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1 Derivation of the Method

In order to derive the fundamental concepts of FEM we will start by looking
at an extremely simple ODE and approximate it using FEM.

1.1 The Model Problem

The model problem is:

—u'"+u=2 0<z<l (1)
uw(0)=0 wu(l)=0

and this problem can be solved analytically: u (z) = x — sinhx/sinhl. The
purpose of starting with this problem is to demonstrate the fundamental
concepts and pitfalls in FEM in a situation where we know the correct answer,
so that we will know where our approximation is good and where it is poor.
In cases of practical interest we will look at ODEs and PDEs that are too
complex to be solved analytically.

FEM doesn’t actually approximate the original equation, but rather the weak
form of the original equation. The purpose of the weak form is to satisfy
the equation in the "average sense," so that we can approximate solutions
that are discontinuous or otherwise poorly behaved. If a function u(z) is a
solution to the original form of the ODE, then it also satisfies the weak form
of the ODE. The weak form of Eq. 1 is



/0 1 (" + u) vdz = /0 o 2)

The function v(z) is called the weight function or test function. v(x) can be
any function of x that is sufficiently well behaved for the integrals to exist.
The set of all functions v that also have v(0) = 0, v(1) = 0 are denoted by
H. (We will put many more constraints on v shortly.)

The new problem is to find u so that

Jo (<" 4 u—w)vde =0 forallv & H ®
u(0)=0 u(1)=0

Once the problem is written in this way we can say that the solution u belongs
to the class of trial functions which are denoted H. When the problem is
written in this way the classes of test functions H and trial functions H
are not the same. For example, u must be twice differentiable and have the
property that fol u"vdx < oo, while v doesn’t even have to be continuous as
long as the integral in Eq. 3 exists and is finite. It is possible to approximate
u in this way, but having to work with two different classes of functions
unnecessarily complicates the problem. In order to make sure that H and H
are the same we can observe that if v is sufficiently smooth then

1 1
/ —u"vdr = / u'v'dr — u'vl} (4)
0 0

This formulation must be valid since v must be twice differentiable and v was
arbitrary. This puts another constraint on v that it must be differentiable
and that those derivatives must be well-enough behaved to ensure that the
integral fol u'v'dx exists. Moreover, since we decided from the outset that
v(0) = 0 and v(1) = 0, the second term in Eq. 4 is zero regardless of the
behavior of u’ at these points. The new problem is

1
/ (u'v' + wv — av)dx = 0. (5)
0

Notice that by performing the integration by parts we restricted the class of
test functions H by introducing v' into the equation. We have simultaneously
expanded the class of trial functions H, since u is no longer required to have



a second derivative in Eq. 5. The weak formulation defined in Eq. 5 is called
a variational boundary-value problem.

In Eq. 5 v and v have exactly the same constraints on them:

1. v and v must be square integrable, that is: fol wvdx ~ fol u?dr < oo

2. The first derivatives of v and v must be square integrable, that is:
fol uv'dr &~ fol (u')2dx < oo (this actually guarantees the first property)

3. We had already assumed that v(0) = 0 and v(1) = 0 and we know from
the original statement of the problem that «(0) = 0 and u(1) = 0.

Now we have that H = H = H}. Any function w is a member of H}
if fol (W')?dx < oo and w(0) = w(l) = 0. H} is the space of admissible
functions for the variational boundary-value problem (ie. all admissible test
and trial functions are in H})

We will consider the variational form Eq. 5 to be the equation that we would
like to approximate, rather than the original statement in Eq. 1. Once we
have found a solution to Eq. 5 in this way we can ask the question whether
this formulation is also a solution to Eq. 1: That is, whether this solution is
a function satisfying Eq. 1 at every x in 0 < x < 1, or whether we have found
a solution that satisfies only the weak form of the equation. In the case that
we can only find a solution to the weak form, no "classical" solution exists.

1.2 Galerkin Approximations

We now have the problem re-stated so that we are looking for v € H} such
that

1 1
/ (u'v' +uv)dx = / rvdz (6)
0 0

for all v € H}. In order to narrow down the number of functions we will
consider in our approximate solutions we will make two more assumptions
about H}. First, we will assume that H} is a linear space of functions (that
is if vy, vy € HS and a, b are constants then av; + bvy € Hol.)

The second assumption is that H| is infinite dimensional. For example if we
have the sine series v, (z) = v/2sin(nrz) forn = 1,2,3, ... and v € H} then
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v can be represented by v (xz) = > 7 a,¥, (z). The scalar coefficients a,
are given by a, = fol v (x) Yy, (x) dx, just like usual. Hence infinititely many
coefficients a,, must be found to define v exactly. As in Fourier analysis,
many of these coefficients will be zero. We will also truncate the series in
order to have managable length series, just like in discrete Fourier analysis.

Unlike in Fourier analysis, though the basis functions do not have to be sines
and cosines, much less smooth functions can be used. In fact our set of basis
functions do not even have to be smooth and can contain discontinuities in
the derivatives, but they must be continuous. We will assume that the infinite
series converges so that we can consider only the first N basis functions and
get a good approximation vy of the original test (or trial) function:

v=Euy = Zil Bigi (x) (7)

where ¢; are as-yet unspecified basis functions. This subspace of functions is
denoted HéN) and is a subspace of Hj. Galerkin’s method consists of finding

an approximate solution to Eq. 6 in a finite-dimensional subspace H(()N) of
Hél of admissible functions rather than in the whole space Hj. Now we are
looking for uy = sz\il a;¢; (x). The new approximate problem we have is

to find uy € H((]N) such that

1 1
/ (uWyvy + uyvy) dz = / rondx (8)
0 0

forall vy € H((]N). Since the ¢; are known (in principle) uy will be completely
determined once the coefficients «; have been found.

In order to find that a,, we put S, a;é; (x) and -~ | B, () into Eq. 8.

[ [ 0 @] £ [ g )] +
/0 [Zivzl Bidi ($)} [ZL ;b (x)] — dr =0 (9)
e300 Bidi (@)
for all IV independent sets of j3;.

This can be expanded and factored to give



N N 1 1

S (S [ @ o @aw] e - [ <o
0 0 1)

for all N independent sets of 3;. The structure of Eq. 10 is easier to see if it

is re-written as

Zil pi (ZL Kija; — F) =0 (11)

for all ;. Where

Ky = [) [0, @) 6 (2) + 6 (x) s ()] dx F = / w6 (@) de  (12)

and where 7, j = 1,..., N. The N x N matrix of Kj; is called the stiffness
matrix and the vector F' is the load vector. Since the (3; are known Kj;; and
F' can be calculated directly. But the 3; were arbitrary so we can choose each
element (3; for each equation. For the first equation choose 5y = 1 and 3, =0
for n # 1. Now Zjvzl Kija; = Fy. Similarly for the second equation choose
By =1 and 3, = 0 for n # 2 so that Zjvzl Kyja; = F,. In this way we have
chosen N independent equations that can be used to find the N unknowns
a;. Moreover the N coefficients a; can be found from o; = Zjvzl (K1) iiFi
where (K1), are the elements of the inverse of K.

The stiffness matrix K is symmetric for this simple problem, which makes
the computation of the matrix faster since we don’t have to compute all of
the elements, symmetric matricies are also much faster to invert.

1.3 Finite Elements Basis Functions

Now we have done a great deal of work, but it may not seem like we are
much closer to finding a solution to the original ODE since we still know
nothing about ¢;. The purpose of using such a general formulation is that
any set of linearly independent functions will work to solve the ODE. Now
we are finally going to talk about what kind of functions we will want to use
as basis functions. The finite element method is a general and systematic
technique for constructing basis functions for Galerkin approximations. In
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FEM the basis functions ¢; are defined piecewise over subregions. Over any
subdomain the ¢; will be chosen to be polynomials of low degree, though
other possibilities do exist.

e finite elements are the subregions of the domain over which each basis
function is defined. Hence each basis function has compact support over
an element. Each element has length h. The lengths of the elements
do NOT need to be the same (but generally we will assume that they
are.)

e nodes or nodal points are defined within each element. In Figure 1 the
five nodes are the endpoints of each element (numbered 0 to 4).

e the finite element mesh is the collection of elements and nodal points
that make up the domain and is shown in Figure 1. An element i is
denoted by €2;.

Now we need to construct the actual basis functions using the three criteria
defined before: 1) The basis functions are simple functions defined piecewise
over the finite element mesh, 2) the basis functions must be in the class of test
functions Hy, and 3) The basis functions are chosen so that the parameters
«; are the values of uy(z) at the nodal points.

The simplest set of basis functions are the “hat functions” on elements ¢ =
1,2, 3.

m_]f# for Ti—1 <z < Z;
oi (x) = x’h*—:x for  z;<z<zi (13)
0 for x<wxi1,x> x4

where h; = x; — x;_1 is the length of element i. The derivatives are

for Tiog <z <
¢ () = — for x; <z <wig (14)
for x<xi_1, x> x4

The equations for elements 0 and 4 have been left out since we decided that
u(0) = u(l) = 1, so no basis functions are required. In general the basis
functions for the first and last elements are half of the functions since there



isno i—1 or ¢+ 1 node, respectively. The hat functions are shown in Figure 2.
The mathematical term for hat functions is piece-wise linear basis functions
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Figure 2: Four hat functions (top) and their derivatives (bottom) on the interval [0 1].

Looking at the three criteria above, clearly the functions in Eq. 13 are simple
and defined element-wise. It is easy to show that they are in H{, since they
have square-integrable first derivatives. They also satisfy the third criteria
since ¢;(z;) = 1 if i = j and 0 otherwise. Hence each function contributes to
the value of uy at exactly one node and a; = uy(x;).

It is less clear that the hat functions will give a continuous representation
of vy and uy. Let v be the sine function with period 2 shown in Figure
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3. At the nodes (0, 1, 2, 3, 4) sine has the values (0,0.7071,1,0.7071,0).
The representation vy on the finite element mesh is vy = 0.7071¢; (z) +
¢9 () + 0.7071¢3 (). When the elements are summed up the sine wave
is approximated by piecewise linear functions between each of the nodes,
and is exactly represented at each node. When more nodes are used the
approximation improves and in the limit of N — oo the sine wave would be
exactly represented. In FEM we will never proceed all the way to the limit,
so the interval size h will always have finite size h. This is why the term
finite elements is used.

ir sin(pi x) ~= 7 ~w YN
- : ~
“Ad 9, N
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Figure 3: The finite element approximation of sin(rz) using five nodes on the interval
[0 1].

1.4 The Stiffness Matrix K and the Load Vector F for
Hat Functions

Recall from Eq. 12 that each element of the stiffness matrix K is given by

K;; :4 fol (¢2 (z) ¢; (z) + ¢ (1) ¢, (:c))d:c
=Y e Jo, (05 (x) &) (2) + 6i (x) ¢ (x))dz (15)
= Zi:l Kiej



similarly

1 4 4
A [sowa=3_, [ e 8 0

where we have used the property that ¢(z) are defined piecewise on each
element 1 through 4. In order to compute an approximation of the solution
to the model ODE it is necessary to compute nine elements for K;; from
i,7 = 1,2,3 and three elements for F'. But since each of the functions ¢(x)
are defined in the same way it is possible to compute K¢ and F for a generic
element and then to construct the matrix using the sums above. Consider a
generic interior element ). on the interval x4 to xg. We will use a change
of variables and rewrite this in terms of £, a dummy variable for x. We
will have € = (0,h). On this element exactly two of the hat functions are
nonzero: ¥ 4(§) = 1—% and ¥p(€) = % Convince yourself that this definition
is equivalent to the previous definition of the hat function, but with the origin
shifted to the start of one of the interior elements. The two hat functions
have derivatives ¢/y(§) = —3 and ¢5(§) = 7.
It is also important to notice that for the hat functions ¢;(x) # 0 on only
the elements €2; and €2; ;. This results in a tridiagonal sparse matrix K for
any number of elements in the mesh as will be shown below. Using Eq. 15
you can see that there are three integrals that contribute to K;:

kaa = i (W5 (O + [5 (6)]%)de

= f, (I 1/h 1 —&/R*)dE =1/h+h/3

kap = fo )’ (€) + ¥4 (§) Y (€))dE an
= Jy ( 1/h 1/h> + (1= ¢&/h) (¢/h))dE = —1/h + h/6
@B—L( HOF + [ (6))7)de

= fo ((=1/h)* + [¢/R)*)dE = 1/h + h/3

Similarly the components that contribute to the load vector are:
Fi = [y (wa+8) (1= &/h)dg = § (204 + 2p) 18)
Fi = [y (xa+&) (§/h)d§ = § (:vA +22p)

where the x4 and zp terms come from evaluating the forcing function f(z) =
x at the endpoints of the generic element.



Thus each generic interior element contributes to the stiffness matrix a 2 x 2
submatrix

e 1/h+h/3 —1/h+h/6 (19)
| =1/h+h/6 1/h+h/3
and two entries to the load vector
e 204+ xR
N (20)

For the 4 element mesh we have derived the contributions to the overall
stiffness matrix K from each node is given by:

[ 1/h+h/3 0 0 1/h+h/3 —1/h+h/6 0]
K'= 0 0 0|K?*=| ~-1/h+h/6 1/h+h/3 0

I 0 0 0 0 0 0 |

[0 0 0 00 0 |
K3=10 1/h+h/3 —1/h+h/6 |K*=|0 0 0

| 0 —1/h+h/6 1/h+h/3 0 0 1/h+h/3 |

(21)
where the contributions from elements 1 and 4 have only one entry because

only half of the hat function exists on these elements. Similarly the contri-
butions to the load vector are

2h 2h + 2h
F'=h/6| 0 | F>=h/6| h+4h (22)
0 0
0 0
F®=h/6| 4h+3h | F*=h/6 0 (23)
2h + 6h 6h + 4h

where h = 0.35 for the model problem. Now K = K' + K? + K3 + K*
and F' = F' 4+ F? + F3 + F*4. The final system of equations has symmetric
and diagonally dominant stiffness matrix K, which is very nice to work with
mathematically. The values of uy at each node is given by & = K~'F and

uy = >0 @i (x).
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Using this we get that the approximation to the model problem is u =
0.0353¢1 () + 0.0569¢5(x) + 0.0505¢3(x). This is not a very accurate an-
swer, since only four elements were used. A more accurate approximation
can be obtained by using more elements, but at the cost of building and
inverting a larger stiffness matrix K. The usual way of estimating the error
of an FEM approximation using linear basis functions (the hat functions we
derived) using the L, or mean-square norm is that ||e||o < Coh?. This is an
a-priori error estimate and in general a worst-case scenario, the actual error
may be substantially smaller.

2 General One Dimensional Problems

At this point we will extend the derivation above to include general linear
second-order elliptic ODEs of the form

d*u () du

a0 (1) S o () S+ o () u () = £ (3). (24)

Recall that this equation is elliptic if a, never changes sign or vanishes, ie
lao(x)| > v > 0. We will also focus on two-point boundary-value problems
which are problems where half of the boundary conditions are specified at
each end point.

2.1 Flow Through Porous Media

One example in which elliptic boundary value problems arise in PE is as
one-dimensional flow through porous media. Start by defining the flux o of
the fluid as o(z) = —k(z)%. o can be a general flux function of any type,
but for porous media flow, u is hydraulic head or pressure, o is the flow
rate, k is the absolute permeability, f(x) is the fluid source/sink and may
represent wells or a boundary condition with flow across it, such as a constant
flux boundary with an aquifer. In porous media flow we are also implicitly
assuming the additional equation for Darcy’s law holds, that is 0 = —ku/'.
The permeability does not have to be constant in this formulation, but may

vary with x.
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2.2 One-Dimensional Heat-Loss

One example in which elliptic boundary value problems arise in PE is heat
loss from a wellbore. For the moment we can consider only 1D heat loss, but
radial heat loss can be approximated using FEM as well. In heat loss u is
the temperature, o is the heat flux given by Fourier’s law, f(x) is the heat
source (in this example, the wellbore), and k is the thermal conductivity of
the porous medium.

2.3 Boundary Conditions
The most general boundary conditions that we will consider are

a2 4 Bu(l) =,

Only the value of u is specified in a Dirichlet Boundary Condition. Only

the value of dl;(xo) is specified in a Neumann Boundary Condition. The flux
—k(O)(—dZ—(xO)) = 09 or a linear combination of the flux and u are specified in

a natural boundary condition.

Now we have a general ODE of the form

_% (k (2) dzf)> + ¢ () Z—z +b(z)u(z) = f () (26)

where the second derivative of u has been replaced by the definition of the
flux. This ODE doesn’t necessarily have a second derivative at every single
point in the domain since k(x) may not be continuous. u must have a second
derivative over every smooth sub-domain €2;, but there may discontinuites at
the boundary between two subdomains. We didn’t worry about the existence
of the second derivative in the model problem in the last section because the
real physical problems we want to solve have the form of Eq. 26, with the
boundary conditions defined in Eq. 25, not the form of Eq. 1.

As before, the ODE is multiplied by the test function v and integrated to
give the variational form of the two-point boundary-value problem on any
smooth domain {2

12



—ku'v|g + /Q (ku'v" + cu'v + buv) dx — /Q fodx =0 (27)

If our domain is not smooth we can solve this problem over a series of sub-
domains where the ODE is smooth and sum them. There are three types of
discontinuity that are possible at the edges of the €

e k(z) is discontinuous, f(x) is continuous at x;. This gives a jump
condition across the boundary of the element, but since £ is finite on
both sides of the jump the flux is continuous and [o (z)] = 0 at the
boundary.

e f(x) is discontinuous, k(x) is continuous at xo. This gives a jump
condition across the boundary of the element, but as long as f is finite
on both sides of the jump the flux is continuous and [o (z)] = 0 at the
boundary.

e f(x) is discontinuous at x3 and has a concentrated forcing term given
by the —f8(x — ;) which is not finite. This gives a jump condition
across the boundary of the element, and the flux is not continuous and
[0 ()] = f at the boundary.

As a consequence when we sum over all of the elements the variational bound-
ary value problem becomes

k(0)u' (0)v (0) — k(D) (D) v (1) + [ (ku'v! + cu'v + buv) de
o (@0)] v (21) + [ (22)] v (22) + [0 (w3)] v (w3) = [, foda

At the points x; and x5 the jump condition is zero so those terms drop out,
but the jump at x3 is not zero, so we would have to deal with the f term
in the FEM. For the rest of the derivation we will assume that we have no
discontinuites of this type, but it is important to know that even very messy
domains can easily be handled using FEM.

(28)

Rewriting Eq. 28 so that the homogeneous ODE is on the left and the forcing
and boundary terms are on the right gives

fol (ku'v" + cu'v + buv) de = —v (0) k (0) [y0 — Bou (0)] /g

+o () k() [y — Bu (D]/ay + fol fuodz + fo(x3) (29)
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2.4 Galerkin Approximation

Exactly as in the first section we are looking for a finite set of basis functions
{¢1, ¢, ..., 6n} to approximate uy € H®). In this case we are no longer
requiring that our basis functions have the property v(0) = v(l) = 0 because
the ODE is not necessarily zero at the endpoints, and we want to have the
same test and trial functions. The stiffness matrix for Eq. 29 is given by

[
Ky = /O (ki), + cdhs + by ) da (30)

where j = ¢ or j =7+ 1 are the only nonzero entries. The load vector is

l
F— / foi (2)dz + i (0)k (0) yofao + & () k(D yfer  (31)

where ¢;(0) = 0 for every element except the first and ¢;(l) = 0 for every
element except the last. Once again we will be looking only at linear shape
functions, but since we are now using vy that do not have v(0) = v(l) =0
we are going to re-define the shape functions slightly so that the origin of the
shifted coordinate system is at the center of the element and £ = —1 at the left
endpoint and £ = 1 at the right endpoint. Now the two functions defined on a
generic element €, are given by ¢, (€) = 0.5 (1 — &) and ¢, (€) = 0.5 (1 +€).
This is exactly the same functions employed in the first section, except that
now on the first and last elements the basis functions are no longer zero.
The real purpose of redefining the hat functions in this way is that this
formulation allows for the easy definition of higher-order approximations.

Each element makes a contribution to the stifflness matrix of the form

= [ (0 ©05(© + e (i (O + el (U5 (O) (32

e
1

for 7 =17+ 1 and contributes to the load vector

= [ ()i (33)

e
1

Typically the integrals are computed numerically. We are ignoring the bound-
ary conditions and any discontinuities in the data at this point.
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For linear basis functions each element has two nodes that contribute, so the
first element has two equations of the form

1 1 _ sl
kijur + kijqus = fj

k3 uy + kdyug = f? (34)
The ith interior node has two equations of the form
AR )
This gives a tridiagonal matrix K and a load vector F' such that
kil 1 ki 2 2 X 1 h 2
k= %1 kﬂl;;kﬂ k%f"l“zk%l k{\gl F= ?22 1 Qg (36)
0 0 AR f

Provided that there are no discontinuities in the initial data. (See the book
for how to handle discontinuities.) This formulation isn’t complete because
doesn’t account for any boundary conditions.

2.5 Natural Boundary Conditions

For general natural boundary conditions of the form

aodz—(xo) + Bou (0) = o (37)
a0 1 B (l) =,

the matrix-vector equation including boundary conditions is

ki — ’“Z—lﬂ" kio 0 0 uy - k(g):o
k%l k%Q + k%l k%z 0 Uz o le + f12
0 k§1 k’%2 + k?:131 k{g_l us N f22 + fig
N-1 N-1 , kOB N-1_ k@
0 0 ka1 Ky + o UN-1 T+ o
(38)

15



2.6 Neumann Boundary Conditions

For Neumann Boundary Conditions the equation is identical to Eq.38 with

Bozﬁlzo‘

2.7 Dirichlet Boundary Conditions

For Dirichlet Boundary conditions the matrix problem reduces to a smaller
problem. Since u(0) and u(l) are both specified we don’t have to solve for
them. The first and last rows do not need to be included in the equation,
but the second and N — 2 row of the load vector must be adjusted so that
the new matrix-vector problem is

kL o
KL+ k2K 0 0 1y fo+ 7 =37
k3, K3y + k7 k3, 0 us o B+
0 k%l kgz + kill kﬁiz Uy N fég + ffl
_ _ _ N—-1
0 0 ka]\{ 2 ka]\é 2 + k?ﬁ 1 UuUN—_2 5\772 + fi/\ffl ks m

(39)

Any combination of boundary conditions is also possible, and each boundary
can be set up as described above independently of the other.

3 Higher-Order Approximations

In general it is possible to use any polynomial function to approximate the
function on each element. In practice it is rarely desirable to use much higher
than quadratic basis functions because higher-order functions have too much
oscillation. In order to define basis functions of order n each element must
have n + 1 nodes. The ith shape functions for an nth order approximation
for the basis functions is

bi (&) = (E—6)(E—&). . (=& 1) (E— &) (E— &)
1 (gz - 51) (5@ - §2) - (fl - &_1) (fl - &_,_1) ce (& — £n+1)

Each of these functions is one at the node &; and zero at ; for ¢ # j, which
implies that they are all linearly independent on the element. There are n+1

(40)
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linearly independent shape functions on each element. Using this definition
with n = 1 gives the linear basis functions discussed in section 2.4. For n = 2
we have to define three nodes per element, two are at the ends of the element

and one is in the center. Now the three shape functions are ¢ (€) = 1£(6—1),

2
Ua(€) =1 €% and ¥3(§) = 3€(E+1).

For higher-order approximations the matrix K is defined in the same way as
for linear elements except that now we have

e

N,
i () = Y0 s (o) (41)
on each element. Where NN, is the number of nodes per element. This means
that now instead of having to find u;, at two points on every element we
need to find u, at n + 1 points, which makes our matrix-vector problem
considerably larger. Frequently higher order methods are worth the cost
because a higher-order approximation has error of order A"*!, and is still
computationally cheaper than dividing the grid into enough elements to get
the same error from a linear approxiamtion.

Consider, for example if the interval [0, 1] is divided up into four elements. A
linear approximation would contain 8 basis functions and have an error on the
order of h? = 0.25% = 0.0625. A quadratic approximation would contain 12
basis functions and have an error on the order of A3 = 0.25% = 0.015625. In
order to get an error this small using linear approximations we would have
to divide the domain into eight elements so that h? = 0.125% = 0.015625,
and we would have to compute 16 basis functions. Though the matrix-vector
problem is the same size for linear elements with A = 0.125 and quadratic
elements with A = 0.25, the quadratic formulation requires only 3/4 as many
computations in order to assemble the matrix.

4 Two-Dimensional Problems

At long last it is time to solve some PDEs using FEM! Fortunately all
of the concepts from the first two sections apply (almost) directly to two-
dimensional problems. We will consider problems of the form

—Vk(Vu (x,y))+b(x,y)u(x,y) :f(xay) (42>
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Where the negative sign ensures that we are solving an elliptic equation.
Once again we will define a flux term o(z,y) = k(Vu(z,y)). Where k
is the material modulus. In porous media flow k would be the absolute
permeability, and in heat loss k£ would be thermal conductivity. As before,
these do not need to be constants, or even continuous. However, we will
restrict our derivation to cases where k£ is either continuous, or at least nicely
enough behaved to not cause discontinuities in the flux. This is exactly what
we did in solving ODEs.

We will formulate the PDE as a variational boundary-value problem by mul-
tiplying by a test function v and integrating over the domain (this is now an
integral in two-dimensions!)

/Q -V (Vu(09) +b (e y)u(e,y) — f (@, y)] vdedy =0  (43)

In order to get everything in terms of first derivatives like we did in ODEs
we use the product rule for differentiation to show that

V- (vkVu) = kVu - Vo +0V - (kVu)

oV - (kVu) = V - (vkVu) — kVu - Vo (44)

which can be inserted into Eq. 43 to give

/ [kVu - Vv + buv — fo]dedy — / [V - (vkVu)] dzdy = 0 (45)

Using the divergence theorem we obtain that

_Aw4wwmmwz—/kwrm@ (46)

oN

where 0f€) is the boundary of €2 integrated counterclockwise. Now we have
the final variational boundary-value problem

/ [kVu - Vv + buv — fo] dedy — / k:au (S)vds =0 (47)
Q oo O

n

with boundary conditions
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k() 2 () 9 (48)

where s € 0€), the boundary of €.

4.1 Approximation Functions

The idea here is to represent the approximate solution wuy(z,y) and test
functions v, (x, y) by polynomials defined piecewise over geometrically simple
subdomains of {2. In one-dimension this consisted of dividing the line between
[0,{] up into parts. In two-dimensions there are many posssible choices of
simple shapes that we could choose to divide up the domain into. We will
only consider trianglar and rectangular elements.

4.1.1 Two-Dimensional Problems on Triangular Mesh

The simplest possible choice of shape function in two dimensions is a line
vp(z,y) = a1 + asx + azy. Three constants need to be found, which means
every element must have three nodes. A triangle with nodes at the corners
would be the simplest and most logical way to satisfy this constraint. More-
over, if adjacent triangular elements are forced to share two nodes then this
will define a continuous function across the element boundary.

Similarly if we wanted to use a quadratic shape function vy, (z,y) = a1 +asxr+
asy + asx? + asxy + agy® we have six parameters and a triangular mesh with
nodes at each corner and at the midpoints of each side of the tringle would
be a good choice.

4.1.2 Two-Dimensional Problems on Rectangular Mesh

Suppose instead that we wanted to use bilinear shape functions vy (z,y) =
a1 + asx + asy + agry. In this case we need to specify four nodes per element
in order to find the four constants a; to as. The logical choice here would be
to use rectangular elements with nodes defined at each corner. If adjacent
elements are forced to share two nodes then this will define a continuous
function across the element boundary.
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There are infinitely many possible combinations of shape functions and ele-
ments. Sometimes it is desirable to use more complicated shapes in the mesh
instead of triangular or rectangular. We will restrict our analysis to linear
functions on triangular mesh, since that is the simplest choice.

4.1.3 Shape Functions

In two dimensions there are three basic requirements for the shape functions
(and they are almost the same as in the ODE):

e The approximation to u must be continuous across element boundaries.

e The shape functions 1 must each be one at exactly one node and zero
at all others.

e The basis functions must be square-integrable and have square-integrable
first partial derivatives.

The linear function v, (z,y) = a1 + asx + asy defines a plane in space. As
a consequence the approximation of u will be made up of triangular shaped
segments of planes that are continuous.

Suppose that the corners of a triangular elements are given by (z1,y1) (22, y2)
and (z3,y3). The shape function 1; that one at (z1,y;) and zero at nodes
(x2,y2) and (3, ys) is found from the plane equation evaluated at each node
and is

1

24, [(z2ys — 23y2) + (Y2 — y3) @ + (23 — 22) Y] (49)

P1(€) =

where A, = xoys + T1Yys + T3y1 — Toy1 — x3Y2 — r1ys3 is the area of the element.

Similarly, the shape functions that are one at the node (z,y2) and (x3,ys)
are 1Yy and 13 respectively.

V5 (€) = o [(wsyn — 21ys) + (ys — y1) 7 + (21 — 73) Y

U5 (€)= o [(ergn — 2apn) + (1 — )2 + (22— 21)g) OO
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4.2 Finite Element Approximations

In general we are trying to find uy, (z,y) = Zj\le uj¢; (z,y) such that u; = 4,
at the nodes on 0€2, and

fﬂh [k <%L;%L; + ag‘—;%%) + buhvh] dzdy + [,0, pupvnds

(51)
= fﬂh fopdxdy + fmh Yupds

where v = pti. The general boundary condition has been put into the integral
equation.

As before, the stiffness matrix K is given by

auh c%h auh c%h) :| /
K;; = k + + bupvy, | dxdy + upULdS 52
j K;{<%ax oy ay ) Tl drdyt | punds - (52)

and the load vector F' is

F, = fvhd:pdy—i—/ Yupds (53)
Q, o,

Ignoring the boundary conditions for the moment, we can look at the struc-

ture of the linear basis functions and see that each function v; will contribute

to exactly three of the columns of K (ie it effects three of the ;) in row 4

since there are three nodes per element. Hence the element matrix k¢ are

3 x 3 matricies and the element load vector f€is a 3 x 1 column vector.

Consider a generic element e. The contribution to the stiffness matrix from
the first basis function v = 1y is given by

L (Y101 + Vpag + Vyo0r3) Yo
fﬂh + (%1041 + waOCQ + waOég) %1 d{L‘dy = k‘flozl + k}fzo@ + ]{353043
+b (101 + Yoy + Pa0i3) Uy
K = Jo, [k [W3 + ] + b0t] dedy
kiy = th [k [Yhu2thar + Py2thyn] + bibrgpo] dady
Ky = Jo, [B [ather + yati] + bibribs) dady
(54
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where 1), is the derivative of ¢; with respect to y etc. and u°(z,y) =
Z?Zl a;1; . Similarly, the contribution to the stiffness matrix from the first
basis function v = 1), is given by

kSl = kﬁ
Ko = Jo, [k [02 + v%) + by3] dady (55)
kss = th [k [e3ta2 + Py3thye] + bibot)s] dody

and the contribution from 3 is

kgl = kf:«;
K5y = ki (56)
ks = Jg, [k [035 + 3] + 03] dwdy
the contribution to the load vector from each basis function on the element
e are

ﬁzLJwﬂM@ﬁzéJMdM@ﬁzéJwﬂww (57)

The contribution of the first element to the total stifflness matrix and load
vector are given by

[ ki ki ki3 000 0 0] [ 1]

Ky Kl ks 00 00 )

kg kg ki 00 00 5
K= 0 0 0 000O0|F'=]|0 (58)

0O 0 0 0000 0

0O 0 0 0000 0

0 0 0 000 0 0]

In the case of two-dimensional problems we can’t just add each element
matrix to the diagonal like we did in one dimensional problems because of
the locations of the nodes. Because the mesh is triangular elements and
nodes don’t necessarily have a nice correspondence. For example element 6
may have as its nodes 3, 5, and 6 as in the picture. In that case, the shape
functions on €2; will only effect the value of v at nodes 3, 5, and 6. This
means that the contribution of the sixth element to the stiffness matrix and
load vector are given by
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00 0 0 0 0 0 0
00 0 0 0 0 0 0
00 K 0 K% kS5 0 f

K°=|00 0 0 0 0 O0|F=1]0 (59)
0 0 k3 0 Kk ki3 O 3
0 0 k§ 0 ki ki 0 f3
00 0 0 0 0 0] 0

For two-dimensional problems the stiffness matrix is no longer tridiagional.
If the nodes and elements are carefully ordered it can usually be written so
that it is a sparse matrix with large blocks of zeros.

4.3 Boundary Conditions

The stiffness matrix and load vectors we have assembled do not include any
boundary conditions. Implementation of boundary conditions is conceptually
the same as in one-dimensional problems: Neumann boundary conditions
are implemented by subtracting the flux term % from the load vector.
Natural boundary conditions are implemented by subtracting the flux term
% from the load vector and subtracting the value p(s)u(s) from the
components of the matrix that are on the boundary. Dirichlet boundary
conditions are implemented by getting rid of the row and column for which
u is known and adding the known value to the neighboring load vectors. In
practice this can get quite complicated because the boundary is specified on
every element that has one side on the edge of €2. Moreover, the boundary

conditions are usually different for different parts of the domain.

4.4 Example

In order to clarify some of these concepts we will look at an example problem.
The domain, nodes and elements are shown in Figure 4. The domain of
this problem is a reservoir with a constant pressure (Dirichlet) boundary
condition along the x = 0 axis (I'74) to model influx from an aquifer, while
no-flow (Neumann) boundaries exist everywhere else. The forcing term is a
single production well in element 6 with constant pressure. This can also be
thought of as a boundary condition. The PDE we are going to solve is
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=V k(Vu(z,y) = f(z,y) (60)

If we further assume that k = 1 is constant then this simplifies to the problem

_v2u (l’,y) = f (ZL‘,y)

o Uy Qg
Jwy) = { 0 elsewhere } (61)
u(z,y) =0 on I'y

—%C(af{y) =0 on I'zy,I'12,T'95,'s6, I's7

25
5 r2s 5
2 L
ri2 (3)
15F 56
@ (6)
1k 1 3
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<05 0 0.5 1 15 2 25

Figure 4: A six element domain with seven nodes.

The stiffness matrix and load vector for this example are given by:

Ky Ky Kizs Ky 0 0 0 0
Ky Ky Ky 0 Ky 0 0 0
K1 Kz Ksz3 Kz Kzs Ksg Ksp 5
K=| Ky 0 Ky Ky O 0 Ky | F= 0 (62)
0 Ksp Ks3 0 K55 Ky O 9
0 0 K@g 0 K65 K66 K67 ??
| 0 0 Kg Ku 0 K K7 | 0 |
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when the boundary conditions are neglected. Each of the entries K; is the
sum of the contributions of hat function to u at node 7. Since node 3 is a
member of every element, the row K3 ; and the column Kj;3 are both filled.

Imposing the boundary condition u; = us = 0 on I'y; shrinks this to a 5 x 5
matrix problem

Ko Kj Ky 0 0 Uz F

K3y K33 K35 Kz Ksy Uusg F3

Ksy Ksz3 Kss Kz 0 us | = | Fs (63)
0 K¢ Koz Keg Kot Ug Fe
0 K 0 Kg K7 ur Fr

Since the remaining boundary conditions are no-flux they don’t make any
contribution to the load vector. If the boundaries were constant flux then
elements 1, 2, 4, 5, 6, and 7 of the load vector would have to have the known
flux subtracted off of them. This is analogous to the one-dimensional problem
with Neumann boundary conditions.

The above matrix problem can be solved by finding u = K~'F. In two
dimensional problems this can be much harder to do than in 1D because the
matrix has filled in and is no longer tri-diagional. In order to get a sufficiently
accurate solution, the size of the matrix K for 2D problems is also generally
much larger than for a 1D problem.
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