € Qrr(e), e € 0K ,
(V’W)K Vw = (wl,’LUQ,’LU3), w1 € Qrfl,r,r(K) )
wa € Qr,rfl,r(K)v w3 € Qr,r,rfl(K) .

3.4.4.2 The BDDF Spaces on Rectangular Parallelepipeds

These spaces (Brezzi et al., 1987A) are the three dimensional analogues of
the BDM spaces on rectangles. They are defined for » > 1 by
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Vi(K) = (PT(K))3 &) span{curl(0,0,x’{ng), curl(O,xleH,O) ,
curl(z5™z3,0,0), curl(0,0, xlwéﬂazg_i) ,

curl(0, zf‘lxg_ia:g, 0), curl(x’l"_izgxgﬂ, 0, 0)} ,

Wi(K)=P._1(K),
where i = 1,2,...,7r and, with v = (vy, ve, v3),

curl v = (Vs _Ov2 Qv vz vy Ouy
o 8x2 81537 ij 8;101’ 8x1 8:52 '

The dimensions of V,(K) and Wj(K) are

dim(V (K)) = (r—|—1)(r—;—2)(r+3) L3 e1),

dim (W), (K)) = W .

The degrees of freedom for V(K are

(Vv-v,w), Yw € P.(e), e € 0K ,
(v, W)k VYw € (Pr_y(K))* .

3.4.4.3 The BDFM Spaces on Rectangular Parallelepipeds

These spaces (Brezzi et al., 1987B) are related to the BDDF spaces on rec-
tangular parallelepipeds and are also called the reduced BDDF spaces. They
are defined for each r > 0 as

r+1

Vi (K) = {w € P.41(K) : the coefficient of Zx;*l_ixé vanishes}
B
X {w € P.41(K) : the coefficient of Zzgﬂ_’xi vanishes}
=
X {w € P.41(K) : the coefficient of me‘l_zxé vanishes} ,
i=0
Wi(K) = P.(K) .
The dimensions of V,(K) and W (K) are
2 4

2

(r+1)(r+2)(r+3) .
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The degrees of freedom for Vi, (K) are

(v v,w), Yw € P,(e), e € 0K ,
(v, W)k Yw € (P_1(K))® .

3.4.5 Mixed Finite Element Spaces on Prisms

Let © € R® be a domain of the form Q@ = G x (I1,1), where G C R? and
1, and Iy are real numbers. Let K} be a partition of 2 into prisms such that
their bases are triangles in the (z1, z2)-plane with three vertical edges parallel
to the xz-axis and adjacent prisms completely share their common face. P,
denotes the space of polynomials of degree [ in the two variables x; and x5
and of degree r in the variable x3.

3.4.5.1 The RTN Spaces on Prisms

These spaces (Néd’elec, 1986) are an extension of the RTN spaces on rectan-
gular parallelepipeds to prisms and are defined for each r > 0 by

Vh(K) = {V = (’Ul,UQ,U3) V3 € P1»77~+1(K)}, Wh(K) = P.,-J«(K) s
where (v1,v9) satisfies that, for a3 fixed,
(U1,112) € (Pr(K))Q D (($17$2)PT(K)) ,
and v; and ve are of degree r in x3. For r = 0, V}, has the form

Vi(K) ={v: v=(ak + az1,a3 + akxa,a% + afex3) ,
at: €R, i=1,2,...,5},
and its dimension is five. The degrees of freedom are the values of normal

components of functions at the centroid of each face in K (cf. Fig. 3.8).
For r > 0, the dimensions of V,(K) and W, (K) are

dim(V,(K)) = (r+1)%(r+3) + (r+1)(r+2)?

2 )
1)2(r+2
dim (W, (K)) = r+1)*(r+2)
2
The degrees of freedom for V(K are
(v v,w)e. Yw € P,(e) for the two horizontal faces ,
(Vv -v,w), Yw € Q. r(e) for the three vertical faces ,

((v1,02), (w1, w3)) V(wy,ws) € (Pro1 0 (K))?
(U37w3) ng S P,,.,,,._l(K) .
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-
Fig. 3.8. The RTN on a prism

3.4.5.2 The First CD Spaces on Prisms

The first CD spaces (Chen-Douglas, 1989) are an analogue of the RTN spaces
on prisms, but different degrees of freedom are used and the number of these
degrees is smaller than required by the RNT spaces. They are defined for
each r > 0 by
Vi(K) = {v = (vi,v2,v3) : (v1,v2) € (Pry1,7(K))* v3 € Pryy1(K)},
Wh(K) = PT,T<K) )

where the dimensions of V,(K) and W, (K) are

(r+1)(r+2)?

dim(Vy(K)) = (r+1)(r +2)(r +3) + 5 ,

(r+1)2(r+2) '

dim (W, (K)) = 5

Let
Bto,(K)={v € Pia,(K): vl =0 on the three vertical faces} .

The degrees of freedom for V(K are

(v v,w), Yw € P, (e) for the two horizontal faces ,
(V-v,w), Yw € Qr41,r(e) for the three vertical faces ,
( vy, U3) V(m@z)w) Yw e P, (K),

( v1,U2) curl(whm)w) Yw € Byiar(K),

(vs, ws) K Yws € Pr,r_1(K) ,

where V(;, ..y and curl,, ,,) indicate the corresponding operators with re-
spect to 1 and xs.
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3.4.5.3 The Second CD Spaces on Prisms

The second CD spaces (Chen-Douglas, 1989) are based on the BDDF spaces
on rectangular parallelepipeds and use a much smaller number of degrees of
freedom than the RTN and first CD spaces on prisms. They are defined for
each r > 1 by

Vi(K) = (P,,(K))3 @ span{curl(z}*'25,0,0) ,

r+1 r+1
curl(zoxs™, —z125" ", 0)

curl(0, 2™ 2 "ix3,0), i =1,2,... T}

Wh(K) - R—l(K) .
The dimensions of V,(K) and W, (K) are

dim(V,(K)) = (r+ 1)(T42r2)(7’+3) PP

dim(Wh(K)) = W .

Let
B,11(K) ={v € P.11(K) : v|]c = 0 on the three vertical faces of K} .

The degrees of freedom for V,(K) are

(v-v,w), Yw € P,(e), e € 0K ,
((v1,2), Via,, mz)w) Yw € Pr_1(K)
( v1,U2), curl(whwz)w)K Yw € B,11(K) ,

(v3, w3) K Yws € Pr_o(K) .

3.4.5.4 The Third CD Spaces on Prisms

The third CD spaces (Chen-Douglas, 1989) are based on the BDFM spaces
on rectangular parallelepipeds and also use a much smaller number of degrees
of freedom than the RTN and first CD spaces on prisms. They are defined
for each » > 0 by

Vi (K) = {w € Py1(K) : the coefficient of 25 "' vanishes}

x {w € P,11(K) : the coefficient of ay ! vanishes }

r+1
X {w € P11(K) : the coefficient of Zx”l ah vanishes} ,
=0
Wi(K) = P() .
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The dimensions of V,(K) and Wy (K) are

2 3 4
dim(Vh(K)) _ (r+ )(T;‘ )(r+4) —r—4,
1 2
dim (W, (K)) = L+ )(Tg r+3)
The degrees of freedom for V,(K) are
(v-v,w), Yw € P,(e) for the two horizontal faces ,
(v v w)e Vw € Py \ {257}
for the three vertical faces ,
((1)1,1)2) V(xhxz)w) Yw € Pr_l(K) R
((v1,v2), curl(y, 4, w)K Vw € Bria(K)
(v3, w3) K Yws € Pr_1(K) .

The mixed finite element spaces presented in this section satisfy the inf-
sup condition (3.32) (cf. Sect. 3.8) and lead to optimal approximation proper-
ties (see the next section). In this section, we have considered only a polygonal
domain €. For a more general domain, the partition 7} can have curved edges
or faces on the boundary I'; and the mixed spaces are constructed in a similar
fashion (Raviart-Thomas, 1977; Néd’elec, 1980; Brezzi et al., 1985, 1987A,
1987B; Chen-Douglas, 1989).

3.5 Approximation Properties

The RTN, BDM, BDFM, BDDF, and CD mixed finite element spaces have
the approximation properties

inf ||v—vh|| < Ch vl () 1<i<r+1,
vrEV
VhHelf IV-(v=vi)l| <CHIV -V, 0<I<rr, (3.34)
f < <[l <r*
whHElW |w — wy|| < Ch! 1wl a0 0<i<rr,

where r* = r+1 for the RTN, BDFM, and first and third CD spaces and r* =
r for the BDM, BDDF, and second CD spaces. Using (3.34), we can establish
the corresponding error estimates for the mixed finite element method (3.17)
when V), and W}, are these mixed spaces; refer to Sect. 3.8.

3.6 Mixed Methods for Nonlinear Problems

The mixed finite element method was considered by Johnson-Thomée (1981)
for a linear parabolic problem and by Chen-Douglas (1991) for the following
nonlinear parabolic problem:
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Ip

cp)g; = V- (@P)Vp) = flp) i QxJ,
p=20 onI'xJ, (3.35)
p(-,0) =po inQ,

where ¢(p) = c(x,1,p), a(p) = a(x,t,p), [(p) = f(x,t,p), J = (0,T] (T > 0),
and @ ¢ RY, d = 2 or 3. This problem has been studied in the preceding
two chapters for the conforming and nonconforming finite element methods.
Here we very briefly describe an application of the mixed method. We as-
sume that (3.35) admits a unique solution. Furthermore, we assume that the
coefficients ¢(p), a(p), and f(p) are globally Lipschitz continuous in p; i.e., for
some constants C¢, they satisfy

‘g(pl) - g(pQ)‘ S C§|p1 _p2‘7 P1, P2 € IR7 g =¢, a, f . (336)

Set
u=—a(p)Vp, V=H(div,Q), W =L*Q).

Then (3.35) can be recast in the mixed formulation:

Findu:J — V and p: J — W such that

(a_l(p)u, v) —(V-v,p) =0, veV,telJ, (3.37)
(0Pw)+ (V-ww) = (fphw).  wewres,

with p(-,0) = po.
Let Vi, x Wj, € V x W be any of the mixed finite element spaces intro-
duced in Sect. 3.4. The mixed finite element method for (3.35) is

Find uy : J — V3 and pp, : J — W)y, such that

(@™ (pn)up,v) = (V- v,pn) =0, vEeVn, (3.38)

(ctom %) + (- wnw) = (foi)w). we Wi,

where py,(-,0) can be any appropriate projection of py in Wy, e.g., its L>-
projection in Wp:

(ph(',O) —po’w) =0, w e Wy .

After the introduction of basis functions in Vj, and Wy, as in Sect. 3.2, (3.38)
can be written in the matrix form

A(p)U +Bp =0, teJ,

(3.39)

d
C(p)d—rt) _BTU=f(p), telJ.
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Under the assumption that the coefficient ¢(p) is bounded below by a positive
constant, this nonlinear system of ODEs locally has a unique solution for A
small enough. In fact, because of assumption (3.36) about ¢, a, and f, the
solution U(t), p(t) exists for all ¢ for h small enough (Chen-Douglas, 1991).
The various solution approaches (e.g., linearization, implicit time approxima-
tion, and explicit time approximation) developed in Sect. 1.8 for the finite
element method can be applied to (3.39) in the same fashion. We conclude
with a remark that the mixed finite element method has been also studied
for stationary nonlinear problems (Milner, 1985; Chen, 1989).

3.7 Linear System Solution Techniques

3.7.1 Introduction

As discussed in the previous sections, the system arising from the mixed finite
element method is of the form

@) e

As noted, while the matrix
M — A B
~\BT o0

is nonsingular under the inf-sup condition (3.32), it is not positive definite.
This limits application of many iterative algorithms to (3.40).
Since A is positive definite, U can be eliminated from the first equation
of (3.40):
U=A"'g— A 'Bp.

Substitute this equation into the second equation of (3.40) to see that
BTA 'Bp=BTA lg+f, (3.41)

so we have a single system for p. By (3.32), the matrix B A~!B is symmetric
and positive definite. Hence system (3.41) is easier to solve than system (3.40).
The Uzawa algorithm is a particular implementation of an iterative algorithm
for solving (3.41); see Sect. 3.7.2. A common problem with such an algorithm
is that the action of the matrix A~! in each step of the iteration needs to be
computed, and this computation is generally expensive.

There exist iterative algorithms for solving (3.40) without the inversion of
A. The minimal residual algorithm can be applied to a more direct precon-
ditioned reformulation of (3.40), for example; refer to Sect. 3.7.3. There also
exist a variety of specific algorithms that strongly depend on the underlying
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differential equation problem and the choice of mixed finite element spaces.
These include alternating direction iterative algorithms (cf. Sect. 3.7.4) and
mixed-hybrid algorithms (cf. Sect. 3.7.5). The mixed finite element method is
related to the nonconforming method studied in the preceding chapter, and
can be implemented by the latter (cf. Sect. 3.7.6).

3.7.2 The Uzawa Algorithm

The Uzawa algorithm (Arrow et al., 1958) is a classical iterative algorithm
for saddle point problems. It is defined as follows: Given an initial guess
p? € RY, find (U*, pF) e RM x RY such that, for k =1,2,...,

AU = g — Bp’“’1 ,

3.42
pk' — pk—l +oa (BTUk + f) , ( )

where « is a given real number. To see convergence of this algorithm, we
define the residual
e = -BTU" —f.

Using (3.41) and (3.42), we see that
ek _ —BTA71 (g _ Bpkfl) —f= _BTAle (p _ pkfl) ,
o
pk) _ pk—l — _aek: — aBTA—lB (p _ pk‘—l) .

Hence the Uzawa algorithm is equivalent to applying a gradient algorithm to
(3.41) using a fixed step size a. From the analysis of the gradient algorithm
(Axelsson, 1994; Golub-van Loan, 1996), the iteration converges if

a<2|BTAT'B| T,

where || - || is the matrix norm induced from the usual real Euclidean norm
(i.e., the £3-norm).
The step size can be varied and at each step can be chosen, for example:

ek~ek

(Bek) - (A—1Bek) -

ap =

Note that if we use this choice, we would invert A in every step of the
iteration. That can be avoided by storing an anuxiliary vector. This approach
leads to a two-level iteration: an inner iteration for solving a system with the
stiffness matrix A and the outer Uzawa iteration (3.42).

As in Sect. 1.10.2, due to a large condition number of BT A~!'B, it is more
effective to use a conjugate gradient method for solving (3.41). This leads to
a modified Uzawa algorithm:

e Given an initial guess p° € RY, solve AU! = g — Bp?;
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o Set d! = —e! = BTU' + ;
e For k=1,2,..., find Ut ¢ RM and p* € R" such that

= Bd"
Sk — A—lrk )
k. ok
e".e
pF =pF '+ ard® where oy, = %
k41 k k s (3.43)
U =U" — 8",
k+1 _ Ty7k+1
ettt = _BTUML £
eht1l . ghtl
dFtl = —eM 4 Bd® where B = ——
ek e

As discussed, algorithms (3.42) and (3.43) require the evaluation of the
action of the matrix A1 at each step of the iteration. There are so-called
inezact Uzawa algorithms that replace the exact inverse by an approximate
evaluation of A~! (Elman-Golub, 1994; Bramble et al., 1997). Also, since the
Uzawa algorithms converge slowly, one can introduce their preconditioned
versions, as discussed in Sect. 1.10.2 (also see the next subsection).

3.7.3 The Minimum Residual Iterative Algorithm

The minimum residual iterative algorithm (Paige-Saunders, 1975) can be used
to solve system (3.40). As previously, let the dimensions of Vj and W} be
M and N, respectively. Because M = (m;;) is symmetric and nonsingular,
we can define the “energy” inner product

MN
(v,w)pr = (Mv, Mw) g VMM Wi, V,WE
i,5,k=1

IRMN

where (-,-) denotes the Euclidean inner product in RM?¥. Set

F= & .
—f
The minimum residual iterative algorithm for finding the approximations

Fe RMYN (k=1,2,...) to the solution of (3.40) is defined as follows:

e Set PO =x° —OandﬂlPl—x =F;
e For k=1,2,..., find P**1 ¢ RMY and x*+* ¢ RMY by

—F — MP*
ﬂk—b—lkarl _ Mxk _ <MXk,Xk>M Xk: _ <Mxk’xk71>M kal ,
Pk+1 — Pk + <I‘k,MXk+1>Xk+1 ;
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where the constants (3, > 0 are chosen such that <xk,xk>M = 1. This is
possible: When r* # 0, we can show that B ;x**! # 0 (Rusten-Winther,
1992); when r* = 0, the above iteration stops.

The convergence rate of this algorithm depends on the location of eigen-
values of M. It can be shown (Rusten-Winther, 1992) that this rate can be
estimated by the condition numbers of A and B. Since their condition num-
bers increase as the discretization is refined and the convergence is thus slow,
a direct application of the minimum residual algorithm is usually not practi-
cal. Therefore, to speed up the convergence, preconditioned versions of this
algorithm have been suggested (Ewing et al., 1990; Rusten-Winther, 1992).
For completeness, we briefly mention this technique.

Let L € R™*M and S € RY*Y be two nonsingular matrices. Then
system (3.40) is equivalent to the system

L'AL v+ L 'BS7!q=L"1g,

(L'Bs ) v=—8Tf, (34
where v = LTU and q = Sp. System (3.44) has the same structure as (3.40).
The minimum residual algorithm applied to (3.44) converges faster if L and S
are appropriately chosen. The matrices L and S should have the property that
linear systems with coefficient matrices given by LL” or STS can be solved
by a fast solver. This requirement is necessary since such linear systems have
to be solved once in each iteration of the preconditioned minimum residual
algorithm. One example of the choices for L and S is that L = I, the identity
matrix, and S should be chosen such that ST'S is a preconditioner for BTB.
STS can be obtained from the incomplete Cholesky factorization of BB
(Rusten-Winther, 1992), for example.

3.7.4 Alternating Direction Iterative Algorithms

The Uzawa and Arrow-Hurwitz alternating-direction iterative algorithms
have been developed for solving the system of algebraic equations arising
from the mixed finite element method considered in this chapter (Brezzi
et al., 1987A,B; Douglas et al., 1987). We now describe these iterative algo-
rithms for solving (3.40). As an example, we limit ourselves to the Uzawa-type
algorithms for the Raviart-Thomas spaces on rectangles; the Arrow-Hurwitz-
type algorithms and other mixed finite element families can be treated as
well (Douglas et al., 1987).

The Uzawa alternating-direction algorithms are based on a wvirtual par-
abolic problem introduced by adding a virtual time derivative of p to the
second equation of (3.40) and initiating the resulting evolution by an initial
guess for p. Thus we consider the system
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AU +Bp =g, t>0,
DZ—I; -BTu=f, t>0, (3.45)
p(0) = p°,

where the choice of D is somewhat arbitrary, though it should be symmetric
and positive definite. System (3.45) corresponds to a mixed finite element
method for an initial value problem:

i . (aVp) = f, (3.46)

ot
for some coefficient d and with an appropriate boundary condition. Let now
the domain 2 be a rectangle and K} be a partition of {2 into subrectangles.
Then, if the Raviart-Thomas spaces on rectangles in Sect. 3.4.2.1 are used, it
follows from the construction of these spaces that (3.45) splits into equations
of the form
Ale+B'Lp:g27 i:1a2a

d
Ddit’—BlTUl—BQTUFf, (3.47)

p(0) =p°,
where the U;-parameters and Us-parameters are ordered in an x1-orientation
and an xs-orientation, respectively, and the matrices A; are block tridiagonal
as well as symmetric and positive definite.
The Uzawa iterative algorithm is described as follows: Let p° be given
arbitrarily and determine U° (only U9 needs to be computed to initiate the
iteration) by the system

AU} +Bp’=g;, i=12.
The general step splits into the following x1-sweep and zo-sweep:

A1U711+1/2 + Blpn+1/2 =g,

n+1/2 _ n

1Y 1Y
At
A2U3+1/2 + B2pn+1/2 =g,

n+1/2 n
D - B%‘Ul-‘r /2 _ BgUQ =f, (3.48)

and
AU 4+ Bop™ ! =g,

n+1l _ n+1/2
D% _ B?U;H‘l/Q _ BgU;H_l =f, (349)

A UTT 4+ Bip"t =gy,

where At” is a sequence of parameters. Note that U;LH/ ®and U™ do not
enter into the evolution; they need not be calculated at all, though it is
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probably a good idea to compute them to be consistent with the final p upon
termination of the iteration.

A spectral analysis for the iteration in (3.48) and (3.49) was given by
Brown (1982). The analytical result shows that this iteration converges for
any symmetric positive definite matrix D and constant sequence At"™ = At >
0. Moreover, for 0 < C; < Cs, there is n such that the error estimate holds
(Brown, 1982):

n e 1
iy = wnll + llph = pall < 5 (Il = wall + llph = pall) (3.50)

for any virtual time steps such that C; < At! < At?2 < ... < At" < Oy,
where || - || indicates the L2-norm. When 2 is a rectangle and the coefficient
a in (3.46) is constant, then a time step cycle can be chosen as a geometric
sequence with n = O(log h™!) such that (3.50) holds (Douglas-Pietra, 1985).
Then it follows that at most O((log e~ 1)(log h™1)) iterations are required to
reduce the initial error (in the form measured by (3.50)) by a factor e. For a
variable coefficient a in (3.46), an alternating-direction iterator for a constant
coeflicient problem can be utilized as a preconditioner for the conjugate gra-
dient algorithm. The same complexity bound can be obtained for the present
iteration. Namely, no more than O((log e~1)(log h~1)) iterations are needed
to reduce the error by a factor e.

3.7.5 Mixed-Hybrid Algorithms

As mentioned, the constraint V;, C V implies that the normal components
of the functions in V), are continuous across the interior boundaries in K},
(cf. Exercise 3.7). Following Arnold-Brezzi (1985), we relax this constraint
on V;, by defining

V), = {v € (LQ(Q))d 1 v|g € Vi (K) for each K € Kh}, d=2or3.

We then need to introduce Lagrange multipliers to enforce the required con-
tinuity on Vj, so we define

Lh:{ueL2< U e) :u|e€Vh-u|ef0reache€5h},

ecé

where &, indicates the set of all edges or faces in Kj. Now, the hybrid form
of the mixed method (3.17) is
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Find (up, pp, A\n) € V,, x W), x Ly, such that

(W, v) = > AV-vopn)k — (Vv Mo} =0, vEVy,

KeKy,
Z (v'uhaw)](:<f7w)7 wEWh7 (351)
KeKp
Z (uh'VKnu)aK\F:Oa MELha
KeKy

where v i denotes the outward unit normal to K. Note that the third equation
of (3.51) enforces the continuity requirement on uy, so in fact u, € Vy,.

As in Sect. 3.2, after the introduction of basis functions in V},, Wy, and
Ly, (3.51) can be expressed in the matrix form

A B C U 0
B” 0 0 pl=1-f], (3.52)
ct’ o0 o0 A 0

where A is the degrees of freedom of A,. The advantage of system (3.52)
is that the matrix A is block-diagonal, with each block corresponding to a
single element. Hence A is easily inverted at the element level. This, together
with the first equation in (3.52), leads to

U=-A"'Bp-A~!C). (3.53)
Substituting it into the second and third equations in (3.52), we see that

BTA 'Bp+BTA!ICA=f,

e A1 (3.54)
C'A"Bp+C'A~"CA=0.

By (3.32), B'A~1B is symmetric and positive definite, so the first equation

of (3.54) yields

p=(B"A"'B) ' f— (B"A"'B) 'B"A'CX. (3.55)

Substituting this equation into the second equation of (3.54) implies the linear
system for A

(cTa"lc- (CTA'B)(B'A'B) T (BYAIC)) A

— —(CTA'B)(BTA'B)'f.

(3.56)
This system for A is symmetric, positive definite, and sparse. Therefore, we
can solve (3.56) for A, and then recover p via (3.55) and U via (3.53). System
(3.56) can be solved via the iterative algorithms developed in Sect. 1.10.2,
for example.
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3.7.6 An Equivalence Relationship

When the lowest-order Raviart-Thomas mixed space on triangles (respec-
tively, rectangles) is applied to the discretization of problem (3.13), it is
interesting to see that system (3.56) is the same as that generated by the
triangular P; nonconforming finite element method (respectively, rotated @
nonconforming finite element method) introduced in the preceding chapter
(Chen, 1996). As an example, we examine the lowest-order Raviart-Thomas
mixed space on triangles (cf. Sect. 3.4.1.1) for the solution of the model prob-
lem in two dimensions:

~V-(aVp)=f inQ,

B (3.57)
p=0 onl,

where a and f are given as in (3.26). For this mixed space, the spaces Vi,
Wp, and Ly, are specifically given by

Vi ={ve (L2Q)" : vk € (Py(K))’ @ (21, 22) Po(K)), K € Kh} :
W,={we€ LQ(Q) : ’w|[( € ]D()(f{)7 K e Kh} s

Ly ={pe L*&): ple € Pole), e€ &},
where Py(K) is the space of constants defined on K and &, is the set of all
edges in Kj,.

Let P, be the L2-projection onto Wj: For v € L?(Q), P,v € W}, satisfies
(Prv—v,w) =0 Yw € Wy, .

Set Ky, = Pra~! (componentwise). Then a modified hybrid form of the mixed
method for (3.57) (cf. (3.51)) is

Find (up, pn, A\n) € V,, x W), x Ly, such that
(Knup,v) = > A(V-v.p)x = (v vk, Moy} =0, VEV,,

KeKy
Z (V-up,w), = (f,w), we Wy,
KeKp
Z (uh'VKhu)aK\F:Oa pe Ly .
KeKy
(3.58)
For each K in K, set
= 1 1
fio = ek = e [ £,
K| K] Jk
where |K| denotes the area of K. Also, set K = (o;) and up|g =

(uk1,uk2) = (ak +bxx1,a% +bgxws). Then it follows from the second equa-
tion of (3.58) that
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U
5
Next, take v = (1,0) in K and v = 0 elsewhere, and take v = (0,1) in K
and v = 0 elsewhere, respectively, in the first equation of (3.58) to obtain

2 3
D (agurs e + Y leklvi;
i=1 i=1

where |e%| is the length of the edge €% of K and vi = (vi,,vi,) is the
outward unit normal to ef, i = 1,2. Letting B = (6f5) = ((2ij, D)™,
(3.60) can be then used to solve for the coefficients ak, and a%:

by = (3.59)

=0, j=1,2, (3.60)

eK| leKl + /332’/1(2) Ah‘e

'Mw

=1

, (3.61)

Z ]z?ailxl +0412I2)K, j=12.

\
M‘NI

Let the basis in Lj be chosen as usual. Namely, take @ = 1 on one edge and
w = 0 elsewhere in the third equation of (3.58). Then, apply (3.59) and (3.61)
to see that the contributions of the triangle K to the stiffness matrix A and
the right-hand side f are

o I, i)k ,
aly = PiBiPle = T (T Vi )es, »

where v = |ei|vt, and I, = fi(21,22)/2. Hence we obtain the following
system for A, by the mixed-hybrid algorithm:
AN=f, (3.62)

where A = (a;;), A is the degrees of freedom of \j,, and f = (f;).
We now consider the nonconforming finite element method (2.3) for (3.57).
Let V}, be the nonconforming P, finite element space as defined in Sect. 2.1.1:

Vi = {v € L*(Q) : v|k is linear, K € Kj;v is continuous
at the midpoints of interior edges and

is zero at the midpoints of edges on I'} .
We modify (2.3) as follows: Find p € V4, such that

an(pn,v) = (Pnf,v) Yo €Vh, (3.63)
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where

ah(phav): Z (K;1Vph7vv)K .
KeKy

That is, the L2-projection is used in the discrete bilinear form ay(-,-) and the
right-hand side of (3.63). The quantity IC;1 is called the harmonical average
of a. Let {¢;} be the basis of V}, as defined in Sect. 2.1.1. Associated with an
edge e} € 0K, we have

1

L1075‘1(:m’jil('((‘%‘17:172)_11”)’ 27&17

for some midpoint my. It can be checked that (Chen, 1996)
(K3 ' Vi, Vos) o = VicBric
which is ag. Also, it can be shown that

fri = fx(Lpi)k = (Puf, i)k -

Therefore, method (3.63) also leads to the system of algebraic equations
(3.62). Namely, methods (3.58) and (3.63) produce the same system.

For a differential problem more general than (3.57) and other mixed finite
element spaces, there is also an equivalence relationship between these spaces
and certain nonconforming finite element spaces (Arnold-Brezzi, 1985; Chen,
1993A; Arbogast-Chen, 1995). This equivalence relationship is useful in the
development of iterative algorithms for solving linear systems arising from
the mixed method (Chen, 1996; Chen et al., 1996).

We end with mentioning that when V; x W), are the lowest-order RTN
spaces over rectangular parallelepipeds (cf. Sects. 3.4.2.1 and 3.4.4.1), it can
be shown that the linear system arising from the mixed method can be written
as a system generated by a cell-centered (or block-centered) finite difference
scheme using certain quadrature rules (Russell-Wheeler, 1983).

3.8 Theoretical Considerations

In this section, we give an abstract formulation of the mixed finite element
method for second-order partial differential equations. The reader who is not
interested in the theory may bypass this section.

3.8.1 An Abstract Formulation

Suppose that V and W are two Hilbert spaces, and a(-,-) : V. xV — R
and b(-,+) : V. x W — TR are two bilinear forms (cf. Sect. 1.3.1). Also, let
L:V —Rand Q : W — IR be two linear functionals. We consider the
problem:
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Find v € V and p € W such that
a(u,v) + b(v,p) = L(v) YoeV, (3.64)
b(u, w) = Q(w) Ywe W .

Introduce the functional F': V x W — R

F(v,w):%a(v,v)—i—b(v,w)—L(v)—Q(w), veV,weW.

Then, using the same argument as for (3.4) and (3.5), it can be seen that if,
for example, a(-,-) is symmetric and V-elliptic (cf. (1.39) and (1.41)), (3.64)
is equivalent to the saddle point problem:

Find v € V and p € W such that
Flu,w) < Flu,p) < Flo,p)  YwoeV, weW.

To study (3.64), we need some assumptions on the bilinear forms a and
b. It is natural to assume that they are continuous:

la(vi, v2)| < a*||v1]|v]lv2llv Yui, v €V,

3.65
bow) <ol el VoV, wew . (3.65)

Also, we define the linear spaces

Z(Q) ={veV:bww)=Qw) YweW},
Z=7Z0)={veV:bv,w)=0 YweW}.

Because b is continuous, Z is a closed subspace of V. We now write (3.64) in
terms of proper operators. Denote by (-, )/, the duality pairing between
V" and V, where V' is the dual space of V (i.e., the set of bounded linear
functionals on V; cf. Sect. 1.2.5). With a, we associate the operator A : V —
V' defined by

(Au,v)y oy = a(u,v) YveV.

Next, we define the operators B: W — V' and B’ : V — W' by

(Bp, )y = b(v,p) YoeV,
(B'u,w) o = blu,w) Ywe W .

With these operators, (3.64) is equivalent to

Au+ Bp=1L,

Bu-q. (3.66)
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Let Z* indicate the orthogonal complement of Z in V; i.e.,
Zt={veV:(v,2)y =0 VzeZ},
where (-, )y is the inner product of V. Next, let Z° be the polar set of Z:
Z°={leV : (,2)y =0 VzeZ}.

Theorem (Closed Range Theorem). Let X and Y be two Banach spaces with
their respective dual spaces X' and Y', and F : X — Y be a bounded linear
operator. Then the following two statements are equivalent:

(i) The range F(X) is closed in Y.
(i) F(X) = (ker(F"))°, where ker(F') indicates the kernel of F' (the adjoint
of F); i.e.,
ker(F)={ye ) : F(y)=0} .

This theorem can be found in Yosida (1971), for example. A linear map-
ping between two normed linear spaces is an isomorphism if it is bijective
and, together with its inverse, is bounded.

Lemma 3.1. The following three statements are equivalent:

(i) There is a constant b, > 0 such that

inf su b(v, w)

P = by (3.67
weW yev |[v]lv][wllw )

(i) The operator B: W — Z° C V' is an isomorphism. Moreover,

|Bw|lv: > bi|lwlw  YweW. (3.68)
(iii) The operator B' : Z+ — W' is an isomorphism. Furthermore,

|Bv||w: > ballvlly Vo€ Z*. (3.69)

Proof. As an example, we only prove the equivalence between (i) and (ii).
The others can be shown similarly.

Under (i), we see that B is one-to-one. Let | € B(W), the range of B;
then there exists w € W such that w = B~!l. It follows from (i) that

b(v,w (I,v)
bl < sup 20 — gup BVVey

— sup vy (3.70
i T A )

Namely, (3.68) holds. Moreover, B~! is continuous on B(W). By the conti-
nuity of B and B!, we see that B(W) is closed. Then it follows from the
Closed Range Theorem that B(W) = Z°. Hence (ii) is proven.

Now, suppose that (ii) is true. Then, for any w € W, there exists [ € Z° C
V'’ such that Bw = [. Consequently, (3.67) follows from (3.68) and (3.70).
U
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Inequality (3.67) is termed the inf-sup condition. Note that (3.64) induces
a linear operator £:V x W — V/ x W' through

(u,p) — (L, Q) . (3.71)

Theorem (Hahn-Banach Theorem). If M is a subspace of a real normed
space X and Fy is a continuous linear functional defined on M with norm
|Follar, then there is a continuous linear extension F of Fo to X such that
[ Fllxr = 1Follae-

This theorem can be found in Conway (1985), for example.

Theorem 3.2. For problem (3.64), the operator L :V x W — V' x W' is an
isomorphism if and only if the following two conditions hold:

(i) the bilinear form a is Z-elliptic; i.e., there exists a. > 0 such that
a(v,v) > a.v||% YoeZ, (3.72)

(ii) and the bilinear form b satisfies (3.67).

Proof. Let £ be an isomorphism. Especially, £~ is bounded. It follows from
the Hahn-Banach Theorem that every functional L € Z’ has an extension
L € V' such that ||L| 2z = || L||v/. Define (u,p) = L*(L,0). Then u € Z is a
minimum of a(v,v)/2 — L(v),v € Z. The operator L — u € Z is bounded,
so the bilinear form a is Z-elliptic.

Also, let @ € W', and define (u,p) = £71(0,Q) such that [jully <
C||Q|lw for some positive constant C. Let ug € Z* be the projection of
u. Because ||up|lv < ||u]lv, the operator Q —— u — wg is bounded. More-
over, B'ug = Q. Consequently, B’ : Z+ — W' is an isomorphism. Thus, by
(iii) in Lemma 3.1, we see that the bilinear form b satisfies (3.67).

Conversely, suppose that a and b satisfy (3.72) and (3.67), respectively.
Let (L,Q) € V! x W'. First, it follows from (iii) in Lemma 3.1 that there is
uy € Z+ such that B'u; = Q and ||u;||v < ||Q|lw/bx.

Next, set A = u — uq. Then (3.64) is equivalent to

a(\,v) +b(v,p) = L(v) — a(uy,v) YoeV,

3.73
b\, w) =0 Vw e W . (8.73)

Thus it suffices to prove (3.73). First, using (3.72), the functional
1
5‘1(% v) — L(v) + a(u1,v)

attains its minimum for some A € Z such that

1
1Al < —= (ILllv: + Clluallv)
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for some positive constant C. Namely, A € Z satisfies
a(A,v) = L(v) — a(ug,v) YoeZ. (3.74)
Second, if there exists p € W such that
b(v,p) = L(v) — a(u; + A, v) YoeV, (3.75)

then (3.73) will follow. Note that the right-hand side of (3.75) defines a func-
tional in V', and this functional is in Z° by (3.74). Hence, applying (ii) in
Lemma 3.1, this functional can be expressed as Bp with

1
lpllw < 3= (ILllv: + Cllullv) -

Thus the solvability of (3.73) is shown. Uniqueness follows from the two
conditions (i) and (ii) on a and b. Therefore, £ is surjective and injective.
Furthermore, applying the above bounds on u;, A, and p, we see that

< By (14 € 19

* O b.

¢ (ILlv: , Clalw:
< il
ot < (14 £ (Ll Sy

which implies that the inverse operator £~! is continuous. Hence £ is an
isomorphism. [

We remark that (3.72) is required to hold in the space Z instead of V.
This is the usual case in most applications.

(3.76)

3.8.2 The Mixed Finite Element Method

Suppose that V;, and W}, are the respective finite dimensional subspaces of
V and W. Then the discrete counterpart of (3.64) is

Find up € V3, and pp € W}, such that
a(up,v) + b(v,pp) = L(v) Yv eV, (3.77)
b(up, w) = Q(w) Yw € Wy, .

In view of Z(Q) and Z, we also define their discrete counterparts

Zr(Q) ={v eV : bv,w) = Q(w) Yw € Wy},
Zn=7Zp(0)={v eV, :blv,w) =0 Ywe W,}.

Lemma 3.3. Let the bilinear form b satisfy

b(v, w)
sup
vevi, [lvllv

> by||w|lw Yw € Wy, , (3.78)
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where the constant b, > 0 is independent of h. Then there is a constant C,
independent of h, such that for every p € Z(Q),

inf —v|ly < C inf —llyv .
Lt lp=vllv <€ inf lp =l

Proof. The minimization of [[p — v|[y subject to the constraint v € Z,(Q)
implies

(’U, y)V + b(ya q) - (pa y)V Vy € Vh s

b(v,z) = Q(z) Yz e Wy,

for some g € Wj. Then, for any w € Vj,

(inay)v+b(y7Q) = (p7w7y)v VyE Vh7
bv—w,z) =b(p—w,z) Vze Wy .

The functionals on the right-hand side of this system are bounded by C||p —
w]|y. Thus, in the same way as for (3.76), we see that ||[v—wl||yv < C|lp—w|v,
which, together with the triangle inequality, implies the desired result. [

Theorem 3.4. In addition to the assumptions of Theorem 3.2, if there are
constants a, > 0 and b, > 0, independent of h, such that

(i) the bilinear form a is Zp-elliptic:
a(v,v) > a.|v||3 Yo € Zp (3.79)

(ii) and the bilinear form b satisfies (3.78), then (3.77) has a unique solution
up, € Vi, and pp, € Wy,. Moreover,

lu = unllv +llp = pallw

of o f (3.80)
< i - i - .
< (;env,l'“ ol + inf iy w|w)

Proof. Existence and uniqueness of (3.77) can be shown as in Theorem 3.2.
It suffices to prove (3.80). Subtracting (3.77) from (3.64), we see that

a(u — up,v) +blv,p—pp) =0 Yo eV, (3.81)

b(u — up,w) =0 Yw e Wy, . ’
Let v € Z,(Q). Since up, — v € Zy, it follows from (3.65), (3.79), and (3.81)
that, with w € W,

as||up fv||‘2/ < a(up —v,up — )

(
(

= a(up — u,up —v) + alu — v, up — v)

b(up, —v,p —pp) + alu —v,up —v) (3.82)

b(up, —v,p —w) + a(u — v, up — v)

< C(llp —wlw + llu = vlv)) lun = vllv -
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Next, for w € Wy, by (3.81) we get
bv,w—pp) = —a(u — up,v) — blv,p — w) Yo eV,
so that, using (3.65) and (3.78),

b(v,w —
byllw — pullw < sup bv,w — pn)
vevi  vllv
— s —a(u —up,v) = b(v,p —w) (3.83)
VeV, [[v]lv

< C([lu—wunllv + llp — wllw) -

Combine Lemma 3.3, (3.82), and (3.83) to obtain (3.80). O
In general, Z;, ¢ Z. If Z, C Z, a better estimate can be obtained, as
shown below.

Theorem 3.5. In addition to the assumptions of Theorem 3.2, if Z, C Z,
then
lu —uplly < C inf |lu—v|v . (3.84)
vEV)

Proof. Let A € Z(Q). Then, for v € Z;, we see that, by Z; C Z and (3.81),
a(up — A\, v) = alup, — u,v) + alu — \,v)
=b(v,p—pn) +alu— Av)
=a(u—A0) <Cllu=Alv|vlv
Taking v = up, — A leads to the desired result. [J
Inequalities (3.79) and (3.78) are referred to as the Babuska-Brezzi condi-
tion or sometimes the Ladyshenskaja-Babuska-Brezzi condition. Often condi-
tion (3.78) alone is termed the Ladyshenskaja-Babuska-Brezzi condition, as

mentioned earlier. It is sometimes called the discrete inf-sup condition. The
following result is useful in the verification of this condition (Fortin, 1977).

Theorem 3.6. Assume that the bilinear form b satisfies (3.67). If there exists
a bounded projection operator I, : V- — Vj, such that

b(v — Ipv,w) =0 Yw e Wy,

and the bound is independent of h, then the discrete inf-sup condition (3.78)
holds.
Proof. From (3.67), it follows that, for any w € W,
b b(I1
be||wllw < sup bv,w) _ su b(IInv, w)
vev vllv wev  lvllv

b(Il b
< Csup I ) o B )
vev yolly vevi, |ollv

This implies the desired result. [
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3.8.3 Examples

As noted, in this chapter we concentrate on applications of the mixed finite
element method to second-order partial differential equations. Other appli-
cations will be presented in Chaps. 7-10.

We consider the model problem

-V -(aVp) = f in ©,

B (3.85)
p=0 onl,

where a is a d X d (d = 2 or 3) matrix and f € L*(Q) is given. Assume that
a satisfies (3.27). This problem was considered in Sect. 3.4. The following
spaces have been introduced in Sect. 3.2:

V =H(div,Q), W =L*).

We recall the inner product of V:
(V1,V2)=/v1~V2dx—l—/V-vlv-ngx, Vi, Vo EV .
Q Q

Set
u=-aVp. (3.86)

Equation (3.85) is then written as
Vou=f. (3.87)
As for (3.29), problem (3.85) can be recast as follows:

Find u € V and p € W such that

(atu,v) — (V-v,p) =0 YwvevVv, (3.88)
(V~u,w):(f,w) Yw e W .
Define
a(u,v) = (a~tu,v), u veV,

b(v,w) =—(V-v,w), veV, weW.
Then (3.88) is of form (3.64) with

L(v)=0, veV, Qw)=-(fw), weW.

Obviously, the bilinear forms a and b satisfy the continuity condition
(3.65). Also, for any v € Z we see that V- v =0, so

a(v,v) = Hafl/sziZ(Q)

is Z-elliptic. Next, for w € L?() there is v € C§°(Q) such that
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1
[w —v|[z2Q) < §||wHL2(Q) .

Define y = inf{z; : x = (21, T2,...,24) € Q} and
x1
vl(x):/ o(T,xe,...,xq) dr, v;=0, i=2,...,d.
y

It is clear that V- v = v, where v = (v1,v,...,v4), and that

[VllLz) < Cllvllr2(o) -
Consequently, we see that

b(v,w)
[v]lv

(v, w)

1
>
T A+ Ol T 20+C

)||w||L2(Q) ;

i.e., b satisfies (3.67). Thus the conditions in Theorem 3.2 are satisfied.

Let Vi, € 'V and Wj, C W be the RTN, BDM, BDDF, BDFM, or CD
spaces introduced in Sect. 3.4. All these spaces possess the property

V-V =W, (3.89)
The discrete version of (3.88) reads as follows:

Find u; € V}, and p;, € W, such that
(atup,v) = (V-v,pp) =0 Vv eV, (3.90)
(v'uhvw):(faw) Yw e Wy, .

As in the continuous case, using (3.89), it can be shown that a is Z,-elliptic;
ie., (3.79) is satisfied. As for (3.78), we note that each of the mixed finite
element spaces possesses a projection operator Iy, : (H'(Q))? — V;, which
satisfies the conditions in Theorem 3.6 (see the next subsection). Thus The-
orems 3.4 and 3.6 can be applied.

3.8.4 Construction of Projection Operators

Each of the RTN, BDM, BDDF, BDFM, and CD spaces possesses the
property that there are projection operators ITj, : (H'(Q))? — Vj, and
Py, : W — W}, such that

(V-(V—Hhv),w)zo Yw € Wy, ,

3.91
(V- y,z—=Ppz)=0 Yy € V. (3:91)

That is, on (H'(2))? NV}, and with div = V-,

divII, = P,div . (3.92)
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7 div W
11, Py
div
Vh*> Wh

Fig. 3.9. The commuting diagram

Relation (3.92) means that the diagram in Fig. 3.9 commutes where V =
(H ()7,
These two operators satisfy the approximation properties

v = Mnv|Lz) < CRv]aq), 1<I<r+1,
||V . (V — HhV)HLz(Q) S CthV . V||HZ(Q), 0 S l S r* 5 (393)
[w — Prwl|p2(q) < ChHwl| g1(q), 0<1<r,

where  and r* are given as in (3.34).
The operator Pj, : W — W, is just the standard L2-projection:

(Prz — z,w) =0, w e Wy,

while the operator IIj : vV — V;, needs to be defined for each individual
mixed space. As an example, we define IT;, for the RTN spaces on triangles
and rectangles in detail. The operator Il is defined in terms of the degrees
of freedom of V, (cf. Sect. 3.4).

Example 3.1. The RTN space on triangles is defined in Sect. 3.4.1.1. Let
K € K} be a triangle with edges e;, i = 1,2,3. Then we define IT;|x :
H'(K) — Vj,(K) by

/(V—Hhv)~uwd€:0 Yw e P(e;), i=1,2,3,

(3.94)
/(vfﬂhv)'w dx =0 VWG(PT_l(K))2,

K

for r > 0. When r = 0, only the first equation is needed.

Observe that the number of equations (the degrees of freedom) in the first
and second equations in (3.94) is, respectively, 3(r + 1) and r(r 4+ 1), so the
total number is (r + 1)(r 4+ 3), which is equal to the number of dimensions
of Vi(K) (cf. Sect. 3.4.1.1). Hence, to show existence of IIj, it suffices to
prove that a vector v in V,(K) having vanishing degrees of freedom must
itself vanish on K, which was shown in Sect. 3.4.1.1.

We simply point out that since ITj reproduces (Py(K))?, it follows
(Dupont-Scott, 1980; also see Sect. 1.9) that
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||V—HhV||L2(K) < CthHVHHl(K)v 1<i<r+1.

This implies the first inequality in (3.93).

Ezxample 3.2. The RTN space on rectangles is defined in Sect. 3.4.2.1. For
a rectangle K € Kj with edges (e;, i = 1,2,3,4) parallel to the coordinate
axes, we define II;|x : HY(K) — V,(K) by

/(V—Hhv)-l/wa:O Yw e P(e;), 1=1,2,3,4,

i (3.95)
/ (v—-TIIpv) - wdx=0 VYweQr_1,(K)*xQr,—1(K),

K

for » > 0. The number of equations in (3.95) is 4(r + 1) 4+ 2r(r + 1) =
2(r + 1)(r + 2), which is the number of dimensions of V(K) (refer to
Sect. 3.4.2.1).

Unisolvance of ITj, v can be established as in Example 3.1. Let K = (0, 1) x
(0,1) be the reference element, and let v = (v1,v2) € V(K) satisfy

/v~uwd€=0 Yw € P.(e;), i=1,2,3,4,

(3.96)
/ v-wdx=0 VYw € Qr_1.,(K) X Qrr—1(K) .

K

From the first equation of (3.96), we conclude that v -v = 0 on JK. This
implies, as in Sect. 3.4.1.1, that v; = z1(1 — x1)z, where z € Q,_1,,(K).
Then, from the second equation of (3.96), we see that z = 0 and thus, v; = 0.
Similarly, v = 0.

3.8.5 Error Estimates

Theorem 3.4 can be utilized to obtain error estimates for (3.90). However,
thanks to some special features of the mixed finite element spaces under con-
sideration such as those in (3.91) or (3.92), better estimates can be derived.

In this subsection, we assume that €2 is a smooth domain (or a convex
polygonal domain).

Lemma 3.7. Given w € Wy, there exists v € Vy, such that V- v = w and

Ivllv < Cllwllzzg) -

Proof. For w € Wy, let ¢ be the solution (unique up to an additive constant)
of the problem
A =w in

(3.97)
Viy-v=0 onl.
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Then an elliptic regularity result (cf. (1.121)) implies

1¥]lm2(0) < Cllwllzz(e) - (3.98)
Now, take v = II, V¢ € V. It follows from (3.92) that
Vv =V (IL\VY) = P(AY) =w,
and (3.93) and (3.98) that
Vit < TR VY — VY lL2) + VY]l
< Chl[Y]l ) + IVYlLz ) < Cllwl2q)
so that the desired result follows. [

Theorem 3.8. Let (u,p) € VX W and (up,pr) € Vi, x W), be the respective
solution of (3.88) and (3.90). Then

[V (u—up)lrz <OV (u—-Txu)|L2q) ,
[u=unlr2(e) < Cllu— Il , (3.99)
p —ph||L2(Q) <C (||u - uhHL?(Q) +llp — Php||L2(Q)) .

Proof. Subtract (3.90) from (3.88) to give the error equations

(a_l(u—uh),v)—(V-v,p—ph):O Vv evVy,,

(V (u— uh),w) =0 Yw e Wy, . (3.100)

First, take w = V - (IT,u — uy,) in the second equation of (3.100) to see that

(V-(u=up),V-(u—w)) = (V- (u—w),V- (u—1II,u)
+(V . (11 — uh), V. (Hhu — uh))
=(V-(u—up), V- (u-TILu)),
which, together with Cauchy’s inequality (1.10), yields the first equation in
(3.99).
Next, choose v = II(u — uy) in the first equation and w = Py (p — px)
in the second equation of (3.100) and add the resulting equations to give
(a ' (u—up), Mp(u—up))+(V- (a—up), Pa(p — pn))
—(V-Iy(u—wy),p—pn) =0.

It follows from (3.92) that the last two terms in the left-hand side of the
above equation cancel, so that

(ail(u —uy), I (u— llh)) =0.
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Hence we have
(@' (u—up),u—u,) = (a '(u—wu,),u—Iu),

which implies the second equation in (3.99).
Finally, take v in the first equation of (3.100) associated with Py (p — pp,)
according to Lemma 3.7:

(Pu(p —pn)sp —pn) = (V- v,p—pn)
=(a (u—uy),v)
1

< Cllu—upllfz o) + EHPh(P — )20 »

which, together with the equation
(Pr(p = pn); Pr(p — pn)) = (Pu(p — pn),p — Pn)
~(Pu(p —pn),p = Pup)

leads to the third result in (3.99). O

Corollary 3.9. Let (u,p) € VXW and (up,pp) € Vi, x Wy, be the respective
solution of (3.88) and (3.90). Then

IV (0 —wp)llz2(0) < ORIV - ul ey, 0<i<rr,

[u = upnllL2() < CRY|ulla(q), 1<I<r+1,

lp = prlle) < C (R Jullg @) + 22Dl o), 1< <r+1,
0<l<r",

where v and r* are defined as in (3.34).

The proof of this corollary follows from (3.93) and Theorem 3.8 immedi-
ately.

We remark that we have obtained the error bounds only in the L2-norm.
These errors can be also bounded in other norms such as in the H '-norm (1>
1), where H~!(f2) is the dual space to H'(Q) (Douglas-Roberts, 1985). The
application of the mixed finite element method to other partial differential
problems will be presented in Chaps. 7-10.

3.9 Bibliographical Remarks

For more details on the mixed finite element method, the reader should refer
to the book by Brezzi-Fortin (1991) or to a book chapter by Roberts-Thomas
(1989). For more information on the analysis of each of the mixed RTN
(Raviart-Thomas, 1977; Néd’elec, 1980), BDM (Brezzi et al., 1985), BDDF
(Brezzi et al., 1987A), BDFM (Brezzi et al., 1987B), and CD (Chen-Douglas,
1989) finite element spaces, the reader may see the respective paper.
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3.10 Exercises

3.1

3.2.

3.3.

3.4.

3.9.

Show that if u € V.= HY(I) and p € W = L?(I) satisfy (3.4) and if p
is twice continuously differentiable, then p satisfies (3.1).

Write a code to solve problem (3.1) approximately using the mixed
finite element method introduced in Sect. 3.1. Use f(z) = 472 sin(27x)
and a uniform partition of (0,1) with A = 0.1. Also, compute the errors

1/2

[p —pnll = (/01 (p—pn)° dw) ;

1/2

o=l = ([ =) ar)

with h = 0.1, 0.01, and 0.001, and compare them. Here p, u and py, up
are the solutions to (3.4) and (3.6), respectively (cf. Sect. 3.1). (If nec-
essary, refer to Sect. 3.7 for a linear solver.)

Consider the problem with an inhomogeneous boundary condition:

_&p
dz?
p(0) =ppo, p(1)=pp1,

= f(x), O<z<1,

where f is a given real-valued piecewise continuous bounded function
in (0,1), and ppg and pp; are real numbers. Write this problem in
a mixed variational formulation, and construct a mixed finite element
method using the finite element spaces described in Sect. 3.1. Determine
the corresponding linear system of algebraic equations for a uniform

partition.
Consider the problem with a Neumann boundary condition at z = 1:
d?p
—@:f(x), 0<$<1,
dp
p(0)=——(1)=0

C dw

Express this problem in a mixed variational formulation, formulate a
mixed finite element method using the finite element spaces considered
in Sect. 3.1, and determine the corresponding linear system of algebraic
equations for a uniform partition.

Construct finite element subspaces Vj, x W}, of HY(I) x L?(I) that,
respectively, consist of piecewise quadratic and linear functions on a
partition of I = (0, 1). How can the parameters (degrees of freedom) be
chosen to describe such functions in V}, and W},? Find the corresponding
basis functions. Then define a mixed finite element method for (3.1)
using these spaces V;, x W), and express the corresponding linear system
of algebraic equations for a uniform partition of I.



168

3.6.

3.7.

3.8.

3.9.

3.10.

3.11.

3.12.

3 Mixed Finite Elements

Show that the matrix M defined in Sect. 3.1 has both positive and
negative eigenvalues.
Define the space

H(div,Q) = {v = (vi,v2) € (L*())*: V- v € L*(V)} .

Show that for any decomposition of Q € IR? into subdomains such that
the interiors of these subdomains are pairwise disjoint, v € H(div, )
if and only if its normal components are continuous across the interior
edges in this decomposition.

Prove that if u € V = H(div,Q) and p € W = L*(Q) satisfy (3.16)
and if p € H?(Q), then p satisfies (3.13).

Let the basis functions {¢,;} and {¢;} of V; and W}, be defined as
in Sect. 3.2. For a uniform partition of Q@ = (0,1) x (0,1) given as in
Fig. 1.7, determine the matrices A and B in system (3.18).

Write a code to solve problem (3.13) approximately using the mixed
finite element method developed in Sect. 3.2. Use f(z1,z2) = 872
sin(27x1 ) sin(27x2) and a uniform partition of @ = (0,1) x (0,1) as
given in Fig. 1.7. Also, compute the errors

1/2
o=l = ([ =m? ax) "
¢ 1/2
uwd = ([ - wf ax)
Q

with h = 0.1, 0.01, and 0.001, and compare them. Here p, u and py, uy,
are the solutions to (3.16) and (3.17), respectively, and h is the mesh
size in the x1- and zo-directions. (If necessary, refer to Sect. 3.7 for a
linear solver.)
Consider problem (3.13) with an inhomogeneous boundary condition,
ie.,

—Ap=f in Q,

p=g onl

where 2 is a bounded domain in the plane with boundary I', and f and
g are given. Express this problem in a mixed variational formulation,
formulate a mixed finite element method using the finite element spaces
given in Sect. 3.2, and determine the corresponding linear system of
algebraic equations for a uniform partition of Q = (0,1) x (0,1) as
displayed in Fig. 1.7.

Consider the problem

—Ap=f in Q,
pP=gp onI'p,

o _

au_gN OnFN7
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3.14.

3.15.

3.16.

3.17.

3.18.

3.19.
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where  is a bounded domain in the plane with boundary I', ' =
I'pUTN, IpNTx =0, and f, gp, and gy are given functions. Write
down a mixed variational formulation for this problem and formulate
a mixed finite element method using the finite element spaces given in
Sect. 3.2.

Let {¢,} and {t;} be the basis functions of V; and W} in system
(3.25), respectively. Write (3.25) in matrix form.

Let Vi (K), with » > 1, be the BDM space on the triangle K (cf. Sect.
3.4.1.2). Show that a function v € V;(K) is uniquely defined by the
degrees of freedom

(V-v,w)e Yw € P,(e), e € 0K ,
(v, Vw)g Yw e P_1(K),
(v, curl w)k Yw € Bri1(K) .
(If necessary, see Brezzi et al. (1985).)
Let Vp(K), with > 0, be the RT space on the rectangle K (cf. Sect.
3.4.2.1). Show that a function v € V(K) is uniquely defined by the
degrees of freedom
(v -v,w), Yw € P(e), e € 0K ,
(v, W)k Vw = (w1, w2), w1 € Qr_1,(K), wa € Qpr—1(K) .
(If necessary, refer to Raviart-Thomas (1977).)
Let Vj(K), with » > 1, be the BDM space on the rectangle K (cf.
Sect. 3.4.2.2). Show that a function v € V;(K) is uniquely defined by
the degrees of freedom
(V-v,w), Yw € P,(e), e € 0K ,
(v, W)k Yw € (Pr_3(K))* .
(If necessary, see Brezzi et al. (1985).)
Let V,(K), with » > 0, be the BDFM space on the rectangle K (cf.
Sect. 3.4.2.3). Show that a function v € V(K) is uniquely defined by
the degrees of freedom
(v v,w), Yw € P,(e), e € 0K ,
(v, W)k Vw € (P,_1(K))* .
(If necessary, consult Brezzi et al. (1987B).)
After introducing basis functions in Vy, Wy, and Lj,, prove that system

(3.51) can be expressed in the matrix form (3.52).
Consider the time-dependent problem

%—V-(an):f inQxJ,
p=20 onI'x J,

p(-,0) = po in Q,
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3.20.

3.21.

3.22.

3.23.

3.24.

3 Mixed Finite Elements

where a is a d x d matrix (d = 2 or 3), and f and p, are given functions.
Write down a mixed variational formulation for this problem and for-
mulate a mixed finite element method using any pair of mixed spaces
V, xW), defined in Sect. 3.4 and the backward Euler method (cf. (1.80))
or Crank-Nicolson method (cf. (1.83)) for the time derivative. Show a
stability result similar to (1.82) for the resulting method in the case
f=0.

Consider the problem (cf. Sect. 3.3.1)

—Ap=f in Q,
op
ov
Write down a mixed variational formulation for this problem and prove

that the conditions in Theorem 3.2 are satisfied.
Consider the problem (cf. Sect. 3.3.2)

0 onl.

—Ap=f in Q,
0

Wt =g onlI",
ov

where v is a positive constant. Formulate a mixed variational formu-
lation for this problem and show that the conditions in Theorem 3.2
hold.

Give a mixed variational formulation for the problem

-V.-(aVp) = f in Q,
P=9p onTp,

Yp+aVp-v =gy on 'y,

where a is a d x d matrix (d = 2 or 3), f, gp, and gx are given functions
of x, and + is a constant. Under what conditions on a and y are the
conditions in Theorem 3.2 satisfied?
Prove that the inf-sup condition (3.67) is equivalent to the property:
For every v € V, there is a decomposition v = v1 +v9 such that v; € Z,
Vg € Zl, and

[oallv < 0| B'v[lw

where the constant b, > 0 is independent of v, and Z and 7+ are
defined as in Sect. 3.8.1.

Assume that the bilinear form b satisfies condition (3.67). Show that if
the discrete inf-sup condition (3.78) holds, then there exists a projection
operator Il : V — V} such that

b(v — v, w) =0 Yw € Wy, ,

and I, is uniformly bounded. (Compare with Theorem 3.6.)
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3.25. Consider the biharmonic problem (cf. Example 1.5)

A’p=f in Q,
_ o _

—a—V—O onl.

p
Prove that u = Ap € H'(Q) and p € H{(Q) satisfy the mixed weak
formulation
(u,v) + (Vo,Vp) =0  Yoe HY(Q),
(Vu,Vw) = —(f,w) Vw € HYH(Q) .

(See Ciarlet (1978), Babuska et al. (1980), and Chen (1997) for appro-
priate mixed finite element spaces for this problem.)



4 Discontinuous Finite Elements

In Chap. 1, functions used in finite element spaces for the discretization of
second-order partial differential equations were continuous across interele-
ment boundaries. In Chap. 2, functions in the finite element spaces were con-
tinuous at certain points on interelement boundaries. The functions of this
type were also used in Chap. 3 for the vector finite element spaces. In this
chapter, we consider the case where the functions in the finite element spaces
are totally discontinuous across interelement boundaries, i.e., discontinuous
finite elements. The discontinuous Galerkin (DG) finite element method was
originally introduced for a linear advection (hyperbolic) problem (Reed-Hill,
1973; LeSaint-Raviart, 1974). This method has established itself as an im-
portant alternative for numerically solving advection problems for which the
continuous (conforming) finite element method does not work well. An im-
portant feature of DG is that it conserves mass locally (cf. (4.3)). This feature
has led to increased efforts to use it also for diffusion problems, with an ulti-
mate goal of solving advection-diffusion problems (see Chap. 5 for problems
of this type). The use of DG with penalty (or stabilization) for diffusion prob-
lems traces back to the 1970’s (Douglas-Dupont, 1976; Douglas, 1977), but
was then abandoned. The reason is that stability and convergence of DG with
penalty depend heavily on the choice of penalty parameters. Recently, as DG
has become more popular for advection problems, there have been tremen-
dous efforts to make it work also for the diffusion problems. In this chapter,
we introduce the DG method and its various extensions. In Sect. 4.1, we first
study DG and its stabilized versions for advection problems. Then, in Sect.
4.2, we show how to extend these methods to diffusion problems. In Sect. 4.3,
we discuss the recently developed mixed discontinuous finite element method.
Section 4.4 is devoted to theoretical considerations. Finally, bibliographical
information is given in Sect. 4.5.

4.1 Advection Problems

We consider the advection problem:

b-Vp+Rp=f x€Q,
pP=g, xel_,



174 4 Discontinuous Finite Elements

where the functions b, R, f, and ¢ are given,  c IR? (d < 3) is a bounded
domain with boundary T, the inflow boundary I'_ is defined by

'.={xel: (b-v)(x)<0},

and v is the outward unit normal to I'. The advection coefficient b is assumed
to be smooth in (x,t), and the reaction coefficient R is assumed to be bounded
and nonnegative. This problem will be further considered in Sect. 5.2.

4.1.1 DG Methods

For h > 0, let K} be a finite element partition of € into elements {K};
each element K € K} has a Lipschitz boundary 0K (see the definition of a
Lipschitz domain in Sect. 1.9.1). Furthermore, K}, is assumed to satisfy the
usual minimum angle condition (cf. (1.52)). For the DG method, adjacent
elements in K} are not required to match; a vertex of one element can lie
in the interior of the edge or face of another element, for example. Let &7
denote the set of all interior boundaries e in K}, 5}; the set of the boundaries
eon T, and &, = L UEP. We tacitly assume that £ # .

Associated with K}, we define the finite element space

Vi, = {v : v is a bounded function on Q and v|x € P.(K), K € K},

where P,.(K) is the space of polynomials on K of degree at most r > 0. Note
that no continuity across interelement boundaries is required on functions in
this space.

To introduce DG, we need some notation. For each K € K, we split its
boundary 0K into the inflow and outflow parts by

OK_={x€dK: (b-v)(x) <0},
0K, ={x€dK: (b-v)(x) >0},

where v is the outward unit normal to 0K. A triangle K with boundary
made up of 0K_ and 0K is shown is Fig. 4.1. For e € &7, the left- and
right-hand limits on e of a function v € V}, are defined by

VN
dx_
dK

+

dK_

Fig. 4.1. An illustration of 0K_ and 0K
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v_(x) = lim v(x+e€b), vi(x)= lim v(x+eb)

e—0— e—0t

for x € e. The jump of v across e is given by
[v] =vy —v_ .
For e € £}, we define (from inside (2)
[v]=wv.

Now, the DG method for (4.1) is defined as follows: For K € K}, given
ph,— on OK_, find py, = pp|rx € P-(K) such that

(b-Vph + Rpp,v) g — / Ph+vsb v dl
0K _

(4.2)
:(fw)K—/aK ph,—vib-v dl  Yve P.(K),

where we recall that
(v,w) g =/ vw dx, pp_=gonl_.
K

Note that (4.2) is the standard finite element method for (4.1) on the element
K, with the boundary condition being weakly imposed. If p; _ is given on
0K _, existence and uniqueness of a solution to (4.2) can be shown as in
Chap. 1 (see the remarks following (4.9) later). Equation (4.2) also holds for
the continuous problem (4.1) (cf. Sect. 4.4). For a typical triangulation (cf.
Fig. 4.2), pj, can be determined first on the triangles K adjacent to I'_. Then
this process is continued until py, is found in the whole domain €. Thus the
computation of (4.2) is local.

If b is divergence-free (or solenoidal), i.e., V-b = 0, we use Green’s formula
(1.19) to see that (cf. Fig. 4.1)

13
s/ 17
3 1T\ 14 18
1 7 15
4 11 19
2 8 16
5 12

Fig. 4.2. An ordering of computation for DG
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(b-Vph,l)K:/ ph7+b-ud€+/ ph,—b-v dl.
oK _ K,
We substitute this into (4.2) with v =1 to give

(Rpn, 1) —I—/

ph,_b ‘v dl= (f, 1)[( - / ph7_b -vdl y (43)
OK

OK _

which expresses a local conservation property (i.e., the difference between
inflow and outflow equals the sum of accumulation of mass).
To express (4.2) in the form used in Chap. 1, we define

aK(v,w):(b~Vv—|—Rv,w)K—/ [vlwyb-v dl, K€K,
oK _

and

a(v,w) = Z ax(v,w) .

KeKy,

Then (4.2) is expressed as follows: Find p;, € V}, such that
alpr,v) = (f,v)  YweVy, (4.4)

where py,_ = g on I'_. Before we state stability and convergence results for
(4.4), let us consider a couple of examples.

Ezample 4.1. A one-dimensional example of (4.1) is

d,
£+p:fa .136(0,1),

dz (4.5)
p(0) =g
Let 0 = z9p < 1 < ... < xp = 1 be a partition of (0,1) into a set of

subintervals I; = (z;—1,x;), with length h; = 2; — ;1,1 =1,2,...,M. In
this case, (4.2) becomes: For i = 1,2,..., M, given (py(z;—1))_, find p, =
prlr, € P-(I;) such that

<CZZL +Ph7v> +[pn(@im)) (W(wis1)), = (foo), Yo e P(L)
1.

i

where (pr(x0))_ = g. In the case r = 0, V}, is the space of piecewise constants,
and the DG method reduces to: For i = 1,2,..., M, find p; = (pp(x;))_ such

that )
DPi —Pi—1
PPl fpi=— | fda,
h, P mAfI

Po=g-

(4.6)

Note that (4.6) is nothing but a simple upwind finite difference method with
an averaged right-hand side.
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Ezample 4.2. Set R = f = 0 in the advection problem (4.1). Then (4.1)
simplifies to

b-Vp=0, x €N,

p=g, xel'_.

Also, let 7 = 0. Then (4.2) reads: For K € K}, given py,_ on 0K_, find
PK = Pr|i such that

/ pr~1/d€:/ Ph—b-v dl;
OK_ OK_

(4.7)

that is,

/ Dh,—b - v dl
K _

P =
/ b-vdf
0K _

Thus we see that for each K € Kj, the value pg is determined by a weighted
average of the values pj, _ on adjoining elements with edges on 0K_. As an
example, let © be a rectangular domain in IR?, K}, consist of rectangles, and
b > 0. In this case, for a configuration shown in Fig. 4.3, we see that

(4.8)

B by + bo

p3 p1+ D2,

2
b1 + bsy

where p; = pu|k,, i = 1,2,3, and b = (b1,b2). Again, in this case, (4.8)
corresponds to a usual upwind finite difference method for (4.7).

Ky Ky /(b

K

Fig. 4.3. Adjoining rectangles

Let us now state stability and convergence properties of the DG method
(4.4). Their proof will be given in Sect. 4.4. We define the norm

1 1 1/2
v|p = RY2y]2 + = / v]?b - v d€—|—7/ ’U%b'l/df) .
ot = (12 20l + 5 3 [ Wolew e 5 [

KeKy

Then, if V- b = 0, it can be shown that

1
a(v,v) = ||Jv||g — 5/1“ v |b-v| dl, veV,. (4.9)
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Using (4.9), existence and uniqueness of a solution to (4.4) can be proven in
the usual way. If R — V - b/2 > 0 (instead of assuming V - b = 0), the term
| R'/2v]|12(q) can be replaced with the quantity || (R — V - b/2)1/2 v]|z2(q) in
the definition of ||v||p.

If R is strictly positive with respect to x € Q (i.e., R(x) > Ry > 0), it
can be seen from (4.4) and (4.9) that

Ipalls < C (nf@m) + /

This is a stability result for (4.4) in terms of data f and g. If the solution p
to (4.1) is in H"1(K) for each K € K}, an error estimate for (4.4) is given
by

1/2
¢*|b - v| dé) : (4.10)

lp = pallFecy + 0 Y bV —pn)l7ec)
KeKy

< Pt Z ”pH%I?‘-H(K)a

KEKh

(4.11)

for r > 0. Note that the L?(Q)-estimate is half a power of h from being opti-
mal, while the L?(Q)-estimate of the derivative in the velocity (or streamline)
direction is in fact optimal. For general triangulations, this L?(£2)-estimate
is sharp in the sense that the exponent of h cannot be increased (Johnson,
1994).

We end with a remark that a time-dependent advection problem can be
written in the same form as (4.1). To see this, consider the problem

op
ot

and set t = 2y and by = c¢. Then we see that

+b-Vp+Rp=f, xe€Q,t>0,

b-Vixgp+Rp=f,

where b = (bg, b) and V(; x) = (%, V). Thus the above development of the
DG method for (4.1) applies.

4.1.2 Stabilized DG Methods

We now consider a stabilized DG (SDG) method, which modifies (4.2) as
follows: For K € K, given pp,— on 0K_, find p,, = pi|x € P-(K) such that

(b-Vpn + Rpr,v+0b - V), —/ Dh,+v+b v dl
on- (4.12)
:(f,v+9b-Vv)K—/ ph,—vib-v dl Vv e P.(K),
K _
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where 0 is a stabilization parameter. The difference between (4.2) and (4.12)
is that a stabilized term is added in the left- and right-hand sides of (4.12).
This stabilized method is also called the streamline diffusion method due
to the intuition that the added term 6 (b - Vpp, b - Vv) corresponds to the
diffusion in the direction of streamlines (or characteristics) (Johnson, 1994).
The parameter 6 is chosen by the rule: § = O(h), to generate the same
convergence rate as for DG. For r = 0, DG and SDG are the same.
Now, the bilinear forms ak(-,-) and a(-,-) are defined by

ax(v,w)=(b-Vv+ Rv,w+60b-Vw),

—/ [vwyb - v de, K e Ky,
0K _

and

a(v,w) = Z ag(v,w) .

KeKy

Then (4.12) is expressed as follows: Find p;, € V}, such that

a(pp,v) = Z (f,v+6b-Vou)g Yo eV, (4.13)
KeKy

where p;,, - =gonl_.
If1-60R/2 >0, the norm || - ||p is modified to

2 ]_ 9
— b- dal
DS /M[v]\ ”

KeKy

1 1/2 2 1 2 1z
+35 > e b Volfa ) + 5 : bovdl) .
KeKy +

[ollp = (HRW (1- 93/2)1/%‘

Then, if b satisfies V - b = 0, it can be seen (cf. Sect. 4.4) that

1
a(v,v) > ||v||3 — i/r v2 |b-v| dl, vel,. (4.14)

Moreover, the stability and convergence results (4.10) and (4.11) hold for
(4.13) as well.

Example 4.3. We now apply the DG and SDG methods to a one-dimensional
advection problem

dp
T =0w—x),  we(01), (4.15)
p(0) =1,

where the location x. of the Dirac delta function § is chosen within the
interval (0.3,0.4). The interval (0,1) is divided into ten subintervals of equal
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0

!
T
.25 .3 .35 .4 .45

Fig. 4.4. DG and SDG for advection with r =0

length. The approximate solutions by DG and SDG with different degrees
r of polynomials are displayed in Figs. 4.4—4.10. From these figures we have
the following observations (Hughes et al., 2000):

e Monotonicity and continuity. With » = 0, DG and SDG are the
same, as noted. The constant approximation is the only one that retains
monotonicity of the exact solution (cf. Fig. 4.4). For r > 0, monotonicity
is lost for DG (cf. Figs. 4.5-4.10). SDG improves the approximate solution
(cf. Fig. 4.5) and yields monotonicity and continuity in the case r = 1 in
the limit as § — oo (cf. Fig. 4.6). For » > 1, however, monotonicity is lost
for both DG and SDG (cf. Figs. 4.7-4.10). SDG yields continuity in the
limit as # — oo, but not monotonicity. In other words, the stabilization
cannot ensure an accurate approximation of the solution using higher-order
polynomials in the element where the Dirac delta function is located. Thus
the method of increasing the order of polynomials is not a good choice in
the case of shocks, and the constant approximation most closely reflects
the character of the exact solution.

¢ Dependence on the location of the Dirac delta function. The con-
stant approximation is independent of the location z. of the Dirac delta
function within the element (cf. Fig. 4.4). For r > 0, however, the approx-
imation for DG and SDG strongly depends on z.. When the Dirac delta
function is close to an upwind node, DG produces more accurate results
than SDG (cf. Fig. 4.9). When this function is close to a downwind node,
SDG is better than DG. Again, the constant approximation generates the
best results.

e Localization. From Figs. 4.5-4.10, we see that both DG and SDG local-
ize the non-monotonicity within a single element. This important property
is true for advection. For diffusion, however, we will see in the next sec-
tion that localization is lost, and the error of one element can pollute the
solution in other elements (cf. Fig. 4.12). It can be shown that for the
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oLy
.25 .3 .35 .4 .45

Fig. 4.5. DG and SDG (6 = h/2) for advection with r =1

0 .
.25 .3 .35 .4 .45

Fig. 4.6. DG and SDG (6 = 10h/2) for advection with r =1

0 ]
1

!
T
.25 .3 .35 .4 .45

Fig. 4.7. DG and SDG (0 = h/2) for advection with r = 2
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0

!
T
.25 .3 .35 .4 .45

Fig. 4.8. DG and SDG (6 = 10h/2) for advection with r = 2

— SDG_..... DG

0 j j ;
.25 .3 .35 .4 .45

Fig. 4.9. DG and SDG (6 = 10h/2, z. = 0.3001) for advection with r = 3

!
T
.25 .3 .35 .4 .45

v
T

Fig. 4.10. DG and SDG (0 = 10h/2, z. = 0.3999) for advection with r = 3
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advection problem under consideration, at the downwind node in the ele-
ment containing the delta function, the solution is exact for all » > 0. This
phenomenon can be seen from Figs. 4.4-4.10, and follows from the local
conservation feature of DG.

4.2 Diffusion Problems

In this section, we extend the DG and SDG methods to the diffusion problem
-V - (aVp) + Rp = f, xeQ,
aVp-v =gy, xel'y, (4.16)
P =9p, xelp,

where 'y and I'p denote, respectively, the Dirichlet and Neumann parts of
the boundary T, InvUTp =T, and 'y NT'p = 0. The diffusion tensor a is
assumed to be bounded, symmetric, and uniformly positive-definite in x €
(cf. (3.27)), and the reaction coefficient R is assumed to be bounded and
nonnegative.

For h > 0, let K}, be a finite element partition of  into elements {K},
as in Sect. 4.1.1. For [ > 0, define

HY(Ky) ={veL*(Q):v|x € H(K),K € K} .

The functions in H'(K},) are piecewise smooth. With each e € &), we asso-
ciate a unit normal vector v. For e € 5};, v is just the outward unit normal
to I'. For e € &7, with e = K1 N Ky, Ki,Ky € K, the direction of v is
associated with the definition of jumps across e; for v € H!(T},) with [ > 1/2,
if the jump of v across e is defined by

[v] = (vl ,)le = (v]Ky)le s (4.17)

then v is defined as the unit normal exterior to Ko (cf. Fig. 4.11). The average
of v on e is defined as

1
{ob = 5 ((lx)le + (vlx2)le) - (4.18)
As a convention, for e € £}, the definitions are (from inside )

v ifee&f,

4.19
0 ifeec&l, (4.19)

{v} =v|le and || = {

where EP and Y are the sets of edges (respectively, faces) e on I'p and Ty,
respectively.
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\Y

Ky K

Fig. 4.11. An illustration of v

Multiplying the first equation of (4.16) by v € H?(K},) and integrating
over each element K € Kj,, we see that

- (V ' (an)m)K + (vav)K = (f7U)K .
We apply Green’s formula (1.19) to the first term of this equation to have
- (avp : Vav)aK + (avpa VU)K + (Rp,’U)K = (f’U)K )

so we sum over K € K, to obtain

= > @Vp-vv)ye+ Y. [(@Vp, Vo), + (Bp,v)k] = Y (fo)k -

KeKy KeKy KeKy
(4.20)
Note that the boundary integrals in (4.20) can be split as follows:
Z (aVp-v,v)y,= Z (aVp-v,v), + Z (aVp-v,v),
KeKy eecgP ecglN
+ Z [(@VDP - v,0)gc,0e + (@YD V,0)gp00]
e€E&y

where e = 0Ky N0K,, Ky, Ko € Kj,. For simplicity of notation, we write

Z (aVp-v,v), = (aVp - v,v)p_,

665,’?

Z (aVp-v,v), = (@Vp-v,v)p .

eef,{\/

(4.21)

For e = 0K N 0K, with the jump definition in (4.17) and a corresponding
unit normal v on e (exterior to K3), we see that

(avP ’ VU)aKme + (avP ’ V’l))asze
= (an v)asze V= (avP v)aKlﬁe v

Using the algebraic identity

W~ o= 5+ 6~ 0)+ 50— )¢ +0)
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we have, on e = 0K1 N IKo>,
(@VPp v)gx,ne ¥V = (VD V)gpe e -V
={aVp-vlv] + [aVp - v[{v} .
Applying these results, the integrals on interior boundaries become

Z [(an v, U)8K1ﬁe + (an v, U)aKQQS}

e€&p

=Y [{aVp v}, [v]), + (aVp-v], {o}).] -

eeky

(4.22)

Consequently, we apply (4.21), (4.22), and the Neumann boundary condition
to (4.20) to see that

> [(aVp, Vo), + (Rp,v)k] = > ({aVp- v, [v]),

KeKy ec&y
- > ([aVp-v], {}). - (@Vp-v,v)p, (4.23)
ec&yp
= Z (faU)K+(gNav)FN .
KeKy

Note that if the fluxes aVp - v are continuous almost everywhere in 2
(e.g., when p € H%(Q)), we have

Z ([aVp-v], {v}), =0 Vv € H*(K}) .
e€é&y
Then (4.23) reduces to
> [(@Vp, Vo) + (Rp.o)x] = Y ({aVp- v}, o)),

KeKy, ec&y

—(aVp-v,v)p = Z (fs )k + (9n; v)p, -

KeKy,

(4.24)

We introduce the bilinear forms b(-,-) : H?*(Kp) x H*(K,) — IR and
J(-,-) : H*(K}p) x H*(K}) — R by

b(p,v) = Z [(aVp, VU)K + (Rp,v)k] ,
KeK),

Jp,v) = ({aVp v}, [v]). + (aVp v, 0)p, -

SIS

(4.25)

Also, we define the linear form L : H?(K};) — IR by
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Lw)= Y (fo)x + (gn,v)p, - (4.26)

KeKy,
Then a discontinuous weak formulation of (4.16) is
b(p,v) — J(p,v) = L(v) Vv € H*(K}) . (4.27)
The definition of subsequent DG methods is based on (4.27).

4.2.1 Symmetric DG Method

If p is continuous in €, the jump [p] vanishes on each e € &7, so

Z ({aVu - v}, [p]), =0 Yo € H*(K},) . (4.28)

ee&y

Note that when p € H'(Q)NH?(K},), (4.28) remains true. Also, the Dirichlet
boundary condition can be imposed weakly:

(aVv-v,p)p, = (aVv-v,gp)r, Yo € H*(K},) . (4.29)

Then, for p € HY(Q)N H?(K}) and p = gp on I'p, it follows from (4.28) and
(4.29) that
J(v,p) = (Vv -v,gp)r, Vv € H*(K}) . (4.30)

We now define the bilinear form a_(-,-) : H*(Kp) x H?*(Kj) — R by
a—(p,v) = b(p,v) = J(p,v) = J(v,p) ,
and the linear form L_ : H*(K}) — IR by
L_(v)=L(v) — (aVv - v,gp)p, Vv € H*(K}) . (4.31)
The weak formulation, based on these two forms, for (4.16) is
a_(p,v)=L_(v) VYve H*K}). (4.32)

Therefore, we see that if p € H?(Q) is the solution of (4.16), it satisfies (4.32).
The converse is also true: If p € H(Q2) N H2(K},) is a solution to (4.32), it
also satisfies (4.16) (cf. Exercise 4.2).

Let V4, be a (discontinuous) finite element space associated with Kj, as in
Sect. 4.1.1. The discrete analogue of (4.32) consists of finding p, € V}, such
that

a_(pn,v) = L_(v) Yv eV, . (4.33)

This method was developed by Delves-Hall (1979) with the objective of accel-
erating convergence of iterative algorithms. It was called the global element
method. Note that while J(-,-) is non-symmetric, a_(+,-) is symmetric. One
advantage of this method is that the linear system of algebraic equations aris-
ing from (4.33) is symmetric. On the other hand, the stiffness matrix of this
system is not guaranteed to be positive semi-definite. For a time-dependent
problem, this drawback may imply that some eigenvalues have negative real
parts, which causes the method to be unconditionally unstable.
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4.2.2 Symmetric Interior Penalty DG Method

To overcome the disadvantage of the symmetric DG method, penalty (stabi-
lization) terms were added (Douglas-Dupont, 1976; Wheeler, 1978; Arnold,
1982). We introduce the penalty bilinear form

I(po) = 3 6. (bl 1D, + 3 6. (p0), .

e€é&y eGShD

where 0. denotes a penalty parameter, which depends on e and the polyno-
mial degree used in Vy; i.e., . = 6(he,r). Now, the bilinear form a_(-,-) is
augmented by

a’ (p,v) = a_(p,0) + J’(p,v) .

The symmetric interior penalty formulation is defined by finding p € H?(K},)
such that
a® (p,v) = LY (v) Vv € H*(K}) , (4.34)

where
L' (v)=L_(v)+ Y_ 6c(gp,v), -

ecep

The corresponding DG method is to find p;, € V}, such that
a® (pp,v) =L (v) YweV,. (4.35)

A similar penalty method was used by Baker (1977) for treating fourth
order equations, where the interior penalty was utilized to impose (weakly)
the continuity of partial derivatives across interelement boundaries on con-
tinuous finite elements. The penalty idea was introduced by Nitsche (1971)
to stablize the finite element method and to improve error estimates.

We introduce the norm

ol =bw.0) + 3 o (faVo- wh, faVe-w}),

ec&p €

] (4.36)
+J%(v,v) + Z o (aVv-v,aVv-v),, ve H*(Ky).
ecgP N
With this norm, the next theorem holds (Arnold, 1982).
Theorem 4.1. The bilinear form a® (-,-) is continuous in the norm || - ||5:
a2 (v,w)] < Cllollpllwlln  Yo,w € HX(Ky) (4.37)

where 0 < C' < 2 is a constant. With the choice of the penalty parameters
0. = Cmax{1,7?}/h, e € &, where C is a constant and r is the polynomial
degree used in Vy,, there exists a positive constant Cy such that for C > Cy > 0,
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a’ (v,v) > a.v||? Yo eV, (4.38)

where the constant a, > 0 is independent of h and r. Furthermore, with these
chosen penalty parameters, if p € H™71(K), K € Ky, then the following
optimal error estimate holds:

lp = palFe) + 0> > IV (P = pi)llZ2
KeKy

< CRPCT N Ipl e ) -
KeKp

(4.39)

It follows from this theorem that a’ (-,-) is coercive with respect to the
norm |||/, in the finite element space V},. For C > Cy > 0, using (4.38), we thus
see that (4.35) has a unique solution. Moreover, the matrix corresponding to
the left-hand side of (4.35) is symmetric and positive definite. Also, a stability
result for py, in terms of the data f, gy, and gp can be proven using (4.38)
(cf. Exercise 4.6).

4.2.3 Non-Symmetric DG Method

A DG method different from (4.33) was introduced by Oden et al. (1998).
We define the bilinear form a, (-,-) : H2(K}p) x H*(K};) — R by

a4 (p,v) = b(p,v) — J(p,v) + J(v,p) ,
and the linear form L, : H*(K}) — IR by
Li(v) = L(v) + (aVv - v,gp)p, Yo € H*(K}) . (4.40)
The weak formulation for (4.16) is defined by
at(p,v) = Ly (v) Yo € H*(K},) . (4.41)

The difference between (4.32) and (4.41) is just by a sign. Note that a4 (-, -) is
non-symmetric. The corresponding DG method is to find pp € V}, such that

ay(pp,v) = Ly (v) YveV,. (4.42)
We observe that
at(v,v) =blv,v) >0 Vv € H*(K}) . (4.43)

Hence we see that this bilinear form is positive semi-definite. Equation (4.43)
also implies that a (-, -) is coercive with respect to the norm induced by b(-, -)
(the energy seminorm). If R is strictly positive, then this energy seminorm is
a norm, and existence and uniqueness of a solution to (4.42) is guaranteed.
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When R equals zero, existence and uniqueness is guaranteed only when r > 2
(Riviere et al., 1999).
The next theorem can be found in Riviere et al. (1999).

Theorem 4.2. Let the norm || - ||n be defined by (4.36). Then
lat-(v,w)| < ollallwlln  Vo,w € H?(K) - (4.44)

Moreover, if p€ H(K), K € K}, then

Ip = prllizq) +h S AVE - p)llie
KeKy

<O pll3es k) -
KeKp

(4.45)

Inequality (4.44) says that a4 (+,-) is continuous with respect to the norm
I - ||ln. This property holds for the bilinear form a_(-, ), too. Estimate (4.45)
yields an optimal error estimate for the derivative of the solution and a “vir-
tually” optimal estimate for the solution itself in the L?-norm. Since a (-, )
is nonsymmetric, as noted, the matrix corresponding to the left-hand side of
(4.42) is also nonsymmetric.

4.2.4 Non-Symmetric Interior Penalty DG Method

As in the symmetric case, a penalty term can be also added to the bilinear
form a4 (-,-) (Riviere et al., 1999). The new bilinear and linear forms are

ai(p, U) = a+(p,11) + ‘]o(pav) )
L) =L@+ Y b (gp,0),

ecgP

As a result, the non-symmetric penalty formulation consists of finding p €
H?(K}) such that

a¥ (p,v) = LY (v) Vv € H*(K}) . (4.46)
The discrete analogue of (4.46) is to determine p; € V}, such that
ai(ph,v) = L% (v) YveVy. (4.47)

Theorem 4.3. With the definition of the norm || - ||n in (4.36), there is a
constant 0 < C < 2, independent of h and r, such that

‘ai(v,w)’ < Cljvlpllwln Yo, w e H*(Kp) . (4.48)

Furthermore, with the penalty parameters 0. = Cmax{1,r%}/h, e € &, for
any C > 0 there is a constant a, > 0, independent of h and r, such that
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a¥ (v,v) > a. v Yo eV, . (4.49)

Finally, the optimal error estimate in (4.39) remains true for (4.47).
For the non-symmetric penalty DG method, it is straightforward to see
that
az_(v,v) =b(v,v) + J?(v,v) Yo € H*(K}) , (4.50)

so (4.49) follows. The derivation of estimate (4.39) for any C > 0 can be found
in Riviere et al. (1999).

We now present numerical experiments using the DG methods for a dif-
fusion problem. These experiments follow Hughes et al. (2000).

Ezxample 4.4. We consider the one-dimensional diffusion problem

d*p
@:5(30—%)7 x € (0,1),

p(0)=p(1)=0,

where the location z. of the Dirac delta function ¢ varies within the interval
(0.6,0.7). Again, as in Example 4.3, the interval (0,1) is divided into ten
subintervals of equal length. The approximate solutions by the nonsymmetric
DG method and its penalty version with r = 2 are shown in Figs. 4.12-4.14.
From the three figures we make the following observations:

(4.51)

e The nonsymmetric DG method for a pure diffusion problem is stable for
r = 2. However, as seen in Fig. 4.12, the approximation can be quite
inaccurate in some cases. Increasing the value of the penalty parameter 0
leads to better approximations (cf. Figs 4.13 and 4.14).

0.25
..... exact
0.2
0.15
0.1
0.05
] ] ] ]
T T T T
0 .2 .4 .6 .8 1

Fig. 4.12. r =2,0 =0, and z. = 0.69
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0.25
..... exact
0.2
0.15
0.1
0.05
] ] ] ]
T T T T
0 .2 .4 .6 .8 1

0.25
..... exact
0.2
0.15
0.1
0.05
I I I I
T T T T
0 .2 .4 .6 .8 1

Fig. 4.14. r =2, 6 = 10/h, and z. = 0.69

e For the diffusion problem, the advantageous localization property of the
DG method encountered in the advection case is lost, and an off-centered
Dirac delta function in a single element causes a deteriorated approxima-
tion globally. This problem can be fixed by increasing 6.

e As discussed earlier, the symmetric penalty DG method is stable only for
a sufficiently large C in the definition of §. In contrast, the non-symmetric
method is stable for all C > 0. This is a desirable property, since selecting
a suitable C may be hard without knowledge of the smallest eigenvalue of
discrete problems. Note that the condition number of the stiffness matrix
increases as C increases. Thus it is important not to choose the penalty
parameter too large. We plot the smallest and largest eigenvalues of the
discrete problem as a function of 8 for the symmetric and non-symmetric
penalty DG methods in Figs. 4.15 and 4.16, where the cases r = 1,2, 3 are
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4x10

3 1

2

1

0 T —-
-1 — r=1
-2 1 .. r=2
-3 1+ . r=3
4 [ |

I I
0 50 100 150

Fig. 4.15. The symmetric method

4
6x10

—r=1

0 50 100 150

Fig. 4.16. The non-symmetric method

displayed. Note that the symmetric method is indefinite for 6 too small
and the critical value of 6 increases with the polynomial degree. (On the
scale of the graphs, the smallest eigenvalue often plots as zero, even though
it is positive.)

4.2.5 Remarks

The four DG methods presented so far for the diffusion problem (4.16) are
quite similar, except for a plus or minus sign in front of the term J(v,p) and
the addition of a penalty term J?(p,v) or not, but they have very different
stability and convergence properties. Little can be obtained for the symmetric
DG because its bilinear form is not guaranteed to be positive semi-definite.
The symmetric interior penalty DG is an augmentation of the symmetric
DG with a penalty term. Continuity of the bilinear form in this penalty
method and coercivity in the finite element space are shown. Moreover, an
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error estimate optimal with respect to h is proven. A major drawback of
this method is that its stability and convergence depend on the choice of the
penalty parameter (for a sufficiently large value of this parameter). The non-
symmetric DG differs from the symmetric DG by a change of sign. With a
strictly positive reaction coefficient, a stability result is obtained. For a pure
diffusion problem, existence and uniqueness of a solution can be obtained only
under the assumption that the polynomial degree used in the discrete space
is greater than one. An optimal convergence rate is shown for the solution
flux, while the rate deteriorates for the solution itself. The limitation of the
symmetric penalty DG for a sufficiently large value of the penalty parameter
is remedied by the non-symmetric penalty DG. The non-symmetric penalty
formulation results in a robust (e.g., in terms of stability and the choice of
penalty parameters) method that seems to produce the best discontinuous
approximation to diffusion problems from the numerical experiments in the
previous subsection. One disadvantage of this method is that its bilinear form
is non-symmetric.

The number of unknowns of a discrete problem is a good indicator for
the efficiency of a numerical method. The DG method can exploit a finite
element space of piecewise constants, which is impossible for the continuous
finite element method developed in Chap. 1. For the degrees of polynomials
commonly utilized in the finite element space of the continuous method, DG
seems inefficient. Following Hughes et al. (2000), Table 4.1 gives an overview
of the ratio of the number of unknowns in the DG to the number of unknowns
in the continuous method for different polynomial degrees r and commonly
employed two- and three-dimensional geometric elements. In the case of tri-
angles and tetrahedra, the ratio is based on regular grids obtained from sub-
divisions of quadrilateral and hexahedral grids, respectively. Note that, in
the limit as » — oo, this ratio approaches one. That is, the DG method of
very high order has a number of unknowns analogous to the corresponding
continuous method.

Table 4.1. The ratio of numbers of unknowns

Quadrilateral Triangle Hexahedron Tetrahedron

<

1 4 6 8 20
2 2.25 3 3.38 7.14
3 1.78 2.22 2.37 4.35
00 1 1 1 1
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4.3 Mixed Discontinuous Finite Elements

In this section, we introduce a numerical method that combines the ideas
of the mixed finite element method in Chap. 3 and of the DG method in
the previous sections of this chapter. As an introduction, we begin with a
one-dimensional diffusion problem.

4.3.1 A One-Dimensional Problem

The one-dimensional reduction of (4.16) takes the form

d (adp>+Rp:f in Q,

dx dx

a—pl/ =gN onI'y, (4.52)
dx

P =4p onI'p,

where 2 now is a bounded interval. As in Chap. 3, to define a mixed weak
formulation, we introduce the auxiliary variable

u=a—- in Q2 (4.53)

so that the first equation of (4.52) becomes

f% +Rp=Ff in Q. (4.54)
In the next three subsections, we assume that a is strictly positive; the case
where a is only nonnegative will be discussed in Sect. 4.3.1.4.

For h > 0, let K} be a partition of € into subintervals with a maximum
mesh size h. With each e € &, we associate a unit normal vector v, as in
Sect. 4.2. For e € €Y, v, is just the outer unit normal to T} i.e., for the left
end, v = —1 and for the right end, v = 1. For e € £7, it is chosen pointing to
the element with lower index (cf. Fig. 4.17); i.e., v = —1 at all interior points.
This is just for notational convenience; other choices are possible. Also, for
v € HY(K}) with [ > 1/2, we define its average and jump at e € £ as follows:

— v — v — v — v vV —

Fig. 4.17. An illustration of the unit normal vector v
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{ol = %((lel)(e) +(0l)(e), (o] = (v]Ks)(e) = (vlk,)(e)

where e = K1N K> (v at e is exterior to Ks). For e € £P, the convention (4.19)
is used. The use of v is for the convenience of extending the one-dimensional
case to multiple dimensions.

Multiplying (4.54) by v € H*(K},), integrating the resulting equation on
each K € K}, and using integration by parts, we see that

(u7 ?;)K + (Rp,v) K uv’aK (f,v)k. (4.55)

Assume that u is continuous in Q. Then, sum (4.55) over all K € K and use
the Neumann boundary condition in (4.52) to give

> (w flx)K (R - 3 wleelol(e)

KeK), e€E (4.56)

= Y gn(eu(e) + (f0),  ve H'(K) .

eeln

Similarly, invert a in (4.53), multiply by 7 € H*(K}), integrate on K € Kj,
and sum the resulting equation over all K € K, to see that

> <a1u - ?;,T)K =0. (4.57)

KeKy

With the assumption that p is continuous in © (so [p](e) = 0, e € £7) and
the Dirichlet boundary condition in (4.52), (4.57) becomes

> (a2 ) + 2 bl irvhe)

KeKp, = (4.58)
Z gD Ve, T E H (Kh)

eel’'p

Equations (4.56) and (4.58) form the weak formulation on which the subse-
quent discontinuous methods are based. We see that if u and p is a solution
of (4.53) and (4.54) with the boundary condition in (4.52), then it satis-
fies (4.56) and (4.58); the converse also holds if p is sufficiently smooth (e.g.,
p € H%(Q); cf. Exercise 4.10). The term over &, in the left-hand side of (4.56)
is called the consistent term (it comes from integration by parts), while the
corresponding term in (4.58) is termed the symmetric term (which is added).

4.3.1.1 The First Mixed Discontinuous Method

Let Vj, x W}, be a pair of finite element spaces for the approximation of u and p,
respectively. They are finite dimensional and defined locally on each element
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K € Kp, so let Vi(K) = Vi|k and Wj(K) = Wy|k. Neither continuity
constraint nor boundary data are imposed on Vj, x Wj,.

The first mixed discontinuous method for (2.1) is: Find u;, € V}, and
pr € Wp, such that

3 (“’“jj;)l( (Rpn,v) = > {unvh(e)[v](e)

KeKp eelp
Z gN (fa )7 v E Wh 3
ecl
e (4.59)
—1, _ dpn
Z (a up, x,7> + Z[ph] Wrvl(e)
KeKy, ecéy
= Z gple)r(e)ve, TEV,.
ecl'p
With the definition of the bilinear forms
Aup,7) = Z (ailuh,T)K ,
KeKy
B(r,v) = Z ( > Z {rv}(e)|v](e)
KeKy e€yp
system (4.59) is of the form
B(uh7 ) Rph7 Z gN (fu )7 v e Wh )
eecl
Y (4.60)
A(up, 1) — B(T,pn) Z gp(e)T(e)ve, TeV,.
ecl'p

If we take v = pp, and 7 = wy, in (4.60) and add the two equations, the
left-hand side of the resulting sum is

Alun,un) + (Rpn,pn) = lla™ " unl| 72 () + IR ?prlZ2(0)- (4.61)

Thus uniqueness of uy, follows. If R is strictly positive, uniqueness of pj,
also follows from (4.61). Therefore, existence and uniqueness of a solution
to (4.59) is shown. Note that the system corresponding to the left-hand side
of (4.59) is symmetric after changing a sign in either of the two equations.
But this would alter the property (4.61). As seen in the subsequent analysis,
if (4.59) is written in nonmixed form (or the standard Galerkin version),
positive definiteness and symmetry can be preserved simultaneously. Thus,
in terms of implementation, it is desirable to write (4.59) in nonmixed form.
However, we emphasize that the mixed formulation naturally stabilizes the
discontinuous finite element method; see the discussion at the end of this
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subsection. The case R = 0 is more complicated; existence and uniqueness of
a solution depends on the type of boundary conditions used in (4.52) (Chen-
Chen, 2003).

The proof of Theorems 4.4-4.6 can be found in Chen et al. (2003A).

Theorem 4.4. With the choice
Vi(K) = W,(K) = P.(K), KeK, r>0, (4.62)
it holds that
lp— ph”%z(g) + Ju— UhH2L2(Q)
< Ch*" ( Z D+ ey + Z ||U||§Jr+1(K)> : 1o
KeKp KeKp

For r even, an optimal order in h of convergence occurs:

||p - ph”%Z(Q) + ||’LL - uh”%ﬁ(Q)

(4.64)
< Op*trty ( D Ipl + D IIUII%M(K)) ;

KeKp KeKp

provided Ky, is a uniform partition.

Note that estimate (4.63) gives a suboptimal order in h of convergence.
For an odd r, it is sharp for (4.59).

While method (4.59) is in mixed form, it can be implemented (if desired)
in nonmixed form. We introduce the coefficient-dependent L?(£2)-projection
Py : L2(Q) — Vj, by

(ail(w - Pyw),7) =0, VT eV, (4.65)

for w € L?(Q2), and the operator Ry, : H(K}) — Vj, by
Y (@ 'Ry = > [ol(e){rvh(e)
KeKy e€ly

+ZQD V67 TGth

eel'p

(4.66)

for v € H*(K}). Note that R; depends on gp; for notational convenience,
we omit this dependence. Using (4.65) and (4.66), (4.59) can be rewritten as
follows: Find p;, € W}, such that
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Z (Ph (aiZf’) ,Z)K + (Rpn,v)
=Sl (o) v} o

- (7 (o) + i) o i (4.7
== Z gp(e) Py (ad) e)Ve + Z gn (e

ecl'p eel'n

+(f,1))7 (S Wh )
with uj given by

d
up = P, <aj;) + Ry (pn). (4.68)

To see the relationship between (4.67) and the DG methods in the previ-
ous section, we consider the case where a is piecewise constant. In this case,
(4.67) becomes: Find p;, € W, satisfying

> (s 8 s - Sl fufer} 0

KeKy ccén
S e @ple+ Y @ . mao)
= ) KeK), (4.69)
_ “)(e)-R (pn)(e) ) ve
e;D gn(e (( ) (e) 1(pr)( ))
+ 3 gn(ele) + (f,0), veEW,.
eel'n

Observe that without the term involving Ry, (4.69) is just the symmetric
DG method introduced in Sect. 4.2.1. With a positive sign in front of the
fourth term in the left-hand side of (4.69) (and without the Ry term), it
is the non-symmetric method in Sect. 4.2.3. The R} term naturally comes
from the mixed formulation, and stabilizes the DG methods in the previous
section. Although Ry, appears, equation (4.69) can be evaluated virtually in
almost the same amount of work as in the evaluation of the DG methods
in the previous section. This is due to the definition of Ry, in (4.66), where
the matrix associated with the left-hand side can be diagonal if the basis
functions of V}, are appropriately chosen. In addition, (4.66) is defined on
each element and is thus totally local. The equations of this type can be
implemented in a parallel fashion.
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4.3.1.2 The Second Mixed Discontinuous Method

Let Q = (I1,1s), and for v € H'(K},), we define the one-sided limits at nodes
ecé&p:
)=

v(e™) = lim v(z), wv(e”)= lim v(z).

z—et T—e~

At the endpoints I; and Iy, the limits are defined from inside 2. We now
define the second mixed discontinuous method for (4.52): Find uy, € V3, and
pr € Wy, such that

> (wn) + oo - Zuh<e+>uelv1<e>

KeKy K eeé'h

Z gN (f7 )? vE Wh 3

T
el (4.70)
-1 dpn,
> (a up, — xﬁ) + ) Ipul(e
KeKy, 665;
:nge eWe, TEV,.
eel'p

Note that the second method differs from the first one in that the averaged
quantities in (4.59) are replaced by the right-hand sided limits. For (4.70),
existence and uniqueness of a solution and convergence can be shown in a
similar way as for (4.59). In particular, the convergence result (4.63) holds
for (4.70) (Chen et al., 2003A). For the present method, if the Dirichlet and
Neumann boundary conditions occur at x = [; and x = [, respectively, we
are able to obtain the optimal convergence rate (4.64), no matter whether r is
even or odd. To improve the convergence rate for other boundary conditions,
we can adopt the penalty idea in the previous section. With this idea, (4.70)
is modified as follows: Find uy € Vj, and p, € W}, such that

> () )= Y waletwelelo

KeKp c€Ey
+ 01,pn(12)v(l2) = O1,9p(2)v(l2) + Y gn (e +(fv), veW,,
eer (4.71)
1 Ph
I (), %‘ph'
+ O un(l)7(l) = 0, 9n (L)7T(0) + Y gp(e)T(e)ve, TE Vi,
e€lp

where 6;, > 0 and 6;, > 0 are penalty parameters. Note that we only penalize
at the endpoints.

Theorem 4.5. If the following choices are made for the penalty parameters
n (4.71):
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o 0, =0, =0 if the Dirichlet and Neumann boundary conditions are im-
posed at x =11 and x = ls, respectively,

e 0, = Cmax(1,r)/h and 6;, = 0 if the Neumann boundary conditions are
imposed at both x =11 and x = I,

o 0, =0 and 0;, = Cmax(1,7)/h if the Dirichlet boundary conditions are
imposed at both x =11 and x = lo,

e or 0, =6, =Cmax(l,r)/h if the Neumann and Dirichlet boundary con-
ditions are imposed at x =l and x = ly, respectively,

then the optimal error estimate (4.64) with any r > 0 holds for all C > 0.

We mention that (4.70) and (4.71) can be also written in nonmixed form
as in (4.67) (Chen et al., 2003A).

4.3.1.3 The Third Mixed Discontinuous Method

The third method is analogous to the second one. We recall that the averaged
quantities in (4.59) were replaced by the right-hand sided limits in (4.71). In
the third method, they are replaced by the left-hand sided limits. That is, the
third mixed discontinuous method for (4.52) is: Find up, € Vi, and pp € Wy,
such that

) (uh,jz)KﬂRph,v) = 3 e welel(e)

KeKy e€&y
+0,pn()v(l) = 0, gp()v(l) + > gn(e +(fiv),  vEW,,
" e (4.72)
-1 h
K;{h (a Un =~ ,T) + e;h [pn](e
+0,un(l2)7(12) = O,gn (I)7 (1) + Y, gple)T(e)ve, TE Vi
ecl'p

Again, we only penalize at the endpoints. Existence and uniqueness of a
solution to (4.72) can be proven as for (4.59). As for convergence, the next
theorem holds.

Theorem 4.6. If the following choices for the penalty parameters in (4.72)
are made:

o 0, =0, =0 if the Neumann and Dirichlet boundary conditions are im-
posed at x =11 and x = lo, respectively,

e 0, =0 and 0;, = Cmax(1,r)/h if the Neumann boundary conditions are
imposed at both x =11 and x = lo,

e 0;, = Cmax(1l,r)/h and 0;, = 0 if the Dirichlet boundary conditions are
imposed at both x =11 and x = Io,
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e or 0, =6, =Cmax(1l,r)/h if the Dirichlet and Neumann boundary con-
ditions are imposed at © =l and x = ly, respectively,

then the error bound (4.64) with any r > 0 holds for (4.72) for all C > 0.
System (4.72) can be implemented in nonmixed form as for the first and
second methods (Chen et al., 2003A).

Ezxample 4.5. We present a numerical example for the mixed discontinuous
methods discussed in this section. We solve (4.52) with a = R = 1 on the
unit interval (0, 1), with Dirichlet conditions at both endpoints. The first
method (4.59) is used on uniform grids, and the estimates p — p;, and u — uy,
in the L2-norm for polynomials of degree one to six for successively refined
grids are shown in Tables 4.2 and 4.3. From these two tables we see that the
convergence is of order h™ and A"t for odd 7 and even r, respectively. This
agrees with the theoretical results in (4.63) and (4.64).

We now solve the same problem using the second mixed discontinuous
method (4.70). The case where the Dirichlet and Neumann boundary con-
ditions occur at x = 0 and x = 1, respectively, is first experimented. The
estimates p — py, and u — uy, in the L?-norm are given in Tables 4.4 and 4.5.
Note that error estimates of optimal order A"+ in h are shown for both. This
agrees with the discussion in Sect. 4.3.1.2.

Table 4.2. The estimates in h for p;, for the first method

1 2 4
1/h 6 3 6
r Error Order Error Order Error Order
1 3.0095e-02 1.05 1.4959e-02 1.00 7.4807e-03 1.00
2 2.6498e-04 3.09 3.2652e-05 3.02 4.0695e-06 3.00
3 2.8625e-05 3.03 3.5602e-06 3.00 4.4458e-07 3.00
4 1.2424e-07 5.09 3.8248e-09 5.02 1.1909e-10 5.01
5 9.4656e-09 5.03 2.9432e-10 5.01 9.2076e-12 5.00
6 2.8156e-11 7.10 2.1064e-13 7.06 1.6334e-15 7.01

Table 4.3. The estimates in h for uy for the first method

16 32 64
1/h
r Error Order Error Order Error Order

1.7101e-01 1.01 8.5382e-02 1.00  4.2677e-02 1.00
8.6296e-04  3.08 1.0645e-04  3.02 1.3262e-05  3.00
1.2269e-04  3.02 1.5290e-05  3.00  1.9098e-06  3.00
4.2128e-07  5.08 1.2989e-08  5.02  4.0452e-10  5.00
3.8028e-08  5.02 1.1840e-09  5.01 3.7233e-11 5.00
9.7283e-11 7.08  7.5150e-13  7.02  5.8745e-15  7.00

ST W N
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Table 4.4. The estimates in h for p;, for the second method

1 2 64
1/h 6 3
r Error Order Error Order Error Order
1 6.6299¢-03 2.00 1.6587¢-03 2.00 4.1474e-04 2.00
2 2.0847e-04 2.99 2.6104e-05 3.00 3.2644e-06 3.00
3 5.0346e-06 3.99 3.1512e-07 4.00 1.9702e-08 4.00
4 9.7993e-08 4.99 3.0660e-09 5.00 9.6280e-10 5.00
5 1.5947e-09 5.99 2.5175e-11 5.99 3.9321e-13 6.00
6 2.2331e-11 6.99 1.7444e-13 7.00 1.3660e-15 7.00

Table 4.5. The estimates in h for uy for the second method

16 32 64
1/h
r Error Order Error Order Error Order
1 4.1575e-02 1.99 1.0417e-02 2.00 2.6056e-03 2.00
2 1.3100e-03 2.99 1.6402e-04 3.00 2.0511e-05 3.00
3 3.1639¢-05 3.99 1.9800e-06 4.00 1.2379e-07 4.00
4 6.1579e-07 4.99 1.9265e-08 5.00 6.0241e-10 5.00
5 1.0021e-08 5.99 1.5682e-10 6.00 2.4491e-12 6.00
6 1.4002e-10 6.99 1.0962e-12 7.00 8.5470e-15 7.00

Table 4.6. The estimates in h for py,

1 2 4
1/h 6 3 6
r Error Order Error Order Error Order
1 1.0931e-00 1.40 3.9329e-01 1.47 1.3965e-01 1.49
2 1.1037e-02 3.46 9.8249¢-04 3.49 8.7021e-05 3.50
3 1.8424e-03 3.41 1.6551e-04 3.48 1.4688e-05 3.49
4 9.0700e-06 5.46 2.0167e-07 5.50 4.4637e-09 5.50
5 9.0002e-07 5.41 2.0201e-08 5.47 4.4533e-10 5.50
6 2.9402e-09 7.47 1.6639¢-11 7.47 9.2451e-14 7.50

The case where the Dirichlet boundary conditions occur at both x = 0 and
x = 1 is next experimented. The estimates p — pj, in the L2-norm for different
values of r are displayed in Table 4.6. These estimates are asymptotically of
order h"t1/2 for odd r and h"t't1/2 for even r. They are better than those
obtained in Sect. 4.3.1.2. We emphasize that the convergence rates are not
optimal in A for odd r. Similar numerical results are observed for the variable

Up, -
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4.3.1.4 A Generalization

We have assumed so far that a is strictly positive. In this subsection, we
consider the case where a is only nonnegative. Let £ > 0 satisfy

a =K% (4.73)

Then (4.52) is expressed in the form

—M—FRp:f, uzmd—p in Q,
dx dx
p=go o T (a7
Kuv = gn on 'y .
The corresponding weak formulation is defined as follows:
Z KU dv + (Rp,v Z {ruv}(e)|v](e)
) dm x 7
KeKy e€&y
jg: gN' (f> )7 v € }Il(}(h)a
celw (4.75)
dp
Z (u— Ko 7') + Z [p](e){xTv](e)
KeKy eelp

= Z gp(e)rT(e)ve, 7€ H'(Kp) .

eel'p

Based on (4.75), the three mixed discontinuous methods in the previous sub-
sections can be defined accordingly. Moreover, similar stability and conver-
gence results hold (see the next subsection).

4.3.2 Multi-Dimensional Problems

We now extend the mixed discontinuous methods in the previous subsection
to multi-dimensional problems. As an example, we develop the first method
for the problem

-V-(a(Vp+bp))+Rp=f, x€Q,
a(Vp+bp) v =gy, xely, (4.76)

D= gD, xelp,

where O ¢ R? (d < 3) is a bounded domain, a is a bounded, symmetric, and
positive semi-definite tensor, b and R > 0 are bounded functions, f € L?(£2),
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gp € H'/2(I'p), and gy € H'/2(I'y). To be general, note that an advection
term is included in (4.76). We assume that (4.76) has a unique solution.

Under the present assumption on a, formulation (4.75) is utilized. Since
a is a symmetric, positive semi-definite tensor, there is a tensor &, which has
the same property as a, such that

a=KK. (4.77)
With this splitting, the first equation of (4.76) can be written as

~V-(sku)+Rp=f, x€Q,
(4.78)
u=k(Vp+bp), x€N.

Although the variable u may not have a physical meaning in applications,
the variable ku does have a physical meaning, such as a fluid velocity. Once
u is computed, the latter variable can be obtained in a free manner.

The following weak formulation for (4.78), with the boundary conditions
n (4.76), can be derived as in (4.56) and (4.58):

Z (ku,Vo)g + (Rp,v) — Z ({ku- v}, [v])e

KeKy ecéy,
= Z(gN»v)e+(fvv)v ’UGHI(Kh)v
eESN
(4.79)
Z (u— (kVp+bp),7), + Z [p] {7 - v}),
KeKy ecéy,
= Z(gp,l-vr-u)e, T e HY(K}),
668}?

where b = kb and we assume that xku - v and p are continuous across in-
terelement boundaries.

For h > 0, let K}, be a finite element partition of 2 into elements {K},
as in Sect. 4.1.1, and let V;, x W), be a pair of finite element spaces for
approximating u and p, respectively, associated with Kj;. With the same
notation as in the previous section, the first mixed discontinuous method for
(4.76) is: Find uy, € V;, and p;, € W}, such that

Z (kup, Vv)k + (Rpp,v) — Z ({run - v}, [v]),

KeKy ecéh
= Z(gNyv)e+(fvv)a 'UGWh,
eGS}ILV
(4.80)
S (wn = (9pn + bpn)s )+ S (Ipal fer -1},
KeKy, e€h

= Z(QD,K)T'V)E, TEV,.

665}?
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We make the assumption

(7,7) — (bv,T) + (Rv,v)> C; (||T||i2(Q) + (Rw, v))

) (4.81)
vr e L2(Q), v e L*(Q),

where C] is a positive constant. Inequality (4.81) immediately implies that if
R =0 a.e. on €, then b = 0 a.e. on Q. With this assumption, we can check
existence and uniqueness of a solution to (4.80). Setting f = gy = gp =0 in
(4.80), it follows from the choices of v = p;, and T = u;, and the addition of
the two equations in (4.80) that

(uha uh) - (Bphvuh) + (Rph7ph) =0 B

which, by (4.81), immediately implies uniqueness of uy,. Also, by (4.81), if R is
strictly positive, uniqueness of py follows. Therefore, existence and uniqueness
of a solution to (4.80) is shown. If R = 0, the reader should refer to Chen-
Chen (2003) on existence and uniqueness of a solution.

Theorem 4.7. With the choice of the finite element spaces Vi, and Wy,
Vi(K) = (P(K)", Wi(K) = Po(K), r20,
the following error estimate holds for (4.80):

Ip = prll 20 + lu = unllfz ()

SCh2T<Z [ |u||%17‘+1(1<)> :

KeKy KeKy

(4.82)

Observe that estimate (4.82) gives a suboptimal order of convergence in
h. The next theorem gives an optimal convergence result.

Theorem 4.8. Assume that Q) is a rectangular domain, Ky is a Cartesian
product of uniform grids in each of the coordinate directions, and

Vh(K):(QT(K))d> Wh(K):QT(K)7 r>0,

where Q(K) is the space of tensor products of one-dimensional polynomials
of degree r on K. Then, if r is even,

F2 *Ph|\2L2(Q) +[[u— uhH%ﬂ(Q)

< op*try < 2 el + 3 |u||%—IT+I(K)> :

KeKp KeKp

(4.83)

The proof of Theorems 4.7 and 4.8 can be found in Chen (2001A). As in
Sect. 4.3.1.1, system (4.80) can be also implemented in nonmixed form. Let
P, : L?(Q) — V}, denote the L2-projection:
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(w—Pprw,7) =0, V1T eV, (4.84)

for w € L?(Q2). Also, we define the operator Ry, : H'(K},) — Vj, by

Y Ru), k== (o] {x7 - v}),

KeKp ecép
+Z(9D,n‘r-u)e, TEVy,

eEEhD

(4.85)

for v € HY(K}). With these two operators, system (4.80) is rewritten: Find
pn € Wj, such that

Z (P (k(Vpn +bpn)), £Vv) . + (Rpn,v)

KeKy
- Z ([ph]: {[KP;L(HVU) ’ V]})e
ecéy,
=Y ({x (Pr(k(Vpn + bpn)) + Ru(pn)) - v}, [v]),
ecéy,
= - Z gDaK’Ph(K’VU + Z gn,v a )a UEWh7
ecep ecgl

with uy given by

u, = P (k(Vpn +bpr)) + Ralpn) -

We remark that if a is positive definite, the first equation of (4.76) can

be written as
_Vu+Rp:f7 X€Q7
(4.86)
a—'u= Vp+ bp, xe.

Then a mixed discontinuous method similar to (4.59) can be considered, and
analogous results as those for (4.80) hold (Chen, 20014).

4.3.3 Nonlinear Problems

We consider the mixed discontinuous methods for a nonlinear problem:

- 0T b)) =, x<,
a(p) (Vp+b(p)) -v = gn, xeTy . (4.87)
P =9b, XGFD’

where the coefficients a, b, and f depend on the solution itself. These coeffi-
cients are assumed to be Lipschitz continuous in p.
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As in (4.77), if the tensor a is assumed to be symmetric, positive semi-
definite, there exists a symmetric tensor k such that

a(p) = k(p)k(p) - (4.88)

Using (4.88), the first equation of (4.87) can be written as

dp _
5 V- (k(p)u) = f(p), x€Q, (4.89)
u=k(p) (Vp+b(p), xef.

A mixed weak formulation for (4.89), with the boundary conditions in (4.87),
is given by

(g?”) + Z (k(p)u, Vo) — Z {e@)u- v}, [v]),

KeKy ec&p

= Z (gN’U)6+(f(p)vv)’ UEHl(Kh) s

6655 ) (490)
> (u=(k@Vp+bm).7)  + > (Pl A=) -v}),
KeKy ec&y
=Y (go.k@)T V), TEHNKY),
eeé’,?

where b(p) = k(p)b(p). Accordingly, the first mixed discontinuous method
for (4.87) is: Find uy € Vy, and pp, € W), such that

(%T,v) + > (k(pa)un, Vo)

KeKy

=D (sn)u-vh.[o]),
e€&y,
= > (gn,v)e + (f(pn)v),  veEWn,

eES,JIV (491)

Z (uh — (r(pn)Vpr + B(ph))’ T)K
KeKy

+ > (onl As(pn)7 - v}),

el

= Z (9D, £(pr)T - V)e, TEV,.
ecEp

The second and third mixed discontinuous methods can be defined in a similar
way. A time discretization in (4.91) can be carried out by an Euler approach
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as in Sect. 1.7 or by an Eulerian-Lagrangian approach (cf. Chap. 5). In the
latter approach, the time differentiation and advection terms are combined
through a characteristic tracking scheme. The various solution techniques
(e.g., linearization, implicit time approximation, and explicit time approxi-
mation) developed in Sect. 1.8 for the standard finite element method can be
applied to (4.91). Finally, with appropriate assumptions on the coefficients
and solution of (4.87), stability and convergence results similar to those in
the linear case can be shown (Cockburn-Shu, 1998).

4.4 Theoretical Considerations

In this section, as an example, we present a theoretical analysis for the DG
method in Sect. 4.1.1 and its stabilized version in Sect. 4.1.2.

4.4.1 DG Methods
We first analyze the DG method in Sect. 4.1.1: Find p;, € V}, such that
a(pn,v) = (f,v) YveV,, (4.92)

where pj, - =gonT'_,
aK(v,w):(b-Vv—i—Rv,w)K—/ [vlwib-v dl, K e K,
OK_

and

a(v,w) = Z ar(v,w) .

KeKy

If the exact solution p of (4.1) is continuous in Q, [p|b-v|. =0, e € &7,
so p satisfies the equation

a(p,v) = (f,v)  YveV,, (4.93)
where p_ = g on I'_. Then we subtract (4.92) from (4.93) to see that
alp—pn,v) =0  YveV,. (4.94)

We recall the norm || - ||p defined in Sect. 4.1.1:

1 1 1/2
vl = <R1/2v||2L2(Q) —|—§ Z /9;{7 [v]?|b-v| dl + 2/F+ v b-v d€> .

KeKp
Lemma 4.9. For any v € H(K},), if V-b =0, we have

1
a(v,v) = |Jv||} — 5/1‘ vi|b-v|dl.
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Proof. Tt follows from Green’s formula (1.19) and V - b = 0 that

(b-Vv,v), = %/

1
v2_b~ud€ff/ vilb-v|dl,
oK, 2 Jok_

which, together with the definition of a(-,-), implies

— 1 2 . _1 2 .
a(v,v) = Z {2/8K+vb vdl 2/aK_UJJb v|dé

KeK
s (4.95)

+ / (U+—1},)U+|b'l/| dg}'f‘”Rl/Qvniz(Q) .
0K _

Note that each side of 0K coincides with a side of K’ for an adjacent
element K’ except for 0K, C 'y, and similarly with + and — reversed.
Thus we see that

Vb-vdl = / 2 b-v| d¢
Z /8K+ Z oK _ | |

KeKy, KeKy
e S (4.96)

+/ v’b v dl — v |b-v|dl.
r r_
We combine (4.95) and (4.96) to obtain

a(v,v)= % Z /aK? [v]*|b-v| d¢

KeKy,

1 1
+= | v’bvdi—< [ W[b-v|dl+ | RY?0)[7zq,
2 Jr, 2 Jr.
which yields the desired result. O

This lemma implies equation (4.9). Also, existence and uniqueness of a
solution to (4.92) follows from this lemma, and if R is strictly positive, in-
equality (4.10) can be shown. A careful check of the above proof shows that if
R—V-b/2 > 0 (instead of the assumption V-b = 0), the term ||R*/?v||2(q)
can be replaced with || (R —V - b/2)1/2 V|| L2 ()

We now prove the error estimate (4.11). For simplicity, we focus on the

case r = 0. For a general r, the reader may refer to Johnson and Pitkéranta
(1986).

Theorem 4.10. Let p and p, be the respective solutions of (4.93) and
(4.92) with r = 0. Then there exists a positive constant C, independent of h,
such that

lp —pully < Ch Z [2FaSE
KeKy
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Proof. Define p,, € V}, by

1

Prlk = — Dk, K e Ky ;
| K|

i.e., Pk is the mean value of p over each K € K. Note that (p —pp)- =0
on I'_. Then we use Lemma 4.9 with v = p — py, and (4.94) to see that

(p = Prsp — Pn)

(P = pPrsp — Pn) + a(p — phyPr — Ph)

= a(p — pn,p — Pn)

= > (b-V(p—pn)+Rp—pn),(p—5n))g

KeKy

_/ [p—pul(®—Pr)+b-vdl.
oK _

lp—pnlly = a

=a

Since py, is piecewise constant, it follows from Cauchy’s inequality (1.10) that

Ip = pallp < (0 Vpllr2) + lp = prll2@) 1P — PrllL2@)

1/2
+<Z/ [0 —pu]’|b - v dﬁ) (4.97)
KeKy OK-
1/2
X Z/ p—Bnl*[b - v| cw> :
<K€Kh 0K _

Applying the approximation properties of py, we have

Ip—nl2a < CR2 3 Il
KeKy

3 /m p—pnlPb v de < Ch S plh e,

KeKy KeKy

(4.98)

Finally, we combine (4.97), (4.98), and the definition of the norm || - ||p to
obtain the desired result. [
Note that Theorem 4.10 implies (4.11) with r = 0.

4.4.2 Stabilized DG Methods

We now study the stabilized DG method in Sect. 4.1.2: Find p, € V}, such
that

alpn,v) = Y_ (fio+0b-Vo)x  YweV,, (4.99)
KeKy

where p,,— =g onI'_ and
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ag(v,w)=(b-Vv+ Rv,w+6b-Vw),

—/ [vJwib - v de, K e K, .
OK _
Now, the norm || - || is defined by

lelln= (HRW (1 - 0R/2)/% ]

2 1 / )
+ = v|“|b - v| df
vy T 2 > MR

KeKy

41 > 16 Volf3 41 ’b.v dl v
5 v LQ(K) 9 F+’Uf 1 %4 .

KeKy

As in the previous subsection, the exact solution p of (4.1) satisfies

a(p,v) = Z (f,v+6b-Vu)g Yo eV, (4.100)
KeKp

where p_ = g on I'_. Subtracting (4.99) from (4.100) yields
a(p —pn,v) =0 Yo eV, . (4.101)

We only prove (4.14); estimate (4.11) for method (4.99) can be shown in the
same way as in Theorem 4.10.

Lemma 4.11. For any v € HY(K}), if V- b =0, we have

1
atv.) > ol — 5 [ o2 fbov] dr.

Proof. Tt suffices to treat the term
(b-Vv+ Rv,0b-Vv), ,

since all other terms appeared in the bilinear form a(-,-) in the DG method
(4.92). Note that

(b- Yo+ Ru,0b- Vo) o = [|0/2b- VvHQLQ(K) + (Rv,6b - Vo) . |

so, using Cauchy’s inequality (1.10), we see that

~ orm

2
L*(K)

This inequality, together with the proof of Lemma 4.9, implies the desired
result. O

1 2
b- Vo + Ru,fb- Vo), > - Hel/2b~v
( v+ Rv v)K_2< v o)
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4.5 Bibliographical Remarks

The definition of the DG and SDG methods given in Sect. 4.1 and their
analysis presented in Sect. 4.4 follow those given by Johnson (1994). The
computational results discussed in Sects. 4.1 and 4.2 were obtained by Hughes
et al. (2000). For the original definition of the non-symmetric DG method and
its penalty version for diffusion problems in Sect. 4.2, the reader should refer
to Oden et al. (1998) and Riviere et al. (1999), respectively. The content of
Sect. 4.3 is essentially based on Chen et al. (2003A) and Chen (2001A). The
first and second mixed discontinuous methods described in Sects. 4.3.1.1 and
4.3.1.2 were originally developed by Cockburn-Shu (1998) and Brooks-Hughes
(1982), with slightly different forms, where these methods were termed the
local discontinuous Galerkin methods. Finally, the book edited by Cockburn
et al. (2000) contains some of the recent developments on the discontinuous
finite element method.

4.6 Exercises

4.1. Write a code to solve problem (4.1) approximately using the discon-
tinuous finite element method developed in Sect. 4.1.1, with » = 0
and 1. Use b = (1,1), R = 0, f(z1,22) = 27%(sin(27x1) cos(2mz2) +
cos(2mxy ) sin(27x2)), g = 0, and a uniform partition of & = (0,1) x
(0,1) as given in Fig. 1.7. Also, compute the errors

o= onll = ([ =) dx)l/z |

1/2
( > |b~v<p—ph>|iz<m>

KeKy

1/2
=<K§h /K b V(p— i)l dx) ,

with A = 0.1, 0.01, and 0.001, and compare them. Here p and p; are
the exact and approximate solutions, respectively, and A is the mesh
size in the x1- and xo-directions.

4.2. Show that if p € HY(Q)NH?(K},) is a solution to (4.32), then it satisfies
(4.16).

4.3. Prove the boundedness of a’ (-, ) in (4.37).

4.4. Define 0. = Cmax{1,72}/h, e € &,. Prove that there is a positive
constant Cy such that (4.38) holds for C > Cy.

4.5. Define 0. = Cmax{1,7%}/h, e € &,. Show that there is a positive
constant Cy such that the matrix corresponding to the left-hand side of
(4.35) is symmetric and positive definite for C > Cj.
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4.13.

4.14.

4.15.

4.16.

4.17.

4.18.
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Let the approximate solution p, € V}, satisfy (4.35). Bound pj, in the
norm || - ||, given in (4.36) in terms of the data f, gy, and gp in (4.16).
Prove the boundedness of a (-, -) in (4.44).

Prove the boundedness of af, (-,-) in (4.48).

Define 0, = Cmax{1,7%}/h, ¢ € &,. Show that (4.49) holds for any
C>0.

Show that if u and p is a solution of (4.56) and (4.58) and if p € H%(Q),
then p satisfies (4.52).

Let Vi, Wy, Py, and R be defined as in (4.62), (4.65), and (4.66).
Show that (4.59) can be expressed by (4.67), with up, given by (4.68).
Introduce appropriate projection operators as in (4.65) and (4.66) to
prove that (4.70) can be written in nonmixed form in terms of py,.
Derive (4.75) from (4.74).

Based on (4.75), define the first mixed discontinuous method and then
write it in nonmixed form in terms of p; by introducing appropriate
projection operators (cf. Sect. 4.3.1.1).

Derive (4.79) from (4.78) and the boundary conditions in problem
(4.76).

Let Py and Ry, be defined as in (4.84) and (4.85), respectively. Write
(4.80) in nonmixed form in terms of py.

Show that if R — V - b/2 > 0 (instead of the assumption V - b =
0 in Lemma 4.9), Lemma 4.9 remains valid provided that the term
| RY/2v]| 12 is replaced by || (R — V - b/2)"/? v||2(q) in the definition
of the norm || - |-

Prove the error estimate (4.39) for the symmetric interior penalty DG
method (4.35). (If necessary, consult Arnold (1982).)

Prove the error estimate (4.39) for the nonsymmetric interior penalty
DG method (4.47). (If necessary, consult Riviere et al. (1999).)



5 Characteristic Finite Elements

In this chapter, we consider an application of the finite element method to
the reaction-diffusion-advection problem:

d(cp)
ot

for the unknown solution p, where ¢, b (vector), a (tensor), R, and f are
given functions. Note that (5.1) involves advection (b), diffusion (a), and
reaction (R). Many problems arise in this form, e.g., saturation problems for
multiphase flow in porous media (cf. Chap. 9), transport problems for conta-
minants in groundwater, and density problems for semiconductor modeling
(cf. Chap. 10), to name a few. Problems of this type were considered in the
preceding chapter.

When diffusion dominates advection, the finite element method developed
in Chap. 1 performs well for (5.1). When advection dominates diffusion, how-
ever, it does not work well. In particular, it exhibits excessive nonphysical
oscillations when the solution to (5.1) is not smooth. Standard upstream
weighting approaches have been applied to the finite element method with
the purpose of eliminating the nonphysical oscillations, but these approaches
smear sharp fronts in the solution and suffer from grid-orientation difficul-
ties. Although extremely fine mesh refinement is possible to overcome some
of these difficulties, it is not feasible due to the excessive computational effort
involved.

Many numerical methods have been developed for solving (5.1) where ad-
vection dominates, such as the optimal spatial method. This method employs
an Fulerian approach that is based on the minimization of the error in the
approximation of spatial derivatives and the use of optimal test functions sat-
isfying a local adjoint problem (Brooks-Hughes, 1982; Barrett-Morton, 1984).
It yields an upstream bias in the resulting approximation and has the fea-
tures: (i) time truncation errors dominate the solution; (ii) the solution has
significant numerical diffusion and phase errors; (iii) the Courant number is
generally restricted to be less than one (see (5.43) for the definition of this
number).

Other Eulerian methods such as the Petrov-Galerkin finite element method
have been developed to use nonzero spatial truncation errors to cancel tem-
poral errors and thereby reduce the overall truncation errors (Christie et al.,

+V-(bp—aVp)+Rp=f, (5.1)
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1976; Westerink-Shea, 1989). While these methods improve accuracy in the
approximation of the solution, they still suffer from a strict Courant number
limitation.

Another class of numerical methods for the solution of (5.1) are the
Eulerian-Lagrangian methods. Because of the Lagrangian nature of advection,
these methods treat the advection by a characteristic tracking approach. They
have shown great potential. This class is rich and bears a variety of names,
the method of characteristics (Garder et al., 1984), the modified method
of characteristics (Douglas-Russell, 1982), the transport diffusion method
(Pironneau, 1982), the Fulerian-Lagrangian method (Neuman, 1981), the op-
erator splitting method (Espedal-Ewing, 1987), the FEulerian-Lagrangian lo-
calized adjoint method (Celia et al., 1990; Russell, 1990), the characteristic
mized finite element method (Yang, 1992; Arbogast-Wheeler, 1995), and the
Eulerian-Lagrangian mized discontinuous method (Chen, 2002B). The com-
mon features of this class are: (i) the Courant number restriction of the
purely Eulerian methods is alleviated because of the Lagrangian nature of
the advection step; (ii) since the spatial and temporal dimensions are cou-
pled through the characteristic tracking, the effect of time truncation errors
present in the optimal spatial method is greatly reduced; (iii) they produce
non-oscillatory solutions without numerical diffusion, using reasonably large
time steps on grids no finer than necessary to resolve the solution on the mov-
ing fronts. In this chapter, we describe the Eulerian-Lagrangian methods. Es-
pecially, we discuss the modified method of characteristics (cf. Sect. 5.2), the
Eulerian-Lagrangian method (cf. Sect. 5.3), the characteristic mixed method
(cf. Sect. 5.4), and the Eulerian-Lagrangian mixed discontinuous method
(cf. Sect. 5.5). Other characteristic methods either are similar to these meth-
ods or can be deduced from them (Chen, 2002C). In Sect. 5.6, nonlinear prob-
lems are considered. In Sect. 5.7, we further comment on the characteristic
finite element method. Section 5.8 is devoted to theoretical considerations.
Finally, bibliographical information is given in Sect. 1.9.

5.1 An Example

We consider an example of (5.1):

0
¢ Tb-Vp—V-(aVp)+Rp=[, x€Q t>0,
where Q € IR? (d < 3) is a bounded domain with boundary T'. In this section,
we briefly study its hyperbolic part

ap

8t—i—b-Vp—l—szf, xe, t>0, (5.2)

Cc

and first consider its steady-state version
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b-Vp+Rp=f, x€Q. (5.3)

That is, in (5.3) all functions are assumed to be independent of time ¢. Prob-
lem (5.3) was also considered in Sect. 4.1. The characteristic curves (or char-
acteristics) corresponding to the given velocity field b = (b1, ba,...,by) are
the curves x(s) defined by

d.%‘i
—bi(x), i=12....d,
T (x) i
where x(s) = (z1(s),x2(s),...,xq(s)) and these characteristics are parame-
trized by the parameter s. In vector form, we have
dx
— =b(x) .
75— P()

In the context of fluid dynamics, these curves are called the streamlines asso-
ciated with b. If b is Lipschitz-continuous (i.e., ||b(x) — b(y)| < Cl|lx — y||,
for all x, y € Q and for some constant C, where || - || is the Euclidean norm),
for a given point x_ €  there exists a unique characteristic x(s) passing
through x_. For such a characteristic x(s), it follows from the chain rule

that dp(x) J
p(x x
—Vp — —=b-Vp:
ds VP ds VP
consequently, (5.3) reduces to
dp(x
% 4 Rp(x) = f . (5.4)

Hence, along each characteristic x(s), (5.3) becomes an ordinary differential
equation. If p is known at a point on x(s), then p can be determined at other
points on x(s) by integrating (5.4). In general, p is prescribed on the inflow
boundary T'_

'.={xel: (b-v)(x)<0},

where v is the outward unit normal to the boundary I'. The solution p at
any point x € 2 can be found by integrating along the characteristic through
x starting on I'_ (cf. Fig. 5.1). In particular, for (5.3) this implies that effects
are propagated along characteristics.

Fig. 5.1. Characteristics



218 5 Characteristic Finite Elements

x2

A

0.5

—~V o

- X

Fig. 5.2. A discontinuous solution

We observe that a solution of (5.3) may be discontinuous across a charac-
teristic. For example, if the boundary datum is discontinuous at some point
x_ € I'_, then p is discontinuous across the whole characteristic passing
through x_. As an example, consider the problem on the unit square

@:O, O<z; <1, i1=1,2,
6:51 1
p(0,z2) = 1, 0<9172<§7
1
p(0,29) =0, §<:z:2<1.

This problem is a special case of (5.3) where b = (1,0) and R = 0. It is
obvious that the solution to this problem is (cf. Fig. 5.2)

1
p(x1,x2) = 1, O<xl<1,0<x2<§,

1
p(x1,22) =0, 0<x1<1,§<x2<1.

For the time-dependent problem (5.2), set t = g and by = ¢ so that this
problem is rewritten as

b-Vixp+Rp=Ff, (5.5)

where b = (bg, b) and V(; x) = (%, V). Equation (5.5) has the same form as
(5.3), and thus the discussion on (5.3) applies to (5.5).

5.2 The Modified Method of Characteristics

5.2.1 A One-Dimensional Model Problem

The modified method of characteristics (MMOC) was independently devel-
oped by Douglas-Russell (1982) and Pironneau (1982) and is based on a
non-divergence form of (5.1). It was called the transport-diffusion method
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by Pironneau. In the engineering literature the name Fulerian-Lagrangian
method is often used (Neuman, 1981).

For the purpose of introduction, we consider a one-dimensional model
problem on the whole real line:

dp dp 0 dp B
() 0+ W) g — o ()5 ) + Reztp = fe.0).
reR, t>0, (5.6)
p(z,0) = po(x), relR.
Set
1/2

¥(z) = (c*(z) +b*(2))

Assume that
c(x) >0, zeR,

so ¥(z) > 0, € IR. Let the characteristic direction associated with the
hyperbolic part of (5.6), cOp/dt + bOp/dx, be denoted by 7(x), so

o  cx) 0  bx) 0

or(z)  (x) ot (z) Oz
Then (5.6) can be rewritten as
0 0 0
w3~ 2 (ale.0F) + Rt = fla.0).
zeR, t>0, (5.7)
p(z,0) =po(x),  zclR.

We assume that the coefficients a, b, ¢, and R are bounded and satisfy

c(x)
where C'is a positive constant. We introduce the linear space (cf. Sect. 1.2)

V=W"3(R).
We also recall the scalar product in L?(IR)
(v, w) :/ v(x)w(z) dx .
R
Now, multiplying the first equation of (5.7) by any v € V and applying

integration by parts in space, problem (5.7) can be written in the equivalent
variational form
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(@bafvv)Jr( o dv>+(Rp,v)—(f7v)7 veV, t>0,

a5,

p(.]?,O):po(J?), rzelR.
Let 0 =t < t! < ... < t" < ... be a partition in time, with At" =

t" —t"~1. For a generic function v of time, set v™ = v(¢"). The characteristic
derivative is approximated in the following way: Let

3 A"
and note that, at ¢t = ¢,
op p(x,t") — p(En, t" !
Tﬂa*’“ Y(z) (=, ¢") )
T

((x —in)? + (Atn)2)1/2

p x7tn —-p jj’n)tn_l
= ¢(x) ( ) At’(l ) .

(5.10)

Namely, a backtracking algorithm is used to approximate the characteristic
derivative; #,, is the foot (at level t"~1) of the characteristic corresponding
to x at the head (at level t") (cf. Fig. 5.3).

~

X

Fig. 5.3. An illustration of the definition %,

Let V}, be a finite element subspace of VW1 (IR) (cf. Chap. 1). Because
we are considering the whole line, V}, is necessarily infinite-dimensional. In
practice, we can assume that the support of py is compact, the portion of the
line on which we need to know p is bounded, and p is very small outside that

set. Then V}, can be taken to be finite-dimensional.
The MMOC for (5.6) is defined: For n =1,2,.. ., find p} € V}, such that

n ~n—1 n
P — Py 2 dpy  dv
<C Atr ’”) * <“ o’ dx (5.11)

+(R"p,v) = (f™,v) Yo eV,
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where

ot =pp (&0, t"Y) = pa (:r — ?(i;b(x),t"”) . (5.12)

The initial approximation p can be defined as any reasonable approximation
of pg in V}, such as the interpolant of py in V.

Note that (5.11) determines {p}} uniquely in terms of the data py and
f (at least, for reasonable a and R such that a is uniformly positive with
respect to z and ¢ and R is nonnegative). This can be seen as follows: Since
(5.11) is a finite-dimensional system, it suffices to show uniqueness of the
solution. Let f = py = 0, and take v = p}} in (5.11) to see that

n ~n—1 n n
Pbp —D n ndp dp n, n ,n
(chhp >+<a — h>+(R Phyoi) =0

Agn TR dr’ dx
with an induction assumption that pﬁ_l = 0, this equation implies p; = 0.

It is obvious that the linear system arising from (5.11) is symmetric pos-
itive definite (cf. Sect. 1.1.1), even in the presence of the advection term.
This system has an improved condition number of order (cf. Sect. 1.10 and
Exercise 5.1)

O(1+ max_|a(z,t)|h 2At), At= max At".

z€R, t>0 n=1,2,...

Thus the system arising from (5.11) is well suited for the iterative linear
solution algorithms discussed in Sect. 1.10.

We end with a remark on a convergence result for (5.11). Let V;, C V be a
finite element space (cf. Chap. 1) with the following approximation property:

virelg (”U - Uh||L2(R) + hllv— Uh||W1>2(IR)) < Chr+1|v\ww<+1,2(m) , (5.13)
h h

where the constant C' > 0 is independent of h and r > 0 is an integer; refer to
Sect. 1.2 for the definition of spaces and their norms. Then, under appropriate
assumptions on the smoothness of the solution p and a suitable choice of p)
it can be shown (Douglas-Russell, 1982) that

(max (P = phllzza) +2llp" = pillwiemw) (5.14)
S C’(p) (hr+1 + At) ,

where N is an integer such that ¢t = T < oo and J = (0,7] is the time
interval of interest; see Sect. 5.8 for more information.

This result, by itself, is not different from what we have obtained with
the standard finite element method in Chap. 1. However, the constant C is
greatly improved when the MMOC is applied to (5.6). In time, C' depends

2 2
on a norm of % with the standard method, but on a norm of % with the
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MMOC. The latter norm is much smaller, and thus long time steps with large
Courant numbers (see their definition in the next section) are possible. The
reader may refer to Sect. 5.8 for more details.

Some matters are raised by (5.11) and its analogues for more complicated
differential problems considered later. The first concern is the backtracking
scheme that determines Z,, and a numerical quadrature rule that computes
the associated integral. For the problem considered in this subsection, this
matter can be resolved; the required computations can be performed exactly.
For more complicated problems, there are some discussions by Russell-Trujillo
(1990). The second matter is the treatment of boundary conditions. In this
section, we work on the whole line or on periodic boundary conditions (see
the next subsection). For a bounded domain, if a backtracked characteristic
crosses a boundary of the domain, it is not obvious what is the meaning of
Zp or of pp(&,). The last matter, and perhaps the greatest drawback of the
MMOC, is its failure to conserve mass. This issue will be discussed in detail
in Sect. 5.2.4.

5.2.2 Periodic Boundary Conditions

In the previous subsection, (5.6) was considered on the whole line. For a
bounded interval, say, (0,1), the MMOC has a difficulty handling general
boundary conditions. In this case, it is normally developed for periodic bound-
ary conditions (cf. Exercise 5.2):

dp dp

p(0,t) = p(1,1), %(07” = %(Lt) : (5.15)

These conditions are also called cyclic boundary conditions. In this case, we
assume that all functions in (5.6) are spatially (0, 1)-periodic. Accordingly,
the linear space V is modified by

V ={ve H'(I): v is I-periodic}, I=(0,1).

With this modification, the developments in (5.8) and (5.11) remain un-
changed.

5.2.3 Extension to Multi-Dimensional Problems

We now extend the MMOC to (5.1) defined on a multi-dimensional domain.
Let Q ¢ RY (d < 3) be a rectangle (respectively, a rectangular paral-
lelepiped), and assume that (5.1) is 2-periodic; i.e., all functions in (5.1)
are spatially -periodic. We write (5.1) in nondivergence form:
dp
c(x)g +b(x,t)- Vp— V- (a(x,t)Vp)
+R(x,t)p= f(x,t), x€Q, t>0, (5.16)

p(x,0) =po(x), x€Q.
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Let
1/2

U(x,t) = (*(x) + [b(x,1)II*) "
where ||b||? = b7 + b3 + -+ + b3, with b = (b1, ba, ..., bs). Assume that
c(x) >0, xeQ.

Now, the characteristic direction corresponding to the hyperbolic part of
(5.16), cOp/dt + b - Vp, is T, so

0 e(x) 0 1

— = — b(x,t)- V.

or k0ot ey
With this definition, (5.16) becomes

U(x, t)g—f_ -V (a(x, t)Vp) + R(x,t)p = f(x,t),

x€EN, t>0, (5.17)

p(x,0) =po(x), x€Q.
We define the linear space
V ={ve HY(Q) : v is Q-periodic} .

Recall the notation

(v,w)g = /Sv(x)u)(x) dx .

If S = Q, we omit it in this notation. Now, applying Green’s formula (1.19) in
space and the periodic boundary conditions, (5.17) is written in the equivalent
variational form

(1#25_711)+(an7Vv)+(Rp,v):(f,v), veV,t>0,

(5.18)
p(x,0) = po(x), xeq.
The characteristic is approximated by
At"
X, =x— ——b(x,t") . 1
X, =X ) (x,t™) (5.19)
Furthermore, we see that, at t = t™,
ap n p(X,tn) 7p(5(natn71)
E"N"ﬁ}(xﬂt ) . 9 n\2 1/2
(Ix = %all2 + (A1)2) (5.20)

D xatn — D knatn71
gt = )
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Fig. 5.4. An illustration of the definition %,

A backtracking algorithm similar to that employed in one dimension is used
to approximate the characteristic derivative (cf. Fig. 5.4).

Let Vj, C V be a finite element space associated with a regular partition
K, of Q (cf. Chap. 1). The MMOC for (5.16) is given: For n = 1,2,.. ., find
pp € Vi such that

n __ ~n—1
<Cl)h’At2’)nh’ U> + (a’I’LVPZ’7 V’U) —+ (Ran, 'U) — (fn, ’U) V’U c Vh 7 (5.21)

where

n

At
n—1 __ 5 n—1\ __ o n n—1
Pt =pn (Rn, t"7Y) = pa <x —C(X)b(x,t ), t > . (5.22)

The remarks made in Sect. 5.2.1 for (5.11) also apply to (5.21). In particular,
existence and uniqueness of a solution for reasonable choices of a and R can
be shown in the same way (cf. Exercise 5.3), and the error estimate (5.14)
under appropriate assumptions on p holds for (5.21) (cf. Sect. 5.8)

| Dax (" = pillL2() + hlp™ — phllar @) < C(p) (hﬂrl + At)

provided an approximation property similar to (5.13) holds for Vj, in the
multiple dimensions.
5.2.4 Discussion of a Conservation Relation
We discuss the MMOC in the simple case where
R=f=0, V-b=0 in Q. (5.23)

That is, b is divergence-free (or solenoidal). Application of condition (5.23),
the periodicity assumption, and the divergence theorem (1.17) to (5.16) yields
the conservation relation

/ c(x)p(x,t) dx = / c(x)po(x) dx, t>0. (5.24)
Q

Q
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In applications, it is desirable to conserve at least a discrete form of this
relation in any numerical approximation of (5.16). However, in general, the
MMOC does not conserve it. To see this, we take v = 1 in (5.21) and apply
(5.23) to give

/c(x)p(x7 t") dx = / c(x)p(%k,,, t" 1) dx
@ & (5.25)
+ ; c(x)p(x, ") dx .

For each n, define the transformation

At™

c(x)

We assume that b/c has bounded first partial derivatives in space. Then, for
d = 3, the Jacobian of this transformation, J(G), is

o (b} o (b} o (b}
1—— (2 )ar —— (2L )Am —— (2 )Ar
8x1(c> 83:2(6) 33:;;((:)
o (b} 0 o 0 [by
_ _a n 1 o _a n _ _a n
6x1(c>At 6$2<C>At 3:173(C)At ’

9 (b8 O (U \m 9 (V) A
_&Tl(c)At 3562(0)At ! 8531<C)At

and its determinant equals (cf. Exercise 5.4)

G(x)=Gx,t")=x— b(x,t") . (5.26)

J(G) =1-V- (bcn) A" + O((AE)?). (5.27)

Thus, even in the case where ¢ is constant, for the second equality of (5.25)
to hold requires that the Jacobian of the transformation (5.26) be identically
one. While this is true for constant ¢ and b, it cannot be expected to be
true for variable coefficients. In the case where ¢ is constant and V - b = 0,
it follows from (5.27) that the determinant of this transformation is 1 +
O((At™)?), so a systematic error of size O ((At™)?) should be expected. On
the other hand, if V - (b/c) # 0, the determinant is 1 + O (At™) and a
systematic error of size O (At™) can occur. In particular, in using the MMOC
in the solution of a two-phase immiscible flow problem (cf. Chap. 9), Douglas
et al. (1997) found that conservation of mass failed by as much as 10% in
simulations with stochastic rock properties and about half that much with
uniform rock properties. Errors of this magnitude obscure the relevance of
numerical approximations to an unacceptable level and motivate the search
for a modification of the MMOC that both conserves (5.24) and is at most
very little more expensive computationally than the MMOC. A new method,
the modified method of characteristics with adjusted advection, was defined
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by Douglas et al. (1997) to satisfy these criteria. This method is defined from
the MMOC by perturbing the foot of characteristics in an ad hoc fashion.
We do not introduce this method in this chapter. Instead, we describe the
Eulerian-Lagrangian localized adjoint method (ELLAM) in the next section,
since the idea of the ELLAM will be used in the definition of other two
methods studied.

5.3 The Eulerian-Lagrangian Localized Adjoint Method

5.3.1 A One-Dimensional Model Problem

To sketch the idea of the ELLAM (Celia et al., 1990; Russell, 1990), we

consider a one-dimensional reaction-diffusion-advection problem:

Aep) | 9 (bp—aap)A—Rp:f, zel, t>0, (5.28)

ot ox ox

where I = (0,1) is the space interval. Furthermore, let ¢ and b be constant.
An extension to a general case will be considered in the next subsection. We
consider the boundary conditions

p(0.1) = golt) or (bp - g) 0.6) = golt). >0,

0
p(1,t) = g1(t) or (bp - aa) (1,8) = 1. (2), t>0,
where go and g7 are given. The initial condition is the same as in (5.6):

p(z,0) = po(x), rel.

Below let I' = {0, 1}, i.e., the boundary of I.

The origin of the ELLAM can be seen by considering (5.28) in a space-
time framework and in divergence form. For any = € I and two times 0 <
t"~1 < t", the hyperbolic part of problem (5.28), as in the previous section,
cOp/0t + bOp/dz, defines the characteristics &, (z,t) along the interstitial
velocity ¢ = b/c:

Tz, t) =2 — @(t™ — 1), t € [t(x),t"], (5.30)

where #(z) = t"~! if &,(z,t) does not backtrack to the boundary I' for
t € [t"1t"); £(z) € ("7 1,t"] is the time instant when &, (z,t) intersects
T, ie., @,(x,f(z)) € T, otherwise. Note that this characteristic emanates
backward from x at t"; see Fig. 5.5. If b > 0, the characteristics at the right
boundary (z = 1,t € J" = (t"~1,¢"]) are defined by

n(1,0) =1 — ot — 6), 0ct" 1. (5.31)
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X

N~

%, (x,t)

1<

n-1

t

Fig. 5.5. An illustration of characteristics for constant ¢ and b

Similarly, we can define the characteristics at the left boundary (x = 0,t €
J™) if b < 0. For simplicity of exposition, we focus on the case where b > 0.

For a positive integer M, let 0 = zg < 1 < ... < xp; = 1 be a partition
K, of I into subintervals I; = (x;-1,;), with length h; = z; — 2,1, i =
1,2,...,M. Set h=max{h; :i=1,2,...,M}.

For each subinterval I; € K, let I; (t) indicate the trace-back of I; to time
t,teJ™

Li(t)={x € T:2 = &,(y,t) for some y € I,} .

Also, let Z7' be the space-time region that follows the characteristics
(cf. Fig. 5.6):

" ={(z,t) eI xJ:teJ"and z € [;(t)} .

n-1

t

Fig. 5.6. The definition of Z;*

5.3.1.1 Interior ELLAM Formulation

Let Z!" N (T x J™) = (. We multiply (5.28) by a smooth test function v(x,t)
and integrate over Z!*. With 7 = (b, ¢) indicating the characteristic direction
and application of Green’s formula (1.19) in space and time, the hyperbolic
part of (5.28) gives

O, o _ [ (% o
/I? (cat—l—bax)vda:dt—/%n (8:3’5‘15) TU dx di

0 0
= cvrnv dl — o | T dr dt
/61? pT VIRV - P (8:1:’ 8t> Tv dv

Ov Ov
—/Iinp‘r- (856’325) dz dt ,
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where vz denotes the unit normal to Z;'. Using the facts that 7 - vz =0
on the space-time edges 9ZF N (I; x J") and b and ¢ are constants, we see

that
3p <9p

:/ cpv" dx —/ cp" " d (5.32)
I; Li(tn—1)

ov Ov
_/in,p7-1<8x’8t> dz dt

where v" "5t = v(z, ") = lim,_ o+ v(z, """ +€) to take account of the
fact that v(z, t) can be discontinuous at time levels. Analogously, the diffusion
part of (5.28) yields, by Green’s formula (1.19) in space,

o ( op _ 9 ( Op
/Iin@sc (a3x>vdxdt_[]1L/ji(t)3x< 6x)vd dt

8 - (5.33)
:/ / g vl — / a L2 x| dt .
n \Jar, ) ey () Yoz oz
The test function v is chosen by the following rule:
v Ov v v
T <8x’8t) cat+b8x 0 onZ}; (5.34)

that is, it is constant along characteristics. Using (5.28) and (5.34) and adding
(5.32) and (5.33) yield

/cp"v" dw+/ %%d x dt + . Rpv dx dt

= / ep” o da 4+ fo dz dt .
I;(tn—1) I
This is an interior ELLAM formulation.

5.3.1.2 Left Boundary

There are four different types of elements at the left boundary, as illustrated
in Fig. 5.7. We study the first type in detail; the second has the form of the
first with &9 = x;, where Z( is the head (at level t") of the characteristic
corresponding to zo at the foot (at level t"~1), as shown in Fig. 5.7, and
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N\
i-1 Xo Xy

&
B

(1) (2)

(3) (4)

Fig. 5.7. Four types of elements meeting the left boundary

the third and fourth have the form of the first and second, respectively, with
1= 1.

Using (5.34), as for the development of (5.32), we see that (cf. Fig. 5.7
and Exercise 5.5)

dp ., 9p
/I? (cat—i-bax)vdxdt

. . (5.36)
Z; i—1
:/ cp™v™ dx —/ ep” T dr —/ (bpv)|p=0 dt .
I; xo tn—1
Similarly, we see that
0 Op
/p % <a8:c> v dr dt
Jp
= a—Vvi v dl dt
/Jvtxafi(t)\(tvzl,fi_l) 9z 10 (5:37)

‘ ap v

ti—1
f/ <aapv) dt 7/ a—— dz dt .
tn—1 ax =0 I;’L afL' 6:5‘

If a flux boundary condition is used at the left-hand end, we combine
(5.28), (5.29), (5.36), and (5.37) to get
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/ cp™u” dm+/ a@@ dx dt+/ Rpv dx dt
I, 7n Oz Ox "

0
—/ a—puj_(t)v de dt
Jrxali O\t =15y 0T 7 (5:38)

T
= / R L fv dz di
To I

ti1
+/ go(t)v(0,t) dt .
tn—1

If a Dirichlet boundary condition occurs at x = 0, a different treatment
from (5.37) is employed. We use backward Euler time integration along char-
acteristics to see that (cf. (5.30) and Fig. 5.7)

0 (o _ o (o
_/Inﬁx<a8m>vdxdt_/n/ji(t)6a: (aax)vdxdt

/Ii&v(a dx)v At"(z) dx |

where At"(z) = t" — {(z) if < 20, taking account of the reduced elapsed
time along a characteristic that meets the boundary. The z-dependent At™
seems quite appropriate, since the diffusion at each point is weighted by the
length of time over which it acts. Applying integration by parts to the last
term of (5.39), we see that

/1,_8a:<a dx)v At"™(x) d:r—(a p At (x)) B
' ! (5.40)

dp™ [ dv™ dAL™
/Iia dz (da: (@) +v dx > v

Note that At™(xzg) = 0. Also, it follows from (5.30) that

dAE™ 1. . dAt"
= —ifxr <y and
dx dx

Now, we combine (5.28), (5.29), (5.36), and (5.39)—(5.41) to have

(5.39)

Zq

=0if x> . (5.41)

d ' d n
/ cp™v" dx —l—/ an 22 At"(x) dx + Rpv dx dt
I; I; dr dz Iin

+/x 1 a”(iriv— dx — (a”aé‘lpv”At”(x))

i T @ x

Zq

Ti—1

(5.42)

T4
_ / " de ot [ fode dt
xo r
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Note that the factor of 1/¢ appears in (5.42). This does not cause trouble,
because the integration is over an interval of length at most pAt™. As in
Chap. 1, the Dirichlet boundary condition is essential so that p™(0) is not
solved for and is assigned from a boundary datum. The flux boundary condi-
tion is a natural condition, so p™(0) needs to be obtained as an unknown. We
have not discussed a Neumann boundary condition. In practice, it is unlikely
that this condition would be physically appropriate for problem (5.28).

5.3.1.3 Right Boundary and Hyperbolic Case

The treatment of the right boundary is somewhat more involved. We define
the Courant number

_pAt?
==
and let [Ku] be the integer part of this number. For j = M, M +1,..., M +
[Ku] — 1, set

Ku

(5.43)

L =M
¥

and ¢4 gy = t" 1. Thus "1, "] is divided into [Ku] subintervals, back-
ward in time, with the first [Ku] — 1 of length At"/Kwu and the last of
length (Ku — [Ku] + 1)At"/Ku (up to twice the size of the others). Alter-
natively, we may set tyr (k) = t" — [Kulh/p and if Ku — [Ku] > 0, we
define /4 (guj+1 = t"~1. The treatment of these two cases is similar, and we
consider the former case.

There are two types of elements at the right-hand end; see Fig. 5.8. Be-
cause the second has the form of the first with ¢; = "1, we study the first
only. As for (5.36), we have (cf. Exercise 5.6)

Op Op
/I;l (C&f+b6x)vdx dt

T; tj—1
= —/ ep” T dr —|—/ (bpv)|z=1 dt ,
Ti_1 t

J J

(5.44)

tj—l

t:M+ [Ku] -1

n-1
Cpmy [ku) =t

~

-1 %

Fig. 5.8. Two types of elements meeting the right boundary
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and as for (5.37),

0 Op
/I,i"az <aax)vd dt
0
a—pujj(t)v de dt (5.45)

_/J"Xafj(t)\(tjvtj—l) O
dt—/ a—p@ dx dt .

tj—1 p
+/2; (aa’U)
We combine (5.28), (5.44), and (5.45) to obtain

/tj_l bpv — a@v
tj g Oz

+ Rpv dx dt — / a@yiv(t)v de dt (5.46)
I R AONCRIE R '

Op Ov
dt + éTc‘Td x dt

z=1

= / ep” o dr + fudz dt.
Tj—1 IJ”
If a flux boundary condition is used at the right-hand end, we combine
(5.29) and (5.46) to see that
dp v

a2 4 dz dt
Dz Oz + Ian” v

_ v dl dt
/Jnxaij(t)\(tj,tjl) B0

Z;
= / ep" o dr 4 fvdzx di
i 7

(5.47)

vj71

/:jl g(to(L,t) dt .

J

For a Dirichlet boundary, we use (5.29) and (5.46) to get

8p ov ti—1 Op

+ Rpv dx dt — /
7 ImxOL O\t 1) 31’

dt

=1

VI (t)U dl dt
(5.48)

Z;
= / ep” o dr 4 fo dz dt
Tj-1 7

i—

/tt“ b(t)gr (E)v(1,£) dt

J
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In this case we see that dp/dx is also an unknown at the right-hand boundary.
In the purely hyperbolic case where a = 0, equation (5.46) becomes

i
/ (bpv) ’1::1 dt +/ Rpv dx dt
t; Ir
S ! (5.49)
= / ep o de 4+ fo dz dt .
Tj—1 Iy

Thus the ELLAM naturally handles the hyperbolic case without an artificial
boundary condition.

5.3.1.4 Comnservation of Mass

In addition to the requirement (5.34) for the test functions v, we also assume
that their sum over I x J” is identically one. Then the addition of (5.35)—
(5.37) and (5.46) implies

/cp”dx—/cp”fldx—k/ dexdt:/ fdx dt
I I IxJn IxJn

dp dp
—/'n (bp— aax> . dt + /'n (bp— a(“)x)

where we assumed the continuity of adp/dzx on I x J™. Relation (5.50) is pre-
cisely the statement of global mass conservation. To obtain (5.50) exactly in
an implementation, some care needs to be taken in the consistent evaluation
of integrals; the integrals at level t"~! in the ELLAM formulation must be
evaluated so that they sum to the integral at this time level in (5.50).

(5.50)

dt ,

x=0

5.3.1.5 Test Functions

So far we have not specified the space-time test functions in the ELLAM
formulation. The most natural choice is continuous piecewise-linear elements,
which we considered in Chap. 1. Of course, nothing prevents us using test
functions of higher order (cf. Exercise 5.7).

From the analysis in Sects. 5.3.1.1-5.3.1.4, the only requirements on test
functions are that they satisfy (5.34) and that their sum over I x J™ is
identically one. We assume that ZT* UZ?, | does not meet the boundary of I.
Then a linear test function v satisfying such assumptions on Z' UZ}, | is

—wi, | -t
e —, (@err,
Y R i
v(z,t) = Tit1 I—go 7 (a,0) € T2, | (5.51)
hita it

0, all other (z,t) .



234 5 Characteristic Finite Elements

Xi-1 X Xi+1
v 4 v
X1 X Xi+1

Fig. 5.9. Interior test functions

This definition is shown in Fig. 5.9.

The definition of a test function near the boundary of I is somewhat more
involved. For a flux condition at the left end, the test functions, through v,
are illustrated in Fig. 5.10. If this boundary condition is Dirichlet, the test
functions are displayed in Fig. 5.11, since there is no degree of freedom at
xo (cf. (5.42)). The only test function on Z}* is v = 1. In these two figures,
1 < Ku < 2 is considered for illustration.

Fig. 5.10. Test functions for the left-hand flux boundary

At the right end, because the solution at point (zar, tar4(xu)) = (s, tn—1)
is known from the previous time level, we do not solve for an unknown
associated with £y k), S0 the element 7, K] has the single test func-
tion vpr4 (k-1 = 1, instead of two, as shown in Fig. 5.12, where the case
2 < Ku < 3 is illustrated for the last two test functions vy and vps41.

5.3.1.6 An ELLAM Procedure

We consider the case where the left and right boundaries are of the flux type
in detail. We add (5.35), (5.38), and (5.47) and use the continuity of adp/dx
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VM+ 1

I
=

n-1

t

Fig. 5.12. Test functions for the right-hand boundary

on I x J" to see that

/cpv dx—i—/ / 77d dt+/ /vadmdt
n ax 8 Jgn JrI
= /cp’“lv"*“r dx—i—/ /fv dx dt (5.52)
I Jgn JI
[ ae0.0 d~ [ a@o.

If we apply backward Euler time integration along characteristics to the dif-
fusion, reaction, and source term in (5.52), we obtain

dp dv™
/ cp™v™ dz + / (x)a™ I dr

/At” YR"p"v dxf/ ep” T dy (5.53)

+/1At”(x)f"v" dx—l—/ngo(t)v(O,t) dt—/ngl(t>v(1at) ;

where we recall that At"(z) = t" — #(x) if # < &9 and At" = " — "~ !
otherwise. It follows from (5.53) that it suffices to define trial functions at
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the discrete time level " only. In view of the test functions, a natural choice
is continuous piecewise-linear functions in . Thus we define

Vi = {w : w is a continuous function on I

and w|y, is linear, i =1,2,...,M}.

Now, an ELLAM procedure is defined: For n = 1,2,.. ., find p} € V}, such

that
/Icphv dx+/IAt (z)a —d; T

—|—/At”(x)R"va” dx = /cp’}z_lv”*“r dx (5.54)
I I

+‘/1At”(ac)f”v" dx + /Jn go(t)v(0,t) dt — /ngl(t)v(l,t) ,

for all test functions v in the previous subsection. In the present flux case,
the unknowns are p}(xo), pp(x1),..., pp(zar). If desired, the unknowns
pr(@ar, tars)s pr(@artarse), - Pr(Zar, tar4ku)—1) can be also obtained
using equations at the right boundary in Sect. 5.3.1.3.

If a Dirichlet condition is exploited, a similar development can be done
(cf. Exercise 5.8). A Dirichlet left boundary removes p}(zo) as an unknown
(cf. (5.42)). A Dirichlet right boundary replaces pj (2 ) with < (xM) as an
unknown (cf. (5.48)). Again, if needed, the unknowns

dp dp dp
d:vh (war tarst), dxh (Tar, targ2), - - d; (a1t [Ku)—1)

can be obtained using equations in Sect. 5.3.1.3. Since py, is represented by
piecewise-linear trial functions, we could consider linear ones for % at the
right boundary, but due to the expected loss of one order of accuracy in
passing from pp to dm , piecewise constants are more suitable.

We end with a remark that test functions can be obtained from the trial
functions. For any w € V},, we define v(x,t) to be a constant extension of
w(z) into the space-time region I x J™ along characteristics (cf. (5.30) and
(5.31)):

( ( t) t) (x), te [f(lli),tn], zel,
0(En(1,0),0) =w(z), Helt" 1. (5.55)

The remarks made for (5.11) in Sect. 5.2.1 on the condition number of the
stiffness matrix and the error estimate (5.14) apply to (5.54) (cf. Theorem
5.1 and Exercises 5.9 and 5.10).

5.3.2 Extension to Multi-Dimensional Problems

We now extend the ELLAM to a multi-dimensional problem:
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agf)+v-(bp—an)+Rp:f, xeQ, t>0,
(bp —aVp) v =g, xel, t>0, (5.56)
p(x,0) = pp(x), x €N,

where @ ¢ R? (d < 3) is a bounded domain and ¢ = ¢(x,t) and b =
b(x,t) are now variable. We consider a flux boundary condition in (5.56),
with g(-,t) € H=Y/2(T"), t > 0. An extension to a Dirichlet condition can be
made as in the previous subsection.

For any x € Q and two times 0 < t"~! < ¢", the hyperbolic part of
problem (5.56), cdp/0t + b - Vp, defines the characteristic %, (x,t) along the
interstitial velocity ¢ = b/c (cf. Fig. 5.4):

—X, = p(Xp, t), teJ",
(5.57)

X, (x,t") =x.

In general, the characteristics in (5.57) can be determined only approximately.
There are many methods to solve this first-order ordinary differential equa-
tion for the approximate characteristics. We consider only the Euler method.
Other methods, such as improved Euler and Runge-Kutta (cf. Sect. 10.3.2)
methods, can be applied.

The Euler method to solve (5.57) for the approximate characteristics is
given: For any x € (), we define

X, (x,t) = x — (x,t")(t" — 1), t € [t(x),t"], (5.58)

where f(x) = t"! if X,,(x,t) does not backtrack to the boundary T' for
t e [t"1t"]; {(x) € ("1, ¢"] is the time instant when %,,(x,t) intersects T,
i.e., X, (x,1(x)) € T, otherwise. Let

'y ={xeIl: (b-v)(x)>0}.

For (x,t) € I'y x J™, the approximate characteristic emanating backward
from (x,t) is given by

xn(%,0) =x — p(x,t)(t —0), 0 € [t(x,1),1] , (5.59)

where f(x,t) = t"~! if %,,(x,0) does not backtrack to the boundary T' for
0 € [t"1,t]; {(x,t) € (t""1 1] is the time instant when %, (x, ) intersects
I, otherwise. These characteristics are defined in the same way as in (5.30)
and (5.31). We have exploited a single step Euler method to determine the
approximate characteristics from (5.57); a multi-step version can be also em-
ployed.

If At™ is sufficiently small (depending upon the smoothness of ¢), the
approximate characteristics do not cross each other, which is assumed. Then
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X, (-, ) is a one-to-one mapping of R to R? (d < 3); we indicate its inverse
For any t € ("1, t"], we define

P(x,t) = p(Xn(x,1),t"), b= Pc. (5.60)

We assume that b - v >0on ;. 5
Let K}, be a partition of  into elements { K'}. For each K € Kp, let K(t)
represent the trace-back of K to time ¢, t € J™:

K(t)={xe€Q:x=%,(y,t) for somey € K},

and K" be the space-time region that follows the characteristics (cf. Fig. 5.13):
K" ={(x,t) €Qx J:teJ"and x € K(t)} .

Also, we define B" = {(x,t) € OK™ : x € 9Q}.

Fig. 5.13. An illustration of K™

We write the hyperbolic part of (5.56) as

d(cp) d(cp)

ot 5tV (bp) + V- (b-blp).  (5.61)

+V-(bp):

With 7(x,t) = (B,c) and a smooth test function v(x,t), application of
Green’s formula in space and time gives

/ (8(8?) +V (5p)> v dx dt

:/ cpto” dx—/ T iprhyn bt dx (5.62)
K K(tr—1)

+/ pb-vv dﬁ—/ pT - (VU,ZZ) dx dt,

where we used the fact that 7-vxn = 0 on the space-time edges (0K™N
(K x J™)) \ B". The establishment of (5.62) is analogous to that of (5.32);
here we do not distinguish between interior and boundary elements.
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Similarly, the diffusion part of (5.56) gives

/ V- (an)v dx dt

= / {/ aVpv gy dl — (aVp) - Vv dx} dt
gn Lok (t) K(t)

We assume that the test function v(x,t) is constant along the approximate
characteristics. Then, combining (5.61)—(5.63) and using the same technique
as for (5.52), the space-time variational form of (5.56) can be derived as
follows:

(5.63)

(cnpn7,un) _ (Cn—lpn—ljvn—l,-&-)
+ [ 1@ Vo + B0} di= [ ((Fo) = @) (s

[ [5-00]0) - (5] )} o

where the inner product notation in space is used. If we apply backward FEuler
time integration along characteristics to the diffusion, reaction, and source
term in (5.64), we see that

(c"p™,v™) + (At"a"Vp™, V™) + (A" R™p™, v™)
—_ (Cn—lpn—l’,un—l,-l-) + (Atnfn’,un) _ / <g?v)r dt (565)

+/n{<v. [(be)p} 1)) - (p {be} ~1/,11)F} dt

where At"(x) =" — {(x).

Let Vi, € HY(Q) be a finite element space (cf. Chap. 1). For any w € Vj,
we define a test function v(x,t) to be a constant extension of w(x) into the
space-time region 2 x J™ along the approximate characteristics (refer to (5.58)
and (5.59)):

(X (x,1),t) = w(x), t e [t(x),t"], x€Q,

V(%kn(x,0),0) = w(x), 0€l[i(xt),t], (x,t) €Ty x J". (5.66)

Now, based on (5.65), an ELLAM procedure is defined: For n = 1,2, ...,
find pj € V}, such that
(c"py,v™) + (At™a"Vpp, Vo™ ) + (At"R"p}, v™)
(5.67)
= (e lpp L on ) + (A 0n) —/ (g,v)p dt.
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The remarks made on accuracy and efficiency of the MMOC apply to
(5.67), too (cf. Exercise 5.11). In particular, when V}, is the space of piecewise
linear functions defined on a regular triangulation K3}, the next theorem holds
(Wang, 2000).

Theorem 5.1. Assume that Q) is a convex polygonal domain or has a smooth
boundary T, and the coefficients a, b, ¢, f, and R satisfy

e (W= x 1) be Wh=@Qx )’
e, fEWL=(QxJ), ReL®J;Whe(Q)).

If the solution p to (5.56) satisfies p € L®(J;W%>(Q)) and Op/0t €
L?(J; H%(Q)), the initialization error satisfies

Ipo — Phllz2(0) < CR||pollr2(q) »

and At is sufficiently small, then

dp
max_||p" fthLzQ <C{At<
1<n<N ) dr L2(J3H ()
df
+ [Pl oe (w200 )y + Hd + ||f|L2(Q><J))
T llL2Qx )

ot

9 dp
+ W2 |pll Loe (1;w2 0 (02)) + +lIpollaz) ) ¢ >
L2(J;H2(Q))

where py, is the solution of (5.67), and for real numbers q,r > 0,

o]l 22w @) = [IvC Dllwar@ll 2y
o J WO (D)) = ) lwarq) -
[Vl o (rywar @y = max[lv(:, O)llwar @)
We mention that with advection on the right-hand side of (5.67) only, the
linear system arising from (5.67) is well suited for iterative linear solution

algorithms in multiple space dimensions (cf. Sect. 1.10).
We end this section with an example.

Ezample 5.1. Consider the problem

dp
E+V (bp)+Rp=f, x€Q,teJ,

where ) = (—0.5,0.5) x (—0.5,0.5). The initial condition is given by

po(x) = exp ('XX') |

202

where x. and ¢ are the centered and standard deviations, respectively. The
corresponding exact solution to this problem, with f =0, is
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xR -x?
202

plx,t) exp< / RG(C%).0) d<> 7

where

x = (Z1,T2) = (w1 cos(4t) + xasin(4t), —x sin(4t) + x5 cos(4t)) |
r(¢,x) = (#1 cos(4¢) — T2 sin(4(), Z1 sin(4¢) + @2 cos(4€)) .

This example can be viewed as an incompressible flow problem in a two-
dimensional homogeneous medium with a known analytical solution, and has
been widely utilized to test the performance of a numerical method. In the
test here, the data are chosen as follows: ¢ = 1, R = f = 0, T = 7/2,
x. = (—0.25,0), 0 = 0.0447, and b = (—4x2,4x1) (a rotating field). A
uniform spatial grid is utilized, with the spatial steps in the xi- and x-
directions being 1/64, and a fixed time step of length At = 7/32 is used.
A numerical result obtained using (5.67) is shown in Fig. 5.14. This figure
shows that the peak of the solution is accurately captured by the ELLAM.

Fig. 5.14. A numerical result using the ELLAM
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5.4 The Characteristic Mixed Method

In this section, we introduce the characteristic mixed method for the numer-
ical solution of (5.56) (Yang, 1992; Arbogast-Wheeler, 1995). This method
combines the ideas of the ELLAM and the mixed finite element method in
Chap. 3; in time it adopts the ELLAM idea, and in space it is based on the
mixed method. As in Chap. 3, introducing a new variable u in (5.56), this
problem can be rewritten as

8590?) -(bp—u)+Rp=f in QxJ,
u=aVp in QxJ,
(5.68)
(bp—u) - v=yg_ on I'_ xJ,
p=9+ on I'y xJ,
p(x,0) = po(x) in Q,

where

_={xel: (b-v)(x) <0},
'y ={xel: (b-v)(x)>0},
)

and g_(-,t) € H"Y2('_) and g, (-,t) € HY/?*(Ty) (t € J) are given func-
tions. Recall that I'_ and I'y are the inflow and outflow boundaries of T,
respectively.

The spaces defined in Sect. 3.2 are used. In particular, we employ
W =L*Q) = {v : v is defined on Q and / v? dx < oo} ,
Q

and, for d < 3,
V = H(div,Q) = {v e (L*(Q)*: V-ve L* ()} .

The notation in the previous section is also used.

The space-time variational form of (5.68) is imposed in mixed form for
u €V and p € W. Replacing b by b+ (b —b) in (5.68) and following the
argument for (5.64), with b given in (5.60), the first equation of (5.68) can
be equivalently written as (cf. Exercise 5.13)

(c"p™,v™) — (" rpn T — {(V-u,v) — (Rp,v)} dt
Jn

Jn{(f, v) = (g- +u-v,0)r_ — (g4b-v,0)p, }dt (5.69)

+ [ AV 1= blplv) = (b~ b wo)e_) .
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where the test function v(z,t) is assumed to be constant along the approxi-
mate characteristics.

Invert a in the second equation of (5.68), multiply the resulting equation
by v € V, and use Green’s formula (1.19) in space to see that

(@ 'u,v) = (. v-v)p +®V-v)=(9+,v" V), - (5.70)

Equations (5.69) and (5.70) are the characteristic mixed variational form of
(5.68).

Note that it is difficult to approximate conservatively the inflow boundary
conditions in these two equations since the unknown solution u, p appears in
the integrals over I'_. To rectify this, let K} be a partition of €2 into elements
{K}. For each K € K, let K(t) represent the trace-back of K to time ¢,
t € J" (cf. Fig. 5.13):

Kt)={x€Q:x=x%,(y,t) forsomey € K} .

We apply Green’s formula (1.19) in space on each K to the third term on the
left-hand side of (5.69) to see that

(Cnpnﬂ}n)* (Cnflpnfl,vn71,+)+/ (Rp,’U) dt

n

_ / 3 [(u-yk(t),v)ak(t)\r_ ~(u, vu)m} dt

T KeKn (5.71)

— [ v - = (0:Bw0), o
+/ {(v- [(6=D)p].0) = (»[b-D] -u,u)r} dt .

The same argument applied to (5.70) yields

(@ tu,v)+ > [0V vr) e — (Vp,v)]
KeKy (572)

= (94, v V), , veV.

We apply backward Euler time integration along characteristics to the diffu-
sion, reaction, and source term in (5.71) to obtain

(Cnpn, Un) _ (Cnflpnflv Unfl,Jr) + (Atanpn’ ,Un)

- Z [(At"u" ViV )grr. — (At"u”,VU")K}
KeKy

@ [ Lot (obovn), Ja O
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For h > 0, let K}, be a regular partition of €2 into triangles or rectangles if
d = 2 (respectively, into tetrahedra, rectangular parallelepipeds, or prisms if
d = 3) such that the inner and outer diameter of each element is comparable
to h in size; refer to Chap. 3 on their definition. Furthermore, each exterior
edge or face has imposed on it either the inflow or outflow conditions, but
not both. Let V;, x W, € V x W be some pair of mixed finite element spaces
(cf. Chap. 3). For any w € W}, a test function v(x,t) associated with w(x)
can be defined as in (5.66). Now, the characteristic mixed method is defined:
Forn=1,2,..., find u; € V; and p; € W}, such that

(C'rzpz7 ,Un) _ (Cn—lpzflj vn—1,+) 4 (AtanpZ, Un)

-y [(Atnug.w,vn)amn —(At"uz,vun)K}
KeKy

= (At f7 ") — /n {(g_,v)F + <g+13 : u,v)FJr} dt , (5.74)

(Atn@m)tug,v) + Y [@’f"pﬁ’v V)R
KeKy

- @ - |

i (gi,v . I/)F+ dt ,
for v € V, and w € Wj,. System (5.74) determines u} and p} uniquely in
terms of the data f, g_, g+, and po (cf. Exercise 5.14).

Note that the space Wj, contains piecewise constants. If we take w = 1
on each element K € K}, in the first equation of (5.74), we see that mass
is conserved locally up to the error in approximating the integrals involved.
As a matter of fact, this equation expresses local conservation of mass where
fluid is transported along the approximate characteristics. System (5.74) is
a generalization of the original characteristic mixed method introduced by
Arbogast-Wheeler (1995) where V', x W}, is the lowest-order Raviart-Thomas-
Nedelec mixed finite element space (cf. Sect. 3.4). In this case, W}, is the space
of piecewise constants, and the next theorem holds (Arbogast-Wheeler, 1995).

Theorem 5.2. Assume that Q) is a convex polygonal domain or has a smooth
boundary T, and the coefficients a, b, ¢, f, and R satisfy

ac (Wh=@x )™ beWte@xJ)?,

Vb, ce Whe(QxJ), felL'(QxJ),

R € L®(J;Wh>=(Q)).

If the solution p,u to (5.73) satisfies p,V -u € CY(J;H(Q)) and u €
(CH(J; Hl(Q)))d, the initialization error satisfies

lpo — pallz2(0) < Chllpolla (o)
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and h and At are sufficiently small, then

1£na<XN lp"™ _thLZ(Q)

N 1/2
+ (Z u” — UZ|%2<Q)N”> <C(p,u)(h+At) ,  (5.75)
n=1

where C(p,u) > 0 is independent of h and At:

dp
C(p,u>:C{|p||L2(J;H1(m>+Hd P
TllLzQx.g) T L2(QxJ)
3
L2(J:H' () ot L2(J:H(Q)

e sy + IV -l (e + |po||H1(m} |

The linear system arising from (5.74) is typically a saddle point prob-
lem, and thus it needs special solution techniques (cf. Sect. 3.7). Also,
V; C H(div, Q) means that the normal components of elements in V}, are
continuous across interior boundaries. To relax this continuity requirement, a
mixed-hybrid approach (Arnold-Brezzi, 1985) can be applied, but this would
introduce an additional unknown (cf. Sect. 3.7.5). For this reason, in the next
section, we will describe another characteristic finite element method, which
does not require continuity.

5.5 The Eulerian-Lagrangian
Mixed Discontinuous Method

We discuss the recently developed Eulerian-Lagrangian mixed discontinuous
method for the numerical solution of (5.68). This method combines the ideas
of the ELLAM and the mixed discontinuous method in Sect. 4.3. For h > 0, let
K}, be a finite element partition of €2. Unlike in the previous sections, adjacent
elements in K}, here are not required to match; a vertex of one element can
lie in the interior of the edge or face of another element, for example, as in
Chap. 4. Let &7 denote the set of all interior edges (respectively, faces) e of
Ky, 5}; be the set of the edges (respectively, faces) e on I, and &, = E2 U 8};.
We tacitly assume that £ # 0.
For [ > 0, define

HY(Ky) = {we L*(Q) :w|x € H(K),K € K1} .

That is, functions in H'(K}) are piecewise smooth. With each e € &, we
associate a unit normal vector v. For e € E,b“ v is just the outward unit
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\Y

Ky K

Fig. 5.15. An illustration of v

normal to I'. For e € £, with e = K, N K, and K;, K5 € K}, v is the unit
normal exterior to Ko with the corresponding jump definition (cf. Fig. 5.15):
For w € H'(K},) with [ > 1/2, we define the jump by

[w] = (wlk,)le = (w[k,)le -

For e € &7, the average is defined by

{w]}: ((w|K1)|e+(w|K2)|6) :

N =

For e € £, we utilize the convention (from inside )

w ifeely,

{wh=wle and [w]{o ifeel_.

The trial and test functions in this section can be discontinuous in space.
That is the reason that we utilize the averages and jumps (cf. Chap. 4).
The characteristic mixed variational form of (5.68) is the same as in (5.72)
and (5.73) (Chen, 2002B). Let V;, x W}, be any finite element spaces for
the approximation of u and p, respectively. They are finite dimensional and
defined locally on each element; neither continuity nor boundary data are
imposed on Vj, x Wj,. For any w € W}, a test function v(x, t) associated with
w(x) is defined as in (5.66). The Eulerian-Lagrangian mixed discontinuous
method is defined: For n = 1,2, ..., find u}} € V}, and p}} € W}, such that

(c"pp,v™) = ("Moo + (A Ry, ")

= A fup - vh o), + Y (AR, Vo)

e€lp KeKy

= (A" f7, ") — /n {(g—w)p + (9+‘3 ' Va?f)m} dt, (5.76)

(At(@)Thup, v) + Y (A [pp] v - vh),

ecéy,

-3 (At”vp;;,v)K:/J (gt vv)p, dt,

KeKy,

for v € Vi, and w € W,
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It can be checked that (5.76) has a unique solution (cf. Exercise 5.15).
The next theorem (Chen, 2002B) yields a convergence result for (5.76) in the
case where V;, and W), are defined by

Vilx = (Po(K)", Wik = P(K), r>0, (5.77)

where P.(T) is the set of polynomials of degree at most r on K. Note that
in the Eulerian-Lagrangian mixed discontinuous method the set P.(K) can
be even used on rectangles (respectively, on rectangular parallelepipeds or
prisms).

Theorem 5.3. Assume that ) is a convex polygonal domain or has a smooth
boundary I, and the coefficients a, b, ¢, f, and R satisfy

ac (Wh=@x )™ beWte@xJ)?,

Vb, ce Whe(QxJ), felL'(QxJ),
R Lo(J; Whe(Q)).

If At is sufficiently small and the initialization error satisfies

Ipo — Phllz2) < CR*|lpollmr(), 1<s<r+1,

then
lngngHP *ph||L2(Q)
N 1/2
+ <Z IIH"—Uﬁlliz(Q)At"> <C(p,u) (" +At), (5.78)
n=1
where
dp
C(p,u) = C{p||L2(J;H'f+1(Q)) + ‘ = + Ha
TllL2(rm ) L2 (o)
d
g @ + Bl iv + |47
( () L2(J;H(div,Q)) dr La(x )
du
+ 1Pl oo (g5m7(Q)) + I + llpoll ey ¢ -
T L2 (1 ()

Estimate (5.78) gives a suboptimal order of convergence in h (but optimal
in At), but it is sharp in the general case (Chen et al., 2003B; also see
Sect. 4.3). We consider the case where €2 is a rectangular domain, K}, is a
Cartesian product of uniform grids in each of the coordinate directions, and

Vil = (Q(K), Wik =Q.(K), >0, (5.79)

where Q,(K) is the space of tensor products of one-dimensional polynomials
of degree r on K. In this case, if r is even, it holds that (Chen, 2002B)
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N 1/2
(Z [u™ — u’ilizm)At")
n=1

+ max, Ip" = phllz2 (@) < Clp,w) (B + AL) (5.80)
where
dp dp
C(p) = C{”pLOO(.];H*H(Q)) e + Hat
TllLz(rmr+1(9) L2(J;H +1(9))
+ + u] o
L2(J;H+1(Q i —V-
( () L2(J;H(div,Q)) dr La(@x )
du
+ i + lpoll a1y ¢ -
Tllz(rE ()

Estimate (5.80) is optimal in both h and At. If r is odd, estimate (5.78) is
sharp for (5.76), as noted.
5.6 Nonlinear Problems

We study an application of the characteristic finite element method to the
nonlinear transient problem

c(p)% +b(p)-Vp—-V- (a(p)Vp) = f(p) inQxJ,
(5.81)
p(+,0) = po in Q,

where ¢(p) = c(x,t,p), b(p) = b(x,t,p), a(p) = a(x,t,p), f(p) = [(x,t,p),
and Q ¢ R (d = 2 or 3). This problem has been studied in the preceding four
chapters. Here, as an example, we very briefly describe an application of the
MMOC. Thus we assume that Q C R? (d < 3) is a rectangle (respectively,
a rectangular parallelepiped) and (5.81) is {2-periodic. We also assume that
(5.81) admits a unique solution.
As for the linear problem (5.16), let ¢ be a positive function and define

1/2

U(p) = ((p) + Ib®)?)

The characteristic direction corresponding to the hyperbolic part of (5.81) is

denoted by T, so

o _cdpo 1
or ~um o upP? Y

With this definition, (5.81) becomes
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VPV (ap)VP) = f() O
T (5.82)
p(,0) =po in Q.

Set
V ={ve HY(Q) : v is Q-periodic} .

Then, using Green’s formula (1.19) in space and the periodic boundary con-
dition, problem (5.82) is recast in the variational form: Find p : J — V such
that
dp
vp)gov )+ (a(p)Vp,Vv) = (f(p),v) WweV,tel,
T (5.83)
p(x,0) = po(x) vx € Q.

Because the coefficients ¢ and b depend on the solution p itself, the char-
acteristics now depend on p. This nonlinearity can be overcome by lagging
one time step behind in the solution, for example. A more accurate approach
is to use extrapolations of earlier values of the solution (cf. Sect. 1.8.1). For
n > 2, take the linear extrapolation of p}'~2 and pj'~' determined by

AN L A
Epp = (1+>ph 1_Atn*1ph 2

Atnfl

For n = 1, define

Bpy, =), -
Note that E'pj is first-order accurate in time during the first step and second-
order accurate during later steps. The characteristic derivative is now approx-
imated by

A"
X, =X — b(Epy). 5.84
With the same notation as in Sect. 5.2.3, the characteristic finite element
method for (5.81) is defined: Find p} € V,, n=1,2,..., N, such that

') ~n—1

(com Bl o) + @i Vi 70)

= (f (pj),v) Vo € Vy

(5.85)

where

pzil = Pn (knatnil) .
Note that (5.85) produces a nonlinear system of algebraic equations. The
solution techniques (e.g., the linearization, implicit time approximation, and
explicit time approximation) discussed in Sect. 1.8 apply to it. For an analysis
of method (5.85), refer to Sect. 9.5.2.
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5.7 Remarks on Characteristic Finite Elements

In this chapter, we have developed the characteristic finite element method for
numerically solving the reaction-diffusion-advection problem (5.1). The clas-
sical method of characteristics is a finite difference method that is based on
the forward tracking of particles in cells or elements (Garder et al., 1984). Tt is
known that the forward tracked characteristic method gives rise to distorted
grids. The MMOC is defined in terms of a backward tracking of character-
istics. It has many advantages and one fundamental flaw, the failure to pre-
serve as an algebraic identity a desired conservation law associated with (5.1)
(cf. Sect. 5.2.4). It also has an inherent difficulty in the treatment of bound-
ary conditions. The ELLAM conserves this algebraic identity globally and can
handle general boundary conditions. The characteristic mixed and Eulerian-
Lagrangian mixed discontinuous methods conserve this identity locally. The
ELLAM can also conserve locally if discontinuous finite elements are used
(Chen, 2002B). The Eulerian-Lagrangian mixed discontinuous method re-
laxes a continuity requirement on normal components (across interior bound-
aries) of functions in the vector space in the characteristic mixed method. The
MMOC is based on a nondivergence form of (5.1), while others are based on a
divergence form. To see the relationships among all the existing characteristic
methods, refer to Chen (2002C). Although the characteristic finite element
method has been mainly developed for linear problems in this chapter, it
can be also generalized to nonlinear problems where the coefficients in (5.1)
depend on the solution itself (cf. Sect. 5.6); also see (Dahle et al., 1995), Dou-
glas et al. (2000), and Chen et al. (2002, 2003C). Finally, purely hyperbolic
problems can be directly handled by the ELLAM and Eulerian-Lagrangian
mixed discontinuous method.

5.8 Theoretical Considerations

In this section, as an example, we present a theoretical analysis for the MMOC
(Douglas-Russell, 1982). The reader may refer to Wang (2000), Arbogast-
Wheeler (1995), and Chen (2002B) for theoretical studies, respectively, for
the ELLAM, characteristic mixed method, and Eulerian-Lagrangian mixed
discontinuous method. As in the preceding chapters, the reader who is not
interested in the theory may skip this section.

We consider (5.6) on the whole line or (5.6) with the periodic boundary
condition (5.15). Let a(-,-) : WH2(IR) x WH2(IR) — IR be the bilinear form

B dv dw L2
a(v,w)(adx,dx>, v,weV=W"R),

where, for the simplicity of analysis, a is assumed to be independent of t. We
recall (5.8) as
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10)
($5200) + alpo) + (R0,0) = (£0), v € WHR), £>0. (556)
Let V;, € VN WHe(IR) be a finite element space such that the following
approximation property holds:

ngelgh (HU —vnll2(m) + hllv — Uh”Wl*z(lR)) (5.87)
< CRHolypronamy

where 7 > 1. We also recall (5.11) as

n __ ~n—1
(pmph) alph,v) + (R'pf0) = (f'0) Yo e Vi, (5.89)

for n =1,2,..., N. We define the initial approximation p) € V}, by
a(py —po,v) =0 Vo eV,. (5.89)

Assume that the coefficients a, b, ¢, and R are bounded and satisfy

b()| , | d <b<x>>’ <C,  zeR,  (590)

c(z)| " |dz \c()

where a, is a positive constant. Also, assume that the solution p of (5.6)
satisfies

a. < a(x),

9%p

p € L®(J; WrtL2(R)), 53 € L* (R x J),
%eLz(J;W”C’Q(IR)), (=1lifr=1land(=0ifr>1.
Let wy, : J — V), satisfy
a(p —wp,v) =0 YoeV,, teld. (5.91)

Set
N=Dp— Wh, fjph*wh-
It follows from Sect. 1.9 that, forg=2oroccand 1 <s<r+1,

01l Lacrc2ary) + PlnllLarwremmy) < CRE|pllLacrwe2my) - (5.92)

Because the bilinear form a(-,-) is independent of time, it follows that, for
r>2and 1 <s<r-+1,

Ot || 2w -12(R)) Ot || L2(mx.r) (5.93)
< Ch?® % ;
Ot L2 (gowe—12(m))
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in the case r = 1, there is no gain of a factor h in the W12 estimate.

From (5.92) and (5.93), to obtain error bounds for p — pp, it suffices to
estimate £. To that end, we need the next lemma. For simplicity of exposition,
let At=At",n=1,2,...,N.

Lemma 5.4. If n € L*>(R) and 1 = n(z — p(z)At), where ¢ and dp/dx are
bounded, then

Proof. Set z = F(x) = x — p(x)At. Then it is easy to see that F' is invertible
if At is sufficiently small, and that dy/dx and dp~!/dx are both of order
1+ O(At). Thus we see that

7 — llw-1.2(w)

sup )(|vnwig(m)j£{vxx>-n(zﬂv(m)dx)

veWL2(R
= su v 711 5 x)v(x) dx
—%W%Ammmeﬂ><m
(5.94)
—/ n(z)v (F~1(z)) (1 + O(At)) dz})
R
-1 —v(F Yz T
ingQmwmAﬂmwm (@) o)
-1 -1
+0Atv€;gg(m (IIvIIW1,2<]R) /Rn(w)v (F(2)) dw) :
Let G(r) = 2 — F~!(z); then |G(z)| < CAt, and
_ * dv ?
|v(z) —v (F 1(:6))HL2(]R) < /]R (/F_l(m) T dy) dz
2 (5.95)

dv
%(a: —G(x)y)| dydx

gC(At)Q/]R/O1

< C (A0 [0z -

where the last step uses the change of variables & =  — G(z)y, which induces
a factor of 1 4+ O(At). A similar change of variables yields

loo F7* = L+ rCAn0lem), W<, (5.96)

where C'is the constant in (5.90). The same result is true for vo F'. Combining
(5.94)—(5.96) implies the desired result. O
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We also need the following discrete Gronwall lemma:

Lemma 5.5. Assume that B(n), D(n), and w(n) are three sequences of real
nonnegative numbers such that

Furthermore, assume that D(n) is nondecreasing. Then

o<t ().

Proof. Let v(m) = D(n) + w(k)B(k) for m < n. Then

v(m)=v(m—1)+w(m —1)B(m — 1)
<(lI4+wm-1)vim-1)< ew(m’l)v(m -1).

Because v(0) = D(n), the desired result follows. [

Remark 5.6. In the special case where w(n) = CAt for n > 0 and T = nAt,
with C' and T fixed, it holds that

B(n) < D(n)efT

Theorem 5.7. Let p and py, be the respective solutions of (5.86) and (5.88).
Then, for At sufficiently small, we have

" — 2| <olad]l?p
1g1a<xN p PrilL2(R) = p)

L2(RxJ)
0]

o )}
L2(J;WrHe2(R))

ot

+h" T <||p|L°°(J;WT+1>2(]R)) + H

where ( =14ifr=1and (=0 if r > 1.
Proof. Subtract (5.86) from (5.88) to give

n n—1
( 3 Ai )+a(§",v)

O ey Vo i (5.97)
_(waT A )T\ TTAar

+ (R™(p™ — pp),v) YoeV,.
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We take v = £™ in (5.97) to give

n n—1
(CH7§ )_i_a(gn’gn)
IO s =it (5.98)
- (1/’37 a0t ) * (Cmf )
+ (R (" —1p), 8"

Denote by ((7),t(7)) the coordinates of the point on the segment of the
tangent to the characteristic from (#,t"~!) to (z,t"). Then the backward
difference quotient error along this tangent to the characteristic is given by

1
op™ p — Dy

v or At
(x,t™) 2
— i AW _ n—1\2 1/2 @
-2 /(Wl) (2lr) = )% + () — ")) 2 28

Taking the L?(IR)-norm of this error, we see that

2

s
At

L2 (R)

2
N2 [ (@,t™) 9%p

< — hl

*/ (At) (cAt> /(wtn 1) ar? dr

dzr

,ll)3 ($t
< At // —2 dT dx
C || e (R) (&,t7—1) or
n __ _ n—1 2
< At // 9.2 (tAtta'c—i—t Att ac,t) dt dz .

To relate this to a standard norm of 92p/972, we introduce the transformation

tr—t b=t
f:(x,t)ﬂ(z,t):( A7 T+ A7 x,t)

=(0t)z+ (1—0(t))z,t) .

b)b(l’)

0 1

The Jacobian of this map is given by

- H(t)At% (

~

J(F) =
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Using (5.90), F is invertible for At small enough and the determinant of J
is 1 + O(At). For any fixed ¢, F obviously maps IR x {t} onto itself, so the
same is true for IR x J”. Thus it follows that
y 2
waﬂ _ p —ph
At

% |°
a2

w4

C

< 2At
L*(R)

b

L (IR) ‘ L2(Rx.J™)

and the first term on the right-hand side of (5.98) is bounded by

(sl

7"~ 1 as the sum of (n™ —n"~1)+ (n" =1 —5"~1). Then

+ Enlliz(m) : (5.99)

L2(RxJ™)

Next, we write n™ —n
we see that

n n—1
n"—n c In
— ") < —|€"|l .2 — dt

677

(5.100)

)

L2(J%W 12 (R))

where € is a positive constant, as small as we please. Also, by Lemma 5.4, we

have
n—1 ~n—1
n — 1 n
()

n—1 sn—1

n - 5.101
< Ol wraamy | T (5101
At Wﬁlvz(IR)
< el ey + Clln" T2y -
It is obvious that
(B0 )€ < C (1€ oy + I o) - (5:102)
This completes the treatment of the right-hand side of (5.98).
The left-hand side is bounded below:
gn fn 1 o
(Ea—n) +atenen)
> Cn7 ny Cvn—17vn—1 +a n, n
> o [l 6 — (67 +aen, €7) 5109

gz L€ = ("1 &) (1 +9"CAY)]

+a(€",¢"), <1,
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where (5.96) has been used. Inequalities (5.95)—(5.103) can be combined with
(5.98) to give the recursion relation

1
a7 (676" = (€1, 1] + 2N oy

2

_ d*p
< c{ngnuim € 2 g + A HW (5.104)

L2(RxJm)

1 2

At

on

ot

I B + ||n“||%z<m} |
L2(JmW L2 (R))

It follows from (5.89) and (5.91) that £ = 0. If we multiply (5.104) by 2At,
sum over n, and apply Lemma 5.5 and Remark 5.6, it follows that

N /2
n n 0*p
mas €] + (Z lé ||%V1,2<R>At> <ofar| 3
=1

1<n<N

= L2(RxJ)
In
- Hat + IIWIILoc(J;B(lR))} v

L2(J; W~ 12(R))
which, together with (5.92) and (5.93), yields the desired result. [

Theorem 5.8. Let p and py, be the respective solutions of (5.86) and (5.88).
Then, for At sufficiently small, we have

max_||p" — ppllwrem) < CS At 8—2]7
1<n<N RIWE2(R) = or?

L2(RxJ)

; )}
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Proof. Taking v = (€™ — £"71) /At in (5.97), we see that
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the left-hand side of (5.105) is bounded below:

5”*5”71 gnignfl ngnignfl
<C At At )+a(€’ At >
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Z(C At At >_6‘
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The right-hand side can be bounded as follows. First, we see that
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Second, we observe that
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Establishing (5.108) does not use Lemma 5.4. Third, we have

(5.108)
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Finally, we combine (5.105)—(5.109) to obtain
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or?
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which, together with (5.92), (5.93), and Theorem 5.7, implies the desired
result. 0O

Note that Theorems 5.7 and 5.8 imply estimate (5.14). As noted in
Sect. 5.2.1, the term ||82p/872||L2(R><J) appears in the error estimates in
these two theorems, instead of the term [|0%p/0t?| r2(rx.s)- The former is
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much smaller than the later for an advection-dominated problem. Also, note
that we have studied the one-dimensional problem (5.6). A similar analysis
can be carried out for its multi-dimensional counterpart (5.16) (Douglas-
Russell, 1982; Ewing et al., 1984; Dawson et al., 1989; Chen et al., 2003C).

5.9 Bibliographical Remarks

The original definition of the MMOC, ELLAM, characteristic mixed method,
and Eulerian-Lagrangian mixed discontinuous method presented in Sects.
5.2-5.5 can be found in Douglas-Russell (1982), Celia et al. (1990), Arbogast-
Wheeler (1995), and Chen (2002B), respectively. The definition of the EL-
LAM in one dimension given in Sect. 5.3.1 follows Russell (1990). Finally,
the content of Sect. 5.8 is chosen from Douglas-Russell (1982).

5.10 Exercises

5.1. Show that after multiplying both sides of (5.11) by At", the condition
number of the stiffness matrix corresponding to the left-hand side of
(5.11) is of order (cf. Sect. 1.10)

(9(1 + max a(:z:,t)|h2At>, At = max At".

zeR, t>0 n=1,2,...

5.2. Let v € C}(IR) be a (0,1)-periodic function. Show that the condition
v(0) = v(1) implies

oxr  Ox

5.3. Let a be positive semi-definite, ¢ be uniformly positive with respect to
x and ¢, and R be nonnegative. Show that (5.21) has a unique solution
py € Vj, for each n.

5.4. Prove relation (5.27).

5.5. Equation (5.36) is written for the first type of element at the left bound-
ary in Fig. 5.7. Write down the equation corresponding to the second,
third, and fourth type, respectively, in Fig. 5.7.

5.6. Equation (5.44) is written for the first type of element at the right
boundary in Fig. 5.8. Write down the equation corresponding to the
second type in Fig. 5.8.

5.7. In (5.51), a linear test function, which is constant along characteristics,
is defined. Define a quadratic test function which satisfies the same
property.

5.8. The ELLAM procedure (5.54) is established with the boundaries of the
flux type at both z = 0 and x = 1. Develop an ELLAM procedure
with the left boundary of the flux type and the right boundary of the
Dirichlet type.

ov(0)  Iv(1)
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5.10.

5.11.

5.12.

5.13.

5.14.

5.15.

5.16.

5.17.
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Let the coefficients a and ¢ be uniformly positive with respect to x and
t and R be nonnegative. Show that (5.54) possesses a unique solution
py € Vj for each n.

Derive an error estimate (similar to (5.14)) for (5.54) with the linear
test functions. (If necessary, refer to Wang (2000).)

Let a be positive semi-definite, ¢ be uniformly positive with respect to
x and t, and R be nonnegative. Show that (5.67) has a unique solution
pp € V), for each n.

The ELLAM procedure (5.67) is defined for the flux boundary condition
in (5.56). Extend (5.67) to a Dirichlet boundary condition for (5.56).
Derive (5.69) from the first equation and the boundary conditions in
(5.68).

Let a be positive-definite, ¢ be uniformly positive with respect to x
and ¢, and R be nonnegative. Show that (5.74) has a unique solution
uj € Vy, and pp € W), for each n.

Let a be positive-definite, ¢ be uniformly positive with respect to x
and ¢, and R be nonnegative. Show that (5.76) has a unique solution
uyp € Vy, and py € W, for each n.

Extend the error analysis in Sect. 5.8 to a multi-dimensional (d = 2 or
3) case.

Extend the error analysis in Sect. 5.8 for the linear problem (5.6) to
method (5.85) for the nonlinear problem (5.81).
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In real applications, many important physical and chemical phenomena are
sufficiently localized and transient that adaptive numerical methods are neces-
sary to resolve them. Adaptive numerical methods have become increasingly
important because researchers have realized the great potential of the con-
cepts underlying these methods. They are numerical schemes that automat-
ically adjust themselves to improve approximate solutions. These methods
are not exactly new in the computational area, even in the finite element
literature. The adaptive adjustment of time steps in the numerical solution
of ordinary differential equations, particularly non-stiff equations, has been
the subject of research for many decades. Furthermore, the search for opti-
mal finite element grids dates back to the early 1970’s (Oliveira, 1971). But
modern interest in this subject began in the late 1970’s, mainly thanks to
important contributions by Babuska-Rheinboldt (1978A,B) and many others.

In the numerical solution of practical problems in engineering and physics
such as in solid and fluid mechanics (cf. Chaps. 7 and 8) and in porous
media flow and semiconductor device simulation (cf. Chaps. 9 and 10), the
overall accuracy of numerical approximations often deteriorates due to local
singularities like those arising from re-entrant corners of domains, interior or
boundary layers, and sharp moving fronts. An obvious strategy is to refine
the grids near these critical regions, i.e., to insert more grid points where
the singularities occur. The question is then how we identify those regions,
refine them, and obtain a good balance between the refined and unrefined
regions such that the overall accuracy is optimal. To answer this question,
we need to utilize adaptivity. That is, we need somehow to restructure a
numerical scheme to improve the quality of its approximate solutions. This
puts a great demand on the choice of numerical methods. Restructuring a
numerical scheme includes changing the number of elements, refining local
grids, increasing the local order of approximation, moving nodal points, and
modifying algorithm structures.

Another closely related question is how to obtain reliable estimates of
the accuracy of computed approximate solutions. A-priori error estimates, as
obtained in the preceding five chapters, are often insufficient because they
produce information only on the asymptotic behavior of errors and they re-
quire a solution regularity that is not satisfied in the presence of the above
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mentioned singularities. To answer this question, we need to assess the qual-
ity of approximate solutions a-posteriori, i.e., after an initial approximation
is obtained. This requires that we compute a-posteriori error estimates. Of
course, the computation of the a-posteriori estimates should be far less ex-
pensive than that of the approximate solutions. Moreover, it must be possible
to compute dynamically local error indicators that lead to some estimate of
the local quality of the solution.

The aim of this chapter is to present a brief introduction of some of basic
topics on the two components for the adaptive finite element method: the
adaptive strategy and a-posteriori error estimation. We focus on these two
components for the standard finite element method considered in Chap. 1.
Research of how to combine them with other methods in Chaps. 2-5 is men-
tioned at the end of this chapter (cf. Sect. 6.7). In Sect. 6.1, we introduce the
concept of local grid refinement in space. For large-scale problems, the choice
of data structures that permit efficient and accurate solution is important. In
Sect. 6.2, we briefly discuss a data structure that efficiently supports adap-
tive refinement and unrefinement. In Sect. 6.3, we discuss a-posteriori error
estimates for stationary problems, and, in Sect. 6.4, extend them to tran-
sient problems. In Sect. 6.5, we briefly consider their application to nonlinear
problems. In Sect. 6.6, we present theoretical considerations. Finally, in Sect.
6.7, we make a few remarks on adaptive finite elements.

6.1 Local Grid Refinement in Space

There are three basic types of adaptive strategies: (1) local refinement of
a fixed grid, (2) addition of more degrees of freedom locally by utilizing
higher-order basis functions in certain elements, and (3) adaptively moving
a computational grid to achieve better local resolution.

Local grid refinement of a fixed grid is called an h-scheme. In this scheme,
the mesh is automatically refined or unrefined depending upon a local error
indicator. Such a scheme leads to a very complex data management problem
because it involves the dynamic regeneration of a grid, renumbering of nodal
points and elements, and element connectivity. However, the h-scheme can be
very effective in generating near-optimal grids for a given error tolerance. Ef-
ficient h-schemes with fast data management procedures have been developed
for complex problems (Diaz et al., 1984; Ewing, 1986; Bank, 1990). Moreover,
the h-scheme can be also employed to unrefine a grid (or coarsen a grid) when
a local error indicator becomes smaller than a preassigned tolerance.

Addition of more degrees of freedom locally by utilizing higher-order ba-
sis functions in certain elements is referred to as a p-scheme (Babuska et al.,
1983; Szabo, 1986). As discussed in Chap. 1, the finite element method for
a given problem attempts to approximate a solution by functions in a finite-
dimensional space of polynomials. The p-scheme generally utilizes a fixed
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grid and a fixed number of grid elements. If the error indicator in any ele-
ment exceeds a given tolerance, the local order of the polynomial degree is
increased to reduce the error. This scheme can be very effective in modeling
thin boundary layers around bodies moving in a flow field, where the use of
very fine grids is impractical and costly. However, the data management prob-
lem associated with the p-scheme, especially for regions of complex geometry,
can be very difficult.

Adaptively moving a computational grid to achieve better local resolution
is usually termed a r-scheme (Miller-Miller, 1981). It employs a fixed number
of grid points and attempts to move them dynamically to areas where the
error indicator exceeds a preassigned tolerance. The r-scheme can be easily
implemented, and does not have the difficult data management problem as-
sociated with the h- and p-schemes. On the other hand, it suffers from several
deficiencies. Without special care in its implementation, it can be unstable
and result in grid tangling and local degradation of approximate solutions.
It can never reduce the error below a fixed limit since it is not capable of
handling the migration of regions where the solution is singular. However, by
an appropriate combination with other adaptive strategies, the r-scheme can
lead to a useful scheme for controlling solution errors.

Combinations of these three basic strategies such as the hr-, hp-, and
hpr-schemes are also possible (Babuska-Dorr, 1981; Oden et al., 1989). In
this chapter, as an example, we study the widely applied h-scheme.

6.1.1 Regular H-Schemes

We focus on a two-dimensional domain. An extension of the concept in this
section to three dimensions is simple to visualize. However, the modification
of the supporting algorithms in the next section is not straightforward.

In the two-dimensional case, a grid can be triangular, quadrilateral, or of
mixed-type (i.e., consisting of both triangles and quadrilaterals); see Chap. 1.
A vertex is regqular if it is a vertex of each of its neighboring elements, and a
grid is regular if its every vertex is regular. All other vertices are said to be
irregular (slave nodes or hanging nodes); see Fig. 6.1. The irregularity index
of a grid is the maximum number of irregular vertices belonging to the same
edge of an element.

If all elements in a grid are subdivided into an equal number (usually four)
of smaller elements simultaneously, the refinement is referred to as global. For
example, a refinement is global by connecting the opposite midpoints of the
edges of each triangle or quadrilateral in the grid. Global refinement does not
introduce irregular vertices. In the preceding five chapters, all the refinements
were global and regular. In contrast, in the case of a local refinement where
only some of the elements in a grid are subdivided into smaller elements,
irregular vertices may appear; refer to Fig. 6.1.

In this subsection, we study a regular local refinement. The following re-
finement rule can be used to convert irregular vertices to regular ones (Bank,
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regular

irregular

regular

irregular

Fig. 6.1. Examples of regular and irregular vertices

1990; Braess, 1997). This rule is designed for a triangular grid and guaran-
tees that each of the angles in the original grid is bisected at most once. We
may think of starting with a triangulation as in Fig. 6.2. It contains several
irregular vertices, which need to be converted to regular vertices.

VIII|

T VI

VI

II

ITI
Iv

Fig. 6.2. A coarse grid (solid lines) and a refinement (dotted lines)

A refinement rule for a triangulation is defined as follows:

1. If an edge of a triangle contains two or more vertices of other triangles
(not counting its own vertices), then this triangle is subdivided into four
equal smaller triangles. This procedure is repeated until such triangles no

longer exist.

2. If the midpoint of an edge of a triangle contains a vertex of another tri-
angle, this triangle is subdivided into two parts. The new edge is called a

green edge.

3. If a further refinement is needed, the green edges are first eliminated before

the next iteration.

For the triangulation in Fig. 6.2, we apply the first step to triangles I and
VIII. This requires the use of the refinement rule twice on triangle VII. Next,
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we construct green edges on triangles II, V, and VI and on three subtriangles
(cf. Exercise 6.1).

Despite its recursive nature, this procedure stops after a finite number
of iterations. Let k£ be the maximum number of levels in the underlying re-
finement, where the maximum is taken over all elements (k = 2 in Fig. 6.2).
Then every element is subdivided at most k times, which presents an upper
bound on the number of times step 1 is to be used. We emphasize that this
procedure is purely two-dimensional. A generalization to three dimensions is
not straightforward. For a triangulation of €2 into tetrahedra, see a technique
due to Rivara (1984A).

6.1.2 Irregular H-Schemes

Irregular grids leave more freedom for local refinement. In the general case
of arbitrary irregular grids, an element may be refined locally without any
interference with its neighbors. As for regular local refinement, some desirable
properties should be preserved for irregular refinement as well.

First, in the process of consecutive refinements no distorted elements
should be generated. That is, the minimal angle of every element should
be bounded away from zero by a common bound that probably depends only
on the initial grid (cf. (1.52)).

Second, a new grid resulting from a local refinement should contain all
the nodes of the old grid. In particular, if continuous finite element spaces
{Vh, } are exploited for a second-order partial differential problem in all levels,
consecutive refinements should lead to a nested sequence of these spaces:

VhICV}QC-'-Cth Cth+1 (G

where hpy1 < hg and recall that hy is the mesh size at the kth grid level.
In the case of irregular local refinements, to preserve continuity of functions
in these spaces the function values at the irregular nodes of a new grid are
obtained by polynomial interpolation of the values at the old grid nodes.

Third, as defined before, the irregularity index of a grid is the maximum
number of irregular vertices belonging to an edge of an element. There are
reasons to restrict ourselves to 1-irregular grids. In practice, it seems to be
very unlikely that grids with a higher irregularity index can be useful for a
local h-scheme. Also, in general, the stiffness matrix arising from the finite
element discretization of a problem should be sparse; see Sect. 1.10. It turns
out that the sparsity cannot be guaranteed for a general irregular grid (Bank
et al., 1983). To produce 1l-irregular grids, we can employ the 1-irregular rule:
Refine any unrefined element for which any of the edges contains more than
one irregular node.
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6.1.3 Unrefinements

As noted, an h-scheme can be also employed to unrefine a grid. There are
two factors that decide if an element needs to be unrefined: (1) a local error
indicator and (2) a structural condition imposed on the grid resulting from the
regularity or 1-irregularity requirement. These two factors must be examined
before an element is unrefined.

When an element is refined, it produces a number of new smaller ele-
ments; the old element is called a father and the smaller ones are termed its
sons. A tree structure (or family structure) consists of remembering for each
element its father (if there is one) and its sons. Figure 6.3 shows a typical
tree structure, together with a corresponding current grid generated by con-
secutive refinements of a single square. The root of the tree originates at the
initial element and the leaves are those elements being not refined.

25| 24
13 12 212223 17| 16

18| 19| 14| 15

10 11 6 7

Fig. 6.3. A local refinement and the corresponding tree structure
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The tree structure provides for easy and fast unrefinements. When the tree
information is stored, a local unrefinement can be done by simply “cutting the
corresponding branch” of the tree, i.e., unrefining previously refined elements
and restoring locally the previous grid. This tree structure will be further
discussed in the data management of local refinements in the next section.

6.2 Data Structures

In the finite element method developed in Chap. 1, all elements and nodes
are usually numbered in a consecutive fashion so that a minimal band in the
stiffness matrix of a finite element system can be produced (cf. Sect. 1.10).
When a computational code identifies an element to evaluate its contribution
to this matrix, the minimal information required is the set of node numbers
corresponding to this element (cf. Sect. 1.1.4).

Adaptive local refinements and unrefinements require much more complex
data structures than the classical global ones in Chap. 1. Because elements
and nodes are added and deleted adaptively, it is often impossible to number
them in a consecutive fashion. Hence we need to establish some kind of natural
order of elements. In particular, all elements must be placed in an order and
a code must recognize, for a given element, the next element (or the previous
element if necessary) in the sequence. Therefore, for an element, the following
information should be stored:

nodes,

neighbors,

father,

sons,

level of refinement.

For a given node, its coordinates are also needed. The logic of a data struc-
ture corresponding to a particular local refinement may need additional in-
formation. However, the above listed information seems to be the minimal
requirement for all existing data structures.

There are several data structures available for adaptive local grid refine-
ments and unrefinements (Rheinboldt-Mesztenyi, 1980; Bank et al., 1983;
Rivara, 1984B). As an example, we discuss the Rheinboldt-Mesztenyi tree-
like data structure. This data structure has been designed to treat arbitrary
irregular grids resulting from a refinement of an element, contrary to the dis-
cussion on l-irregular grids in Sect. 6.1.2. A number of connected elements
form an initial grid. Each element has its own data structure and some ad-
ditional information (in the above tree-like manner) is stored to handle the
initial element interfaces. For simplicity, we focus our discussion on the data
structure supporting local refinements of a single square element (the shaded
square (0,1) x (0,1) in Fig. 6.4, where this square is regarded as a son of the
bigger square (—1,3) x (-1, 3)).
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0 1,0 >X1

Fig. 6.4. An initial grid

A typical local refinement is shown in Fig. 6.5. If further refinements
are developed, the number of neighbors for a typical element is theoretically
unlimited, and it is clear that storing the neighbors for this element in an
explicit form is practically impossible. The presence of irregular nodes makes
it more difficult to use a static structure where we remember the nodes for this
element and the elements adjacent to each node. Because the tree structure
must be maintained anyway, we modify it in such a way that all the necessary
information in the refinement and/or solution process can be reconstructed
from the tree. Such a tree associated with the grid in Fig. 6.5 is presented in
Fig. 6.6.

Several observations necessary to understand the tree in Fig. 6.6 are
(Oden-Demkowicz, 1988):

e The element numbers are identified with the central node numbers. Specif-
ically, when an element (e.g., element 11) is to be refined, a new (central)
node is created which takes on the number of the element (in this case,

3 16 8 17 1
20 22 24 26
15 11
19 21
@
7
10 12
2 6 4

Fig. 6.5. An example of local refinement
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Fig. 6.6. The data structure

node 11). Hence, while consecutive numbers are used to enumerate nodes
and elements, some of the numbers represent elements and others denote
nodes.

When an element is refined, it gives rise to four sons (except for elements
1 and 2 which are artificially introduced to handle the initial information
about the initial square (0,1) x (0,1)). The sons are assigned the first
available numbers which must be remembered by their father. Referring to
Fig. 6.6, the sole son of element 1 (i.e., square (—1,3) x (=1, 3)) is element
2. Analogously, element 2 has the only son, element 5, which has sons
numbered 10, 11, 12, and 13. Element 11 gives rise to sons 19, 20, 21, and
22.
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e When an element is refined, it may give rise not only to new elements, but
also to new active nodes. For example, suppose that element 11 has been
just subdivided, resulting in the creation of the new regular node 14. Ac-
cording to the rule, this node is associated with node 5. Roughly speaking,
when a father-element is refined, it gives rise to four son-elements. If two
neighboring sons are refined and a new common node is created, the node
is assigned to their father. Thus every element has up to four son-elements
and four daughter-nodes. The daughter-nodes must be remembered. For
example, in Figs. 6.5 and 6.6, element 2 has two daughter-nodes numbered
6 and 7.

e When two neighboring elements that are not sons of the same father are
refined (e.g., elements 22 and 24 in Fig. 6.5), a new node is created, which is
assigned to the center node of a line half of which constitutes the common
boundary of the elements (in this case, to node 14). Node 14 is not identified
with any element; it is the daughter-node of element 5. It is clear that every
daughter-node may have in turn two daughter-nodes.

e Each node is assigned a label indicating a relationship with its father-
element or mother-node. Every daughter-node has only one label repre-
senting the direction to its parent; the label (1,0) for node 8 indicates that
one must have right from its parent-node 3 to reach node 8, for example.
Sons are assigned two labels. The first indicates the direction from their
father, while the second represents a regularity tag describing which of the
four nodes are irregular.

Virtually every essential piece of information about an element and its
nodes can be reconstructed from such a modified tree structure. The principal
idea is to travel up and down the tree making use of the labels and to collect
all the necessary information (Rheinboldt-Mesztenyi, 1980).

In summary, precise information on the storage requirements is difficult
to obtain. Theoretically, because we do not distinguish between nodes and
elements, for every node one must remember

the number of its parent,

the numbers of its up to four sons,

the numbers of its up to four daughters, and
the labels.

6.3 A-Posteriori Error Estimates
for Stationary Problems

We now study the second component of the adaptive finite element method:
a-posteriori error estimation. A-posteriori error estimators and indicators can
be utilized to give a specific assessment of errors and to form a solid basis for
local refinements and unrefinements.
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A-posteriori error estimators can be roughly classified as follows (Verfiirth,
1996):

1. Residual estimators. These estimators bound the error of the computed
approximate solution by a suitable norm of its residual with respect to the
strong form of a differential equation (Babuska-Rheinboldt, 1978a).

2. Local problem-based estimators. This approach solves locally discrete prob-
lems, which are similar to, but simpler than, the original problem, and uses
appropriate norms of the local solutions for error estimation (Babuska-
Rheinboldt, 1978b; Bank-Weiser, 1985).

3. Aweraging-based estimators. This approach utilizes a local extrapolation
or averaging technique in error estimation (Zienkiewicz-Zhu, 1987).

4. Hierarchical basis estimators. This approach calculates the residual of
the computed approximate solution with respect to another finite ele-
ment space of higher-order polynomials or with respect to a refined grid
(Deuflhard et al., 1989).

Following Verfiirth (1996), we briefly study these four different approaches.

6.3.1 Residual Estimators

For the purpose of introduction, we consider the model problem in two di-
mensions

—Ap=f in Q,

p=0 onI'p, (6.1)
19)
87529 OHFN,

where € is a bounded domain in the plane with boundary I' = T'p U 'y,
I'pNTy =0, f € L?(Q) and g € L?(T'y) are given functions, and the
Laplacian operator A is defined as in Sect. 1.1.2. We only study this simple
problem; for generalizations to more general problems, refer to Chap. 1 or
the references cited in this chapter.

Assume that I'p is closed relative to I' and has a positive length. Define
(cf. Sect. 1.2)

V={veH'(Q):v=00nTp}.

Also, introduce the notation
a(p,v):/Vp-Vvdx, L(v):/fvdx+/ gu de, veV.
Q Q I'n

As in (1.20), problem (6.1) can be recast in the variational form:

Find p € V such that a(p,v) = L(v) Yo e V. (6.2)
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Let Q be a convex polygonal domain (or its boundary I' is smooth), and let
K}, be a triangulation of €2 into triangles K of diameter hg, as in Sect. 1.1.2.
To the triangulation K}, associate a grid function h(x) such that, for some
positive constant C1,

ClhKSh(X>§hK Vxe K, KekKy. (63)
Moreover, assume that there exists a positive constant C5 such that
Coh3. < |K| VK €Ky, (6.4)

where |K]| is the area of K. Recall that (6.4) is the minimum angle condition
stating that the angles of triangles in K}, are bounded below by Cs (cf. (1.52)).
To keep the notation to a minimum, let V, C V be defined by

Vh:{UEVZU|K€P1(K), KEKh}.

An extension to finite element spaces of higher-order polynomials will be
noted at the end of this subsection. The finite element method for (6.1) is
formulated:

Find pp, € V3, such that a(pp,v) = L(v) Yo eV . (6.5)
It follows from (6.2) and (6.5) that
CL(p - ph»”) = L(U) - a’(pha 'U) Vo e V. (66)

The right-hand side of (6.6) implicitly defines the residual of py, as an element
in the dual space of V. Because I'p has a positive length, Poincaré’s inequality
holds (cf. (1.36)):

||UHL2(Q) <C(©) ”VU”L?(Q) Yo eV, (6.7)

where we recall that C' depends on Q and the length of I'p. Using (6.7) and
Cauchy’s inequality (1.10), we have

1

m”vﬂm(g)g sup{a(v,w) :w €V, |lw|| g1 (o) =1} (6.8)
< |vllz (@) -

Consequently, it follows from (6.6) and (6.8) that

sup {L(v) — a(pp,v) 1 v € V, [[v]lmio) =1}
<|lp = pulla (@) (69)
< (14 C%(Q)) sup {L(v) — a(pn,v) :v €V, |vllgi) =1} -

Since the supremum term in (6.9) is equivalent to the norm of the residual in
the dual space of V', this inequality implies that the norm in V of the error is,
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up to multiplicative constants, bounded from above and below by the norm
of the residual in the dual space of V. Most a-posteriori error estimators
attempt to bound this dual norm of the residual by quantities that can be
more easily evaluated from f, g, and py,.

Let & denote the set of all interior edges e in K}, EZ the set of the edges
eon T, and &, = £ U E}. Furthermore, let &P and &Y be the sets of edges
e on I'p and I'y, respectively.

With each e € &, we associate a unit normal vector v. For e € 52,
v is just the outward unit normal to I'. For e € &7, with e = K| N Ky,
K, Ky € Ky, the direction of v is associated with the definition of jumps
across e; for v € H'(T},) with [ > 1/2, if the jump of v across e is defined by

[v] = (vl xs)le = (v]K)le (6.10)

then v is defined as the unit normal exterior to K5 (cf. Fig. 4.11 or Fig. 5.15).
We recall the scalar product notation

(v,w)s = /Sv(x)w(x) dx, v, we L*(S) .

If S = Q, we omit it in this notation. Note that, by Green’s formula (1.19),
the definition of L(-), and the fact that Ap, =0 on all K € K},

L(v) = a(pn,v) = L(v) = Y (Vpn, Vv)k

KeKp,
= L(v) - Z [(vPh : VK?”)@K - (Ap;“v)K] (6.11)
KeKy
=(fo)+ D (9= Von-v,v). = Y ([Ven-v]0), .
eegé\’ e€&p

Applying (6.9) and (6.11), one can show that (cf. Sect. 6.7)

P — prlla @) < C{ Z h%(”f”zL?(K)

KeKy,

1/2 (6.12)
3 el = T vl + 5 hllVmn vl |
eceN e€é&y
where C' depends on Cs in (6.2) and C(Q2) in (6.7), and hx and h, represent
the diameter and length, respectively, of K and e.

The right-hand side in (6.12) can be utilized as an a-posteriori error es-
timator because it involves only the known data f and g, the approximate
solution pp, and the geometrical data of the triangulation Kj. For general
functions f and g, the exact computation of the integrals in the first and sec-
ond terms of the right-hand side of (6.12) is often impossible. These integrals
must be approximated by appropriate quadrature formulas (cf. Sect. 1.6).
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On the other hand, it is also possible to approximate f and g by polynomi-
als in suitable finite element spaces. Both approaches, numerical quadrature
and approximation by simpler functions combined with exact integration of
the latter functions, are often equivalent and generate analogous a-posteriori
estimators. We restrict ourselves to the simpler function approximation ap-
proach. In particular, let fj, and g be the L?-projections of f and ¢ into the
spaces of piecewise constants with respect to Kj, and &}, respectively; i.e.,
oneach K € Kj, and e € &, fx = fulx and g = gnle are given by the local

mean values ) )
]‘}<z—/fdx7 ge:—/gdﬂ. 6.13
1 i e . (613)

Then we define a residual a-posteriori error estimator:

Rr= {h%{'fK%Q(K) + Z he‘lge_vph'VH%Q(e)

ecOKNEY

1 1/2
5 el )

e€COKNEY

(6.14)

The first term in R is related to the residual of p; with respect to the
strong form of the differential equation. The second and third terms reflect
the facts that p, does not exactly satisfy the Neumann boundary condition
and that p, ¢ H?(f). Since interior edges are counted twice, combining
(6.12), (6.14), and the triangle inequality, we obtain (cf. Exercise 6.3)

o= el Of 3 (R +nellf = il
KeKy
1/2 (6.15)
£ bl =l |

eefflv

Based on (6.15), with a given tolerance ¢ > 0, an adaptive algorithm
(termed Algorithm I) can be defined as follows (below RHS denotes the
right-hand side of (6.15)):

e Choose an initial grid Kj, with grid size hy, and find a finite element
solution pp, using (6.5) with Vj, = Vj,;

e Given a solution py, in V},, with grid size hg, stop if the following stopping
criterion is satisfied:

RHS <¢; (6.16)

e If (6.16) is violated, find a new grid K}, with grid size hj such that the
following equation is satisfied:

RHS =, (6.17)

and continue.
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Inequality (6.16) is the stopping criterion and equation (6.17) defines the
adaptive strategy. It follows from (6.15) that the estimate ||p — pallz1(q) is
bounded by € if (6.16) is reached with p;, = pp, . Equation (6.17) determines a
new grid size hy by maximality. Namely, we seek a grid function hy, as large as
possible (to maintain efficiency) such that (6.17) is satisfied. The maximality
is generally determined by equidistribution of an error such that the error
contributions from the individual elements K are approximately equal. Let
My, be the number of elements in K, ; equidistribution means that

62

(RHS|g)* = Y Kc Ky, .
k

Since the solution pp, depends on Kj,, this is a nonlinear equation. The
nonlinearity can be simplified by replacing M}, by M}, , (the previous level),
for example.

The following inequality implies, in a sense, that the converse of (6.15)
also holds (cf. Sect. 6.7): for K € Kp,

Rie <0 5 (o= mulporey + ellf = Ficlogrer)

K'eQk

1/2
+ Z h6|gge||%2(e)} 5

e€OKNEY

(6.18)

where (cf. Fig. 6.7)
Ok = J{K' € K, : OK'NOK # 0} .

Estimate (6.18) indicates that Algorithm I is efficient in the sense that the
computational grid produced by this algorithm is not overly refined for a given
accuracy, while (6.16) implies that this algorithm is reliable in the sense that
the H'-error is guaranteed to be within a given tolerance. The efficiency of
error estimators will be further discussed in Sect. 6.3.5.

We end this subsection with a couple of remarks. First, it is also possible
to control the error in norms other than the H'-norm; we can control the

Fig. 6.7. An illustration of Qg
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gradient error in the maximum norm (the L*°-norm; cf. Johnson, 1994), for
example. Second, the results in this section carry over to finite element spaces
of polynomials of degree r > 2. In this case, f;, and g;, are the L2-projections
of f and g into the spaces of piecewise polynomials of degree r—1 with respect
to K, and &Y, respectively, and fx in the first term of R is replaced by
App|k + fx (cf. Exercise 6.4).

Ezample 6.1. This example follows Verfiirth (1996). Consider problem (6.1)
on a circular segment centered at the origin, with radius one and angle 37 /2
(cf. Fig. 6.8). The function f is zero, and the solution p vanishes on the
straight parts of the boundary I' and has a normal derivative %cos (%9) on
the curved part of I'. In terms of polar coordinates, the exact solution p to
(6.1) is p = r*/3sin (%9) We calculate the finite element solution p; us-
ing (6.5) with the space of piecewise linear functions V}, associated with the
two triangulations shown in Fig. 6.8. The left triangulation is constructed
by five uniform refinements of an initial triangulation K}, which is com-
posed of three right-angled isosceles triangles with short edges of unit length.
In each refinement step, every triangle is divided into four smaller triangles
by connecting the midpoints of its edges, as mentioned in Sect. 6.1.1. The
midpoint of an edge having its two endpoints on I' is projected onto I'. The
right triangulation in Fig. 6.8 is obtained from Kj, by using Algorithm I
based on the error estimator in (6.14). A triangle K € K}, is divided into
four smaller triangles if Rx > 0.5 maxgeck, Rx. Again, the midpoint of an
edge having its two endpoints on I' is projected onto I'. For both triangula-
tions, Table 6.1 lists the number of triangles (NT'), the number of unknowns
(NN), the relative error e, = ||p — pn| a1 (o) /lIPll 51 (o), and the measurement
mg = (P ke, R%)Y2/|lp — pullm (o) of the quality of the error estimator.
From this table we clearly see the advantage of the adaptive method and the
reliability of the error estimator.

AVAVAVAYA

Fig. 6.8. Uniform (left) and adaptive (right) triangulations
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Table 6.1. A comparison of uniform and adaptive refinements

Refinement NT NN e, Mg
uniform 3072 1552 3.8% 0.7
adaptive 298 143 2.8% 0.6

6.3.2 Local Problem-Based Estimators

The results in the previous subsection show that we must accurately and
reliably estimate the norm of the residual as an element in the dual space of
V. This can be accomplished by lifting the residual to a suitable subspace
of V through solving auxiliary problems analogous to, but simpler than, the
original discrete problem (6.5). Practical consideration and the results in
the previous subsection suggest that these auxiliary problems should possess
the following properties:

e To obtain information about the local behavior of the error p — py, they
should involve a small number of elements in K.

e To produce an accurate error, they should utilize finite element spaces of
higher order than the original space.

e To minimize computation, they should involve as few degrees of freedom
as possible.

There are many possible ways to make the auxiliary problems satisfy these
properties. In this subsection, we present three of them.

6.3.2.1 Local Dirichlet Problem Estimators I

For a triangle K € Kj, let A1, Ak,2, and Ag 3 denote the barycentric
coordinates of K (cf. Example 1.6). We define the triangle bubble function by
by

(6.19)

be — 27)\}(71)\[(72)\](’3 inK,
R in Q\ K .

Also, for e € £ with e = K1 N Ky, we enumerate the vertices of K; and Ko
such that the vertices of e are numbered first. Then we define the edge bubble
function b by

(6.20)

b . 4/\[(“1)\](1.,2 in Ki, 1= 1,2,
0 in Q\ {K;UK>} .

For e € £}, b can be defined similarly. Finally, for a node m, let {2y, indicate
the union of triangles with the common vertex m (cf. Fig. 6.9); i.e.,

O = U K.

KeK) : medK
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Fig. 6.9. An illustration of Qm

Now, for all nodes m in £ U &Y, we introduce the space
Vin = span{bg, K € Qu; be, m€e € &5 be, e € 00 NN},
and the error estimator
Rpm = [VPmllL2(0nm) - (6.21)

where py, € Vi is the solution of the discrete problem

(VPm, V)= > (f.v)k+ Y. (gesv)e

K€Qm e€mNT N (6.22)
—(Vpn, Vv)a,, Yo € Vin -

To see a different interpretation of (6.22), set
Wm = Ph + Pm -
Then we have
Rpom = [[V(Pr — wm) L2 ()
and wy, € pp + Vi is the solution of the problem

(Vm, Vo)o,, = Y (fv)x+ Y. (ge,v)e

K€Qm €€0QmNTy (6.23)
Yv € Vi ,

which is a discrete analogue of the Dirichlet problem

—Aw=f in Qm ,

w = pp on 0m \I'n
a—w:g on 00m NN .
ov

Hence (6.22) can be thought of solving a local analogue of the residual equa-
tion (6.6) by a higher-order finite element approximation and of using a suit-
able norm of the solution as an error estimator, while (6.23) can be thought
of solving a local discrete analogue of problem (6.1) in a higher-order finite
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element space and of comparing the solution of this local problem with that
of problem (6.5).

The following estimates imply that the error estimator Rp m is compa-
rable to R (Verfiirth, 1996):

Rym<C > Ri, me EUEY,
KeQm (6 24)
R¥<C > Rpm KekK, '
meK\&P

where the constants C' depend only on Cy in (6.4). It can be also shown that
this error estimator provides upper and lower bounds on the error p — pp:

|p_ph||H1(Q)<C{ > Rbm

meELuEN

1/2
+ Y BN~ frle g + DY he||9—ge||2L2(e)} ;

KeKy, ecelN

Rom < C{ o= mhlfa,

1/2
S DRC TR NS DR N VAT

KeQm e€OmNI' v

(6.25)

6.3.2.2 Local Dirichlet Problem Estimators I1

We now introduce an error estimator that is a minor modification of the pre-
vious one. Instead of starting with nodes m € &7 UE,ILV and the corresponding
sets Qm, we begin with elements K € K}, and the associated sets Q. For all
K € K, we introduce the space

Vi = span {bg', K' € Qk; be, e € DK NEP; be, e € 0Nk NTx}
and the error estimator

Rp.x = [IVPkllL2x) » (6.26)

where pgx € Vi is the solution of the discrete problem

(Vir, Vo)ae= Y (fxnv)xr+ > (ge,v)e

K'€Qx e€d0K NIy (6.27)
f(Vph,Vv)QK Yo € VK .

As in the previous subsection, wx = pp + px can be thought of as an ap-
proximate solution of the Dirichlet problem
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—Aw=f in Qg ,

w = Pp on@QK\FN,
8—w:g on 0N NI'y .
ov

Furthermore, (6.24) and (6.25) remain true (Verfiirth, 1996):

Ry <C Y Ry, KeK,
K'eQg

(6.28)
Ry <C > Rpy. KekK,
K'eQk
and
lp —pullaio) < C{ > Rk
KeKy
1/2
+ Z Wil f = Frclliegrey + Z he||9—9e||2L2(e)} ;
KeKp 668}17/\7 (6 29)
Rp,rx < C{|p _th%{l(QK) + Z h3 ’Hf - fK’H%%K’)
K'eQg
1/2
+ Z he”g _QEHQLQ(E)} .

ecONI' N

6.3.2.3 Local Neumann Problem Estimators

In the previous two subsections, the Dirichlet boundary conditions are used
for the auxiliary problems. We now impose Neumann conditions. For each
K € Kj,, we define the space

Vi = span{bK; be, e € 8K\5,?} ,
and the error estimator
Ryx = VoL ) (6.30)
where px € Vi is the solution of the discrete problem

(Vpr, Vo)k= (fx,v)k — % > (Vpr-vlv),

e€OKNER (6 31)

+ Z (ge_vPh'VaU)e Vv € Vi .
e€cOKNEN

Problem (6.31) can be interpreted as a discrete analogue of the Neumann
problem
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—Aw=f in K,
w=0 on 0K NTp,

0
a%:n(ph) on 0K \Tp,

where
(on)| —[Vpn-v]e/2 ifeeél,
PR )le = Ge — Vpp - Ve ifeEE}]LV.

Moreover, (6.24) and (6.25) hold for the present estimator (Verfiirth, 1996);
ie.,

RNk < CRk, K e Ky,
6.32
R%{SC Z R?V,K” KEKh7 ( )
K'eQg
and
P —pullaio) < C{ > Rk
KeKy
1/2
+ X T~ Sl + 3 hela- gl b
KeKy CEE}ILV (633)
Rcse < 0=l + 3 ol = el
K'eQk
1/2
+ Z he|g_96||2L2(e)} .
ecOKNI' N

Figures 6.7 and 6.9 show the generic forms of Qg, K € Kj, and Qp,,
m € £ UEN, respectively. From these two figures we see that the respective
dimensions of the discrete problems (6.22), (6.27), and (6.31) are 12, 7, and 4
(cf. Exercise 6.6). In general, the evaluation of Rp m, Rp i, and Ry, x ecach
is more expensive than that of R because of their construction.

6.3.3 Averaging-Based Estimators

In this subsection, we assume that I'y = ; i.e., we only consider a Dirichlet
boundary value problem. Suppose that we can find an easily computable
approximation R(py,) of Vpy, such that

Ve —R(pn)llL2) <YV — Vonlre) (6.34)

where p and py, are the respective solutions of (6.1) and (6.5), and the constant
~ satisfies 0 < v < 1. Then we see that
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ﬁHR(Ph) = Vil < Ve = V(L2
1 (6.35)
< 17||R(ph) — VpnllL2(o) -
-
This inequality suggests that we may use |[R(pn) — Vpr|r2() as an error
estimator. Because Vpy, is a piecewise constant vector, its L2-projection into
the space of continuous piecewise linear vectors may satisfy (6.34). The eval-
uation of this projection, however, is as expensive as the solution of (6.5).
Thus the idea is to replace the L2-scalar product by an approximation that
can be more easily computed.
We define the spaces

W, ' ={ve(L*(Q)?:v|k € (P(K))? K € K},
W, = {v e (CQ)?:v|x e (P(K))?, K e K} .

Note that VV}, C W,:l. Also, we introduce a mesh-dependent scalar product
on W;l by

o= 3 5 (vl womgen

KeKy,
+ V(mK,g) -W(mK,Q) + v(mK73) -W(mK,3)> R (636)

where my ; are the vertices of the triangle K. Since the quadrature formula

K]

/ v dx ~ 5 (v(mg 1) +v(mg2) +v(mg 3))
K
is exact for all linear functions (cf. Sect. 1.6), we see that
(V,W)h = (V,W) ) (637)

if v, w € W;l and one of them is piecewise constant. Moreover, it can be
shown that (cf. Exercise 6.7)

1 _
ZHVH%%Q) <V, < VI veWw, ", (6.38)
and
1
(v, wh =3 > [Qm|v(m) - w(m), v, weW,, (6.39)
mGN;,,

where N}, is the set of vertices in K}, and Q. is defined as in Sect. 6.3.2.1
(cf. Fig. 6.9).
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We now define R(py,) € W, to be the L?-projection of Vpj, with respect
to the discrete scalar product (-, -)p; i.e.,

(R(pr);V)n = (Vpn,v)n VW EW,. (6.40)
Equations (6.37) and (6.39) imply that

K
R(pp)(m) = > |l2|vPhK7 m € N, . (6.41)
KeQpm ™™

Therefore, R(py,) can be easily computed by a local averaging of Vp,. We
define the error estimator

1/2
Rz = ( > RZ7K> » Rzx = I[[R(Pn) = VpnllLz(x) - (6.42)
KeKy,

To see that Rz is indeed an estimator, we compare Rz x with a modifi-
cation R of the residual error estimator in Sect. 6.3.1:

1/2

~ 1
Rk=13 > hell[Von vl : (6.43)
e€COKNED

Set
1/2
R = ( > R%) . (6.44)
KeKy
Then one sees that (Rodriguez, 1994)

1/2
lp = pullaie) < C (7%2 + Z h%(lf||2L2(K)> ;

KeKy 1/2 (6 45)
Rk <C <||p = Pullin o, + > b ’Hin?(K’)) ;
K'eQx

CsR <Rz < C4R .

6.3.4 Hierarchical Basis Estimators

The general idea of a hierarchical basis estimator is to estimate the error p—py,
by computing the residual of p, with respect to certain basis functions of
another finite element space By, that satisfies V;, C Bj, C V and either consists
of higher-order finite elements or corresponds to a refinement of Kj. When
these basis functions are appropriately scaled, (6.6) and Cauchy’s inequality
(1.10) imply that lower bounds on the error can be obtained. Furthermore,
with a suitable choice of By, upper bounds can be also obtained.
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Fig. 6.10. An illustration of Q.

Let p and pj, be the respective solutions of (6.1) and (6.5), and By, be a
finite element space associated with K} satisfying Vj, C By C V. Suppose
that to each edge e € E2UEY, there corresponds a function ¢, € By, NCoh(Le)
such that

0< e <1, Cheé/cpedh (6.46)
. )

Che”‘peHHl(Qe) < ||906||L2(Qe) )

where Q. = | {K € K}, : e € 0K} (cf. Fig. 6.10) and Cy(€2) is the set of
continuous functions on {2, whose trace on 0€),. is zero. Set

R, = (fa @e) + (97 @e)l"N - (vth V(pe) )

which is the residual of p;, with respect to ¢., e € &/ UE;ZLV . Then the following
a-posteriori error estimates hold:

|Re| < Cllp — prllar ), ec&UEY,

||p—ph||H1m><c{ S R+ Y B

ecEPUEN KeKp, (6'47)
1/2
+ Z he”g _QEI%Q(e)} .
665{:]

Instead of using edges e € 7 U &}, we can utilize elements K € K}, as
well. Suppose that to each K € Kj, there be associated a function i €
B, N Cy(K) such that

0< <1, Ch2</ dx |
S PK S K = KQOK (6.48)

Chillerllm k) < ekl x) -

Let
Ry = (f.¢x) + (9, 9x)ry — (VPn, Vok)

be the residual of p;, with respect to i, K € K. Then we have the following
a-posteriori error estimates:
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|Ric| < Cllp — pullar x)s K e Ky,

|P—Ph||H1(sz)§C{ > R+ > Rk

ecEpuEl KeKp (6.49)

1/2
+ ) BRI = frlEe g + DY he||9—9e||2L2(e)} :

KeKy ec&l

To see examples for these two results, we recall the definition of bubble
functions. For K € Kj, and e € &, bx and b, are defined as in (6.19) and
(6.20). These bubble functions satisfy (cf. Exercise 6.8)

supp(bg) C K, 0<bg <1, rna;((bK(x) =1,
xe

9
Ch2 < / bi dx = —|K] , (6.50)
K 20
Chi||VbrllL2(x) < brllz2(x)
and

supp(be) C Qe, 0<0b. <1, maxb.(x)=1,

xXe€e
2 2 1 6.51
be dl = Zhe, Ch?< | bodx=Z|K|, KeQ., (6.51)
e 3 K 3
Chel|Vbe|Lz(xy < bellrz(ry , K € Qe s

where supp(bx ) denotes the support of by .
Using these properties of the bubbles, we now state several examples for
By, and the corresponding functions ¢, and ¢ that satisfy (6.46) and (6.48).

Ezxample 6.2. Define

B,={veV:vlg e P(K), KeKp},
and @, = be, e € ELUEN.
Ezxample 6.3. Set

B,={veV:vgePK) KeK},

@e:be,eeéfjué‘fl\[, and px =bg, K € Kj,.

Example 6.4. Denote by K}, /> the triangulation obtained by a uniform refine-
ment of Kj; that is, each K € K}, is divided into four equal smaller triangles
by joining the midpoints of the edges of K. Let

By, :{’UGVIU‘K EPl(K), KGKh/Q},

and choose ¢., e € £ U 5,]1\/, to be the nodal basis functions of B;, associated
with the midpoint of e (cf. Fig. 6.11).
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ANAN

Fig. 6.11. Partition of K into 4, 16, and 6 smaller triangles

Ezample 6.5. Indicate by K} /4 the triangulation obtained by a uniform re-
finement of Kj, /o, define

By ={veV:vlg € Pi(K), K& Ky},

and choose ¢, e € ELUEY, as in Example 6.4. For any K € Ky, let K' € Ky 4
be the triangle that has all its vertices in the interior of K (cf. Fig. 6.11).
Then take pg to be the function that identically equals one on K’ and zero
on 0K.

Ezxample 6.6. Divide each triangle K € K}, into six smaller triangles by joining
every vertex of K with the midpoint of the edge opposite to it, and denote
by Ky /2 the resulting triangulation. Then define

Bh:{’UEVZ’U|K EP1(K), KEKh/Q},

and choose ¢, K € Kp,, and ., e € & UE,JlV, to be the nodal basis functions
of By, corresponding to the centroids of triangles in K} and to the midpoints
of edges in £ UEN (cf. Fig. 6.11), respectively.

We remark that the usual hierarchical basis estimators are presented in a
slightly different form. We split Bj, by

Bp, =V, ® S,
and assume that V}, and Sy, satisfy a strengthened Cauchy-Schwarz inequality
(Vu, Vw) < 1| VollLz) | VwllLz@), v €V, weSy, (6.52)

where the constant v; satisfies 0 < 1 < 1. Also, we assume that there exists
a symmetric bilinear form b(-,-) : S, x S, — IR satisfying

1
HV’UH%P(Q) < b(’l)/l)) < %”v’l)”iz(g) Yv € Sh s (653)
where 0 < v < 1. Let ¢, € Sj, be the solution of the problem

b(Qh7 U) = (fv U) + (ga U)FN - (vphy VU) Vo € Sh ; (654)

where py, is the solution of (6.5). The crucial point of introducing the bilinear
form b(-,-) is that (6.54) should be much easier to solve than the original
problem (6.5). Set
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Ru = \/b(qn,qn) - (6.55)

If the space By, satisfies a saturation assumption with respect to V},, i.e., there
exists a constant 0 < y3 < 1 such that

i - < i - .
Jain [V (v —w)La) < 75 min V(v —w)La@), weV, (6.56)

then the following a-posteriori error estimate holds (Verfiirth, 1996):

(1 =71)7 1
1— TRy, vy SRy < ——|lp — vy, (6.57
( 73) 1+ C2(Q) P — prlla Q) >R > \/%Hp Pulla () ( )
where the constant C(2) is defined in (6.7).
Example 6.7. Let By, be defined as in Examples 6.2-6.6, and define

Sh:{UEBhZ’U(X):O VXGNh}7

where we recall that N}, is the set of vertices in K. The strengthened Cauchy-
Schwarz inequality can be shown for these choices (Eijkhout-Vassilevski,
1991). The saturation assumption also holds except in the trivial case where

o1
Jim llp = Pl o) = 0. (6.58)

To define b(-,-), denote by N/ the set of nodes corresponding to By, e.g.,
N}, = Nyj2 in Example 6.4 and Ny = N, /4 in Example 6.5. Then define

b(v,w) = Z v(x)w(x), v, wE S .
XGNA\N},,

It can be proven that (6.53) holds for this bilinear form on S, (cf. Exercise
6.9). Also, with this choice of b(:,-), the matrix corresponding to the left-
hand side of (6.54) is diagonal with diagonal entries of order one. Thus, up
to multiplicative constants of order one, Ry is equivalent to

1/2

S R+ ) R ,

KeKp eeEpueN

which recovers the error estimators in (6.47) and (6.49).

6.3.5 Efficiency of Error Estimators

The quality of an a-posteriori error estimator can be measured in terms of its
efficiency inder, i.e., the ratio of the estimated error and of the true error. An
estimator is referred to as efficient if its efficiency index is bounded from above
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and below for all grids, and asymptotically exact if this index approaches one
when the grid size goes to zero.
In general, we have

1/2
{ Z Wil f = Frllie(x) + Z hellg 9e||%2(e)} =o(h),

K€Qm e€d0mNT'y
where h = max hi. On the other hand, the solutions to (6.2) and (6.5)
h

satisfy
lp = ol @) = Ch,

except in the trivial case (6.58). Thus the a-posteriori error estimates in
Sects. 6.3.1-6.3.4 show that the corresponding error estimators are efficient
(cf. Exercise 6.10). Their efficiency indices can be in principle estimated ex-
plicitly since the constants in these a-posteriori estimates depend only on Cy
in (6.4) and C'(2) in (6.7). Furthermore, applying superconvergence results, it
can be proven that the error estimates in Sects. 6.3.2-6.3.4 are asymptotically
exact on some special grids.

As an example, we consider the estimator Ry g defined in (6.30). The
triangulation K, is called parallel in a subdomain €y C 2 if Q. is a parallel-
ogram for each edge e € Qy (cf. Fig. 6.10). Then, under the conditions

K, is parallel in
p|Ql € H3(Ql) 3

V(= pn)llL20,) > Ch,
P — pullL2(e,) < ChMT for some e >0,

it can be proven (cf. Exercise 6.11) that the error estimator Ry x is asymp-
totically exact in the subdomain §21:

1/2
Z R?\/,K /||V(p —pn)llL2) — lash —0.

KCQ,KeEK,

Ezample 6.8. Consider problem (6.1) with Q = (0,1) x (0,1), I'y = (0,1) x
{0} U (0,1) x {1}, g = 0, and f = 1. The analytical solution is p(x1,z2) =
x1(x1 — 1)/2. The partition K}, is constructed as follows: First, Q is cut
into m? squares of length h = 1/m, and each square is then divided into
four triangles by drawing the diagonals (cf. Fig. 6.12). This triangulation is
often termed a criss-cross grid, and is not parallel. Because the solution p is
quadratic and the homogeneous Neumann boundary condition is used, the
approximate solution p,, to (6.5) is determined by (cf. Exercise 6.12)

p(m) if m is a vertex of a square ,

pr(m) = h?
p(m) — 21 if m is the centroid of a square .
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Ly

Iy

Fig. 6.12. A criss-cross grid

With this, we can explicitly compute the error ||V (p — pn)|lL2(g) and the
error estimator defined in (6.30): For any square @ disjoint with T'y, it can
be checked that

1/2
17
Y. Rixp [IVe-m)lee =15 -
KCQ,KeKyp

This example shows that the asymptotical exactness may not hold on all
grids even if they are strongly structured.

6.4 A-Posteriori Error Estimates
for Transient Problems

In this section, we briefly discuss the adaptive finite element method for a
transient problem in a bounded domain © C IR*:

%—Ap:f in QxJ,
p=0 onT xJ, (6.59)
p(ao):po inQ7

where J = (0,7] (T > 0) and f and pg are given functions. In the numerical
computation of many transient problems (e.g., those with a moving front),
it is necessary to change a grid dynamically during a solution process to
maintain reasonable accuracy (cf. Sect. 1.7.1). Such a method is usually called
a moving grid method, i.e., a r-scheme as described in Sect. 6.1. As discussed
there, the pure r-scheme can suffer from several deficiencies. In particular, the
r-scheme couples the determination of the solution with the grid selection,
which can significantly increase the size of a discrete system, especially in
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multidimensional cases when a separate grid is utilized for each component
of the solution vector.

To overcome this difficulty, a number of different methods have been de-
veloped such as the finite element method of lines for transient problems
(Bieterman-Babuska, 1982; Adjerid et al., 1993). In this section, we briefly
review an adaptive finite element method for (6.59) developed by Eriksson-
Johnson (1991). This method is an extension to transient problems of the
adaptive algorithm presented in Sect. 6.3.1 for stationary problems.

Let 0 =t < t! < ... < t¥ = T be a partition of .J into subintervals
Jn = (t"71,¢"), with length At" = t" —¢"~1. For a generic function v of
time, set v™ = v(t").

For each n (n =0,1,...,N), let (hyp, Kp,, V4, ) be a finite element triple
where h,, = hy,(x) is the grid function, K} is a regular triangulation of §2
into triangles, and V},,, C V is the finite element space of piecewise linear
functions associated with K, at time level n. Assume that h,, satisfies (6.3)
and (6.4) with Cy and Co independent of n. Now, the finite element method
for (6.59) is defined: Find p}! € Vj,,, n=1,2,..., N, such that

n n—1
<]%Af:,v> +a(pf,v) = (f"v) Yv eV, ,

(p(})pv) = (pOav) Vo € Vho ’

where a backward Euler scheme is used in the discretization of the time
differentiation term in (6.59) (cf. Sect. 1.7). Note that (6.60) resembles (1.80)
in form. The difference between them is that in (6.60) the space and time steps
can vary in time, and the space steps can vary in space. Observe that the time
steps in (6.60) are kept constant in space. Obviously, optimal computational
grid design requires that the time steps vary in space as well. While there are
adaptive computational codes available that are established on grids variable
in both space and time, there is no theory for them. Thus we concentrate on
the discretization (6.60) in this section.

Let & denote the set of all interior edges e of K}, , and for each n
(n=1,2,...,N), define

ik 1/2
L" = 1r£nka%<n (log (Atk) + 1) .

Now, introduce the error estimator

(6.60)

R(pm:cm{ S (1202 P, + 1207 — )
KGKh,n
2

> |mevm v

eesgn

L2(e)

12 ha )%, _
-+ | G o -
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where the constant C' depends only on C and Cs, the superscript * indicates
that the corresponding term is present only if V3, _, & V4., and || - | is the
L?-norm. Since the norm || - || is used in the definition of the estimator R(p})
for the transient problem (6.59), f* is now the L%-projection of f™ into Vj,,
(not into the space of piecewise constants).

Let p and p, be the respective solutions of (6.59) and (6.60). Then we
have the following a-posteriori estimate (Eriksson-Johnson, 1991): for each
n,n=12 ... N,

" <
Ip(t") = phll < max Rpr) - (6.61)

As in Sect. 6.3.1, an adaptive algorithm can be designed based on (6.61).
For a given tolerance € > 0, we seek (hy, K, ,Vp,) and At", n=1,2,..., N,
such that

[p(") —phll <e, (6.62)
and the number of degrees of freedom is minimal. It follows from (6.61) that
if the following estimate holds, so does (6.62):

R(py) <e, n=12,...,N. (6.63)

We now deﬁne an adaptive algorithm (termed Algorithm IT) for choosing
(hny Kp, , Vi, ) and At"™, n=1,2,..., N, as follows:
1. Choose an initial space grid Ky, ,, with grid size h, o and an initial time
step At™0;
2. Determine grids Kjp, with My,

steps At™ k“, and the corresponding solutions p,
k=0,1,...,n—1and K € K},

CL"vk{)

elements of size h, 41, time
1
"Rt quch that, for

n,k+17 n,k+1

n,k?

2 n n
pocsey PR (7 = 13

( Z ‘ , >1/2
c€OK L2

2 n
hn,kJrlfK‘ L2(K)

n,k
nk-‘rl )‘

*
h: k+1 k €
4 n, (pn _ pn 1) —
k h h )
At LK) 24 /Mhn‘k
Atn’k
Atn,k+10Ln,k‘ 7772_1” _€ o

3. Define K, = Ky, , with grid size hy, = hy, 4, and time step At" = At

For each m, the number of “trials” 7 is the smallest integer such that for
k =, (6.63) holds with p} replaced by p, ™. In applications, we can choose
Ky, , = Ky n=2,3,...,N —1, and it is usually the case that n = 1.

n—17
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To see the efficiency of the adaptive algorithm based on (6.61), we can
establish a lower bound for R(p}), as in the previous section. For example,
in the case f = 0, it can be shown (Eriksson-Johnson, 1991) that there is a
constant C' such that

op
i)

forn = 1,2,..., N, provided max h,(x) < C1VAt® whenever V3, _, & V3, .
x€eQ
Recall that

n n\2 2 12 k
<
R(pp) < C (L") Jmax (?Elfa]}k( |h D*p(t)|| + At max

1/2
2
alalp

D2p = _c P
P Oz 0xs?

|| =2

with a = (a1, a2) and |a| = a3 + a9 (cf. Sect. 1.2).

The result (6.61) carries over to finite element spaces of polynomials of
degree © > 2. In this case, f; is the L%-projection of f™ into the space of
piecewise polynomials of degree r with respect to Kj,, and fi in the first
term of R(p}) is replaced by Apl|x + fF.

6.5 A-Posteriori Error Estimates
for Nonlinear Problems

We present an application of the adaptive finite element method to the non-
linear transient problem

op

cp)g; =V (a)Vp) = f(p) I QxJ,
p=0 onI'x J, (6.64)
p(+,0) =po in Q,

where ¢(p) = ¢(x,t,p), a(p) = a(x,t,p), f(p) = f(x,t,p), and Q C IR?. This
problem has been studied in the preceding five chapters. Here we very briefly
describe an application of the adaptive method (6.60) to it. We assume that
(6.64) admits a unique solution.

With V = H{ (), problem (6.64) is recast in the variational form: Find
p:J — V such that

(c(p)glt),v> + (a(p)Vp, Vo) = (f(p),v) YoeV, teld,
p(x,0) = po(x) vxeN.

(6.65)

Different solution approaches (e.g., the linearization, implicit time approxi-
mation, and explicit time approximation) have been developed in Sect. 1.8
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for (6.65). As an example, we describe the implicit time approximation ap-
proach. With the same notation as in the previous section, the adaptive finite
element method for (6.64) is defined: Find p) € V},,, n = 1,2,..., N, such
that

n?

n—1

ny Ph — P ) wpr
(cm Xm0} + @) Vo V)

=(f(pp),v) WYweV, (6.66)

n

(p(,)l,v) = (po,v) Yv € Vi, -

As in (6.60), the space and time steps in (6.66) can vary in time, the space
steps can vary in space, and the time steps are kept constant in space. With
appropriate assumptions on the coefficients ¢, a, and f, it can be seen that
(6.66) admits a solution for all ¢; see Sect. 1.8.

An a-posteriori estimate for the general form (6.66) is not available in the
literature. However, for a simplified version of (6.64), such an estimate was
shown by Eriksson-Johnson (1995). In particular, we assume that ¢(p) = 1
and a : R — [1, a*]. For each n, we define

R(pp)(x)=hg' max |a (p7}) Vo - v](¥)]

da , ,
|9 R VR xE K KR
Also, we introduce the estimator, n =1,2,..., N,

R(pp) = CL”{HhiR(pZ)H +||hE (f(P}) = Pu, F(0}) ||

!

where the superscript * indicates that the corresponding term is present only
if Vi, , ¢ Vi, and Py, : L2(Q) — V},, is the L2-projection. With all these
choices, it can be proven that (6.61) remains valid; i.e.,

ny _ || < k
lp(t") — ppll < IISHI?%(”R(ph) ; (6.67)

()

n—1
Atr )

(Ph — Py

-+ |

where p and pj, are the solutions to (6.65) and (6.66), respectively. Based on
(6.67), an adaptive algorithm similar to Algorithm IT can be designed for the
nonlinear problem (6.64).

6.6 Theoretical Considerations

As in the preceding chapters, we present an abstract theory for a-posteriori
error estimators. The theory follows Verfiirth (1996).
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6.6.1 An Abstract Theory

Let X and ) be two Banach spaces, with norms || -||x and || - ||y, respectively.
Denote by £(X,Y) and Hom(X,)) the spaces of continuous operators of X
into ) and of linear homeomorphisms of & onto Y, respectively. || - ||z x,y)
represents the norm in £(X,)). The dual space of X is X' = L(X,IR), and
the corresponding duality pairing is (-,-) ., 4 (cf. Sect. 1.2.5). The adjoint of
a linear operator F € L(X,)) is denoted F' € L£()’, X'). Finally, for a given
real number R and v € X', we define the ball centered at v:

Bw,R)={we X :||w—v||x <R}.

Let F € CY(X,)’) be a given continuously Fréchet differentiable map-
ping, and consider an equation of the form

F(p)=0. (6.68)

Below the notation DF will indicate the Fréchet derivative of F. We recall
that F' € C1(X,)’) is Fréchet differentiable at py € X if there is a linear
operator DF € L£(X,)'’) such that in a neighborhood of py,

[ F(p) — F(po) — DF(p —po)H.c(X,y') =o(llp—pollx) ,

and DF(pg) is called the Fréchet derivative of F' at py.
The next theorem provides a-posteriori error estimates for the elements
in a neighborhood of a solution to (6.68).

Theorem 6.1. Assume that pg € X is a regular solution of (6.68), i.e.,
DF(po) € Hom(X,)Y"), and that DF is Lipschitz continuous at py, i.e., there
exists Ry > 0 satisfying

_ |DF(p) — DF(po)ll ccxy)
Y= sup < 00
pEB(po,Ro) lp — pollx

Then, with
R = min {Ro,’771||DF71(P0)||Z(13;/_,X), 2’771HDF(170)||L(X,31’)} )

we have the error estimate, for all p € B(po, R),

1 _
SIDE @)zt |EDy < o = poll

< 2[[DE~(po)ll oy, I (P)llyr -

(6.69)



6.6 Theoretical Considerations 295

Proof. For p € B(pog, R), we see that
b= = DF ) (F0)

1
+ [ (DP(0) — Do + 0= ) (0 o) de> ,
0

which implies
1= pollxe < IDF=" (0o}l <||F<p>|y,

1
+ [ 1DFGw) ~ Do + 60~ ey o = ol )
0
_ gl
< IDF~po)leo) (IF @)y + 3 p = pol% )

1
< IDE=Hpo)ll e, IF @)y + 5P = pollx -

Consequently, the right-hand inequality in (6.69) follows. Also, for all v € Y
with [Jv]ly = 1, we have

(F(),v)yry = (DF(po)(p — P0), V) yryy

1 6.70
([ oo+ - my - DFeo -y are) T

which yields

I1E®)lly < [IDF(po)llccx.pmllp = pollx

1
+ [ IDF @0+ 6y = po)) = Do) cien I = ol at
0

Y
< |NDF(po)llccx,ylle — pollx + §||P —poll%
< 2||DF(po)llzcx, v llp — pollx -

Thus the left-hand inequality in (6.69) also follows. O

The assumptions on F' can be weakened. For example, we can assume
that F € C(X,Y"), F(po) = 0, and there are R > 0 and two monotonically
increasing homeomorphisms o1, o2 of [0,00) onto itself such that

o1 (llp = pollx) < [1F(p)lly

(6.71)
< o2 ([lp—pollx) Vp € B(po, R) .

This inequality then implies

a3 (IE®y) < lp = pollx < o' (IF®)lly)  ¥p € B(po, R) -
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The left-hand inequality in (6.71) is true if F' is strongly monotone in a neigh-
borhood of pg, and the right-hand one is satisfied if F' is Holder continuous
at pg, for example.

Let X, C X and Y, C Y be two finite-dimensional subspaces and Fj €
C(Xr,Y;,) be an approximation of F. We now estimate ||F(ps)||ys, where
pr € X is an approximate solution of the problem

Fh(por) =0 (6.72)

i.e., ”Fh(ph)H)i’ is “small”.

Theorem 6.2. Assume that p, € Xj is an approximate solution of (6.72)
and that tﬁere are a restriction operator Qh € LY, V), a finite-dimensional
subspace YV, C ), and an approrimation Fy, : X, — V' of F at p;, such that

I(Z = Qn)' Fn(pn)lly < CllEn(pn)l 5, (6.73)
where I is the identity operator. Then the following estimate holds:
1E(pn)llyr < CllEn(pn) 5,
I = QuY [F(n) — En(on)]ly (6.74)
HQrll £y, (HF(Ph) — Fu(pn)lly; + ||Fh(Ph)||y;L> ~
Proof. Note that, for v € Y with |jv||y = 1,
<F(ph)vv>y/xy

- <Fh(ph)a’U — th> + <F(ph) — Fi(pn),v — th>

V' xYy V' xy
+ (F(pn) = Fn(pn), Quv)yr vy, + (Fu(n), @nv)yr 1y,
< = QU Fuon)lly + |1 = Quy [F ) = Fuon)] |

HQnlley,ym) (||F(ph) — Fu(pn)lly;, + ||Fh(ph)|\y,g) ,

which, together with (6.73), implies the desired result. O

When this theorem is applied to the examples presented in Sect. 6.3,
X, and Y are appropriate finite element spaces, the choice of @Qj is nat-
ural, and FJ,(py) is obtained by projecting F(py,) elementwise onto suitable
finite element spaces. The construction of Y}, satisfying (6.73) is not so easy.
The second term in the right-hand side of (6.74) measures the quality of
the approximation of Fh(ph) to F(pp). The quantity ||F(pr) — Fh(ph)Hy;L is
a consistency error of the discretization. Finally, [|Fy(ps)|ly; measures the
residual of (6.72) and must be computed separately.
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6.6.2 Applications

We now present an application of the theory to a-posteriori error estimators
for the second-order problem (6.1). As an example, we focus on the residual
estimator in Sect. 6.3.1.
Set
X=Y=V={veH(Q):v=00nTp},

with norms || - ||x = || - [[y = || - ||z (), and

<F(P)av>y/xy = (Vp7 V’U) - (f7 7)) - (g7v)FN7 CAS y .

The solution p € X satisfies (6.68) if and only if it is the solution of (6.2).
Because the bilinear form a(:,-) : X x X — IR is continuous and coercive, we
see that DF(v) € Hom(X,)) for all v € X.
Next, set
Xh:yh:{UEVSU|K€P1(K), KEKh},
<Fh(ph)7v>y}:><yh = <F(ph)>v>yf><ya Ph, U E X .
It is clear that p;, € &}, satisfies (6.72) if and only if it is the solution of (6.5).
Define Qp, € L(Y,Ys) as the interpolation operator of Clément (1975).
Given v € Y and m € N}, let v be the L2-projection of v into P;(Qyy);
ie.,
(Tmv, w)q,, = (v,w)q,, Yw € Pi(Qm) -

Then define Qv by

(Qnv)(m) = (mpv)(m),  meNZUNY,
(Qnv)(m) =0, me NP .

This operator satisfies the following local error estimates:

v —Qnrvllr2(x) < ChKHU”Hl(QK)a K e Ky,

(6.75)
lv = Quvllzace) < Che®oll g,y €€ En,

where (cf. Fig. 6.13)

Fig. 6.13. An illustration of Qg (left) and Q. (right)
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QKZU{K/EK}L:KQK,#@} ,
Qe=U{K' €Kn:enK' #0} ,

and the constants C' depend only on Cs in (6.4).
Also, define F}, and ), by

<Fh(v)’w>yfxy = (Vu,Vw) — Z (fr,v)K
KeKy
=Y Gev)e dt, v, wed,

eEE,JlV

jh:span{b;(, K € Ky; b, 6652U5,]LV},

where fx and g. are defined as in (6.13).
We are now ready to use Theorems 6.1 and 6.2 to prove residual a-
posteriori error estimates stated in Sect. 6.3.1.

Theorem 6.3. Let p and py, be the respective solutions to (6.2) and (6.5), and
Rk be defined as in (6.14), K € Kj,. Then there are constants C, depending
only on Csy, such that

o= el Of 3 (R +elf = il
KeKy

1/2 (6.76)
+ ) hellg—gelliz<e)} ,

665,11\[

and

Ric <0 5 (I = pulBinge + Helld = fielogrn)
K'eQg
}1/2 (6.77)

+ Z heHg_QEH%Q(e)
ecdKNEYN

Proof. Tt follows from (6.11) that, with v € Y,

<F(ph)7v>y'><y = _(fvv) - Z (Q_Vph 'I/,U)e

ceEyy 6.78
3 (Vo vlo), 079

ee&y
and that, with f and g replaced elementwise by fx and g,

(Fulo)v) == 3 ()i = Y (9= Vou-vv),

KeKy ec&l

+ > (IVpn v v), -

ec&p

(6.79)
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Using (6.2) and (6.75), we see that

H(I —Qn) {F(ph) - Fh(ph)} ‘

v’

— sup { Z (fK_fvv_QhU)K+ Z (ge_gvv_th)e}

ved, |lvlly=1

KeKy eES{LV

<C s { S hiclfic = Fllzaeo 0 (6.80)
vel, vlly=1 L g,
£ 3 W% alsolvlln,
665{:]
1/2
SC’{ Z h%”f}(*f“%z(l()ﬂL Z he||geg||2L2(e)} )
KeKy eEE}IL\’

and

HF(Ph) - Fh(ph)‘

Vi
= suwp { > Fx—Ffo)+ Y (ge_g’v)e}
vedn, Ivly=1 \KeK, ecely

< sw { S haellfie = Fllzgo ol

UE.‘)})“ [lv]ly=1 KeKy, (681)
+ 3 B2 gm(e)nvml(ge)}
eGEiLV
1/2
<of & Wl - Mg + X hullae ol )
KeKy eeé’fl\’

Similarly, we have

(7= @y Biton)

!

= sup {(vPh»v(U — Qpv))
ved, [lv|ly=1

=Y (frov=Quo)k — > (ge,v—th)e} (6.82)

KeKy ecgl
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<of & Wl + 3 nllTmn vl

KeKy e€ty

1/2
+ 3 hullg — Vo )

eES,I;]

< C{ > Rﬁ(}m .

KeKy

Next, it follows from (6.50), (6.51), and (6.79) that

HFh(ph)‘

Vi

= sup { Z (fK,’U)K—‘r Z (ge—Vph.uv)e
KeKp

UEjhaHUHy:l eefﬁ
S <[Vph'u1,v)e}
eefﬁ
<c s Y il ol o5
vEYn, Ivlly=1\KeK, )
+ ) hilge = Von  vLao 0l )
eeeﬁ
3 B[V V]||L2(e)v||H1(Qe)}
eEEﬁ
1/2
sc{ 3 RK} |

KeKp

Thus, to prove (6.73), it suffices to show that

[y mi) <o)

KeKy

(6.84)

v

Toward that end, for each K € K, set wx = frbk. Then, by (6.50) and
(6.79), we observe that

9
%HfKH%?(K) = (fr, wK)K

= - <Fh(ph)vwl(>y/><y

SH“’KHHI(K) _ Sup <Fh(ph)7v>
vEVL| K, [vlly=1

< Chi || fxlle ) sup <Fh(ph),’l}> 7
vEVR| K, |lv|ly=1 V'xY

V' xy
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so that

hicllflzag <€ s (Falpn)o) o (6:85)
vEVR|K, [vlly=1 V'xy

where V| represents the set of functions v € Y, such that supp(v) C K.
Also, for each e € RY, let we = [Vpy, - v]cbe. Applying (6.51) and (6.79),
we see that

SI1Vp By = (Vo vl
= <Fh(ph)awe> + Z (fKawe)K

KeQ,

< lwellary  sup <Fh(iph)7v> ,
v€Vnlaes llvlly=1 Y'xy

+ Z | fxc |l 2 (k) lwell 2 ()
KeQ,

<lVon Mol s (Rl

vEMla., llvlly=1

- h;/2||fK||Lz<K>},

KeQ,

V' xy

V' xy

so that, using (6.85),

BNV e <€ s (Bun)o) . (6386)
vEDnla., llvlly=1 Y

Applying the same argument with we = (ge — Vpp, -v)be, € € Ep, we can also
prove that

hi/2||ge — Vph V|2 < C sup <Fh(ph),v> ) . (6.87)
veDnla., vlly=1 i
Combining inequalities (6.85)—-(6.87), we obtain
< 3 : .
Rk <C sup <Fh(ph),v>ylxy7 K e Ky, (6.88)

vEYn g, lIvlly=1

Summing over K € K, yields (6.84). Note that, for all v, w € ) with
supp(w) C Qk,
(Vo, Vw) < [[v]l 1 @0 1wl 2 0 -

Using this inequality, Theorem 6.3 finally follows from Theorems 6.1 and 6.2
and inequalities (6.80)—(6.84) and (6.88). O

While we have only analyzed linear problems, the theory presented in
Sect. 6.6.1 is quite general. It can be applied to quasilinear equations of
second-order elliptic type and Navier-Stokes equations (Verfiirth, 1996), for
example.
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6.7 Bibliographical Remarks

The theory and application of the adaptive finite element method has un-
dergone significant advances in the last two decades. Significant advances in
error estimation, data structure development, and adaptive strategies have
been made for stationary (elliptic) and transient (parabolic) problems and
for a certain type of hyperbolic problems. In this chapter, we have briefly
reviewed the basic ideas behind the adaptive finite element method for the
first two types of problems. In fact, over the last two decades, much of the
interest has been concentrated on these two types of problems, and rela-
tively little progress has been made on hyperbolic and advection-dominated
problems. As discussed in the preceding two chapters, for the latter type of
problems special precautions are needed. In this book, we have considered
the discontinuous and characteristic finite element methods for solving them
numerically; see Chaps. 4 and 5. Research into adaptive discontinuous and
characteristic methods is needed. For adaptive techniques for other numerical
methods (e.g., finite difference) for hyperbolic or advection-dominated prob-
lems, the reader can refer to Berger-Oliger (1984), for example. We mention
that adaptive refinement techniques for the standard finite element method
can be extended to the nonconforming and mixed finite element methods in
Chaps. 2 and 3 (see, e.g., Ewing-Wang, 1992; Hoppe-Wohlmuth, 1997; Chen-
Ewing, 2003). The discontinuous finite element method discussed in Chap. 4
is local; namely, functions used in the finite element spaces of this method are
discontinuous across interelement boundaries. The adaptive method should
take advantage of the locality of discontinuous finite elements. Again, much
research is needed.

The content of Sects. 6.1 and 6.2, of Sects. 6.3 and 6.6, and of Sects. 6.4
and 6.5 is based on Oden-Demkowicz (1988), Verfiirth (1996), and Eriksson-
Johnson (1991), respectively. The residual estimator in Sect. 6.3.1 was first
proposed and analyzed by Babuska-Rheinboldt (1978A,B). The estimators
Rbp.m;, Rp Kk, and Ry i in Sect. 6.3.2 were developed by Babuska-Rheinboldt
(1978A), Bernardi et al. (1993), and Bank-Weiser (1985), respectively. The
averaging-based estimator in Sect. 6.3.3 was introduced by Zienkiewicz-
Zhu (1987). For hierarchical basis estimators in Sect. 6.3.4, see Deuflhard
et al. (1989), Bank-Smith (1993), and Verfiirth (1996). Finally, there are
several books on the adaptive finite element method, e.g., Verfiirth (1996),
Ainsworth-Oden (2000), and Bangerth-Rannacher (2003).

6.8 Exercises
6.1. For the example in Fig. 6.2, use the Refinement Rule defined in Sect.

6.1.1 to convert irregular vertices to regular vertices.
6.2. For the problem



6.3.
6.4.

6.5.

6.6.

6.7.
6.8.

6.9.

6.10.

6.11.
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-V -(aVp) = f in Q,
p=0 onIp,

aVp-v =gy on 'y,

derive an inequality similar to (6.12).

Apply (6.13) and (6.14) to derive (6.15) from (6.12).

For problem (6.1), extend the result (6.15) to the case r > 2, where r
is the polynomial degree of the finite element space Vj,.

For the problem

-V (aVp) = f in Q,
p=20 onI'p,

aVp-v =gy on 'y,

define an error estimator and a discrete problem similar to (6.21) and
(6.22), respectively.

Use Figs. 6.7 and 6.9 to show that the respective dimensions of the
discrete problems (6.22), (6.27), and (6.31) are 12, 7, and 4.

Prove inequality (6.38) and equality (6.39).

Show that the bubble functions bx and b, satisfy (6.50) and (6.51),
respectively.

Let By, be given in Example 6.4 and N}, be the set of nodes correspond-
ing to By, i.e., N} = Ny 9. Define

Sp={veEBp:v(x)=0 Vx€N,},

and
b(v,w) = Z v(x)w(x), v, wE S .
XEN,\NG,

Show that (6.53) holds for the bilinear form b(-,-).

Show that the error estimator in Sect. 6.3.1 is efficient according to the
definition given in Sect. 6.3.5.

Consider the estimator Ry i defined in (6.30). Show that if

the triangulation K, is parallel in € C €,
p|Q1 € H3(Ql)7
IV(p — pr)llLz(2,) = Ch, and
lp — pullL2(,) < ChMT for some e >0,
then the error estimator R y i is asymptotically exact in the subdomain
Qli
1/2

Z 7?'?\I,K JIV(P = pu)llLz@,) — Lash — 0.
KCQ,KEKy
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6.12. Consider problem (6.1) with @ = (0,1) x (0,1), 'y = (0,1) x {0} U
(0,1) x {1}, g = 0, and f = 1. The analytical solution is p(z1,x2) =
x1(x1 —1)/2. The partition K}, is constructed as follows: First, € is cut
into m? squares of length h = 1/m, and each square is then divided
into four triangles by drawing the diagonals (cf. Fig. 6.12). Show that
the approximate solution pp, to (6.5) is determined by

p(m) if m is a vertex of a square ,
pr(m) = h?

31 if m is the centroid of a square.

Also, prove that for any square @ disjoint with I'y,

1/2
, 17
Y. Rixp JIVe -l =15

KCQ,KeKy,

where Ry is defined in (6.30).
6.13. Referring to Exercise 6.2, extend the analysis in Sect. 6.6.2 to the prob-

lem
-V -(aVp) = f in Q,

p=0 onI'p,

aVp-v =gy on 'y .



7 Solid Mechanics

7.1 Introduction

Finite element methods have been widely employed to solve problems in solid
mechanics. An important problem in this area involves calculating deforma-
tions and stresses of elastic bodies subject to loads. Elasticity theory has three
ingredients: the kinematics, equilibrium, and material laws.

So far, we have solely considered the application of finite element methods
to single partial differential equations. This and next three chapters present
an application of these methods to a system of partial differential equations.

7.1.1 Kinematics

Suppose that the domain €2 is the reference configuration of a body under
consideration. Initially, the body is in a natural state, which can be described
by a mapping
R:Q—R>.
We write this mapping in the form
R(x) = ID(x) + u(x), x €N, (7.1)

where ID is the identity function and u is the displacement. We often deal
with the case where the displacement is small.
Define the gradient tensor

OR, OR: OR;
(9331 (91‘2 (9£L‘3

ORy ORs ORs
81'1 31’2 31’3 ’

ORs ORs ORs
8331 61‘2 6],‘3

VR =

with R = (R, Ra, R3). If the determinant of VR is positive, i.e.,
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det (VR) >0
the mapping R represents a deformation. The matrix
C=VR’'VR (7.2)

represents a transformation of the body and is termed the Cauchy-Green
strain tensor. Its deviation from the identity is referred to as the strain:

E=-(C-T). (7.3)

DN | =

It follows from (7.1)—(7.3) that

1 /0u ou Oou; Ou;
B =L (9%, Y 19U = 1,2,3.
792 <6xj 8301) Z Oxy, Oz’ bJ 2,3

In linear elasticity the quadratic terms are assumed small and neglected, and
the components of the resulting strain are denoted by

ij = 5 5 ’ = 1727 . A4
€ 2 (8.’BJ + 6.’1%) b 3 (7 )

This quantity (strain) is one of the most important quantities in elasticity
theory.

7.1.2 Equilibrium

Two types of forces are applied to a body: the surface force and the body
force. A typical body force is gravitation, and a force applied by a load on
the surface is a surface force.

We denote the body force by f : Q — IR?, which acts on a volume. A
major axiom in solid mechanics is that, in the equilibrium state of a body, all
forces and moments add to zero. One of the implications of this axiom is that
there is a symmetric tensor o, called the stress tensor, such that (Ciarlet,
1988)

V.-o+f=0, x €. (7.5)

7.1.3 Material Laws

The equilibrium relation (7.5) comprises three equations, and they are not
sufficient to determine the six components of the symmetric stress tensor.
The other three necessary equations arise from constitutive relationships,
i.e., material laws. An important task in solid mechanics is to find these laws,
which show how the deformation of a body depends on material properties
and applied forces.
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A state of deformation in which all the strain components are constant
throughout the body is called a homogeneous deformation. On the other
hand, if the properties of the body are identical in all directions, the material
is termed isotropic. In the case where the displacement is small and the
material is isotropic, the relationship between the stress and deformation
(i.e., the linear Hooke’s law) is

o=2ue+AV-ul, (7.6)

where 4 and A are the Lamé constants. A describes the stress due to the
change in density, and p is the shear modulus of the material.

Equation (7.6) can be also written in terms of the modulus of elastic-
ity (Young modulus) E and the Poisson ratio (contraction ratio) v. These
constants are related to p and A via

E:,u(3)\—|—2u), b A ,
A+ 2(A + )
E E

(1+v)(1-2v) 21+v)

Equations (7.4)—(7.6) constitute the basic laws for a homogeneous, isotropic,
elastic body. They, together with appropriate boundary conditions, are used
to determine the displacement u, the stress o, and the strain e.

Let the boundary I' be decomposed into two parts I'p and 'y, where I'p
is fixed and a surface force g is applied on I'y (cf. Fig. 7.1). That is,

u=20 onIp,
P (7.7)
ov=g on 'y,

where v is the outward unit normal to I'y. If T'p = 0 (respectively, I'y =
(), the boundary value problem is called a pure traction (respectively, pure
displacement) problem.

Fig. 7.1. An illustration of an elastic body 2
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In this chapter, we discuss various finite element methods for solving
equations (7.4)—(7.7). In particular, the methods developed in Chaps. 1-3 are
considered. In Sect. 7.2, we state variational formulations of these equations.
Then, in Sect. 7.3, we describe the conforming, mixed, and nonconforming
finite element methods. Sect. 7.4 is devoted to theoretical considerations.
Finally, in Sect. 7.5, we give bibliographical information.

7.2 Variational Formulations

7.2.1 The Displacement Form
We substitute (7.6) into (7.5) to obtain the Lamé differential equation
—2uV-€(u) —AVV-u=f inQ. (7.8)
Define the space (cf. Sect. 1.2)
V={ve(H'Q)*:v=0onTp}.

Applying Green’s formula (1.19), (7.7) and (7.8) can be rewritten in the
variational formulation (cf. Exercise 7.1): Find u € V such that

2u (e(u),e(v)) + A (V-u,V-v)
(7.9)
:(f,V)+(g,V)FN, VEV,

where

and the tensor product is defined by

3

e(w):e(v) = > ej(u)e;(v) .

ij=1

If the surface I'p has a positive area, system (7.9) can be shown to have a
unique solution (cf. Exercise 7.2). In the case of the pure traction problem,
V is simply (H 1(9))3, and (7.9) is solvable under a compatibility condition
between f and g (Brenner-Scott, 1994). In two dimensions, for example, for
(7.9) to have a solution in the pure traction case, the necessary and sufficient
condition is

(f,v)+(gVv)p=0, vevV,

where

V ={v=b+c(xs,—2,):beR? ccR}.
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7.2.2 The Mixed Form

Equations (7.4)—(7.7) can be also written in a mixed formulation. For this,
define

V= {’T € (H(div,Q))*: 7-v =0 on PN} . W= (12@)°
where we recall that
H(div,Q) = {v e (L*(2)*: V- ve L*(Q)} .

Next, using (7.6), we see that (cf. Exercise 7.3)

011 €11
022 €22
o (7.10)

012 €12

013 €13

023 €23

where

A+ 2u A A 0 O
A A+ 2u A 0 O
B A A A+ 2p 0 0
0 0 0 20 0 0
0 0 0 0 2u O
0 0 0 0 0 2u

Then (7.4)—(7.7) are written in an equivalent mixed formulation (cf. Ex-
ercise 7.4): Find o € (H(div,Q))? and u € W, with o - v = g on 'y, such
that

(B’la',T)—l—(V-T,u):O, TEV,

(V-o,v)=—(f,v), VEW . (7.11)

The analysis of this mixed formulation is similar to that for second-order
differential problems given in Chap. 3.

The displacement formulation is simpler than the mixed one. However,
in real applications, one is mostly interested in calculating directly the stress
with more accuracy. The mixed method is more desirable in this aspect. There
is also a mixed method that involves all three variables u, o, and e, i.e., the
Hu-Washizu mixed method. However, from a computational perspective, this
three variable mixed method is more complex than the two variable mixed
method, so we do not consider it.

For the pure displacement problem, we must modify the definition of the
space V in (7.11) by
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V= {T € (H(div, Q)" : / tr(T) dx = o} , (7.12)
Q
where the trace of a tensor 7 is defined by
tr(T) = T11 + To2 + T33
This can be seen as follows: From (7.4) it follows that
tr(e) =V-u;

consequently, by (7.6) and (1.17), we have
/ tr(o) dx = (2u+ 3)\)/ tr(e) dx = (2p + 3)\)/ V-udx
Q Q Q

:(2N+3)\)/u'ud€:0.
r

7.3 Finite Element Methods

7.3.1 Finite Elements and Locking Effects

For simplicity, let Q2 be a convex polygonal domain, and let K} be a regular
triangulation of €2 into tetrahedra as in Chap. 1. With V being defined as in
Sect. 7.2.1, we define

Vi={veV:vlxe(P(K))? KeckK}.

Now, the finite element method in the displacement formulation can be stated
as follows: Find u; € V}, such that

2u (e(up), €(v)) + A (V- -up,V-v)

(7.13)
:(f,V)—F(g,V)FN, VEVh-

It can be shown that this discrete problem has a unique solution if I'p has
a positive area (cf. Exercise 7.5). For the pure traction problem, Vj, is a

subspace of (H 1(9))3, and f and g must satisfy a compatibility condition, as
noted in Sect. 7.2.1. It can be proven that the following error estimate holds
(cf. Sect. 1.9):

||u — uh||H1(Q) < C(/,L, /\)h||u||Hz(Q) . (714)

For a fixed pair of (i, \), estimate (7.14) gives a satisfactory convergence
result. But the convergence of the finite element solution to the exact solution
is not uniform in A as h — 0. In particular, the performance of the finite
element method deteriorates as A — oo. This phenomenon is known as locking
(Poisson locking or volume locking). There are several approaches to reducing
the effects of locking such as the mixed and nonconforming finite element
methods, which will be discussed in the next two subsections.
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7.3.2 Mixed Finite Elements

In general, it is difficult to find a stable pair of mixed finite element spaces
for elasticity problems. For this reason, in this section, we concentrate on two
dimensions. Even in solving three-dimensional problems, it is often possible
to work in two (or even one) dimensions because the length of a body in one
of the directions is much shorter than that in other directions. Some typical
examples are bars, membranes, beams, plates, and shells. Here we consider a
membrane problem.

Let Q C IR? be a planar domain, and the elasticity body have the form
Qx (—1,1), where [ is a real number. We assume that only external forces are
exerted on this body and that their x3-components vanish. The reduction in
dimension cannot be achieved simply by eliminating the zs-components in
the stress or strain. Here we consider a case where boundary conditions are
enforced at the ends x3 = £[. These boundary conditions imply that the x3-
component of the displacement is zero. Thus we have the plane strain state,
ie.,

62‘]‘({1}1,1‘275(}3) ZEij(l‘l,LL'Q), 7;7 j: 1,2 N
€3j:6j37 j:1,2,3

The corresponding displacements become
ui(x17x27x3):ui(xl7x2)7 i:1727 ’U,3:0.

Then, by (7.6), we see that

(011 + 022) ,

A
BT 90N+ p)

so that o33 can be eliminated. Also, (7.10) reduces to

011 €11
o | =B | € |, (7.15)
012 €12
with
A+ 2p A 0
B= A A+2u 0
0 0 2u

There are not many satisfactory mixed finite elements available for solving
elasticity problems. In this section, we consider the PEERS (plane elasticity
element with reduced symmetry) mixed finite element introduced by Arnold
et al. (1984A). In this element, tensors are not required to be symmetric.
Toward that end, we define the antisymmetric operator

as(t) = M2 — a1, 1€ (L3(Q)77 .
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For simplicity, we introduce the PEERS element for the pure displacement
boundary problem.

The mixed formulation is defined as follows: Find (o, u,~) € (H(div, Q))*x
(L?(92))? x L?(Q) such that

(B'o,7) + (V- 7,u) + (as(1),7) = 0, T € (H(div, Q)
(V-o,v)=—(f,v), v e (L?(Q))?, (7.16)
(as(e),n) =0, ne L2(Q).

Problem (7.16) has a unique solution (Arnold et al., 1984A). In fact, it
can be seen that (7.16) is equivalent to the two-dimensional counterpart of

(7.11) with
L (0w Oum
7= 8:51 8302 '
If o and T are symmetric, system (7.16) becomes (7.11) immediately. The
last equation in system (7.16) is used to enforce symmetry of o.

Let K}j be a triangulation of €2 into triangles as in Chap. 1. Define the
cubic bubble functions (cf. Sect. 6.3.2.1)

B, ={ve H Q) :v|g € P3(K), K € K,
and v|. = 0 on all edges in Kh} .

Let Vj, x W, be the lowest-order Raviart-Thomas mixed element on triangles
(cf. Sect. 3.4); i.e.,

V= {v € H(div, Q) : V‘K (bgx1 + ak,bxxe + ci), K € Kh} ,
W, ={we L*(Q):wlx € Py(K), K € K} .
Also, define the continuous finite element space
A, ={ve H (Q):v|g € PI(K), K € K} ,
and the augmented space

n =V, &rot(By),

ov v
t — ] .
ro ( ) <8$2 8$1)
Now, the mixed finite element method is: Find (o, wn, y1) € (Xn)*x (Wy)%x
Ay, such that

where

(Bilo'ha'r) +(V-7,up) + (as(7), ) = 0, TEC (Xh)2 )
(V-on,v)=—(f,v), ve (Wy)?, (7.17)
(as(ah)7n) =0, neA.
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Again, this system has a unique solution, and the following error estimate
holds (Arnold et al., 1984A):

lo = anllLze) + o —unllLz) + 1V = mlliL2 @) < ChlfllL2@)
where the constant C' depends on the positive upper and lower bounds of
p € [p1, 2] (0 < py < pg), but is independent of A € [0,00). This implies
that method (7.17) is locking-free.

7.3.3 Nonconforming Finite Elements

We consider the nonconforming finite element method for the pure displace-
ment boundary problem. For this problem, we define

V={ve(HQ)?:v=0onT}.
With this space, formulation (7.13) becomes: Find u € V such that
pw(Va,Vv) 4+ (p+ ) (V-u,V-v)=(f,v), veV. (7.18)

Equation (7.18) has a unique solution (cf. Sect. 7.4).

7.3.3.1 Nonconforming Finite Elements on Triangles

For a convex polygonal domain €2, let K} be a regular triangulation of €2 into
triangles as in Chap. 1. Define the finite element space on triangles (cf. Sect.
2.1.1)
V,={ve (L2(Q))2 : V| is linear, K € Kp; v is continuous
at the midpoints of interior edges and

is zero at the midpoints of edges on I'} .

Then the nonconforming finite element method in the displacement formula-
tion is: Find uy € Vj, such that

Vu,, Vv AN (V-u,,V-v
K;q {1 (Vup, Vv) e + (n+A) (V- uy, i} (719)
= (f,v), vev,.

The analysis of this discrete problem will be given in the next section. Par-
ticularly, problem (7.19) possesses a unique solution, and the following error
estimate holds:

[u = unlle () + Allu = un g ) < CR?|[f|lL2(o) (7.20)

where again the constant C' depends on 1 and peo, but is independent of
A € [0,00). Thus this method is also locking-free.
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7.3.3.2 Nonconforming Finite Elements on Rectangles

Consider the case where ) is a rectangular domain and K} is a regular
partition of €2 into rectangles such that the horizontal and vertical edges of
rectangles are parallel to the z;- and x2-coordinate axes, respectively. Define
the nonconforming finite element space on rectangles (cf. Sect. 2.1.2)

9 . . . .

Vi ={v e (L*(Q)": vilx = a +afla1 + afws + af (aF - a3)
1 =1,2, ail’(j € R, K € Ky; v is continuous
at the midpoints of interior edges and is

zero at the midpoints of edges on I'} .

The degrees of freedom in V, are defined in terms of nodal values. They can
also use mean values over edges, as in Sect. 2.1.2. With this space, the non-
conforming method can be defined as in (7.19), and estimate (7.20) remains
true (Chen et al., 2004A).

7.4 Theoretical Considerations

As an example, we give an analysis for the nonconforming finite element
method for the pure displacement problem.
Recall the space

V={ve(H'(Q)?:v=0onT},
and the bilinear form a(-,-) : V.xV — R
a(v,w) =p(Vv,Vw) + (u+ A (V-v,V-w), v, WEV.
Then (7.18) becomes: Find u € V such that
a(u,v) = (f,v), veV. (7.21)
Note that a(:,-) is symmetric. Also, it is bounded:
la(v, w)| < C(p, N[Vl @) W]l @), v, weV.
Using Poincaré’s inequality (1.36), we easily see that
a(v,v) 2 C(p, DIvlar), veV;

ie., a(-,-) is V-coercive. Applying these three properties, it follows from
the Lax-Milgram Lemma (Theorem 1.1) that problem (7.21) (i.e., (7.18))
has a unique solution. Moreover, the following elliptic regularity result holds
(Brenner-Scott, 1994):
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[ullmz(@) + AV - ullmi ) < CllfllLz @) (7.22)

where the positive constant C' is independent of (u, A) € [u1, ua] x (0, 00).
To analyze problem (7.19), we define the mesh-dependent bilinear form
ah(-, ) :Vy, xV,—-1R

ap(v,w) = Z {p(Vv, VW) e+ +A) (V-v, VW) },
KeKy
v, we V.

Then (7.19) is replaced with: Find u, € V}, such that

ap(up,v) = (f,v), vevVy,. (7.23)
Introduce the nonconforming energy norm || - ||, on V, U (H{ (Q))2
IVln = Van(v,v),  veV,U(HID). (7.24)
It is obvious that
I9vle@ < i Plvin. ve ViU (HS@)T . (725)

where (here and below) any differential operator on Vy, is defined element-by-

element. Also, we define an interpolation operator ITj, : (H2 (Q))2 NV =V,
by

/Hhv dt = /v dt, ve (H2(Q))2 nv, (7.26)

where e is any edge in the partition K. By (7.26) and Green’s formula (1.19),
we see that

/Vo(Hhv)dx:/V~vdx VK € K, .
K K

Consequently, by the definition of V in Sect. 7.3.3.1, we have
1
V-(Hhv):—/v-vdx VK € K}, , (7.27)
K| Jx

where |K| denotes the area of the triangle K. It can be shown that the
operator II; has the approximation property (cf. Sect. 1.9)

||lv — HhVHL2(Q) +h|V(v - Hhv)||L2(Q) < Ch2|V|H2(Q) , (7.28)

where | - |g2(q) is the semi-norm of H?((2).
The proof of the next lemma is exactly the same as that of Lemma 2.1.

Lemma 7.1. Let u and uy, be the respective solutions to (7.21) and (7.23).
Then it holds that
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lan(u, v) — (£, V)]

lu—up|lp < inf lu—v|r+ sup
VEVy veVi\{0} HV”h

We also need the next result, which can be found in Arnold et al. (1988).

Lemma 7.2. There exists a constant C(Q) > 0 such that for any g €

H2(Q) N HL(Q))?, there is u; € (H2(Q N H(Q) ® satisfying
0 0
V'U1=V'g,

and
[uillmz) < CQ)V - gllai @) -

Theorem 7.3. Let u and uy, be the respective solutions to (7.21) and (7.23).
Then there is a constant C' > 0, independent of h and of (1, A) € [u1, pa] X

(0,00), such that
u —upfln < Chlf[l2 () -

Proof. By the definition of a,(-,-) and (7.21), we have

an(u,v) — (£,v) = p (

KeKy

x(Z /V-uV-vdx—i—/V(V-u)-vdx
Kek, 'K @

Z /Vu:Vvdx+/Au~vdx>+(u+)\)
K Q

) .(7.29)

Applying a homogeneity argument (cf. Sect. 1.9) and the Bramble-Hilbert

Lemma (Lemma 1.4), we have

Z /Vu:Vvdx+/Au-vdx
K Q

KeKy

< Chlulmgz)[|VVLe ()

and

Z /V-uV-de+/V(V~u)-vdx
K Q

‘KEK;L

< Ch\V . u|H1(Q)HvV||L2(Q) .
Consequently, by (7.22), (7.25), and (7.29)—(7.31), we get

lap (u,v) — (£,v)]

< Ch (1 ulgge gy + (1 + N |V -l ) ) 19V e
< Chfllpe oy VI, -

(7.30)

(7.31)

(7.32)
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Next, by (7.24) and the definition of ap(-,-), we have

inf — < —1II
Jnf Jja = vl < |ju~ Thpul,

12 (7.33)
_ (u|v<u— ) 22 ) + (14 ) [V <u—nhu>||12<m) |

From Lemma 7.2, there is a u; € (H*(Q) N H} (Q))2 such that
V-uyy=V-u, (7.34)

and
[u1llg20) < CIV-ullgiq) - (7.35)

Hence it follows from (7.22) and (7.35) that

C
[tz (o) < T+ 1£llL2 () - (7.36)

Also, by (7.27) and (7.34), we observe that
V. (ILu) = V- () . (7.37)
Thus, using (7.34) and (7.37), we have
IV 1=V ()l ey = IV w1 = V- (u)lpoy - (739)
Now, by (7.22), (7.28), (7.33), (7.36), and (7.38), we obtain

inf [lu—v], <Ch|f : :
Jof Ju—vll), < ChlfllLz @) (7.39)

Finally, we apply (7.32) and (7.39) in Lemma 7.1 to yield the desired result.
([

We now apply a duality argument to the derivation of an error estimate
in the L%-norm (cf. Sect. 2.4).

Theorem 7.4. Let ) be convex, and u and uy, be the respective solutions to
(7.21) and (7.23). Then there exists a constant C > 0, independent of h and
of (1, A) € [p1, p2] x (0,00), such that

u = unllL2 ) < CP?|f||Le (@) -
Proof. Tt follows from duality that

Ju—uallpzey = sup ALY (7.40)

ve(L2(Q))2\{0} ||V||L2(Q)

For a fixed v € (L2(2))*\{0}, let p € (H2(Q) N HZ (%)) satisty
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—pAp — (p+NV(V-p)=v  inQ, (7.41)

and let p, € V}, be the corresponding nonconforming finite element solution
of
ap(Pr,w) = (v, w) Yw € Vy, . (7.42)

Using (7.22), we see that
IpllE2(0) + AV - Plla(0) < CllvlLz@) - (7.43)
Also, it follows from Theorem 7.3 that

[P = Prln < Chv[L2(o) - (7.44)
By (7.23), (7.42), and Cauchy’s inequality (1.10), we get
[(u—up,v)|
= lan(p,u) — an(pPn, un)|
= lan(p — Pr,u — Ipu) + an(p — pr, pu) (7.45)
+an(pr — pp,u —up) + ap(Ipp, u — uy)|
< |lp = pally [lu = pull, + lpr = T, [u = s,
+lan(P — pr, Mpw)| + |an (ILp,u —uy)|
Using Theorem 7.3, (7.43), (7.44), and the same argument as for (7.39), we

have

[P~ Pl o~ Tyl + [pn —TLpll, u — il
(7.46)
< CR?||vL2ollifllLe (o) -

Next, by a homogeneity argument and the Bramble-Hilbert Lemma (Lemma
1.4), we see that

Z /Vth:Vudx+ Z /th-Audx
K K

‘KEKh KeKy,

(7.47)
< Ch?|plazo) [ulmz(o)
and
> /V~(th)V-udx+ > /th-V(V~v)dx‘
Kek, 'K Kek, 'K (7.48)

< Ch?|pluz(o)|V - ulg(q) -
Combining (7.47) and (7.48) gives

lan(TTpp, u — uy)| = |ap(I1Lp,u) — (f,I1;,p)|
< Ch?|plaz(o) (Lhulaz) + (L + NIV -ullgie)
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so that, by (7.22) and (7.43),
jan (Tp, u = up)| < Ch2 [|V]|p2 ) IflL2o) - (7.49)
Similarly, we can show that

|an(p — pr, Tpu)| = |an(p, TTyu) — (v, )|

(7.50)
< CR2 |Vllgaay IElleaqe -

Substituting (7.46), (7.49), and (7.50) into (7.45) yields
[(u—up, v)| < CR?|[V]L2 () fllezco)

which, together with (7.40), implies the desired result. O

Estimate (7.20) follows from Theorems 7.3 and 7.4. Also, the analysis
in this subsection applies to the nonconforming finite element on rectangles
discussed in Sect. 7.3.3.2 (Chen et al., 2004A).

7.5 Bibliographical Remarks

Sections 7.1 and 7.2 contain a very compact introduction to linear elasticity.
For more details, see Ciarlet (1988) and Braess (1997). For the analysis of
the PEERS mixed finite element discussed in Sect. 7.3.2, see Arnold et al.
(1984A). Finally, the theoretical considerations outlined in Sect. 7.4 follow
Brenner-Scott (1994).

7.6 Exercises

7.1. Derive (7.9) from (7.7) and (7.8) in detail.

7.2. Show that if the surface I'p has a positive area, system (7.9) has a unique
solution. (If necessary, see Sect. 1.3.1.)

7.3. Prove (7.10).

7.4. Derive (7.11) from (7.4)—(7.7) (cf. Sect. 7.2.2).

7.5. Show that if the surface I'p has a positive area, the discrete problem
(7.13) has a unique solution. (If necessary, see Sect. 1.3.2.)

7.6. We consider another two-dimensional version of the elastic model given
in (7.4)(7.7). Let Q C IR? be a planar domain, the elasticity body have
the form Q x (—I,1), where [ is a small real number, and f3 = g3 = 0.
This problem corresponds to a thin elastic plate with a middle surface 2
subject to planar loads only (no transversal loads). Assuming a planar
stress state (i.e., o;3 = 0, ¢ = 1,2,3), show that (7.4)—(7.7) in this case
become
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Fig. 7.2. An example of the computed displacements

1 8u1 87.Lj ..
ij = 5 ) ; = 1727 Q2 )
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>\ 9oy
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- aiL'j
Jj=1

045 = QNEU(U) + 5\(ell(u) + 622(11))51']', iv .7 = 17 27 X & Q B

ulquZO, XGFD,

2

Zaijyj:gia 7;:1’27X€1—‘N7
=1

where f; and g; are given forces and

- FEv
A= T2
Write down a variational formulation of this problem in the displacement
form, and formulate the corresponding conforming and nonconforming
finite element methods using linear displacements on triangles (cf. Sects.
7.3.1 and 7.3.3). A numerical example of the computed displacements
using the conforming method is displayed in Fig. 7.2 for a thin plate
fixed at both ends and subject to a distributed load as shown. The
Young modulus F differs in the upper and lower halfs of the plate, with
FE larger in the lower half.
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8.1 Introduction

The motion of a continuous medium is governed by the fundamental princi-
ples of classical mechanics and thermodynamics for the conservation of mass,
momentum, and energy. In particular, the application of the first two princi-
ples in a frame of reference leads to the following differential equations:

a .
S W+ V- (puu—0) = £,

where p, u, and o are, respectively, the density, velocity, and stress tensor of
the continuous medium, and f is the force (per unit volume). These equations
are in divergence form. Their nondivergence form is (cf. Exercise 8.1)

D

—p+pV~u:O,

Du (8.
- _V-o=f

"Dt Ve ’

where the material derivative is defined by

D 0
Dt ot +u-V.

These equations are based on the Eulerian approach for the description of
continuum motion; i.e., the characteristic properties of the medium (p, u, o)
are treated as functions of time and space in the frame of reference. An alter-
native description is through the Lagrangian approach where the dependent
variables are the characteristic properties of material particles that are fol-
lowed in their motion; i.e., these properties are the functions of time and
parameters used to identify the particles such as the particle coordinates at
a fixed initial time. This approach, or more precisely the mixed Lagrangian-
Eulerian approach, is mostly interesting for problems involving different me-
dia with interfaces. It is not as widely used in fluid mechanics as the Eulerian
approach and thus is not presented.
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The basic unknowns in (8.1) or (8.2) are (p,u). A constitutive relation-
ship is needed for the stress tensor o as in the preceding chapter. A fluid is
Newtonian if its stress tensor is a linear function of the velocity gradient. For
this type of fluid, the Newton law (or Navier-Stokes law) applies:

o=—pl+7, 7=pVu+ (Vu)')+ AV ul, (8.3)

where p and 7 are the pressure and viscous stress tensor, and g and A\ are
the viscosity coefficients. Note that the second equation has the same form
as (7.6).

We substitute (8.3) into the second (momentum) equation in (8.2) to
obtain

D
pﬁ?+Vp:uAu+(u+)\)V(V-u)+f
+ V-uVA+ V- (Vu+ (Vu)?) . (8.4)

In general, the viscosity coefficients depend on temperature; in the present
case where the temperature is fixed, they are constant. Consequently, (8.4)

becomes
Du

"Dt
An incompressible flow is characterized by the condition

+Vp=pAu+ (p+A)V(V-u) +f. (8.5)

Vou=0. (8.6)
Using (8.6), the first (mass conservation) equation in (8.2) becomes

Dp
— =0. 8.7
Dt (8.7)
This equation implies that the density is constant along a fluid particle trajec-
tory. In most cases, we can assume that p is constant so that (8.7) is satisfied
everywhere.

Under condition (8.6), the momentum (8.5) becomes

p<gltl+(u~V)u)+VpuAuf. (8.8)
This equation is known as the Navier-Stokes equation. In the incompressible
case, the unknown variables are the pressure and velocity field. They can
be determined from (8.6) and (8.8). The Navier-Stokes equation can be also
presented in the stream-function vorticity formulation, which is not discussed
in this chapter.

We observe that the Navier-Stokes equation is nonlinear. If we neglect the
nonlinear term, we derive the Stokes equation

ou

- +Vp—pAu=f~. (8.9)
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Strictly speaking, the Stokes equation is valid only for a viscous Newtonian
fluid over a limited range of flow rates where turbulence, inertial, and other
high velocity effects are negligible. As the flow velocity is increased, deviations
from the Stokes flow are observed. The generally accepted explanation is that,
as the velocity is increased, deviations are due to inertial effects first, followed
later by turbulent effects. Such a phenomenon can be characterized by the
well known Reynolds number that expresses the ratio between the inertial
force and the viscous (frictional) force and can be defined, for example, by

Re — Lu ’
I

where L and u* are some reference length and velocity of a medium, respec-
tively. This number can be used as a criterion to distinguish between laminar
flow occurring at low velocities and turbulent flow. The critical number Re
between these two types of flows in pipes is about 2,100, for example. In
this chapter, we consider a low velocity flow of an incompressible Newtonian
fluid. Especially, we concentrate on the Stokes equation and make remarks on
the extension of the presentation and analysis to the Navier-Stokes equation.
Turbulent flow is beyond the scope of this chapter.

In Sect. 8.2, we introduce variational formulations of the Stokes equation.
Then, in Sect. 8.3, we develop the conforming, mixed, and nonconforming
finite element methods. In Sect. 8.4, we remark on an extension to the Navier-
Stokes equation. Section 8.5 is devoted to theoretical considerations. Finally,
in Sect. 8.6, we give bibliographical information.

8.2 Variational Formulations

8.2.1 The Galerkin Approach

We recall the stationary Stokes equation, together with a boundary condition,
in a domain Q C IR?:

—pAu+Vp=f£f in Q,
V-u=0 in Q, (8.10)
u=20 onI',

where T' is the boundary of 2. The boundary condition in (8.10) is often
called the no-slip condition. We write (8.10) in a variational formulation. For
this, define

V:{VG(Hé(Q))gzv-v:OinQ}.

Then, using Green’s formula (1.19), we are led to the variational formulation
of (8.10): Find u € V such that



324 8 Fluid Mechanics
w(Vu,vv) = (f,v), veVvV. (8.11)

It can be checked that (8.11) has a unique solution u € V (cf. Exercise 8.3).
Note that the pressure p disappears in (8.11), which stems from the fact that
we are working with the space V of velocities that satisfy the incompressibility
condition.

8.2.2 The Mixed Formulation

As we will see in the next section, problem (8.10) can be solved more appro-
priately by the mixed finite element method studied in Chap. 3. Note that
(8.10) determines the pressure p only up to an additive constant, which is
usually fixed by enforcing the integral condition

/pdx:O.
Q

V= (H(Q), W:{wELQ(Q):/dex:O} .

We introduce the spaces

As in Chap. 3 (cf. Exercise 8.4), problem (8.10) can be now written in a
mixed formulation: Find u € V and p € W such that

p(Va,Vv) — (V- -v,p) = (f,v), vev,
(8.12)
(V-u,w)=0, weW.

System (8.12) can be shown to have a unique solution (u,p) € V x W
(cf. Sect. 8.5). Moreover, this problem satisfies an inf-sup condition similar
to (3.30) (cf. (8.25)):

inf sup b(v, w)

>b,>0.
weW vev [|[V][a (@) lwlrz(o)

8.3 Finite Element Methods

8.3.1 Galerkin Finite Elements

To introduce a finite element method based on (8.11), we need to construct
a finite element space V) that is a subspace of the space V defined in
Sect. 8.2.1. This is not an easy task because the elements v in Vj, have
to satisfy the condition V - v = 0, i.e., the divergence free condition. For
simplicity, let Q2 be a convex polygonal domain in the plane. It follows from a
theorem in the advanced calculus that if 2 does not contain any “holes”; i.e.,
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if Q is simply connected, then V - v = 0 if and only if there exists a function
w € H%(Q) such that (Kaplan, 1991)

verotw= 2% _ow
o - 89327 8x1 '

More precisely, it holds that
v € Vif and only if v =rot w, w € H3(Q). (8.13)

The function w is called the stream function associated with the velocity v.
Let K}, be a regular triangulation of €2 into triangles as in Chap. 1. Define

Wy, = {w e HJ(Q) : w|g € P5(K), K € K} .

As discussed in Example 1.5 in Chap. 1, because the first partial derivatives
of functions in W), are required to be continuous on §2, there are at least six
degrees of freedom on each interior edge in Kj. Thus the polynomial degree
of the finite element space W}, must be at least five. Each function in W), is
in C1(Q) (cf. Exercise 1.17). Now, set

Vy={veV:v=rotw, weW,}.
The Galerkin finite element method for (8.10) reads: Find up, € Vy, such that
w(Vuay, Vv) = (f,v), vevVy,. (8.14)

It possesses a unique solution (cf. Exercise 8.5). Furthermore, we have the
error estimate (Ciarlet, 1978)

||u — uhHHl(Q) < Ch4|u|H5(Q) .

Note that the elements in 'V} must satisfy the incompressibility condition
exactly. To be able to satisfy this condition, we use the space W}, that consists
of piecewise polynomials of degree five. To utilize a finite element space of
polynomials of lower degree, we will employ the mixed and nonconforming
finite element methods introduced in the next two subsections.

8.3.2 Mixed Finite Elements

We now construct the mixed finite element method based on (8.12). For
the Stokes problem, the velocity has a derivative of higher order than the
pressure. This suggests the rule of thumb that the degree of the piecewise
polynomials used to approximate the velocity should be higher than that of
the polynomials for the pressure. However, it is known that this rule does
not suffice to guarantee stability, and the spaces V; and W) have to be
constructed very carefully. In this section, we state a couple of mixed finite
elements that satisfy the discrete inf-sup condition (cf. (8.35)):

b
inf sup (v, w) > by >0,
weWn vev, [|V[ar @) llwllz2)

where b, is independent of h.
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8.3.2.1 Example One

Let K} be a regular triangulation of ) into triangles. Define
Vi = {ve (HQ) vk € (PAK)), K €K},
W, ={weW: :wlk € P(K), KeKp} .

Then the mixed finite element method for (8.10) is: Find u, € V; and
pn € Wj, such that

w(Vuy, Vv) — (V- v,py) = (f,v), v eEVy,
(8.15)
(v'uhvw):07 we Wy .

System (8.15) has a unique solution (cf. Sect. 8.5). Moreover, if  is convex,
the solution satisfies (Girault-Raviart, 1981)

[u—upllLz2) < CR? (ullaz) + Iplla @)
lp — pullr2o) < Ch(ullaz) + Iplla @) -
8.3.2.2 Example Two

The second example is the so-called MINT element (Arnold et al., 1984B). To
introduce this element, let A1, Ay, and A3 be the barycentric coordinates of

a triangle (they are x1, xa, and 1 — x1 — x2 in the unit triangle with vertices
(0,0), (1,0), and (0,1); see Sect. 1.4). Define

By, ={ve H Q) vk €span{\i s}, K € K} };

that is, By is the space of cubic bubble functions (cf. Sect. 6.3.2.1). Now,
define the spaces

V, = {v € (HYQ)? : vk € (PL(K))?, K € Kh}@(Bh)2 ,
Wh:{wEWﬂHl(Q):w|K€P1(K)7 KEKh} .

With these choices, the mixed method can be defined as in (8.15). Moreover,
if Q is convex, the mixed finite element solution satisfies (cf. Sect. 8.5)

[u =Lz + lIp = prllz@
(8.16)
< Ch? (Jallm2o) + Iplla2@) -

8.3.3 Nonconforming Finite Elements

We now develop the nonconforming finite element method discussed in
Chap. 2 for the solution of (8.10).



8.3 Finite Element Methods 327
8.3.3.1 Nonconforming Finite Elements on Triangles

The variational formulation is defined as in (8.11). For a convex polygonal
domain (Q, let K} be a regular triangulation of 2 into triangles as in Chap.
1. Define the finite element space on triangles (cf. Sect. 2.1.1)

V,={ve (LQ(Q))2 : V| is linear, K € Kj; v is continuous
at the midpoints of interior edges and

is zero at the midpoints of edges on T’

V-v=0onal K € K} .

Namely, all the functions in Vj, are the nonconforming P;-elements that are
divergence-free on each triangle K € Kj. The nonconforming method for
(8.10) is: Find uy, € Vy, such that

© Z (Vup, Vv) . = (f,v), veVy. (8.17)
KeKy

Existence and uniqueness of a solution to this problem can be shown exactly
in the same way as for (2.3) in Sect. 2.1.1 (cf. Exercise 8.6). Furthermore, it
can be proven in the same manner as in Sect. 2.4.2 that (Crouzeix-Raviart,
1973)

||11 — uh||L2(Q) + h||u — uh||h < Ch2 (|u|H2(Q) + |p‘H1(Q)) s (818)
where
HV”h = a’h(vvv)a
1 2
an(v,v) =u Z (Vv,VV) g, veV,U(HY(Q) .
KeKy,

A basis in Vj, can be constructed as follows: By the divergence formula
(1.17), we see that

3
0:/V~vdx:/ v~ud€:2v~v(m§()|ei|, KeKy,, (819
K oK

=1

where e; is an edge of K, m% is the midpoint of e;, |e;| represents the length
of e;, and v is the outward unit normal to K. The basis functions must
satisfy property (8.19).

Let e be an edge in K},. Denote by ¢, the piecewise linear function defined
on K, that is one at the midpoint of e and zero at the midpoints of all other
edges in K}, (cf. Sect. 2.1.1). Define ¢, = @ct., where e is an internal edge of
K}, and t. is a unit vector tangential to e. This basis function satisfies (8.19).
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Fig. 8.1. An illustration of the normal direction on triangles

Let m be an internal vertex and let e, es,...,e; be the edges in K} that
have m as a common vertex. Define

where v,, is a unit vector normal to e; pointing in the counterclockwise
direction (cf. Fig. 8.1). Again, this function satisfies (8.19). It can be shown
that a basis for V}, is given by the union of the two sets (cf. Exercise 8.7)

{p, : e is an internal edge in K}

and
{¢, : m is an internal vertex in K} .

8.3.3.2 Nonconforming Finite Elements on Rectangles

We now consider the case where € is a rectangular domain and K} is a regular
partition of € into rectangles such that the horizontal and vertical edges of
rectangles are parallel to the z1- and xs-coordinate axes, respectively. Define
the nonconforming finite element space on rectangles (cf. Sect. 2.1.2)

) o . .
Vi= {V € (L2 ()" s vilx = af + alz1 + afws + ay (2F - 23),

i=1,2, aé’(j € IR; if K; and K share an

edge e, then /v|3K1 dl = /v|3K2 de;

€ €

/ vedé—O;V'v—OonallKeKh}.
enIl

That is, V}, is the nonconforming finite element space of rotated Q1 functions
that are divergence-free locally. With this space, the nonconforming method
can be defined as in (8.17), and estimate (8.18) is satisfied.
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A basis in V, can be constructed similarly. By (1.17), we see that

4
OZ/V-de:/ V~Vd€:Z/v-Vd€, KeKy. (8.20)
K oK i=1"v€i

The first kind of basis functions are associated with internal edges as in
Sect. 8.3.3.1. Let e be an edge in K},. Denote by ¢, the piecewise rotated Q1
function defined on K} such that the mean value of its integral on e equals
one and it is zero on all other edges in K}, (cf. Sect. 2.1.2). Define ¢, = @.t.,
where e is an internal edge of K} and t. is a unit vector tangential to e. This
basis function satisfies (8.20).

The second kind of basis functions are associated with internal vertices.
Let m be an internal vertex and let ey, es, €3, and e4 be the edges in K that
have m as a common vertex. Define

24 ¥
e;
Som = llei ’
. |€i
i=1

where v,, is a unit vector normal to e; pointing in the counterclockwise di-
rection (cf. Fig. 8.2). Again, this function satisfies (8.20). The basis functions
for V, consist of these two kinds of functions.

Fig. 8.2. An illustration of the normal direction on rectangles

8.4 The Navier-Stokes Equation

We make remarks on extensions of the development in the previous two sec-
tions to the Navier-Stokes equation

—pAu+ (u-Vu+Vp=f in Q,
V-u=0 in 2, (8.21)

u=20 onl'.
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We introduce the trilinear form
a(wi;u,v) = ((w-V)u,v) .

Then, in the same fashion as for (8.12), (8.21) can be recast in the mixed
formulation: Find u € V and p € W such that

a(wu,v)+ p(Vu,Vv) — (V- -v,p) = (f,v), veV,
(8.22)
(V'U,U)):O, wéW,

where the spaces V and W are defined as in Sect. 8.2.2. System (8.22) can be
shown to possess at least a solution u € V and p € W. A proof of uniqueness
of the solution requires some strong conditions on the trilinear form a, the
function f, and the viscosity p (Girault-Raviart, 1981).

With an appropriate choice of the mixed finite element spaces Vj, and
W;, as in Sect. 8.3.2, the mixed finite element method for the Navier-Stokes
problem is: Find u, € V and p, € W}, such that

a (up;up, v) + p (Vug, Vv)
—(V-v,pp) = (£,v), vevVy,, (8.23)
(V-u;“w):O, w e Wy .

Again, under suitable conditions, problem (8.23) has a unique solution
(Girault-Raviart, 1981). Note that (8.23) is a nonlinear system and can be
solved using the solution techniques discussed in Sect. 1.8 such as the lin-
earization and Newton methods.

8.5 Theoretical Considerations

As an example, we present an analysis for the mixed finite element method for
the Stokes problem (8.10). We prove that the general theory for this method
discussed in Sect. 3.8 applies.

We recall the spaces

V= (H(Q), W:{weL2(Q);/dex:o} .

We also introduce the bilinear forms a(-,-) : VXV — R and b(-,-) : VxW —

IR as
a(v,w) = p(Vv,Vw), v, weV,

b(v,w) =—(V-v,w), veV,weW.
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Then (8.12) is rewritten: Find u € V and p € W such that

a(u,v) +b(v,p) = (f,v), vev,

(8.24)
b(u, w) =0, weWw.
To apply the general theory in Sect. 3.8, set
Z={veV:bv,u)=0 YweW}.
By Poincaré’s inequality (1.36), we see that |v|g1q) = y/a(v,v) is a norm

on V. Hence the bilinear form a(-,-) is V-elliptic (thus Z-elliptic). It remains
to verify an inf-sup condition similar (3.67) for the bilinear form b(-, ).

The next lemma is similar to Lemma 7.2. Its proof can be found in Arnold
et al. (1988).

Lemma 8.1. There ezists a constant C(Q) > 0 such that for any g € L*(Q),
there is v € (H' (Q))2 satisfying
Vev=g,
and
[Vlla ) < C(Q)gll20) -
In addition, if g € W, v can be chosen in (H} (Q))2
Theorem 8.2. The bilinear form b(-,-) satisfies

b
inf su (v, w) > b, (8.25)
weW vev [[V][a (@ llwlz2(0)

where by, > 0 is a constant; i.e., the inf-sup condition holds.

Proof. For w € W, it follows from Lemma 8.1 that there exists v € (H} (Q))2

such that V-v = —w and

[Vl ) < C(Q)[|wlz2(q) -

Then we see that

bv,w) _ bv,w)

C) w2 :C(Q)HwHLz(Q) a ||VHH1(Q) ,

which implies (8.25) with b, = C(©2). O

It follows from this theorem that Theorem 3.2 applies, and thus (8.24)
(or (8.12)) has a unique solution.

Let Vj, and W}, be defined as in Example 2 in Sect. 8.3.2.2 (i.e., the MINI
element). The discrete counterpart of (8.24) is: Find u;, € Vj, and p, € W),
such that
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a(up,v) +b(v,pn) = (f,v), veVy,,

b(up,w) =0, w e Wy,

(8.26)

which is (8.15). For the Stokes problem, we show that Theorem 3.6 applies.

Theorem 8.3. Assume that Kj is a quasi-uniform triangulation of
(¢f. (1.78)). For the MINI element, there exists a projection operator Iy :

V — Vy, such that
b(v—IIpv,w) =0 Yw € Wy, .

Moreover, we have
TVl < Clvlim )

where the constant C' is independent of h.

Proof. Let

m:.v - {v € (H (2)” : vk € (PU(K))?, K € Kh}

be the standard L2-projection, with the following properties:

1T, v 11 0) < Clvila ),

and
v = I, v]lL2 ) < ChlIv|ai (o) -

Also, define TI2 : (L2(02))* — (By)? by
/ (v-Iv) dx=0, KEeKy.
K

The projection operator IT? is bounded in the L?-norm:
T v |z () < CllvilLe) -
Now, for v € V, we define
II,v = H;llv + H,Zl(v - H;llv) .

Then it follows from (8.31) that

[ (v—Tv)dx = [, (I-1I3) (v—-II}v) dx =0,

KeKy,

(8.27)

(8.28)

(8.29)

(8.30)

(8.31)

(8.32)

(8.33)

(8.34)

where I is the identity operator. Because a function w in W), is continuous
and Vw is piecewise constant, it follows from Green’s formula (1.19) and

(8.34) that
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which implies (8.27). Next, it follows from (8.29), (8.30), (8.32), (8.33), and
an inverse inequality (cf. (1.139)) that
1TV [lE ) < 1TV e @) + T (v =I5, V) (o)
< C([[vlle ) + A HIIE (v = T V)2 (o))
<O (Ivllm @ + 27 Hv = TGV 9)
< Clvllae)
which yields (8.28). O

Using Theorems 8.2 and 8.3, Theorems 3.2 and 3.6 apply. In particular,
the discrete inf-sup condition holds:

b
inf  sup (v, w) > b, >0, (8.35)
weWn vev, ||V @ llwllzz(o)

where b, is independent of h, and Theorem 3.4 implies that (8.26) (and thus
(8.15)) has a unique solution. Also, applying Theorems 8.2 and 8.3, the error
estimate (8.16) can be shown as in Sect. 3.8.5 (Arnold et al., 1984B).

8.6 Bibliographical Remarks

For more details on the mixed finite element method for the Stokes and
Navier-Stokes equations considered in Sects. 8.3.2 and 8.4, the reader should
refer to Girault-Raviart (1981). For the nonconforming finite element method
on triangles for the Stokes problem described in Sect. 8.3.3.1, see Crouzeix-
Raviart (1973); for the corresponding method on rectangles in Sect. 8.3.3.2,
see Rannacher-Turek (1992). The proof of Theorem 8.3 follows Braess (1997).
The book by Glowinski (2003) gives a thorough treatment of the Navier-
Stokes equation.

8.7 Exercises

8.1. Defining the material derivative

D 0
E—E—FU'V,

derive (8.2) from (8.1) in detail.
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8.2.

8.3.
8.4.
8.5.
8.6.

8.7.

8.8.

8.9.

8 Fluid Mechanics

Prove that the Stokes equation (8.10) in a simply connected domain
Q C IR? can be written as the biharmonic problem (1.57) by introducing
a suitable stream function as an unknown.
Show that problem (8.11) has a unique solution u € V (cf. Sect. 1.9).
Derive (8.12) from (8.10) in detail.
Show that the discrete problem (8.14) has a unique solution up € Vy,
(cf. Sect. 1.9).
With the nonconforming finite element space V, defined in Sect. 8.3.3.1
or Sect. 8.3.3.2, show that problem (8.17) possesses a unique solution
u, € V.
Let Vj be the Pj-nonconforming finite element space defined in
Sect. 8.3.3.1. Prove that a basis for V}, is given by the union of the
two sets

{p, : e is an internal edge in Kj}

and
{pm : m is an internal vertex in K} ,

where the functions ¢, and ¢, are defined as in Sect. 8.3.3.1.
Formulate a Stokes problem with a suitable right-hand side to prove that
for every function g € L?(Q), there is u € H}(Q) such that

Veiu=g and  ufme) < Cllgllzz)

where C' is independent of g.
In this chapter, we have developed the finite element methods only for
the stationary Stokes and Navier-Stokes equations. The corresponding

Ty s

-

Fig. 8.3. A numerical cavity problem
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transient equations can be treated using the techniques of this chap-
ter with those in Sect. 1.7. As an example, develop the nonconforming
finite element method discussed in Sect. 8.3.3.1, with the backward Euler
scheme (cf. Sect. 1.7) for the time derivative, for the transient Navier-
Stokes equation

%—?—pAu—l—(u-V)u—&-Vp:O in Q,
V-u=0 in Q,
u-v=u-t=90 on I,
u(x,0) =ug in Q,

where Q ¢ IR%. A numerical cavity problem is presented in Fig. 8.3. The
initial velocity ug is zero, the inlet velocity is one, and the viscosity p
equals 1073, An example of the computed velocities after 10 time steps is
given in this figure on a 20 x 10 grid (triangles constructed as in Fig. 1.7)
where At = h is used.



9 Fluid Flow in Porous Media

The basic problems to be addressed in modeling and simulation of fluid flows
in both petroleum and ground water reservoirs are analogous. In this chapter,
as an example, we focus on petroleum reservoirs.

A petroleum reservoir is a porous medium which contains a number of
hydrocarbons. The primary goal of reservoir simulation is to predict future
performance of a reservoir and find the ways and means of optimizing the
recovery of some of the hydrocarbons.

There are two important characteristics of a petroleum reservoir, the na-
ture of the rock and that of the fluids filling it. A reservoir is usually heteroge-
neous; its properties heavily depend on the location. For example, a fractured
reservoir is heterogeneous; it consists of a set of blocks of porous media (the
matriz) and a net of fractures. The rock properties in such a reservoir vary
dramatically; its permeability may vary from one in the matrix to thousands
in the fractures, for example. While the governing equations for the fractured
reservoir are similar to those for an ordinary reservoir, they pose additional
difficulties in simulation.

The nature of the fluids filling a petroleum reservoir strongly depends on
the stage of 0il recovery. In the very early stage, the reservoir usually contains
a single fluid such as gas or oil. Often the pressure at this stage is so high that
the fluid is produced by simple natural decompression without any pumping
effort at wells. This stage is referred to as primary recovery, and it ends when
a pressure equilibrium between the oil field and the atmosphere is reached.
Often primary recovery leaves 70-85% of hydrocarbons in the reservoir.

To recover part of the remaining oil, a fluid (usually water) is injected into
some wells (injection wells) while oil is produced at other wells (production
wells). This process serves to maintain the high reservoir pressure and flow
rates. It also displaces some of the oil and pushes it toward the production
wells. This stage of oil recovery is called secondary recovery or water flooding.

In the secondary recovery, if the pressure is above a bubble point pressure
of the oil phase, the flow is two-phase immiscible, one phase being water
and the other being oil, without mass transfer between the phases. If the
pressure drops below the bubble point pressure, then the oil (more precisely,
the hydrocarbon phase) is split into a liquid phase and a gaseous phase in
thermodynamical equilibrium. In this case, the flow is of the black-oil type;
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the water phase does not exchange mass with other two phases, and the liquid
and gaseous phases exchange mass between them.

Water flooding is still not very effective and 50% or more of hydrocarbons
often remain in a reservoir. Due to strong surface tension, a large amount of
oil is trapped in small pores and cannot be washed out with this technique.
Also, when oil is heavy and viscous, water is extremely mobile. If the flow rate
is sufficiently high, instead of producing oil, the production wells primarily
produce water.

To recover more of the hydrocarbons, several enhanced recovery tech-
niques have been developed. These techniques involve complex chemical and
thermal effects and are termed tertiary recovery or enhanced recovery. There
are many different versions of enhanced recovery techniques, but one of the
major objectives of these techniques is to achieve miscibility and thus to
eliminate the residual oil saturation. Miscibility is achieved by increasing
temperature (e.g., in-situ combustion) or by injecting other chemical species
like carbon dioxide. A typical flow in enhanced recovery is compositional flow,
where only the number of chemical species is given a-priori, and the number
of phases and the composition of each phase in terms of the given species
depend on the thermodynamical conditions and the overall concentration of
each species.

In this chapter, as an example, we consider two-phase flow in a porous
medium. Single phase flow is simpler, and other more complex flows (e.g.,
three-phase and compositional flow) can be also handled (Chen-Ewing,
1997A; Chen, 2002; Chen et al., 2000). In Sect. 9.1, we state the governing
equations for two-phase flow and their variants defined in terms of pressure
and saturation. In Sect. 9.2, we apply the mixed finite element method for
the solution of the pressure equation. Then, in Sect. 9.3, we employ the char-
acteristic finite element method to solve the saturation equation. In Sect. 9.4,
we present a numerical example. Section 9.5 is devoted to theoretical consid-
erations. Finally, in Sect. 9.6, we give bibliographical information.

9.1 Two-Phase Immiscible Flow

In this section, we consider two-phase flow where the fluids are incompressible
and immiscible and there is no mass transfer between them. One phase wets
a porous medium more than the other, is called the wetting phase, and is
indicated by a subscript w. The other phase is termed the nonwetting phase,
and is represented by o.

In a porous medium 2 C IR? (d < 3), the mass balance equation for each
of the fluid phases is (Peaceman, 1977B; Aziz-Settari, 1979):

6(,003a)

¢8t

+V- (paua) = Paba; G =w,0, (91)
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where o = w denotes the wetting phase (e.g., water), & = o indicates the
nonwetting phase (e.g., oil), ¢ is the porosity of the reservoir, and pq, Sa,
u,, and g, are, respectively, the density, saturation, volumetric velocity, and
external volumetric flow rate of the a-phase. The volumetric velocity u, is
given by Darcy’s law

e

u, = (Vpa +paygVZ), a=w,o, (9.2)

(03

where k is the absolute permeability of the reservoir, pq, ftq, and k., are the
pressure, viscosity, and relative permeability of the a-phase, respectively, g
denotes the gravitational constant, Z is the depth, and the z3-coordinate (or
the z-coordinate) is in the vertical upward direction. In addition to (9.1) and
(9.2), the customary property for the saturations is

Sw+ 8o =1, (9.3)
and the two pressures are related by the capillary pressure function
pc(sw) =Po — Pw - (94)
Finally, we define the sink/source term ¢, in (9.1) by

qa:zq((xl)(s(xix(l))v a=w,o,
l

where qg ) indicates the volume of the fluid produced or injected per unit time

at the Ith well, x(), for phase o and § is the Dirac delta function. Following
Peaceman (1977A), q&l ) can be defined by

g = T Fren (p(” —Pa + pag(Z2" — Z)) , (9.5)
Te
paln

where p¥) is the flowing bottom hole pressure at depth Z®), AL®), Tél), and

rg) are, respectively, the length, the equivalent radius, and the radius of the
Ith well, and the quantity () is some average of & at the Ith well (Peaceman,
1991). To devise suitable numerical methods for solving (9.1)—(9.5), these
equations will be rewritten in various formulations below.

A typical curve of the capillary pressure p, is shown in Fig. 9.1. The cap-
illary pressure depends on the wetting phase saturation and the direction of
saturation change (drainage or imbibition). The phenomenon of dependence
of the curve on the history of saturation is called hysteresis.

Typical curves of relative permeabilities %, and k,, suitable for an oil-
water system with water displacing oil are presented in Fig. 9.2. The value
of s, at which water starts to flow is termed the critical saturation, S,
and the value s,,. at which oil ceases to flow is called the residual saturation.
Analogously, during a drainage cycle s,. and s, are referred to as the critical
and residual saturations, respectively. Hysteresis can also occur in relative
permeabilities as in capillary pressures.
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imbibition

drainage

0 Sy 1
— Swa ]| Snz

Fig. 9.1. Typical capillary pressure curve

I Swc ]|

Fig. 9.2. Typical relative permeability curves

9.1.1 The Phase Formulation
We introduce the phase mobilities
)\a(sa) - ﬁra/ﬂlav @ =w,o,

and the total mobility
A(s) = Aw + Ao,

where s = s,,. The fractional flow functions are defined by

fa(8) = Aa/A, a=w,o0.
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We use the oil phase pressure as the pressure variable in this subsection
P=Do, (9.6)

and define the total velocity by
u=1uy, +u,. (9.7)

Under the assumption that the fluids are incompressible (i.e., the phase den-
sities are assumed constant; see Chap. 8), we apply (9.3) and (9.7) to (9.1)
to see that (cf. Exercise 9.1)

Vou=q(p,s) =qu+a, (9-8)
and (9.4) and (9.7) to (9.2) to obtain
u=—r{A(S)VD— A (5)VDe + (Awpw + Aopo) gV Z} . (9.9)

Similarly, apply (9.4), (9.7), and (9.9) to (9.1) and (9.2) with a = w to have

85 d c
o5 + V- {nfw(s))\o(s){js‘Vs

(9.10)
+ (po — pw)gVZ] + fw(S)U} = qu(p, s)

In (9.8) and (9.10), the well terms are now defined in terms of the phase
pressure p and saturation s:

217 ko ALY
0 (p,5) = 00T (00— p ot pag(20) - 2)) (9.11a)
T

I In —5—
o rg)

and

2mR W Ky ALK
0 (p,5) = T (00— ptpe+ pug(20 - 2)) L (9.11D)

Hw In W
(&

The pressure equation is given by (9.8) and (9.9), while the saturation
equation is described by (9.10). They determine the main unknowns p, u, and
s. While the phase mobilities A, can be zero (cf. Fig. 9.2), the total mobility
A is always positive, so the pressure equation is elliptic. If one of the densities
varies, this equation becomes parabolic. The saturation equation is parabolic
for s, and it is degenerate in the sense that the capillary diffusion coefficient
fwAodpe/ds can be zero. Furthermore, this equation becomes hyperbolic if
the capillary pressure is ignored. The mathematical properties of this system
such as existence, uniqueness, regularity, and asymptotic behavior of solutions
have been studied (Chen, 2001B; 2002A).
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9.1.2 The Weighted Formulation

We now introduce a smoother pressure than the phase pressure, i.e., a
weighted pressure
P = SwPw + SoPo - (912)

Note that even if a saturation is zero (i.e., a phase disappears), we still have
a non-zero smooth variable p. The total velocity is defined as in (9.7), and
(9.8) remains the same:

V-u=q(p,s). (9.13)

Now, apply (9.3), (9.4), (9.7), and (9.12) to (9.2) to see that (cf. Exercise 9.2)

u— 7f<.‘,{)\(s)Vp + (sA(5) = Aw(s)) Vpe

(9.14)
FASPeT5 + (Auwpu + Aopo) 9V Z |-
The saturation (9.10) is the same:
0s dpc
¢a +V- {wa(s))\o(s) [ s Vs
(9.15)

+ (po — pw)gVZ] + fw(S)U} = qu(p, s) .

In (9.13) and (9.15), the well terms are evaluated using the weighted pressure.
Now, the pressure equation consists of (9.13) and (9.14), and the saturation
equation is (9.15).

9.1.3 The Global Formulation

Note that p. appears in both (9.9) and (9.14). To eliminate it, following
Antontsev (1972) and Chavent-Jaffré (1978), we define the global pressure

p=p— [ <fw Cz’s) (e)de (9.16)

Again, (9.8) remains the same:

V-u=q(p,s). (9.17)
Now, apply (9.4), (9.7), and (9.16) to (9.2) to obtain (cf. Exercise 9.3)
u=—-kK {)\(S)Vp + (/\u,pw + )\opo)gVZ} ) (9.18)

The pressure equation is given by (9.17) and (9.18). The saturation equation
is the same as previously:
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dp.
ds

o5 + 9 ka0

(9.19)
+ (po — pw)gVZ] + fw(S)U} = qu(p, s) -

In (9.17) and (9.19), the well terms are of the same form as in (9.11) with p
now being the global pressure.
It follows from (9.4) and (9.16) that

AVp = AV + AoV,

This implies that the global pressure is the pressure that would produce a
flow of a fluid (with mobility A) equal to the sum of the flows of fluids w
and o.

The total velocity is used in all three formulations. This velocity is
smoother than the phase velocities u,, o = w,o0. As noted, the capillary
pressure p. appears in the phase and weighted formulations, but does not ap-
pear in the global formulation. Thus the coupling between the pressure and
saturation equations in the latter formulation is less than that in the former
two formulations. When p,. is ignored, all three formulations are the same.
In this case, the saturation equation becomes the classical Buckley-Leverett
equation where the flux function f,, is generally nonconvex over the range
of saturation values where this function is nonzero (Aziz-Settari, 1979). A
numerical comparison between these formulations is given in Sect. 9.4.

9.2 Mixed Finite Elements for Pressure

In this and next sections, we present numerical methods for solving the pres-
sure and saturation equations developed in the previous section. As an exam-
ple, we present them for the global formulation. The model in this formulation
is completed by specifying boundary and initial conditions. For simplicity, in
subsequent sections, no-flow boundary conditions are used:

u-v=_0, xel,
(9.20)

dp.
5u(6Dule) (DTS4 (00— pu)a¥Z ) v =0, xET,

where v is the outward unit normal to the boundary IT" of 2. These boundary
conditions are derived from those for phase velocities (Chen et al., 1995). The
initial condition is given by

5(x,0) = so(x), x €.

By (9.17) and the first equation of (9.20), compatibility to incompressibility
of the fluids requires
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/qu:O7 t>0.
Q

The saturation equation (9.19) depends on the pressure p explicitly
through the velocity u. Also, physical transport generally dominates diffu-
sion in two-phase flow. These two facts suggest that obtaining an accurate
approximate velocity be important. This motivates the use of the mixed finite
element method in the computation of pressure and velocity (Chavent-Jaffré,
1978; Douglas et al., 1983).

Set (cf. Sect. 3.2)

V={veH(div,Q):v.-v=00nT}, W=L*Q).

For simplicity, let 2 be a convex polygonal domain. For 0 < h < 1, let
K}, be a regular partition of € into elements, say, tetrahedra, rectangular
parallelepipeds, or prisms, with maximum mesh size h (cf. Sect. 3.4). The
partition for pressure is not necessarily the same as that for saturation. For
notational convenience, we simply use the same partition.

Associated with the partition Kj, let Vi, x W), C 'V x W be the Raviart-
Thomas-Nedelec (1977, 1980), Brezzi et al. (if d = 2; 1985), Brezzi et al. (if
d = 3; 1987A), Brezzi et al. (1987B), or Chen-Douglas (1989) mixed finite
element space; see Sect. 3.4.

Let J = (0,7] be the time interval of interest. In petroleum reservoir
simulations using two-phase flow, pressure changes less rapidly in time than
saturation. Thus it is appropriate to take a much longer time step for the
former than for the latter. For each positive integer N, let 0 =% < ¢! < ... <
tN = T be a partition of J for pressure into subintervals J" = ("~ "],
with length At} = t" — t"~1. We may vary At,, but except for Atll) we
drop the superscript. The subinterval J™ is divided into sub-subintervals for
saturation:

tn_l’m:tn_l+mAtZ/Mn7 m:1327"'7Mn'

The number of steps, M™, can depend on n. Below we simply write t"~ 1.0 =
t"=1 and set v™™ = v(-, ™).
Now, the mixed method for (9.17) and (9.18) is given as follows: For any
0<n <N, find up € Vy, and pj; € W}, such that
(V-up,w) = (q(pz,s;:),w), w e Wy,
~1 (9.21)
((RAGE) g v) = 03, Vo v) = = ((s1),v), v E Vi,

where
Y1(8) = (fwpw + fopo) gV Z .
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9.3 Characteristic Methods for Saturation

As noted earlier, physical transport dominates diffusive effects in incompress-
ible flow in petroleum reservoirs, and the capillary diffusion coefficient in the
saturation equation (9.19) can be zero. Thus it is appropriate to use the char-
acteristic finite element method introduced in Chap. 5 to solve this equation.
As an example, we present the MMOC procedure in this section; other char-
acteristic procedures can be similarly described as in Chap. 5.

We introduce the notation

q1(P; 8) = qu(p: ) — q(p,8) fuw(s) = V- (K fuw(8)Ao(8)(po — pu)gVZ) .

Then, using (9.17) and (9.19), the saturation equation can be written as
follows:

0 dfw dp.
s+ 9 u-Vs+V-{nfw(S)/\o(S) . vS} —aps) . (922)
Let df
b(x, 1) = Tu, hlx,t) = (6*(x) + [blx, D)),

and let the characteristic direction associated with the operator ¢% +b-Vs
be denoted by 7(x,t), so

o 6 &  bxt)
or  p(x,t) ot * (x, v
Then (9.22) becomes
0 dpe
1/1% + V. {mfw(s))\o(s) C‘lz; Vs} =q(p,s) . (9.23)

Note that the characteristic direction 7 depends on the velocity u. Since
the saturation step t"~1™ relates to pressure steps by t"~1 < ¢n—Lm < ¢,
we need a velocity approximation for (9.23) based on uZ_l and earlier values.
For this, we utilize a linear extrapolation approach (cf. Sect. 5.6): If n > 2,
take the linear extrapolation of uZ_Q and uZ_l determined by
tnfl,m _ tnfl

n—2

n—1
_ uy

u,

Eunfl,m - (1 4 tn-Lm _ f;n1>
N =

tn—l _ tn—2 tn—l _ tn—2

For n = 1, define
om _ .0
Eu," =uy .

EuZﬁl’m is first-order accurate in time in the first pressure step and second-
order accurate in the later steps.

The MMOC procedure is generally defined with periodic boundary condi-
tions (cf. Sect. 5.2). For this reason, we assume that € is a rectangular domain,
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and all functions in (9.23) are spatially Q-periodic. Let M), C H*(f) be any
finite element space introduced in Chap. 1. Then the MMOC procedure for
(9.23) is defined as follows: For each 0 < n < N and 1 < m < M", find
sy € My, such that

n,m -n,m—1
Sy — Sy - n,m
S | + (2 (577 V7 Vo)
(9.24)
= (Q1 (pZa SZ’m71)7w> ) w e Mh )
where
dpe

a(s) = —kfuw(s)Ao(s) Is

_ _ df _1\ Eup™
~n,m—1 n,m—1 w n,m—1 h n,m yn,m—1
3. =35, X—— (8 At™ ,
h h ( ds ( h ) ¢(X) s

0

with Atm™ = ¢wm — ¢m=1 The initial approximate solution s can be
defined as any appropriate projection of so in M}, (e.g., the L?-projection of
S0 in Mh).

Equations (9.21) and (9.24) can be solved as follows: After startup for s,
we obtain (u), p?) from (9.21) and then sg’m7 m=1,2,..., M° from (9.24);
this process proceeds in a sequential fashion. Other solution approaches such
as the IMPES (implicit pressure-explicit saturation (Sheldon et al., 1959)) and
stmultaneous solution approaches (Douglas et al., 1959) can be also presented.

9.4 A Numerical Example

In this section, we present a numerical comparison between the three formu-
lations developed in Sect. 9.1. The porous medium is two-dimensional, with
dimensions 1,000 ft x 1,000 ft. The relative permeability curves are

2 2
Sw — Swec So — Sor
Rrw = Kewm | 77—/ y Rro= |37  — — ) (925)
]-_Sor_swc 1_30r_3wc

where Kppm = 0.65, sy = 0.22, and s, = 0.2. Other physical data are
chosen as follows:

¢ =0.2, [ =0.096 cp, po=114cp. (9.26)

The example considered is in a five spot pattern: An injection well is located
at a corner of the reservoir, and a production well is located at its opposite
corner. Water is injected, and oil and/or water is produced. In addition to
the above data, we also need
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k = 0.1I darcy, r.=0.2291667 ft, s9 = Swec , (9.27)

where I is the identity matrix. The flowing bottom hole pressure is 3, 700 psi
at the injection well and 3, 500 psi at the production well. Finally, the capil-
lary curve is given by

1— sy

Pe = Pemin + (pcma:c - pcmin) s (928)

1 — suc
where pemin = 0 psi and pemaz = 70 psi.

In the computations, we employ the lowest-order Raviart-Thomas mixed
finite elements on triangles on a 10 x 10 grid (triangles constructed as
in Fig. 1.7) to solve the pressure equation for all three formulations. On the
same grid, the MMOC procedure is used to solve the saturation equation;
the finite element space used in this procedure is composed of continuous
piecewise linear functions. The oil and water production versus time
(RB/day), the characterization curve of displacement (percent), and the oil
recovery curve (percent) are shown in Figs. 9.3-9.5, where — - —, #, and
— o — denote the phase, weighted, and global formulations, respectively. The
characterization curve is defined as the logarithm of the cumulative water
production versus the cumulative oil production. From these figures we see
that the numerical results of the global and phase formulations match very
well. This is probably due to the fact that the global form resembles the phase
form more.

We also check the CPU (Central Processing Unit) times (in seconds)
for the three formulations at the final time, T = 8,000 days; the results
performed on a Dec Alpha workstation are displaced in Table 9.1. There is

2000.
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Qo & Qw (RB/day)

500.
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Tcum (days)

Fig. 9.3. Water (upper) and oil (below) productions
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Fig. 9.5. Oil recovery curves

Table 9.1. CPU times for three formulations

Global Phase Weighted

CPU times 38.6252 38.3705 38.7518
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not much difference between the CPU times for this example. It appears that
the three forms for two-phase flow do not differ much from the computational
perspective. In terms of mathematical and numerical analysis, researchers
have preferred to use the global form since this form has the least coupling
between the pressure and saturation equations and is easiest to analyze.

9.5 Theoretical Considerations

We give a theoretical analysis for the system of (9.21) and (9.24).

9.5.1 Analysis for the Pressure Equation

We recall the approximation properties of the RTN, BDM, BDFM, BDDF,
and CD mixed finite element spaces (cf. Sect. 3.5):

inf ||v—vi|Le@) < C’thvHHz(Q)7 1<Ii<r+1,
VREV)

inf ||V . (v — Vh)HL2(Q) < CthV . V”Hl(Q)v 0<i<r, (9’29)
VREV)

. l *
whﬂelgvh |w—wnllr2) < CH||w||lgiq)y, 0<T<r",

where r* = r + 1 for the RTN, BDFM, and first and third CD spaces and
r* = r for the BDM, BDDF, and second CD spaces. Also, each of these spaces
possesses the property that there are projection operators ITj, : (H'(Q2))? —
V,, and Py, : W — W, such that

(V-(V—Hhv),w)zo Yw € Wy, ,

(9.30)
(V- y,z—=Pp2)=0 Yy € Vy, .
That is, on (H(Q))¢ NV}, and with div = V-,
diVHh = Phdiv . (931)

Relation (9.31) means that ITIj, and P, satisfies a commuting diagram (cf.
Sect. 3.8.4). Moreover, these two operators have the approximation properties
given in (9.29); i.e.,

v = v |Le9) < CRYIV]Ia @), 1<i<r+1,
V- (v—- HhV)HLz(Q) < CthV . V||Hl(9), 0 <r®, (9.32)
[w = Pyw|| 120y < ChH|wl| iy, 0<l<rr

For the analysis of the pressure equation, we apply II; to the velocity
u, which cannot be done unless u is sufficiently smooth. Thus we explicitly
assume that
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Vpe (L®@Qx )" and ue (L2(J; H'(Q))" . (9.33)

The assumption that Vp € (L>(Q x J))* was shown by Chen (2001B)
under reasonable conditions on the data, and the assumption that u €
(L*(J; H* (Q)))d was proven by Chen-Ewing (2001).

Set & = (kA)™!, and assume that it is a bounded, symmetric, and uni-
formly positive definite matrix; i.e.,

d
0< l%* S |y|_2 Z ’%Z](Saxat)yly] S R <00,
i,j5=1

xeQ tey#0ecR? seR.

(9.34)

We restate Lemma 3.7 below.

Lemma 9.1. Given w € Wy, there exists v € V, such that V- v = w and
[vllv < Cllw| L2

where >
IVIv = IWldiv.a) = {IVI32@ + 1V - VIide@ }

Below € is a positive constant, as small as we please. For simplicity of
proof, we assume that ¢ and ¢; do not explicitly depend on p.

Theorem 9.2. For the solution u} € Vy and pp € Wy, of (9.21), under
assumptions (9.33) and (9.34), we have

19w = ulzzo) < o) - gl
+[IV - (u— Hhu)”ﬂ(ﬂ)}a
lu—uillLzo) + llp — pill2 (@)
< of1(s) - Rl +la(e) ~ a5 e
Hv1(s) =y (sp)llLz(o) + [u — Tpu|[Lz (o)
+lp — PhP||L2(Q)} ,

forte J", n=1,2,...,N.
Proof. Tt follows from (9.17) and (9.18) that u € V and p € W satisfy
V-uw)=(q(s),w), weW,
¥ ) = (). ) o
(F(s)u,v) = (p, V-v) = = (n(s),v), veV.

Subtracting (9.21) from (9.35) for ¢ € J™ gives the error equations
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(V- [u—up]w) = (q(s) — q(sp), w) Vw e Wy,
(R(sp)u—up],v) = (p—pj, V- v) = (ra(sy) —7a(s),v) (9-36)
+([R(s}) — R(s)]u,v) Vv eV,.

First, take w = V - (IIyu — u}) in (9.36) to show the first inequality in this
theorem. Second, choose w = P (p — pj) and v = II;(u — u}}) and add the
resulting two equations to see that

(R(sp)[u—up], Ip[u—ug]) + (V- [u—upl, Pu[p — pi])
—(p—pp, V- Iplu—up]) = (¢(s) —q(s}), Pulp — pj))
+(r1(sy) = 71(s), Mpfu — up]) + ([R(s}) — &(s)]u, Iy [u — ) .

It follows from (9.31) that the second two terms in the left-hand side of the
above equation cancel, so that, by (9.34),

[u = ujflre(e) < C{Ilﬁ(SZ) — K(s)llL2() + llas) — a(sp)llz2 ()

() = 7 () ey + lu — Hhu||L2(Q)}

+ellPu(p — i)l L2 -

Third, take v in (9.36) associated with Py (p — p}') according to Lemma 9.1:

(Pulp = pil,p—pj) = (V-v,p—p})
= (R(sp)[u—up],v) = (71(s) = 7(s),v)

—([r(sp) — K&(s)]u,v)
< C{Hu — uZIIiz(Q) + [lva(s) — 'Yl(SZ)H%?(Q)
(s - a(@uiz(m} el P = ) 230 -

Finally, combine these two inequalities to have the desired result. [
The proof of Theorem 9.2 is similar to that of Theorem 3.8.

9.5.2 Analysis for the Saturation Equation

As mentioned, the capillary diffusion coefficient a(s) can vanish at some val-
ues of s. However, in the subsequent analysis, it is assumed to be bounded,
symmetric, and uniformly positive definite:

d

0<a,<ly|™? Z aij(s,x,t)yy; < a* < oo,
ij=1

xeQ teJy#0eR? seR.

(9.37)
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For an analysis without the positive-definiteness assumption, see Chen et al.
(2002; 2003C).

The error analysis uses a technique by Wheeler (1973) that relies on a
projection of the exact saturation s in Mj: Find §, € M}, such that

(a(s)V[5n — 8], Vw) + (5, — s,w) =0 Yw e My, teJ.

By (9.23), this equation becomes

(@) V30, ) + 51— 5.0) = (o)) — (20

(9.38)
Ywe My, teJ.
We assume that the solution §;, satisfies
30l Loe (rwiie )y < C,
ls = 8nllo(s;22(0)) + Plls = Snll Lo (51 ()
< CR™ sl Lo gy () (9.39)

< CR sl g @)
L2(Qx.J)

H S—Sh

where r1 > 1 and C' is independent of h. These estimates can be obtained
under appropriate conditions on the coefficients a and ¢; and on the solution
s (Wheeler, 1973). Also, we assume the explicit hypotheses on the coefficients

do
dx;
dg dRi; dvis dgi dagj A fo
ds’ ds ' ds ' ds’ ds = ds?
fori,j=1,2,...,d.
Define

0< ¢ <o(x) < P* <00, xEQ, € L™(Q),

(9.40)

eL=®QxJ),

xeN.

e= s —x - Do (o) E&ZT agm,

The convergence analysis also uses an analogue of x™" defined in terms of
the exact solutions s and u. If v is a function on €2, we define

.. dfw Eu™™ . .
X=x""=x- smm AtP™ T =wv (X) .
() S (%)

ds
Below we carry out the proof for two space dimensions in detail; the

three-dimensional case will be mentioned later. For simplicity, we choose

the initial approximation s9 = §). The proof of Theorem 9.3 below follows




9.5 Theoretical Considerations 353

Ewing et al. (1984), where a differential system for the single-phase, misci-
ble displacement of one incompressible fluid by another in a porous medium
was considered, while a two-phase incompressible, immiscible flow is being
treated. For the analysis of the MMOC for a linear differential problem, the
reader may refer to Sect. 5.8. In the following proof, special care needs to be
taken of on the nonlinearity of (9.19) and the coupling between (9.17)—(9.19).

Theorem 9.3. Assume that Ky is a quasi-uniform triangulation of
(¢f. (1.78)). For the solution s;"™ € My, of (9.24), under assumptions (9.33),
(9.34), (9.37), (9.39), (9.40), and Aty = o(h), we have

Is = shll Lo (522 (0)

< C{hﬁﬂ||8||Loo(J;H7-1+1(Q)) + R sl g )

+hTH lallLee (rimrer () + h Pl zoe (7527 ()

5 92 (9.41)
AL |2 + At,
ot L2(QxJ) or? L2(QxJ)
ou 3/2 || Ou
+ (Aty)? + (At} — } )
ot L2(Qx.J) 2 Ot ||l poe (1120

Proof. Set £ = s — 8, and n = sp — 5. By (9.39), it suffices to estimate 7.
Subtracting (9.38) from (9.24) and performing simple manipulations give the
error equation

(e )+ (a (s 9o, )
a(sp™ ) ql(sn’m),w) — (™™ w)
("m 1) a(s" )} Vs, Vw)

asn " dfw( ) n,m n,m s el

= (a
~([a
( dfu(s™™) u™™m — Eu™™m] - Vs"’m,w> + (¢§n,mA;n§:;m—l ,w>

’ﬂ,mié

+

+

+

gmm—1 Fn,m—1 fn,m—1
_ 5 s _ 5 3
¢ At? m ,’U.)) <¢ At?’m , W

nm 1 n,m—1 fn,m—1
T — grm —gm

nm 1 _ nm

+

1
¢! ,w), we M, .

Aty™
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For notational convenience, set At, = At?'™. Take w = 7™ in this equation
and write the resulting terms as

n,m—1

(77 ) s ) ) = o0 (0
s i=1

with the obvious definition of T;, ¢ = 1,2,...,11.
Using the inequality

bb—c)>=(b*—¢c?), b ceR,

DN | =

we see that

,r}n,m _ nn,mfl 1 1 1
<¢,n”’m) > (™™, ™) = (en™™ ™™ )}

At T 2At,
(9.43)
Clearly, by (9.39) and (9.40), we have
131 < (I gy + 16"
_|_H,'7n m” 2() + Hsn ,m—1 — g™ m||2 Q))
o] < € (1™ gy + ™™ 32y ) (9.44)
|T5| < C(|77"’m1||%2(9) + 1€ HIZ2 0
_|_Hsn ;m—1 _ g™ m“L2 Q)) —+ ellvnn,mniz(ﬂ) .
The term T can be bounded as in Theorem 5.4 (cf. (5.99)):
?s 9
Ty < C | At 572 + """ 220y | - (9.45)
QX(t" m—1 RACH 7n))
By the definition of Eu™™, we have
nm oul?
IT5] < C { "™ 1220y + (A)° n (9-46)
L2(Qx (tn—1 tn+1))

If tvm < ¢ Bu™™ = u’, so the temporal error term in (9.46) is replaced by

ou ||?

2
C (Aty) N

Lo ((£0,61);L%(2)) .
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Next, it is obvious that
ac|)?
-1
Ts| < C <||77"’m||%2(n) + (Ats) % ) (9.47)
LZ(QX(t""’"717t"’7"))

The estimates of 17, Tg, and Ty fit into the following framework. Let v be
a function defined on Q; in T7, Tg, and Ty, v is s, &, and 7, respectively. Let
z be the unit vector in the direction of

de( nm _ Yw

n,m—1 n,m n,m
75 \8n )Euh Is (s™™) Eu™™ .

Then we have

,Dn,mfl _ f]n,mfl o
M dx
/Q ¢ Al U

1 % gorim—1
el
Ats Q % 0z

1 L gynm—1 N .
-2 /Q¢ UO (1 % + %) dﬁ}

% = x| dx

dz} n™" dx
(9.48)

where the parameter ¢ € [0, 1] describes the segment from % to X. Set

1 6vn,m71 . 3

Because
Sz,mfl) Euz,m) Aq:;s ’

the terms T7, Ty, and Ty, with an application of (9.48) with v = s, £, and n,
respectively, can be bounded as follows:

ol

o dfw
X — — ) n,m n,m __
X —X ( (s™™) Eu I

ds

T7| < Yo (s™™) Eu™™ — & (sZ’m_l) Eu;™
dS ds LZ(Q)
gsllLe=@lln™ ™ 20
‘T8| < dffw (sn,m) Eu™»™m — dfl (S’Z,m—l) Euﬁ’m
ds ds L2(Q) (9.49)
Ngellz In™ ™| L= () »
dfuw Afw 1 mome .
To] < | e (nmy pyrm — Y (s7) Buy
ds ds L2(Q)

MNgnllz@ ™™ @) -
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By (9.33) and (9.40), we see that

dw dfw _
H f gm E nm_é(sz,m 1) Euz,m

L2(Q)

< (I g + 167 o

(9.50)
+[ls™mt — Sn’mH%’z(Q) + [Ju" — uZ”%ﬂ(Q)
+Hu” L llh 1||L2 Q)>
Since g, is an average of certain first partial derivatives of s™™ 1, which are
bounded by [|s™™ 1 |lyy1,(q), it follows from (9.49) and (9.50) that
1751 O (I ey + 1€ e
_|_Hsn,m71 _ sn,m||%2(m + ||lu™ — uZHiQ(Q) (9.51)

= sy + 1 )

To estimate [|ge[|z2(q) and ||gyllz2(q), we make the induction hypothesis

X B\ /2
N P € IR L

which will be shown at the end of the proof. Observe that

1 n,m—1 2
ov™ . g
lgollZ20) < / / (1= 0%+ %)| dx d. (9.53)
0o Jo
Defining the transformation
Gi(x) =(1-0O)x+¢x
dfﬂ) n,m n,m
- <ds (s™™) Bu (9.54)
dfw n,m—1 n,m dfw n,m n,m Ats
+€[d$ (sh )Euh fg(s ) Eu ]) ol
inequality (9.53) becomes
Hymm— 1 2
lgol2aey < / > [ (@) axar. 5)

KeKy



9.5 Theoretical Considerations 357

It follows from (9.54) that the Jacobian of Gy is the identity matrix, plus
At times terms involving first partial derivatives of ¢, Eu, and s (that are
bounded) and of Fuj, and s,. Note that, by (9.52) and an inverse inequality
(cf. (1.139)),

IV (Ewy™) (|2 o) At
< Ch Y max {||[ufl||lLe o) 0] Lo () F AL

(9.56)
At 1/2
<C( hs> = o),
since Aty = o(h). Similarly, we can show that
n,m-— At
1957z < C ( h) —o1). (9.57)

Consequently, by (9.40), the determinant of the Jacobian of G, equals
|J(Ge)| =1+0(1) . (9.58)

Thus a change of variable in (9.55) yields

Ovm— 1 2
190220 < 2/ 5 / ’ o axdr. (959
Kek, Y Ge(K)
By (9.40), (9.54), (9.56), and (9.57), we see that
1Ge (1) = G (x2) [| > [|x1 — x2]| (1 = o(1)) , (9.60)

so Gy is a one-to-one mapping on each element K € Kj. Also, because

h 1/2
[Ge(x) — x| = <0<1) +0 QNJ )) Bl (9.61)

—O(At) +0O (hl/%t;”) = o(h)

the mapping G, maps K into itself and its immediate-neighbor elements.
Therefore, Gy is globally at most finitely-many-to-one (with a repetition fac-
tor bounded by the number of neighbors of an element) and maps 2 into itself
and its immediate-neighbor periodic copies. As a result, the sum in (9.59) is
bounded by finitely many multiples of an 2-integral, so that

lgollz2) < ClIVO™™ L2 (q) - (9.62)
Using the inequality in two dimensions (Bramble, 1966)

177%™ | e ) < C A2 0™ |11 (9.63)
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and inequality (9.62) (with v = £), the second inequality of (9.49) implies

L2(©)

Ts| <
|8|— ds h

(IVE ™ L2y I 5™ |1y

[ oy g e () g

so, by (9.39) and (9.50),
Tyl< C<||n”’m1|2L2(Q) I

Flsmmt = s 2, 0+ [ = a2 g (9.64)

=t = w2 ) Tl By

Using (9.50), inequality (9.41) inductively shows that

d d
|2 e = B ()

So(hr1+1+hr+l+hr*+Ats+<Atp)2+(At11))3/2) :

L2(Q)

which, together with an application of (9.62) (with v =) and (9.63) to the
third inequality of (9.49), yields

d dfw _
|To| < wa (s™™) Eu™™ — Y (szm 1) Eu™
ds ds L2(Q)
nom— 1/2 . n.m 9.65
9 ey A2 7 g (9.65)
< e (9712 gy + I ™31y ) -
We now estimate T79 and T71. These two terms are of the form
Un,mfl _ ,ﬁn,mfl
nm. g
/Q ¢ Al n X,
with v = £ or n, which can be bounded by
,Umm—l _ ﬁn,m—l
nm. 4
At, e ex
Un,m—l _ ,On,m—l 2 (966)
<C + €||77n’m‘|%{1(9)
At H-1(@)
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To estimate

n,m—1 _ anm—1 H
v v H-1(Q)

sup {0 - 0 o] wi) i

wer (@) Ullwllaa)

o df Burm
w n,m uv
Glx) =x =0 ") 25

By the periodicity assumption on s, u, and ¢, G is a differentiable mapping
of ) onto itself. Then changing variables leads to

At, .

nm—1 _ »

v D

e ||H—1(Q)

1
= sup {[/ v (x)w(x) dx
wer(9) Ulwla @ Lo

- [ (@t ) @) dx]}
< sup {1/§2v”’m_1(X)w(X) (1—|J(G)|—1) dx}

wEH(Q) ||wHH1(Q)

+ sup {1 [ om0 () = (67 0)

wert (@) vl e @)
(@) ax}
=R+ R->.

As in (9.58) (with O(At) in place of o(1)), we see that

n,m—1
RS C sup {'” Ilwmlwnm)} AL

weH () w0 (9.67)
< CH'U"’m*l”Lz(Q)AtS .
Also, as for (9.48), we have
1 o
|Rs| <2 sup Tl ™" (X) G (%)
weH(Q) HY(Q) JQ (9.68)

Jx- G0 ax}

where

gw(x)z/o a—w((l—f)c—l(x)wx) de .
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Similarly to (9.61), the following inequality holds:
|x - G™'(x)|| < CAt, . (9.69)
Also, as for (9.62), we have
[GwllL2(2) < Cllwllm @) - (9.70)
Applying (9.69) and (9.70) to (9.68), we see that
|Ra| < Cllo™™ | p2(q) Als (9.71)

Combining (9.66) (with v = £ for Thg and v = ) for Ty1, respectively), (9.67),
and (9.71), we get

Tiol < CIE™ a0y + el 1 gy
- i (9.72)
IT11| < Clin™ ™ T2y + €lln™™ 7

Finally, we combine (9.37), (9.42)—(9.47), (9.51), (9.64), (9.65), and (9.72)
and use (9.32), (9.39), (9.40), and Theorem 9.2 to obtain

1 _ _
QAtS {<¢nn,m’nn,m) _ (¢nn,m 1,nn,m 1)} < ann,mlliz(g)

0s
<C{’ﬁwll 1o (g1 sy + At
(JH 1+1(Q)) at LQ(QX(tn m—l)tn,?n))
2
ra |2 + (Aty)° ou
or? L2(Qx (tnm—1 gnm)) ot L2(Qx(tn=2,tn))

—1 r 2 n.m—
+ (Ats) h2 1+2 ||sHHl((tn,m717tn,m);H7“1+l(Q)) + ||'I7 ’ 1||2LQ(Q)

e s 0) + I IR e o)

I+ 17 oy + 17
+€||V77n’m71||%,2(9) :

If t™™ < t!, the remark after (9.46) applies. Multiply this inequality by At,,
sum on n and m, and use the discrete Gronwall lemma (cf. Lemma 5.5) and
the fact that n° = 0 to obtain the desired result (9.41).

It remains to verify the induction hypothesis (9.52) for ¢t = t"*1. Applying
an inverse inequality, Theorem 9.2, (9.41), and the fact that Aty = o(h), we
see that



9.6 Bibliographical Remarks 361

ap e () < ITTpu oo () + Jup ™ = Iu™ L o

<O 1+ uptt = mpu L ()
< C(l +ht [HULHI — un+1||L2(Q)
_|_||un+1 _ Hhun+1L2(Q):|>

< C(l +ht [h”“ + AT 4 BT 4 At

( h )1/2 +(At;)3/2+(Atp)2D
<(ar) -

for h sufficiently small. A similar bound can be shown for s™™. This completes
the proof. [

(9.73)

Corollary 9.4. Under the assumptions of Theorem 9.3, we have

n__.n n_ .
Jmax {lp" = phllzece) + 0" — e}
< C{hh+1||5||L00(J;Hr1+1(9)) + pritl ||5||H1(J;H7‘1+1(Q))

AR [ all e (rmee)) + BT IpI Lo s m (@)

(9.74)
0 0?
+At || = + AL |2
tll L2 xn) T L2 (%)
ou 3/2 || Ou
+ (At || == + (At} — }
"ot L2(Qx.J) ( p) Ot ||l (11200

This corollary can be proven by combining Theorems 9.2 and 9.3 and
inequalities in (9.32) (cf. Exercise 9.6). An analogous error estimate holds
for ||V - (0™ —u}) ||12(q), by adding the term A" ||V - Ul oo (g () to the
right-hand side of (9.74) (cf. Exercise 9.7).

It is possible to extend the results (9.41) and (9.74) to three space dimen-
sions. In this case, we must replace Aty = o(h) by At, = o(h*/?) in Theorem
9.3, (h/At)Y2 by h=12(h3/2/At,)V? in (9.52), [Inh|"? by h=1/2|Inh| in
(9.63), and h=' by h=3/2 in (9.73). With these modifications, the proof of
Theorem 9.3 remains valid.

9.6 Bibliographical Remarks

For more information on the physical and fluid properties of multiphase flows
in porous media, the reader should refer to Peaceman (1977B), Aziz-Settari
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(1979), and Chen et al. (2004B). In particular, the book by Chen et al.
(2004B) gives a thorough treatment of multiphase flows in porous media us-
ing the finite element method. These flows include single phase, two phase,
three phase, black oil, compositional, thermal, and chemical flows. For more
comparisons between the various formulations for these flows, see Chen-Ewing
(1997A) and Chen-Huan (2003). Detailed information on the mixed and char-
acteristic finite element methods can be found in Chaps. 3 and 5, respectively.
Finally, the proof of Theorem 9.3 follows Ewing et al. (1984). An error analy-
sis was given in Sect. 9.5 for incompressible flow; a similar analysis can be
also carried out for compressible flow (Chen-Ewing, 1997B).

9.7 Exercises

9.1.
9.2.
9.3.
9.4.

9.5.
9.6.
9.7.

9.8.

9.9.

Derive (9.9) and (9.10) from (9.1)—(9.4) in detail.

Derive (9.14) from (9.2)—(9.4), (9.7), and (9.12) in detail.

Derive (9.18) from (9.2), (9.4), (9.7), and (9.16) in detail.

Use the boundary condition in (9.20) and introduce appropriate spaces
to write (9.17) and (9.18) in a mixed variational formulation.

Verify (9.45).

Prove Corollary 9.4.

Apply Theorems 9.2 and 9.3 to establish an error estimate for
maxo<p<n |V - (0" —up) |22 (o).

Define a finite element approximation procedure for the phase formula-
tion of Sect. 9.1.1 similar to that for the global formulation developed
in Sects. 9.2 and 9.3, and carry out an error analysis for this procedure
analogous to that given in Sect. 9.5.

Define an approximation procedure for the weighted formulation of Sect.
9.1.2 similar to that for the global formulation developed in Sects. 9.2
and 9.3, and carry out an error analysis for this procedure analogous to
that given in Sect. 9.5.



10 Semiconductor Modeling

The mathematical modeling and numerical simulation of charge transport
in semiconductors is a very active research area. The most popular model
is the drift-diffusion model (van Roosbroeck, 1950), which has been widely
used in the mathematical modeling of semiconductor devices (Markowich,
1986). As a result, many numerical methods have been developed for this
model to simulate efficiently the electric behavior of these devices. This model
describes potential distribution, carrier concentrations, and current flow in
semiconductor devices. It model materials such as silicon and germanium.

The ongoing miniaturization of semiconductor devices has shifted the fo-
cus of research from the drift-diffusion model to more advanced models be-
cause the drift-diffusion model does not account well for charge transport
in ultra integrated devices. An extension of the drift-diffusion model is the
(classical) hydrodynamic model (Blotekjaer, 1970). This new model plays an
important role in simulating the behavior of charge carriers in submicron
semiconductor devices since it exhibits velocity overshoot and ballistic ef-
fects missing in the drift-diffusion model. Modern computer technology has
made it possible to employ this model to simulate certain highly integrated
devices.

Microfabrication technology has advanced rapidly since the dawn of the
semiconductor era, with each advance giving a sizable reduction in the size
of individual features. Where tens of micrometers were once the common
size, devices fabricated with metalorganic chemical-vapor deposition and
molecular-beam epitaxy now have features as small as a few nanometers.
In addition, electron-beam lithography can be now used to make working
field-effect transistors with gates as short as 25nm (Feynman, 1960). On
these spatial scales, quantization effects are quite evident; carriers in a high-
electron-mobility transistor travel in a two-dimensional sheet, a result of per-
pendicular quantization. Fabrication of a gridlike gate extends the quantiza-
tion to all three dimensions (Ferry-Grondin, 1992). To take into account these
quantization effects (such as tunneling effects), the quantum hydrodynamic
model has been utilized (Wigner, 1932; Ancona-Iafrate, 1989). This model
approximates quantum effects in the propagation of electrons in a semicon-
ductor device by adding quantum corrections to the classical hydrodynamic
model.
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In this chapter, we introduce these three models (Sect. 10.1) and finite
element methods for solving them (Sect. 10.2). In Sect. 10.3, we present a
numerical example using the hydrodynamic model. Finally, bibliographical
information is given in Sect. 10.4.

10.1 Three Semiconductor Models

10.1.1 The Drift-Diffusion Model

The flow of charged carriers in semiconductors is modeled by the Boltzmann
equation (1872)

o V- SB V= Q) (10.1)
where f = f(x,u,t) is the distribution function of a carrier species, u is the
species’ group velocity, e is the electron charge modulus, m is the effective
electron mass, E is the electric field, @ is the time rate of change of f due
to collisions, and V4 and V, represent the gradient operators with respect
to x and u, respectively. The Boltzmann equation (10.1) is derived under
the assumption that the traditional Lorentz force field does not have a com-
ponent induced by an external magnetic field. Based on this equation, the
dimension of an M-particle ensemble is 6M since x = (x1,X2,...,X)) and
u = (ug,uy,...,uy). For a VLSI device with 10* conducting electrons, the
dimension of the electron ensemble is 6 x 10, which is prohibitive in numer-
ical simulations. This motivates the introduction of approximate models of
the Boltzmann equation.

The models discussed in this chapter are derived from the first three
moments of the Boltzmann equation:

m
mo(u) =1, mi(u) =mu, mo(u)= 5|u\2 .

We introduce some notation. The concentration n, average velocity v, mo-
mentum p, random velocity c, pressure tensor P, and internal energy density
ey are, respectively, defined by

1
n:/fdu7 V:f/ufalu7 pP=mnv,
n
1
c=u-v, R-j:m/cicjfdm 61:2—/|c|2fdu,
n
where the integration is performed over the whole u space. The heat flux q,
electron current density J, and energy density w are, respectively, defined by

m

=5

1
/c|c|2f du, J=—-env, w=mn (e; + 2|v|2) .
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The drift-diffusion model can be now obtained by multiplying the Boltz-

man equation by mg and integrating the resulting equation over the velocity:

Gni
ot

+V-J;=—-R;, i=12....M, (10.2)

where we assume that there is an ensemble of M carriers each with the
individual concentration n;, current density J;, charge e;, and recombination-
generation rate R;. The classical drift-diffusion model for two carriers, n; = n
and ny = p, reduces to

—%+V~Jn=R,
o (10.3)
o TV 3 =-R.

The first equation of (10.3) is often called the electron continuity equation,
while the second is termed the hole continuity equation. The constitutive
relationships for the current densities are given by

Jn = ,LLn(UTvn - nv¢) 3

(10.4)
Jp =~ (UrVp +pVe) ,

where p, and p, are the field-dependent electron and hole mobilities, Ur
is the thermal voltage, and ¢ is the electric potential. The potential ¢ is
assumed to obey Poisson’s law

E=-V¢, V- -(eE)=—-e(n—p-C), (10.5)

where € is the dielectric constant and C is the doping profile. The thermal
voltage Urp is related to the temperature T' by

UT = IQBT/e 5

where kp is the Boltzmann constant. The recombination-generation rate R
is modeled by the mass-action law (Markowich, 1986)

B np — nj
Tn(n+no) + (P +no)

or by the Auger law
Roy = (Cnn + Cpp)(np - U%) >

where u is the intrinsic carrier concentration, 7, and 7, are the lifetimes,
and C), and C), are the Auger recombination-generation coefficients. Finally,
the mobilities take the form

N\ —1/¢;
0ve|\“
ot ()
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where ;1Y is the field-independent scattering mobility, v?

; 1s the saturation
velocity, £, = 1 or 2, and £, = 1. The unknown variables are n, p, and ¢. Note
that we have an elliptic equation for ¢ in (10.5), and a parabolic equation for
each of n and p in (10.3) and (10.4). With appropriate boundary and initial
conditions, existence, uniqueness, and regularity of a solution for the transient
(parabolic) system of (10.3)—(10.5) for (n, p, ¢) has been shown (Jerome, 1985;
Markowich, 1986). The corresponding stationary system generally admits
multiple solutions. The development of efficient numerical methods for solving
the drift-diffusion model is still an active area.

10.1.2 The Hydrodynamic Model

As noted earlier, the drift-diffusion model does not take into account two
important phenomena: velocity overshoot and ballistic effects existing in sub-
micron semiconductor devices. To include these effects, we introduce the hy-
drodynamic model:

on

a—l—v-(nv)—o,

a—p+vV-p+p~Vv+V(ntT):—enE—|— 9p ,

ot ot ), 106
ow (10.6)

— 4+ V- (vw)+ V- (vikpT) = —env-E

ot
ow
*(at)c‘v'““

where these equations are coupled with Poisson’s equation defining the elec-

tric field E:
E=-Vo,

V- (eE)=e(Np—Njs—n),
with Np and N4 the densities of donors and acceptors, respectively. The
heat flux is expressed by

(10.7)

q=—kVT,

where « is the heat conduction coefficient. The “collision” terms in (10.6) are
obtained in terms of the momentum and energy relaxation times, 7, and 7,
following Nougier et al. (1981), by

o)y __P o tno To
ot ), o P e T’
(10.8)
a;w 77w—3n/€BTo/2 . 7T£+§@HBTTO
ot c_ Tw Y2 2e2TH Ty

where Tj is the ambient temperature, fi,0 = tino(To, Np, N4) is the low field
electron mobility, and vs = vs(Ty) is the saturation velocity. Finally, x is
determined by the Wiedemann-Franz law (Blatt, 1968)
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Hno T "
) 2
= —_— — . 10.9
K Ko NKp ( 0) ( )

A typical value chosen for r is —1.

The three equations in (10.6) can be obtained by multiplying the Boltz-
mann equation (10.1) by the first three moments mg, m;, and mq, in turn,
and by integrating over the velocity space. Note that we have an elliptic
equation for ¢ and a hyperbolic system for n and p. With heat conduction, a
parabolic equation occurs for w; without this conduction term, it is a hyper-
bolic equation. The mathematical and numerical theory for the hydrodynamic
model is limited.

10.1.3 The Quantum Hydrodynamic Model

As mentioned early, the ongoing miniaturization and integration of semicon-
ductor devices leads to quantum effects. The quantum hydrodynamic model
approximates quantum effects in the propagation of electrons in a semicon-
ductor device by adding quantum corrections to the classical hydrodynamic
model. The leading O(%) quantum corrections, where 7 is an expansion pa-
rameter describing the quantum effects, have been remarkably successful in
simulating the effects of electron tunneling through potential barriers includ-
ing single (Grubin-Kreskovsky, 1989) and multiple regions of negative differ-
ential resistance in the current-voltage curves of resonant tunneling diodes.

There are three major advantages of using the quantum hydrodynamic
model over other models for simulating quantum semiconductors. First, this
model is much less computationally intensive than the Wigner function
(Kluksdahl et al., 1989) or density matrix methods (Frensley, 1985) and
includes the same physics if the expansion parameter i/(8mT1?) is small
(Ancona-Iafrate, 1989), where [ is a characteristic length scale of a device.
Second, the equations of this model express intuitive classical fluid dynamical
quantities (e.g., density, velocity, and temperature). Third, well understood
classical boundary conditions can be imposed in simulating quantum devices.

The quantum hydrodynamic model has exactly the same structure as the
hydrodynamic model in the previous subsection:

on
Z—?+vV~p+p-Vv+V(nRBT) = —enE + (%f:) ,
S (10.10)

— + V- (vw)+ V- (vikpT) = —env-E

ot
ow
+(6t>cv.q.
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The Poisson equation (10.7) for the electric field applies here. Quantum me-
chanical effects appear in the energy density and the stress tensor. In the
hydrodynamic model, the energy density w and stress tensor P are defined
by

3 1
w = —nkgT + —mn|v|*,

2 2
Pi‘:—nHBTé i, j=1,2,3,

¥R
while in the quantum hydrodynamic model, they are argumented with quan-
tum correction terms, ¢, j =1,2,3:

3 1 5  hn 4
w= §m€BT—|— §mn|v\ - IAlog(n) +0(n) ,
W o2 \ (10.11)
Py = —nkpToy + -2 9 R
/ neB Lo+ 12m 0z;0x; og(n) + 0O (')

The quantum hydrodynamic model involves two Schrodinger modes, one par-
abolic and one elliptic (Chen et al., 1995A). The development of mathematical
and numerical theory is also a very active area for this model.

In summary, we have presented the drift-diffusion, classical hydrody-
namic, and quantum hydrodynamic models. The first model is derived from
the first moment of the Boltzmann equation, while the two other advanced
models are obtained from the first three moments of this equation. Moreover,
these advanced models take into account the velocity overshoot and ballistic
effects. Furthermore, the quantum model includes the quantum effects.

10.2 Numerical Methods

10.2.1 The Drift-Diffusion Model

Recall the drift-diffusion model from Sect. 10.1.1: The electric potential and
field satisfy the equation

E=-V¢, V-(E)=—-en—p—-0C), (10.12)

and the electron and hole concentrations satisfy the equations

~5¢ TV (in(E)(UrVn +nE)) = R(n.p) ,
’ (10.13)
_671: +V - (11,(E)(UrVp — pE)) = R(n,p) .

For simplicity, we present the finite element method for homogeneous Neu-
mann or periodic boundary conditions for (10.12) and (10.13). Extensions to
other boundary conditions are immediate (cf. Chaps. 3 and 5). The initial
conditions are specified by
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n(x,0) = no(x), p(x,0)=po(x), xe.

From the continuity system (10.13) we see that the electron and hole con-
centration equations depend on the potential only through the electric field,
so the mixed finite element method discussed in Chap. 3 is appropriate for the
solution of the potential equation. Let Q be a convex polygonal domain. For
0 < h <1, let Kj be a regular partition of €2 into elements, say, tetrahedra,
rectangular parallelepipeds, or prisms, with the maximum mesh size h (cf.
Sect. 3.4). Associated with the partition Kj, let Vi, x W), C H(div, Q) x L?(Q)
be a mixed finite element space as defined in Sect. 3.4. In the case of homo-
geneous Neumann boundary conditions, they are incorporated into Vy,.

For each positive integer N, let 0 = t° < t! < ... <t =T be a partition
of J = (0,T] for the potential into subintervals J® = (t®~! ¥, with length
AR = 8 — %=1 The time partitions for the potential and concentrations
can be different, as in the previous chapter. For simplicity, we take the same
time partition for them. Now, the mixed method for the electric potential is
given as follows: For any 0 < X < N, find E;f €V, and qbﬁ € Wj, such that

(eV-EX w) = f(e(nﬁfp,?ffCN),w), we Wy,

(EX,v) — (8%, V-v) =0, vev,. (10.14)

Generally, the doping function C does not depend on time.

The equations for n and p, while formally parabolic, are in fact dominated
by the convection terms from physical considerations. Thus the characteristic
finite element method developed in Chap. 5 is suitable for the solution of the
concentration system (10.13), as it was in (9.24) for the saturation equation
in porous media flow. As an example, we describe the MMOC procedure;
other procedures can be applied similarly.

For simplicity, we assume that the mobilities u,, and p, are constant.
In the case where w, = pu,(E) and u, = p,(E) are varying, appropriate
extrapolation techniques should be used in the approximation of E in these
two coefficients, as in (9.24) (cf. Exercise 10.1). Using (10.12), system (10.13)
can be rewritten:

0 n

8—? — B Vn—V - (u,UrVn) = —R(n,p) — np (n—p—-20C),

Op ep,

5¢ TV =V (1pUrVp) = —R(n,p) + %(n -p—0C).

Let 12
b, (x,t) = — B,  tn(x,t) = (1 + ||bn(x, t)||2) ,
and let the characteristic direction associated with the operator 88—7; +b-Vn
be denoted by 7,(x,t), so
1 b, (x,t
0 _ 10 s o

oty - wn(x>t) ot ’(/}n(x7 t)
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Then the electron concentration equation becomes

enfin

on
wnaT -V (unUTvn) - —R(n,p)

n

(n—p-=20C). (10.15)

Similarly, the hole concentration equation is given by

0 e
?%E?—V-wﬂ%WﬁZ—Rmmﬂ~%@m—p—@, (10.16)
p

with 1/2
bp(X, t) = /J‘pE7 Q/Jp(xﬂ t) = (1 + |bp(xv t)|2) :

If X > 2/ the linear extrapolation of Eﬁfz and Eﬁfl is

N tN _ tN—l N1 tN _ tN—l N2
E(Eh)::(1+'ﬁ‘1-4w2>F% i mabn - (10.17)
For X =0, 1, define
E(E}) =E}.

The approximation F (Ez) is first-order accurate in time in the first step and
second-order accurate in the later steps.

Let M, C H'(Q) be any of the finite element spaces introduced in
Chap. 1. The electron concentration can be computed via the MMOC pro-
cedure as follows: For each 1 <X < N, find nﬁ € My, such that

’I’L% — ﬁ271 UrV I \v4 _ R N—1  N—1
AR W |+ (,un TV, ’lU) - (nh » Pp, )
(10.18)

I
en
+hi,un(n2_1 _p:_l - CN)vw)7 w € Mh )

where
np t=npt (x+ B (ER) AR

In the same manner, the hole concentration can be calculated as follows: For
each 1 <N < N, find pﬁ € M,;, such that

P
(hAtNh’w> + (1pUrVpl, Vw) = — (R(ns—l’pz—l)

(10.19)

N
e
_ Pukin (nyt —pp - CN),w), w € My,
€

where
]52_1 = pz_l (x — upE (Eﬁ) AtN,tN_l) .

The initial approximations nY and p) can be defined as the respective
appropriate projections of ng and pg in My, for example. Equations (10.14),
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(10.18), and (10.19) can be solved as follows: After startup for n9 and p?, we
obtain (E?,¢Y) from (10.14) and then n} and p; from (10.18) and (10.19);
this process proceeds in a sequential fashion. An error analysis for equations
(10.14), (10.18), and (10.19) can be performed in a similar fashion as for
(9.21) and (9.24); see Sect. 9.5. In particular, if the finite element spaces Vi,
Wh, and M), satisfy the approximation properties (9.29) and (9.39), we have
(Douglas et al., 1986)

In —nullpee(r20)) + 10 = PRl (7;220))
+l¢ = dnllLe(s;r2)) + 1B = EnllL=(120)
< C{R L L AT LT ALY
under appropriate assumptions on the solution and data, where At =

max{At® : 1 < X < N} and r, 7*, and 71 are defined as in (9.29) and
(9.39).

10.2.2 The Hydrodynamic Model

As mentioned in Sect. 10.1.2, the equations of the hydrodynamic model are
mainly hyperbolic in nature. To devise numerical methods for solving these
equations, we write them in a conservation law form. We define the vector of
unknowns

U = (1, Doy Py Pag s w)
where ()T denotes the transpose of the vector (). Also, we introduce the
flux function F = (F,,,F,,,F,,), where
F.,(U) = v, U+ (0,n6p5T,0,0,v,,nkgT)T |
F.,(U) =v,,U + (0,0,n65T,0,v,,nkpT)T
F.,(U) = v,,U+(0,0,0,n65T,ve,nkpT)T .
Next, we write

R(U) = SE(U) + Ec(U) + Eheat (U) )

where

Ex(U)=(0,—enE,,,—enE;,,—enE,,,—env- E)T ,

_ Opa, O, 8]?9;3 Ow ’
EC(U)_ <0’< at )(27( at )C,< at >c’ <6t>c> ’

Eheat (U) = (07 0,0,0,V - (’i VT))T :

With this notation, the hydrodynamic model (10.6) can be rewritten in the
conservation law format

%—? +V - F(U)=R(U). (10.20)
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The boundary and initial conditions are given by

BU =g, xel, teJ,

U(x,t) = Ug(x), x €, (1021)

where B is a matrix-valued function, g and Uy are given, and I is the bound-
ary of Q. System (10.20) is coupled to the Poisson equation (10.7).

As we discussed in Chap. 4, the discontinuous Galerkin (DG) approxima-
tion method is a good choice for solving a hyperbolic system. We now give an
overview of the discretization for (10.20) using this method. As an example,
let K} be a regular partition of 2 into rectangular parallelepipeds with the
maximum mesh size h > 0, and define

Vi, ={v € L>®(Q) : v|k is linear, K € K} .

After discretizing system (10.20) in space by the DG method, the resulting
discrete equations can be written as the following ODE initial value problem:

dU
Wh :L}L(Uh7g)+Rh(Uh)a te ']a

Uh(X, 0) = Uoh(X) 5

(10.22)

where Lj;, and R}, are some approximations of —V- and R, respectively, and
Uyy, is an approximation of Uy (e.g., the L?-projection of Uy into (Vh)3). The
exact solution of the initial value problem (10.22) gives an approximation
that is formally second-order accurate in space since linear functions are
used on each element K € Kj,. Accordingly, a second-order accurate scheme
in time should be used to discretize this ODE. Here we utilize a second-order
accurate, two stage Runge-Kutta method. To enforce stability of the DG
method, a local projection Ay is applied to the intermediate values of the
Runge-Kutta discretization (Cockburn et al., 2000).
The resulting formally second-order accurate scheme is

e Set U?L = Ah(UOh);
e For N =0,1,..., N, given Uﬁ, compute Uﬁ“ as follows:
e set Ug?] = Uﬁ;
e compute U[hl} and U[hﬂ by
U = 2, (U + AL, (U, g(1) + ARR, (U
wi = U+ AL, (U g, (1871)) + AR, (UL |
Ul = 2, (U} 4+ wi)/2);

o set UpTt = UE].

In what follows, we describe in detail the approximation of the divergence
operator —Ly,, the local projection A, and the right-hand side Ry,.
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10.2.2.1 The DG Method

The general definition of the DG method for a single partial differential equa-
tion can be found in Chap. 4. To define this method in the present case, we
simply apply it component by component.

Let U = (Uy,Us,...,Us)T. Consider the equation for the ith component
of system (10.20), multiply it by v € V},, integrate over each K € Kj},, replace
the exact solution U by its approximation Uy, and formally integrate by
parts to obtain

%/ Uin(x,t)v dX—l-Z/ ((Un(x,t)) - vev(x) db

e€COK
- / Fi(Un(x, 1)) - Vo(x) dx (10.23)
K

:/ Ri(Up(x,t))v(x) dx  YveVy, i=1,2,...,5,
K

where v, is the outward unit normal to e. Note that F - v = F, v, +
Fo,vp, + Fo,vs, is a five-dimensional vector whose ith component is F; - v =
(Fy); Vay + (Fay); Vay + (Fiy),; Vag- Also, F(Up(x,1)) - v, does not have a
precise meaning, since Uy, is discontinuous at the interface e € K. Thus we
must replace F(Uy(x,1)) - v, by a suitably chosen numerical fluz h, , which
depends on the two values of Uy, on e, Uy (xUE) ) and U, (xXUE) )
defined by

U, (x84 = lim LU )
x'—x,x'€K°
Uh(XeXt(K), t) = lim  U,(x,t) ifx¢Tl,

x'—x,x'€eK¢

BU, (x5 4) = g, (x,t) ifxel,

where K° denotes the interior of K and K¢ = Q\ K. The choice of the
numerical flux h, g is crucial since it is through the use of this flux that we
introduce the upwinding (or artificial viscosity) which renders the method
stable (without destroying its high-order accuracy). In Chap. 4, the numerical
fluxes were based on various stabilization (penalty) terms. In this section, we
use a local Lax-Friedrichs flux to be described in Sect. 10.2.2.4.

Finally, we replace the integrals in (10.23) by quadrature rules:

L,y
/hi’e,R(x, tyo(x) df ~ Zwlhi’e,R(xht)u(xl)\e\ ,
¢ =1

Lo

/K F;(Up(x,t)) - Vo(x) dx ~ Z@lFi(Uh(xl,t)) -Vou(x)| K| ,
=1
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where .
he i (%, 1) = he g (U (xM0E) 1) U, (xXUE) 1))
= (hi,e,x,hoe iy hse k) s
w; and @ are integration weights, L1 and Lo are the numbers of integration
points, |e| is the area of e, and | K] is the volume of K.

In this way, the weak formulation for approximating the solution to
(10.20) is: For each i = 1,2,...,5,

Ly
d
£/ Uin(x,t)v(x) dx + Z Zwlhi,e,R(Xlat)U(Xl>|e|
K e€OK I=1
Lo
=Y GFi(Un(xs, 1)) - Vo(x))|K]| (10.24)

=1

= (:)\lRi(Uh<Xl,t)>U(Xl)|K| YveV,, KeKy.
This weak formulation defines the operators Lj;, and Ry,.

10.2.2.2 The Degrees of Freedom for U

The weak formulation (10.24) is completely independent of the way in which
we choose to express our approximate solution Uy. We choose to express Uy,
as follows: For x in the rectangular parallelepiped

hii hii ha; ha;
R= (xli - 779611' + 2) X (»’Uzj - 7],96‘23' + 2]>

(10.25)
hay hag
X 17319—72 y T3k + —— |

2

we write
- T1 — T1i \ 5 T2 — X5\
h(x) ijk + ( h12/2 > z1 45k T < h2j/2 ) xoijk
XT3 — T3k =
—— ) Ussijr ;
" ( hay /2 ) @tk

that is, we choose as degrees of freedom of Uy, its mean on K, I_Jijk and its
variation in the x;-direction, I~J$l ik, 1 =1,2,3.

This choice of the degrees of freedom renders the mass matrix of the weak
formulation (10.24) a 4 x 4 diagonal matrix. More important, this choice
greatly facilitates the evaluation of the numerical flux h, i (cf. Sect. 10.2.2.4)
and the computation of the nonlinear projection A, that then becomes equiv-
alent to three one-dimensional nonlinear projections (cf. Sect. 10.2.2.3).
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In order not to make a distinction between boundary and interior faces
in the evaluation of the numerical flux h. x and in the computation of the
nonlinear projection Ay, we express the boundary values as follows: Suppose
that x lies on the boundary face {x1; + h1;/2} x (x2; — hoj/2, 2 + ho;/2) X
(x3k — hsk/2, 3k + hsk/2), for example; then we write the boundary values
of Uy, as

_ To — T2j \ =~
Up(x) = Uiy jk + <22j/22]) Usy itk

T3 — T3k \ r
+ <h3k:/2> Usyit1,5k -
We use similar representations of the boundary values of U}, on the boundary
face (l'li — hli/Q,CCli + h11/2) X {1172]' + hgj/Q} X (:Egk — hgk/Q,l‘gk + hgk/Q)
and on other faces.

10.2.2.3 The Local Projection Ay,

The local projection Ay, is used to prevent the appearance of spurious oscilla-
tions in the approximate solution. The local averages, U; i, are unchanged to
preserve the conservation property of the DG method, but the local variation
in the z;-direction, mel ijk, 1 = 1,2,3, must be controlled to avoid unwanted
oscillations. We can obtain some control on the oscillations along the x1-
direction with the following component by component algorithm. For the Ith
component of the approximate solution, we set

(Ui?:?}?))l = minmod <(ﬁll ijk)l’ (Aa;ﬁ-ﬁijk)ly (Am—Uijk)l) ,

where Ay 4+ and Ay _ denote the standard forward and backward finite
difference operators in the x;-direction and

a, if|a| < Mh%i ,
(sign a) 1gigz{lal, 1buy |} 5

minmod(a, by, ba, -+, b,) =
if sign a =sign b,,,1 <13 <1,

0, otherwise,

where ¢ is an integer and M is an upper bound of the second-order ;-
derivative of each of the components of U. To control the oscillation along
the z9- and z3-directions, a similar algorithm can be used. However, although
this algorithm is computationally efficient, it does not take into account the
physically relevant directions along which the information travels. Taking
these characteristic directions into account results in a better control of the
oscillations and in a higher quality of the approximation.

Let us show how to do this to define fJ(mOd)

2y igk - First, we compute the
Jacobians
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T = (35) (1,0,0)(Tise)

O] O]

and obtaln their eigenvalues, A and their left and right eigenvectors, 1

ijk? ijk

and rz y k, l=1,2,...,5, respectively. The eigenvectors are normalized so that
1 1 . - = = .

lgjlk) . Ejzk) = 01,1, Then we project Uy, ik, Az, +Uijk, and Ay, _U,j, into

the eigenspace of Jjj:
(l)_l(l)'ﬁm1ijk7 1=1,2,...,5,

b =10 - Apy U, 1=1,2,....5,

D =10 Ay, Ui, 1=1,2,...,5,
and perform the projection (or slope limiting) in each characteristic field

0(1)“1@ = minmod(a®,b®, ") .

1)

Next, we project them back to the component space to obtain
mod U0
Il ijk ZU:vl ijk l]k

This completes the projection in the z;-direction. Similar and totally inde-
pendent procedures can be applied in the xs- and x3-directions.

10.2.2.4 The Numerical Flux h. i

The numerical flux we use is the (componentwise) local Lax-Friedrichs flux.
Suppose that K is a rectangular parallelepiped as given in (10.25) and that
the quadrature point x; lies on the face {x1; + h1:/2} X (@2 — hoj/2,x2; +
haj/2) x (x3k — har/2, T3k + hsi/2), for example. Then we define

he i (x1)= ;{ (FUL ) e+ FULE) )

—o, (Uh(xlext(K)) . Uh(X}nt(K)))} ’

where - -
ae = max{ A(Uyjr), A(Uit1,5%) } ,

5
(N, Pay s Pags Pag  w) ") = \/?’T7+ v

is an upper bound for the eigenvalues of the Jacobian of F - n evaluated at
(M, Py s P P> w) L for all unit vectors n. Similar expressions hold for other
quadrature points on the boundary of K.

A characteristically evaluated local Lax-Friedrichs flux can be also used.
However, our experience is that the componentwise evaluated local Lax-
Friedrichs flux produces as good results as this more costly flux.

and
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10.2.2.5 The Right-Hand Side R(Up)

Finally, we show how to evaluate the function R(Up,) = €g(Up) + £.(Uy) +
&hear (Up) for a given Uy,. To evaluate &,(Uy), we simply use (10.8) and the
following equations:

3 1
p=mnv, w= ETMBT + §mn|v\2. (10.26)

To evaluate £g(Uy,), we need a numerical method to obtain an approx-
imation Ej to the electric field E. The equations defining the electric field
are (10.7) and the boundary conditions:

E=-V¢ in Q,
V-(eE)=e(Np — Ny — in Q
(B) =e(Np =Na—n) in (10.27)
»=¢p onIl'p,
E-v=0 on 'y,

where T = Tp Uy and Tp N Ty = 0. These equations can be discretized
using the mixed finite element method as in (10.14). As an example, we
use the lowest-order Raviart-Thomas mixed method on rectangular paral-
lelepipeds that defines the approximation E; € V; and ¢, € W}, as the
solution of the following equations:

(En,w) — (¢, V- W) = — (¢D,W~V)FD Yw eV,
(eV -Ep,v) = (e(Np — Na — np),v) Yv e Wy,

where ny, is the approximate density yielded by (10.24) and

Vi, ={w e H(div; Q) : w|g = (aj; + ak 1, a3 + ajwa,af + afeas) ,
aly € R, K € Kp; w-v|r, =0},
Wy, = {v € L*(Q) : v|k is a constant, K € K} .

To evaluate &,,.,, (Up), we also use the Raviart-Thomas space, although
in a very different way. Note that

€heat (U) = (0,0,0,V )",
where q is defined by
q=xkVT inQ,
T=Tp onT},
q-v=0 onlY%,
where T' = ', UTY, I', N T’ = 0, and T, and Iy are not necessarily the

same as I'p and I'y. Then we define the approximation q; € Qp as the
solution of the following problem:
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(Ii;lqh,w):—(Th,V'W)—f—(TD,W-V)F Yw € Qyp

b
where kp, and T}, are given by (10.9) and the second equation of (10.26),
respectively, and

Qi = {w € H(div; Q) : w|g = (a) + aka1,a% + afwe,a’ + afeas) ,
at. € R, K € Kp; w -Vl :O}.

This completes the definition of R(Uy) and thus the definition of (10.24).
An example of numerical results will be presented in Sect. 10.3.

10.2.3 The Quantum Hydrodynamic Model

Again, to devise numerical methods for solving the quantum hydrodynamic
model, we write it in a conservation law format. Let

h*n
b= —Al
@ =w+ 5 Alog(n) ;
then, by (10.11), we see that
3 1
W= 5n,‘<;BT + 5mn|v|2 ,

which has the same form as that of the energy band for the hydrodynamic
model. Also, after introducing the quantum potential of Bohm (Philippidis
et al., 1982)
o1
=———A
@ 2m \/n Vi,

we find that the stress tensor satisfies the relation (cf. Exercise 10.3)
VP =V(nkgT) + gVQ . (10.28)

Using these new definitions, it follows from (10.10) that

on
ot +V-(nv)=0,
Jp . Jp
§+Vv.p+p-Vv+V(nnBT) = —enE + ((%)c

+pa (10.29)
0w _ ow
E—I—V-(vw)—l—v-(vn/@BT) =—env-E+ (f)t)c

+V - (kVT) + g ,

where
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n

Po = SVQ’
_ h*n Alog(n) h? n

_ _ (nAvV) — 2y .
YT oum T 1 sam ¥ (MAV) = 3v-Ve

In this way, (10.29) are the classical hydrodynamic equations with the ad-
dition of the new terms pg and wg, which come from the quantum correction
terms. As a consequence, we only need to treat these new terms for the quan-
tum model if the finite element programs introduced for the hydrodynamic
model are applied.

Let U = (1, ps, > Pays Pas> W) L. Then (10.29) can be written as follows:

%—Ij +V.-F(U)=R(U), (10.30)

where the flux F = (F;,,F,,, Fz,) has the following components:

F.,(U) = v, U+ (0,nkpT,0,0,v,, nkgT)T ,
F.,(U) = v, U+ (0,0,nk5T,0,v,,nkpT)T |
F.,(U) =v,,U+(0,0,0,n65T,v,,nkpT)T ,

and the right-hand side R is given by

R(U) = EE(U) + £C(U) + £heat (U) + €Q (U) )

£x(U) = (O,fenEzl,fenEm,fenEm,fenv~E)T ,

_ Opa, Opa, Opzs o '
gc(U)_<07(at )c,< at >c7< at )c7(at)c) ’

gheat (U) = (0’ 0,0,0, V. (K VT))T ’

£Q(U) = (Oa (pQ)wla (pQ)ww (pQ)w:wa) :

Thus we see that the numerical techniques developed for the classical hydro-
dynamic model in Sect. 10.2.2 can be applied to the quantum hydrodynamic
model (10.30) (Chen et al., 1995).

10.3 A Numerical Example

A two-dimensional MESFET device © = (0,0.6 pm) x (0,0.2 um) is sim-
ulated, using the hydrodynamic model (10.6)—(10.9). The source, drain,
and gate are, respectively, the segments (0,0.1 um) x {xo = 0.2 pum},
(0.5 um, 0.6 pm) x {x2 = 0.2 pm}, and (0.2 pm, 0.4 pm) x {xo = 0.2 um};
see Fig. 10.1. The doping Np is defined by
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source gate drain

0.10

0.05

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Fig. 10.1. An MESFET semiconductor device

3x10"7 cm-3
0.20% \
{ANANANAY NAVANANAN
0.15
0.10 T T [Tt
0.05
0.00
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Fig. 10.2. The doping profile Np

3x 1017 em™3,  (x1,22) €[0,0.1] x [0.15,0.2]
Np = U[0.5,0.6] x [0.15,0.2] ,

1x 107 cecm™3, elsewhere ,

and N4 = 0 in the whole domain €2; see Fig. 10.2.

The initial conditions are chosen as n = Np for the density, T = Ty =
300°K for the temperature, and v,, = v;, = 0 for the velocity. The initial
condition for the potential is ¢, where ¢§ = ¢o — .232, and

2) /e

with k£ = 0.138x107%, e = 0.1602, and n; = 0.000018 (for GaAs). We are em-
ploying a translation constant 0.232 in ¢ for convenience in our simulations.
The boundary conditions are defined as follows:

¢0 = kTO In <

e At the source: ¢ = ¢} for the potential, n = 3 x 1017 cm™3 for the
electron density, T = 300°K for the temperature, v,, = 0um/ps for the
horizontal velocity, and the homogeneous Neumann boundary condition
for the vertical velocity vy, ;
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e At the drain: ¢ = ¢ + 2 for the potential, n = 3 x 107 cm~3 for the
electron density, T = 300°K for the temperature, v,, = 0um/ps for the
horizontal velocity, and the homogeneous Neumann boundary condition
for the vertical velocity vy, ;

e At the gate: ¢ = ¢ — 0.8 for the potential, n = 3.9 x 10° cm™3 for the
electron density, T = 300°K for the temperature, v,, = Oum/ps for the
horizontal velocity, and the homogeneous Neumann boundary condition
for the vertical velocity vy,;

e At all other parts of the boundary: all variables are subjected to
homogeneous Neumann boundary conditions.

We simulate homogeneous Neumann boundary conditions for each of the
components of Uy, as follows. Suppose, for example, that the edge {x1; +
h1i/2} x (z2; — haj/2,2x2; + ho;/2) lies on a Neumann boundary for, say,
the I[th component Uyy,. Then we define the degrees of freedom of Uy, at this
boundary as

(Uis1.)1 = (Uij), (Ungit1)01 = Uayiji -

Similar expressions are used on the other edges with a Neumann boundary
condition. A uniform space mesh of 96 x 32 is employed for the simulations
in which the method in Sect. 10.2.2 is run until the steady state is reached.
The numerical results for the density n, velocity v, energy w, temperature
T, electric potential ¢, and electric field E are displayed in Figs. 10.3-10.9.
Notice the sharp transition of the electron density n near the junctions. Also,
note that there is a boundary layer for n at the drain, but not at the source.
This is reasonable since the drain is an outflow boundary and the source is
an inflow boundary. A rapid drop of n at the depletion region occurs near the
gate. The normal velocity component at the gate appears to be negligible,
while the horizontal component shows an evidence of strong carrier movement

Fig. 10.3. The density ny
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Fig. 10.4. The z2-component of the velocity
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Fig. 10.6. The temperature T},
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Fig. 10.9. The z;-component of the electric filed
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toward the source beneath the left gate area, and of strong movement toward
the drain immediately to the left of the drain junction. Notice the cusps and
strong gradients in the components of the velocity. The junction layers and
the interface layers are also clearly visible in the energy density w and the
potential ¢. The peaks of the electric field are due to its singularities around
the intersections of the Dirichlet and Neumann segments of the boundary.

10.4 Bibliographical Remarks

For more information on the derivation and properties of the semiconductor
models presented in Sect. 10.1, the reader should refer to Markowich (1986)
and Markowich et al. (1990). The analysis of the MMOC procedure discussed
in Sect. 10.2.1 for the drift-diffusion model can be found in Douglas et al.
(1986). The development of the approximation procedure for the hydrody-
namic model described in Sect. 10.2.2 and the numerical results presented
in Sect. 10.3 follow Chen et al. (1995B), and this procedure is based on the
Runge-Kutta discontinuous Galerkin method (Cockburn et al., 1990). For a
similar approximation procedure and the corresponding numerical results for
the quantum hydrodynamic model considered in Sect. 10.2.3, see Chen et al.
(1995A).

10.5 Exercises

10.1. Formulate an MMOC procedure for the electron and hole concentration
equations of the drift-diffusion model with varying mobilities: u, =
tn(E) and pp = pp(E). In this procedure, use linear extrapolation
techniques in the approximation of E in these mobilities (cf. Sect. 9.3).

10.2. Write down a mixed variational formulation for the electric potential
and field equations

E=_-Vé inQ,
V-(eE)=e(Np—Ns—n) inQ,
¢=¢p onTp,
E-v=0 on Iy,

where T’ = fD Uf‘N and T'p Ny = 0.

10.3. Verify (10.28) in detail.

10.4. In this chapter, we have not presented any theoretical analysis. As a
matter of fact, the numerical procedure defined in Sect. 10.2.1 can be
analyzed as in Sect. 9.5. Carry out an analysis for this procedure. (If
necessary, consult Douglas et al. (1986).)



A Nomenclature

A coefficient matrix of a system (stiffness matrix)
a diffusion coefficient

a(-,-) bilinear form

an(-,-) mesh-dependent bilinear form
ag(+ ) restriction of a(-,-) on K

a—(+-) bilinear form for symmetric DG

ay (") bilinear form for nonsymmetric DG
aij entries of A

af](- restriction of a;; on K (element)

B mass matrix

B, matrix in an affine mapping

b(-,-) bilinear form

b convection or advection coefficient
be edge bubble function

bk triangle bubble function

c reaction coefficient

C coefficient matrix associated with time
d dimension number (d =1, 2, or 3)
Ep set of edges on I'p

EN set of edges on I'y

En set of edges on I’

F functional or total potential energy
F mapping

f right-hand function or load

f right-hand vector of a system

§ie local mean value on K

fi ith entry of f

fa fractional flow function

G Jacobian matrix or a mapping
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onC e on B!

A Nomenclature

boundary datum

local mean value on e

mesh or grid size

length of edge e

mesh size at the kth level

diameter of K (element)

interval in IR

subintervals

identity matrix or operator

trace-back of I; to time ¢t

space-time region following characteristics
time interval of interest (J = (0,T])
nth subinterval of time ("1, ")
electron current density

hole current density

element (triangle, rectangle, etc.)
reference element

triangulation (partition)

trace-back of K to time ¢

space-time region following characteristics
linear functional

linear functional for symmetric DG
linear functional for nonsymmetric DG
space of Lagrange multipliers

band width of ith row

lower triangular matrix

linear operator

number of grid points (nodes)
coefficient matrix arising from mixed method
vertices of elements

set of vertices in K},

unknown variable or pressure
capillary pressure

unknown vector of a system
approximate solution

initial datum

value of p,, at (in,t”_l): Dh (fn,t"_l)
interpolant of py,

set of polynomials of total degree < r
set of polynomials defined on prisms
pressure of a-phase

pressure tensor

reaction coefficient

Reynolds number

projection operator



Rbp,x

cond(A)

QR0 H

A Nomenclature

local Dirichlet estimator I
local Dirichlet estimator II
hierarchical basis estimator
residual a-posteriori estimator
local Neumann estimator
averaging-based estimator
heat flux
source/sink term of a-phase
set of polynomials of degree < r in each variable
upper triangular matrix
saturation of a-phase
tangential vector
time variable
nth time step
final time
velocity variable in IR
velocity variable in IR?
velocity of a-phase
unknown vector for u or u
thermal voltage
left-hand limit notation
right-hand limit notation
linear vector space
dual space to V'
finite element space
vector space in a pair of mixed spaces
vector space in a pair of mixed finite element spaces
restriction of Vi, on K
integration weight
scalar space in a pair of mixed spaces
scalar space in a pair of mixed finite element spaces
restriction of W, on K
independent variable in IR
independent variable in R%: x = (21,22,...,24)
foot of a characteristic corresponding to x at ¢"
subspace of V' induced by b(-,-)
orthogonal complement of Z
polar set of Z
discrete counterpart of Z
condition number of A
set of real numbers
open set in IR? (d=2or3)
closure of €2

387



388 A Nomenclature

Qe union of elements with common edge e
957 union of elements adjacent to K
Qm union of elements with common vertex m
T boundary of 2 (99)
I_ inflow boundary of I’
ry outflow boundary of T’
I'p Dirichlet boundary of T’
'y Neumann boundary of T’
0K boundary of K
\% gradient operator
\E divergence operator (div)
A Laplacian operator
A? biharmonic operator (AA)
At time step size

0 . . .

oz, partial derivative with respect to z;

% partial derivative with respect to ¢ (time)
0 .

— normal derivative

ov

0 o] derivati

7t tangential derivative

8% directional derivative along characteristics
D . o

— material derivative

Dt
D~ partial derivative notation
DS weak derivative notation
D" multilinear form of rth-order derivative
C>(Q) space of functions infinitely differentiable
D(0) subset of C*°(Q2) having compact support in
C§e () same as D(Q)
diam(K) diameter of K
L} () integrable functions on any compact set inside 2
L1(Q) Lebesgue space
Wma(Q) Sobolev spaces
Wy () completion of D(Q) with respect to || - |lyr.a(e)
- norm

Il 1 norm on a nonconforming space

|- lLa(e) norm of L(Q)



|- lwra)
| lwra(a)
H"(Q)

Hg ()
H'(Kp)
H(div, Q)

b1
[a

Th
TK

§(x —x0)

F‘./'I’Oé

A Nomenclature

norm of Wn4(Q)
seminorm of W"4()

same as W"2(Q)

same as W;()

piecewise smooth space

divergence space

convection or advection coefficient
multi-index (a d-tuple): a = (a1, aa,...,0q)
measure of smallest angle over K € K,
quasi-uniform triangulation constant
interpolation operator

restriction of 7, on element K
projection operator

Dirac delta function at x(*)

reservoir permeability

relative permeability of a-phase
viscosity of a-phase

density

density of a-phase

diameter of largest circle inscribed in K
outward unit normal

interstitial velocity

basis function of V,

basis function of V7,

Lagrange multipliers

barycentric coordinates (i = 1,2, 3)
phase mobility

degrees of freedom of \p,

same as A\ A A3 Pr_o(K)

strain tensor

Poisson’s ratio

stress tensor

characteristic direction

momentum relaxation time

energy relaxation time

quantum expansion parameter

jump operator notation

averaging operator notation
determinant of a matrix
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