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RESUMEN

En esta tesis presentamos un método adaptativo espacio-temporal para calcular de forma efi-
ciente la solucién numérica de EDP’s, especialmente en problemas dependientes del tiempo.
Formularemos el método en primer lugar para ecuaciones de reaccion-difusion y después gen-
eralizaremos para todo tipo de ecuaciones de conveccidn-reaccion-difusion (o sistema de el-
las), tratando los términos convectivos mediante un esquema semi-lagrangiano. Nuestro algo-
ritmo adaptativo, formulado bajo la teoria de elementos finitos, estd basado en el método "Dual
Weighted Residual (DWR)", que es presentado en [11] como una técnica para el calculo del
error a posteriori en cantidades de interés fisico JJ(u) de la solucién. Esta técnica conduce a
algoritmos eficientes de elementos finitos adaptativos en el caso estacionario, pero es todavia
un problema abierto el conseguir algoritmos adaptativos eficientes con esta misma metodologia
en problemas dependientes del tiempo. El término eficiente lo empleamos aqui para designar
a un algoritmo numérico que proporciona una buena estimacién espacial y temporal del error a
posteriori cometido, con el fin de generar particiones en espacio y tiempo que conduzcan a una
equidistribucion del error con un coste computacional 6ptimo en almacenamiento y tiempo de
CPU.

Hasta ahora, la aplicacién de las técnicas DWR en ecuaciones dependientes del tiempo
llevaba asociado el problema de almacenar necesariamente tanto la topologia como la solucion
de los cdlculos numéricos realizados en todos los subintervalos de tiempo I,, := (t,_1, t,] que
forman el intervalo de integracién temporal [0, T, lo que requeriria enormes recursos computa-
cionales. Para solventar este problema, proponemos en esta tesis un algoritmo adaptativo (en
espacio y tiempo) que, basado en las ideas del método DWR, requiere solamente almacenar
una malla espacial que es adaptada de forma adecuada a medida que el tiempo progresa. Nue-
stro algoritmo consiste en aplicar la técnica DWR localmente en cada subintervalo de tiempo
I, := (tn_1,t,] al problema original, que ha sido perturbado con una condicién inicial dada
por la solucién numérica en el instante ¢,,_;. Asi, mds que controlar el error en todo el in-
tervalo temporal [0, 7, lo que hacemos ahora es controlar el error local en cada subintervalo
I,,. Sin embargo, un punto débil de esta aproximacién es que un buen control del error local
no garantiza que el error global esté acotado |J(u) — J(upat)| < GTOL, siendo GT'OL una
tolerancia global impuesta. Es bien conocido el hecho de que la magnitud del error global de-
pende de la rigidez del problema; si la rigidez es baja o0 moderada, acabaremos teniendo un
error global pequefio si se controla bien el error local, pero si la rigidez es alta el error global
puede ser grande incluso si se controlase el error local con una tolerancia razonable. Dicho
esto, debemos mencionar algunas buenas propiedades del algoritmo presentado en esta tesis,
las cuales permiten realizar una eficiente adaptacion espacial y temporal. La primera es que es
auto suficiente en proporcionar un criterio preciso para la adaptacién del paso temporal Aty
del tamafio de malla h, tal que en cada subintervalo de tiempo /,, impondremos las tolerancias
Tolsy Tol, (TOL = Tols + Toly) al error espacial y temporal estimado respectivamente. La
segunda propiedad es que el algoritmo extiende la idea del post-proceso espacial del tradicional
método DWR a mallas no estructuradas.
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Para dotar a la tesis de un contenido practico en el marco de la ingenieria, al final de la
misma, se resolverd un interesante problema dentro del marco de la combustién, denominado
"Problema de las llamas levitadas". El cdlculo de la solucién numérica a este problema es de-
safiante para los métodos numericos convencionales porque adicionalmente a las ecuaciones de
Navier-Stokes compresibles tenemos fuertes no linealidades en las ecuaciones de conveccion-
reaccion-diffusion para las especies quimicas y la temperatura. Esto conduce a fenomenos
fisicos que exhiben gran disparidad entre las escalas temporales y espaciales, y una superficie
libre movil representada por el frente de llama. Por consiguiente, una técnica numérica eficiente
para resolver el problema deberia hacer uso de métodos adaptativos tanto en tiempo como en
espacio para resolver apropiadamente las escalas y la evolucion de los frentes de llama.



ABSTRACT

In this thesis we present a space-time adaptive method to calculate, in an efficient manner, the
numerical solution of PDE’s, specially in time-dependent problems. Firstly we will formu-
late the adaptive method for reaction-diffusion equations and then we will apply it to solve all
kinds of convection-diffusion-reaction equations (or system of them), dealing with the convec-
tive terms by means of a semi-Lagrangian scheme. Our method, formulated in the context of
finite elements, is based on the philosophy of the Dual Weighted Residual (hereafter, DWR)
methodology for goal-oriented error estimation. The conventional DWR method is presented
in [11] as a technique to derive a posteriori error estimates of arbitrary quantities of physical
interest J(u) of the solution. This technique yields efficient adaptive finite element algorithms
for stationary problems, but it is still an open question how to achieve an efficient adaptive al-
gorithm via the application of the DWR methodology for time-dependent problems. Here, we
use the term efficiency to denote an adaptive algorithm that provides both space and time error
estimates, computed from the numerical solution, in order to allow the generation of space and
time partitions that yield an equidistribution of the error at an optimal cost in computational
resources such as storage and CPU time.

To date, the solution of multi-dimensional time-dependent problems with the DWR has
the drawback of having to store the topology and related calculations of all time subintervals
I, :== (tn—1,t,) needed to cover the whole time integration interval [0, 7']. Since this has to be
done in a fully adaptive strategy, it would require a large amount of computational resources.
To palliate this issue, we propose in this thesis a fully adaptive algorithm that is based on the
DWR idea, but requiring to store only one spatial mesh, which is properly adapted as time
progresses. Our algorithm consists of applying the DWR technique locally in each time subin-
terval I,, := (t,_1,t,] to the original problem with a perturbed initial condition given by the
numerical solution at time ¢,,_;. Thus, rather than controlling the error for the whole interval
[0, 7] what we have now is a good local control of the error in each subinterval /,,. However
a weak point of this approach is that having a good local error control does not guarantee that
the global error will be bounded as |J(u) — J(upat)| < GTOL, GT'OL being a prescribed
global tolerance, for it is a well known fact that the magnitude of the global error depends on
the stiffness of the problem. If the stiffness is low or moderate we will end up having a small
global error if we control the local error well, but if the stiffness is large enough the global error
will be large even if we control the local error with a reasonable tolerance. This being said, we
should mention some good properties of the algorithm presented in this thesis. The first one is
that it is self-sufficient in providing a precise criterium for the adaptation of both the time step
At and the mesh size h, such that in each time subinterval [,, we prescribe the tolerances 7ol
and Tol; (I'OL = Tols + Tol;) for the spatial and temporal estimator of the error respectively.
The second property is that the algorithm extends the idea of the space post-processing of the
DWR method to unstructured meshes made of simplices.

As an engineering application of the fully numerical adaptive procedure, at the end of

X1



the thesis we will solve an interesting problem within the framework of the combustion named
"Lifted flames problem". The calculation of the numerical solution of this problem is a chal-
lenging question for conventional numerical methods because, in addition to the compressible
Navier-Stokes equations, one has to deal with strong non linear convection-reaction-diffusion
equations for species concentrations and temperature, yielding phenomenae that exhibit a large
disparity of both temporal and spatial scales, and a free surface represented by the flame front.
Therefore, an efficient numerical approach to the problem should make use of adaptive methods
both in time and space to properly solve the scales and the evolution of the flame fronts.
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Chapter 1
INTRODUCTION

Engineers, mathematicians, physicists and scientists in general, working nowadays on a wide
variety of problems, find useful to come up with mathematical models of the systems they are
investigating. To do this, they give a simplified description of the problem which mainly takes
the form of differential or integral equations. The first historical mention of the term "equatis
differentialis" goes back to 1676, when Gottfried Wilhelm von Leibniz designated with this term
a function that satisfies with one or more of its derivatives a given relation. From that moment
on, the theory of differential equations experienced a great development. Unfortunately, though
only in the very simplest cases are possible to find analytical solutions to equations of the model,
and in general one has to rely on numerical techniques for finding approximate solutions.

The basic idea in any numerical method involving differential equations is to discretize the
given continuous problem implying infinite degrees of freedom, so as to obtain a discrete prob-
lem or system of equations with only a finite number of unknowns that may be solved thereafter.
One of the most widely used numerical methods to solve differential and integral equations in
science and engineering is the finite element method (FEM). The method was first developed
in 1943 by Richard Courant [27], who used the Ritz method of numerical analysis and mini-
mization of variational calculus to obtain approximate solutions to vibration systems. Shortly
thereafter, a paper published in 1956 by structural engineers [67] can be considered the first
publication in the field of finite element methods. At this point, the method was thought of as a
generalization of earlier methods in structural engineering for beams, frames and plates, where
the structure was subdivided into small parts, the so-called finite elements, whose behaviour
was known. When the mathematical study of the finite element method started in the mid 60’s,
it soon became clear that, in fact, the method is a general technique for the numerical solution
of partial differential equations with roots in the variational methods in mathematics; first in-
troduced at the beginning of the twentieth century. During the 60’s and 70’s the method was
developed by engineers, mathematicians and numerical analysts up to a general method for the
numerical solution of partial differential equations and integral equations with applications in
more areas of science and engineering than structural engineering, including heat transfer, solid
state diffusion and reactions with moving boundaries, fluid dynamics and electromagnetism.

With the rapid development of high speed computers over the past decades, the possibil-
ities of efficiently utilizing this numerical method have dramatically increased. As it is, the
underlying physical processes are often extremely complex and to obtain numerical solutions
to the partial differential equations with high accuracy is not a trivial problem. For this reason
new techniques have to be developed to reduce the numerical effort and make the simulation of
complex problems feasible. In the late 70’s, adaptive procedures appear in the numerical field
of partial differential equations and have since spread out, so that, there are now standard tools



INTRODUCTION

in science and engineering when making realistic and feasible computations in multi scale phe-
nomena, specially in 3D. The goal in adaptation is to design economical meshes and time step
sizes to find the solution of the problem based on information extracted from an a posteriori
error estimator, which measures the difference between the unknown real solution v and the
calculated discrete solution u;, (where h € R is the discretization parameter).

Most of the existing work on a posteriori error estimation in Galerkin finite element meth-
ods is done with respect to the natural "energy norm" induced by the underlying differential
operator, or the L? norm, usually involving unknown ’stability constants’ and the residual of
the differential equation p(uy,), which is well defined in the context of the Galerkin finite ele-
ment method.

n < [P (un)]| -

This approach was initiated by the pioneering work of Babuska and Rheinboldt in 1978
([4] and [S]), and was then further developed by Ladeveze and Leguillon [51], Bank and Weiser
[12], Babuska and Miller [6], to mention only a few of the most influential papers. For dis-
cussions and further references, we refer to the surveys by Verfiirth [68] and Ainsworth and
Oden [1]. Error estimation in the energy norm seems rather generic as it is directly based on the
variational formulation of the problem and allows us to exploit its natural coercivity properties.

However, in most applications, the error in a global norm does not provide useful bounds
for the errors of the quantities with real physical interest. Further, their sensibility to local
error sources is not properly represented by global stability constants. These deficiencies are
overcome by employing duality techniques, as is commonly done in a priori error analysis of
finite element methods. Let .J(u) be a quantity of physical interest derived from the solution u,
with the goal to control the error .J(u)— J(uy) in terms of the local residuals pj (uy,) computable
on each element K of the mesh cells T}, and certain local sensitivity factors. This leads to a
‘weighted’ a posteriori error estimator

0= 1J() = J(un)| = Y llpCun) - wn(2) i

KeTy,

where the sensitivity factor wy,(z) is obtained solving a linear ‘adjoint’ (or dual) problem. The
adjoint solution z may be viewed as a generalized Green’s function with respect to the output
functional J(-), and accordingly, the weight wy,(z) describes the effect of local variations of the
residual p(uy) on the error quantity J(u) — J(up).

The use of duality arguments in a posteriori error estimation goes back to ideas of Babuska
and Miller in 1984 ([7], [8] and [9]) in the context of post-processing of ‘quantities of physical
interest’ in elliptic model problems. It has since been systematically pursued by Eriksson and
Johnson ([31] and [32]) and their collaborators for more general situations (see also Johnson
[48] and the survey paper by Eriksson, Estep, Hansbo and Johnson [36]). Here, sensitivity
factor wy,(z) for adjoint problems are mostly derived by analytical arguments. But in practice,
is almost impossible to determine the importance of each residual for any target quantity by
analytical means. In 1996 with Becker and Rannacher [13], this approach is further developed
into a computation-based feedback method, called the ’dual-weighted residual method’ (or, for
short, 'DWR method’), where the sensitivity factor wy,(z) is obtained by means of computa-
tional resolution of the dual problem and a post-processing of its solution. This approach is
particularly designed for achieving high accuracy in the target functional at minimum compu-
tational cost, since the additional work required by the evaluation of the error bounds is usually
acceptable, particularly in nonlinear cases, where it amounts only a moderate fraction of the
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total cost. For surveys and applications to problems in solid, fluid mechanics, physics and
chemistry see Rannacher and Braack ([58], [59] and [20]).

The performance of the DWR method has been shown for several linear and nonlinear
model problems mainly from fluid and solid mechanics. But there are several open problems in
the theoretical foundation of the DWR method, as well as in its practical implementation, that
need further investigation. One of the major challenges for the DWR method are multidimen-
sional time-dependent problems, where rigorous error control in a space-time frame requires to
solve a backward space-time adjoint problem. Specially for nonlinear problems, this may be
prohibitive with respect to storage space and computing time requirement. Temporal equations
using the DWR technique have been treated by Hartmann [45], Bangerth and Rannacher [10],
but the realization of these concepts for practical problems beyond simple model situations is
still in an immature state. To this respect, it is worth mentioning the recent contribution of
Schmich and Vexler [61], where some progress has been done in formulating efficient DWR
adaptive finite elements for parabolic equations.

To alleviate this issue, we propose in this Thesis a space-time adaptive algorithm that based
on the DWR idea, requires to store only one spatial mesh, which is properly adapted as time
progresses. Our technique is placed between the traditional approach to perform adaptation
and the classical DWR method, taking advantage of the best characteristics of both. In our
case, the error can be expressed as a space-time integral of residuals of computed solution
multiplied by weight functions coupled to the solution of an associated linear dual problem,
but it is only defined in the actual time subinterval of integration /,, := (¢,,_1,t,]. Thus, rather
than controlling the error for the whole interval  := (0, 7] what we have now is a good local
control of the error in each subinterval /,,. A weak point of this approach is that having a
good local error control does not guarantee that the global error will be bounded, since the
time-accumulation of the local errors is not taken into account. However, our method has the
following advantages:

1. We do not need to solve a dual problem backward in the whole time interval (0,7 to
obtain the a posteriori error estimator. We only solve the dual problem in each time
subinterval (¢,,_1,t,] to compute the error. Therefore computational resources such as
storage and CPU time are smaller.

2. We can make an effective control on the size of the elements in the mesh and over the time
step size while we perform the temporal integration of the problem. According to that,
the time steps and the mesh sizes are automatically chosen with respect to a tolerance
prescribed by the user.

3. The algorithm extends the idea of the space post-processing of the classical DWR method
to unstructured meshes made of simplices.

4. With this scheme we can easily incorporate the error that we commit in the discretiza-
tion of the convective terms within the semi-Lagrangian framework (a good exposition
of the semi-Lagrangian scheme can be seen in [2]), and we give an easy algorithm to
make adaptation in all kind of convection-diffusion-reaction equations with the DWR
technique.

Therefore and to sum up, the main aim of this work is to develop a robust adaptive fi-
nite element code in the standard programming language C, that allows us to make goal ori-
ented adaptation on unstructured triangular meshes in 2D with special interest to treat temporal



INTRODUCTION

convection-diffusion-reaction equations. The main advantage of the presented approach will be
more clear in 3D problems, where non-adaptive methods need high memory and computational
requirements. Our code is designed for 2D situations but we can easily extend these ideas to 3D
problems; it only requires a special care in setting up the data structure for mesh organization.
The contents of the thesis are as follows:

e In Chapter 2 we expound the main ideas to design an adaptive finite element algorithm.
We will explain the data structure for mesh organization and expound the refinement and
coarsening algorithm by the bisectioning technique. We will additionally comment the
selection of the optimal mesh and time step size using the information derived from the a
posteriori error estimator.

e The underlying concept of the DWR method will be introduced in Chapter 3. We apply
the method to reaction-diffusion equations as example of time-dependent problems. This
chapter can be considered the core of our work.

e In Chapter 4 we will generalize the new proposed DWR method for convection prob-
lems introduced in the semi-Lagrangian framework and apply the new algorithm to solve
different kinds of convection-diffusion-reaction equations.

e At the end of the thesis, in Chapter 5, will be devoted to an important problem in combus-
tion theory, the so-called "lifted flames problem" [39], where a thin flame front is moving
and presents a characteristic triple flame structure that has to be solved with a good reso-
lution. The features of these equations may change in time and space. While they become
reaction-dominated in reaction zones, in other parts of the domain the convection is more
important and in boundary layers the diffusive part is dominant. Therefore, combustion
problems are known to range among the most demanding problems for spatial-temporal
adaptation.



Chapter 2
ADAPTIVE FINITE ELEMENTS

The efficient numerical treatment of multi scales phenomena and problems with poor regularity
of the solution must be carried out with an adaptive method based on a posteriori error estima-
tors to make realistic computation feasible, specially in 3D. To treat time-dependent problems,
we split the time interval / := (0,7 into half-open subintervals [,, := (t,_1,t,]| of length
Atn = tn - tnfl,
O=th<...<tp, <..<ty=T.
In each time subinterval /,, we generate a conforming triangulation T} of the domain ()

and calculate with a time step size At,, the numerical solution u} »,. Then, an adaptive finite
element method in time could consist of successive loops as shown in Figure 2.1.

For n=1to N |€

——
DISCRETIZATION
and
SOLVE

SELECT:
h% space-mesh
At, time-mesh

REFINE
and
COARSEN

REFINE
and
COARSEN

Figure 2.1: Scheme of the basic time-space adaptive algorithm for time-dependent PDE’s.

1. Discretization and solve.

The finite element method calculates an approximation to the true solution in some finite
dimensional functional space. This space is built from local functions in space and time,
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ADAPTIVE FINITE ELEMENTS

usually polynomials of low order on elements of a partitioning of the domain (the h
space-mesh and At time-mesh). In each time subinterval [, := (t,_1,%,], of length
At,, := t, — t,—1, we generate a regular triangulation T} of the spatial domain (2 and
define an associated space-time finite element space Vh(g)t. The discretization leads to an
algebraical system of equations that must be solved to obtain the numerical solution 1}, »,.

2. A posteriori error estimation

An a posteriori error estimator, e, is needed to assess the difference between the unknown
real solution u(z,t) and the calculated discrete solution upas(z,t). This estimator has
to be reliable and efficient in order to perform error control. The traditional approach to
adaptivity aims at estimating the error with respect to the energy-norm of the problem
or the global L2-norm, however this is generally not what applications need, so if we
are interested in computing with accuracy locally defined scalar quantities of the global
solution, we must use duality techniques to obtain an error estimator in a functional of
physical interest .JJ(u) of the solution, e = J(u) — J(upat). For stationary problems,
the application of duality techniques yield very accurate and efficient adaptive algorithms
[11]; however, for time-dependent problems, the efficient application of such techniques
in the framework of adaptivity is still an open problem as recognized in [11]. In this
thesis we present a new treatment of the a posteriori error estimator for unstructured
mesh and give a new point of view to treat time-dependent problems, where we give up
to have control over the error in the whole time interval [0, 7] and we only consider the
calculation of the local or truncated error at each time step /,,. With the a posteriori error
estimator e”, we will extract local error indicators 77 (in space) and 7}’ (in time) that will
be used for practical mesh and time adaptation respectively.

3. Select hx space-mesh and At,, time-mesh

With the above error indicators, 7 and 7)}', we generate space and time partitions that
yield an equidistribution of the error at an optimal cost in computational resources such
as storage and CPU time. We propose here a criteria to select both the optimal size of
the element hx and the optimal length of the time interval At,, in order to have the
spatial and temporal error indicators close but below of a fixed tolerance 7 < T'ol, and
ny < Tol,. With this choice we avoid, to recalculate the solution, in almost all of the time
steps, and in the numerical examples less than 1% of the solutions are wrong and do not
satisfy the tolerance criteria.

4. Refine and coarsen

The spacial mesh T}, is an unstructured conforming triangulation of the computational
domain (2 into triangles in 2D. The refinement and coarsening routines construct a se-
quence of nested meshes, from a given initial triangulation (macro triangulation), with a
hierarchical structure. Here, the recursive refinement by bisection is implemented, where
each triangle (father) will be divided in two triangles (children).

Next in this chapter, we expound in more detail all of these above four points.

2.1 Finite element discretization

Our method is based on conforming finite elements (for an introduction to finite element method
(FEM) see for example [21] and [47]). This method computes an approximation to the true
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2.1 Finite element discretization

solution in a finite dimensional function space. This space is built from local function in space
and time, usually polynomials of low order on elements of a partitioning of the domain (the
space-mesh and At time-mesh). The choice of finite elements against other strategies as finite
volume and finite difference methods is motivated for the following reasons:

e The finite element method allows the use of nearly arbitrary meshes, which are necessary
for complex geometries and also for adaptive refinements.

e An important property of the finite elements methods is its Galerkin character, which
leads to a posteriori error estimates forming the base for error control and local mesh
refinement.

2.1.1 The spatial mesh

In order to compute the spatial numerical solution, we generate at each time level ¢, a regular
conforming triangulation T}, of the spatial domain €2 composed of elements K with Lipschitz
boundary 0K satisfying the following conditions.

(i) Let N E be the number of elements in T}, then Q = Ujfj, j=1,..,NE.
(i) For1 <i,7 < NE, i # ],

x;, a mesh point, or
K; ﬂ K; = ¢ I';;, acommon side, or
0, void otherwise.

. . o h .
(iii) There is a positive constant . such that for all K X < 1, where py denotes the diameter

PK
of the circle inscribed in K and hg is the length of the largest side of K.

Next, we associate a family of finite elements to the partition T}. To do so, we consider an
element of reference X C R? such that for each element K of T} we can define the one-to-one
mapping Fi : K — K with inverse F "1, such that if ﬁm([? ) is the set of polynomials p(Z) of
degree < m (in this work m = 1 linear, or m = 2 quadratic finite elements) defined on K, then
for each K we define

Pu(K) = {p(2),2 € K : p(x) = p(F' (x))}-
We now define the family of conforming finite element space V;" C H} (),
Vit ={u, € C°Q) : vyl € Po(K) VK € T}} 2.1)

if NV} is the number of mesh points, then any element of V" is expressed as

Ny
vh =Y _ Vigl(x), (2.2)
i=1

where V; = v, (z;), z; being the i — th mesh point, and {¢!'} is the set of global nodal basis
functions of V}* characterized by the property ¢! (x;) = d;;.
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2.1.2 The spatial-temporal mesh

For the time discretization, we split the time interval I := (0,7 into half-open subintervals
I, =: (t,—1,t,] of length At,, :==1t, —t,_1,

O=ti<...<tp, <..<ty=T.

At each time level ¢, let V;"* be an appropriate finite dimensional space defined by (2.1)
on spatial mesh T} which may vary from time step to time step, but is constant inside of I,,.
Extending the spatial meshes T, to the time slabs .S,, = {2 x I,,, we can define, for fixed integers

m and r the following functional space Vh(g)t :

hAt ={vpar : QX T —R: Vnand (z,t) € S, vhar € C(L; Vi), vpae(z,0) € V2
and vpae(z,-)|7, € Pl

Vit = {v, € C%Q) : vyl € Pu(K) VK € T},
(2.3)
where P,(I,,) is the set of polynomials of degree at most r defined on 1,,.

The change of the spatial mesh from one time slab to the next one claims for an efficient
algorithm which allows us to transfer the solution from the mesh T} to the mesh T} with the
minimum loss of information. We will define the L? —projection or a high order interpolation
with a control of the error over the solution. Taking

e Interpolation: vix(r) € V' and I7v}s}(z) € V;*, where I? is the interpolation
operator in V" defined by:

I;LLUZAI} (2:) = UZAltl(xl)
x; being the © — th mesh point.
n—1

e L2 — projection: vi'xi(x) € V""" and PMviA;(z) € Vi*, where PJ is the projection
operator in V" defined by:

(Phvpa: (@), )0 = (Vha (2), 9)a Ve,
where (-, -)q is the scalar product in L? and ¢, the i — th basic function of V.

Once the discretization and the assemblage of the matrices are made, we have to solve the
so generated systems. The resolution of a discrete system is the core part of every finite element
program and it is necessary after each partition (spatial or temporal) change. Additionally, this
step is usually the most time consuming part of the above algorithm (Figure 2.1). A general
finite element toolbox must provide flexibility while still providing enough efficiency for the
resolution. To solve the nonlinear system, we will use a classical Newton algorithm, with the
possibility of damping for those situations where the stiffness of the systems would require it.
We solve the linear systems with Incomplete Cholesky Preconditioned Conjugate Gradient for
symmetrical systems and a Diagonal Preconditioned BICGSTAB for the nonsymmetrical ones.



2.2 A posteriori error estimator

2.2 A posteriori error estimator

Let us consider a temporal problem written in the following way

Ou+ Au) = f(u) inQx1,
u(x,0) = u° in Initial condition, (2.4)
u(z,t) =0 on 0X2 x I Boundary condition.

To make adaptation, we need to create an error indicator 7 derived from a posteriori error
estimator e that allows us to measure the difference between the unknown real solution and the
calculated discrete solution. Next, we show different approaches to measure the a posteriori
error.

2.2.1 The traditional approach

The traditional approach to adaptivity aims at splitting the time intervals / := (0, T’ into half-
open subintervals [, := (¢,_1, t,], converting the above problem (2.4) into the following prob-
lem (2.5).

U+ AU) = f(u) inQ x I,

Ulx,t,1) =u}x;  inQ Initial condition, (2.5)

U(z,t)=0 on 0F2 x I, Boundary condition.

Note that we have changed the notation from u(x,t) (for the exact solution at time ¢ €
(0,T] of (2.4)) to U(x,t) (for the exact solution at time ¢ € (¢,,_1, t,] of the temporal problem
with a perturbed initial condition U (z,t, 1) = u}A;, the numerical solution at the previous
time step).

A time-space discretization is needed to obtain the numerical solution uj,, at time ¢,.
Therefore, the first stage is to discretize in time of the equation, with a known scheme, for
instance, implicit Euler, Crank-Nicolson,... just to name a few of the most familiar schemes.
For example, if we choose the implicit Euler scheme we have

n n—1
Uag — Uag

At,
and now we perform the finite element discretization in space for this equation. In the weak
formulation we have to find the numerical solution uj, 5, belonging to an appropriate discrete
space V}" such that for all ¢, , € V;" the following equation is satisfied

un u?’l 1
/ <—hm hat %At) dQ‘f‘/A(UZAt)(SOhAt)dQ:/f(“ZAt)S%AtdQ- (2.7)
Q At, 0 Q

With both time and space discretization, we can measure the local or truncation error
indicator in the time level ¢,, as the difference between the unknown real solution U (x,¢) and
the calculated discrete solution u,a¢(x,t). However, to perform this operation, people usually
choose heuristic indicators of the errors, for example:

+ A(up,) = f(uR), (2.6)

e Spatial error:

The L2-norm of the residuals of the problem (2.6) is commonly employed as spatial error
indicator

= Hp (UhAt HLQ = (fQ uhAt 2dQ) EKGT” (fK uhAt dQ) ,

Nk = fK(pn(uhAt))QdQ’
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where p" (upna;) is the residual of the time discretization (2.6)

n n—1
n u —u n n
P (upat) = —hAtAt R Alupag) — flupay)-

An easier formula, implemented in the majority of the commercial codes, is the jump of
the gradient of the solution

n h‘%( auZAt ?
iy 3 (),

ECOK\0Q E

where hy is the length of the largest side of K and [Ou},,/On| denotes the jump of
Ouj A,/ On across the inter-element edges.

e Temporal error:

As error indicator in time, one could consider the local or truncation error in the approx-
imation of (2.5). The temporal truncation error, can be calculated by a temporal Taylor
expansion or to use a temporal scheme with higher order than the original one (2.6) and
then, to compare both results (for instance, the classical embedded Runge Kutta formulae
for ODE’s). Obviously, the last approach is not very attractive, since we need to solve an
additional problem more complicated, in general, than the original one.

This kind of method to calculate the error indicator combining error estimation in the
L?-norm of the residuals for spatial discretization with heuristic truncation error estimation, is
proposed in very different works such as [73], [52], [65] and [17].

2.2.2 Classical DWR method

The error indicator in the energy-norm, or heuristic errors, are not what applications need,
generally speaking. A new duality-based technique, the Dual Weighted Residual method (or
shortly DWR method) for goal-oriented error estimation was introduced in [36] and it seems to
be one of the most robust techniques to implement adaptivity. This method aims at economical
computation of arbitrary quantity .J(u) with physical interest for the solution. For example, the
drag coefficient of a body immersed in a viscous flow, the mean heat flux along the cold wall,
the reaction rate in combustion problems to determinate the right position of the flame front are
computed, and so on.

To calculate the error for the functional J(u) of the solution, e = J(u) — J(upa;), we shall
consider the original or primal problem (2.4) and its associated linear dual problem, which is
easily defined following the general theory of the DWR method, and can be written as:

-0z + A*(u)(2) = fr(u) iInQx I,
2(x,T) = 2T (u in Q Final condition, (2.8)
2(x,t) = on X2 x I Boundary condition,

where the final condition 2% (u) and the function f;(u) both depend on the chosen functional

J(u) to calculate the error. A*(u)(-) is the adjoint associated to the original operator A(u).
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2.2 A posteriori error estimator

The theory of the DWR method shows that the error for a functional of the solution can be
expressed by (2.9), as a space-time integral of residuals of a computed solution multiplied by
weight functions associated with the solution of the linear dual problem (2.8).

J(u) = J(upae) = /OT (/ﬂp W dQ) dt, (2.9)

where w is a weight function depending on the solution of an associated linear dual problem z.

For stationary problems, the application of duality techniques yields very accurate and
efficient algorithms (see [11]); we only have the additional cost of solving a linear problem for
the dual solution. But the use of DWR method for time-dependent problems in €2 x [ is still an
open problem as recognized in [11] and [14]. The main reason is that we need to solve a dual
problem backward in time from 7" to 0, and for doing so we must known the solution at t = 7.
Once we have calculated the primal and the dual solutions, we have to compute the integral (2.9)
and give an error for each time level J,, and for each element K of the partition T}. Therefore,
in multidimensional time dependent problems, there still remains the issue of having to store the
topology and related calculations of as many spatial meshes as time subintervals /,, are needed
to cover the integration interval [0, 7]. Since this has to be done in a fully adaptive strategy,
it requires a large amount of computational resources. To this respect, it is worth mentioning
the recent work of Schmich and Vexler [61] where some progress has been done in formulating
efficient DWR adaptive finite element algorithm for parabolic equations.

2.2.3 Local DWR method

We propose a new technique lying between the traditional approach to make adaptation and the
classical DWR method, taking advantage of the good features of both methods. Our algorithm
consists of applying the DWR technique locally in each time subinterval I,, := (t,,_1, t,,] to the
original problem with a perturbed initial condition given by the numerical solution at time ¢,,_1,
as is shown in the following equation:

3,5U—|—A(U) = f(U) in () x (tn—latn]7
Uty 1) =upx,  inQ Initial condition, (2.10a)
Uz, t) =0 on 0 x (t,—1,t,] Boundary condition.

We apply the general theory of the DWR method to calculate the error for the functional
J(U) at each time step. Then, the associated dual problem is

Oz + A*(U)(2) = f;(U)  inQ X [tp_1,tn),
2(z,t,) = 27(U) in Final condition, (2.10b)
z2(xz,t) =0 on J2 X [t,—1,t,) Boundary condition.

Note that the numerical solution of (2.4) and (2.10a) are the same uj 5, = U}'a,.

In this case, the error in the functional J(U') can be also expressed as a space-time integral
of residuals of a computed solution multiplied by weight functions associated with the solution
of the linear dual problem. Now then, we only need to know the primal « and dual z solution in

the time subinterval 7,,.
tn
J(U) = J(upas) = / ( / pew- dQ) dt. @.11)
tnh—1 Q

11
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Thus, rather than controlling the error for the whole interval [0, 7'] what we have now is a
good local control of the error in each subinterval /,,. Figure 2.2/is a graphical representation
of this idea where .J(u) denotes the output functional we wish to calculate accurately, J(U) is
the equivalent functional but for the locally perturbed solution in each interval /,,, and the error
that we want to control is J(U) — J(upa¢).

| §n<Tol ;
Ju) |

L), )<
at each Ir1

Figure 2.2: Control of the local error by application of the DWR method in each interval [,,.

The principal advantages of the method here proposed, are:

1. We extend the post-processing of the error for high order spatial finite elements for gen-
eral unstructured meshes. The application will be triangular meshes in 2D but the same
idea can be used with tetrahedra in 3D.

2. In time dependent problems, we estimate the local error at each time step for the func-
tional J(u), therefore:

(a) We avoid solving the dual linear problem backward in the whole time interval /, and
only have to solve a dual linear system at each time subinterval /,,.

(b) This dual solution is self-sufficient in providing a precise criterium for adaptation of
both the time step At and the mesh size h as the integration progresses.

(c) In order to calculate the error, we need to store the previous and the actual mesh
for the resolution of the problem; therefore, the computational resources, such as
storage and CPU time, are minimal.

(d) We approximate the time evolution of the functional J(u(t)) by J(upa¢(t)) evalu-
ated in the numerical solution. One would hope that smaller local errors lead also
to a decrease in the point-wise and global error between functionals error(t) =

J(u(t)) = J(unae(t)).

However a weak point of this approach is that having a good local error control does not
guarantee that the global error will be bounded as ||.J(u) — J(upa¢)|| < GTOL, GTOL being
a prescribed global tolerance, for it is a well known fact that the magnitude of the global error
will depend on the stiffness of the problem. If the stiffness is low or moderate we will end up
having a small global error if we control the local error well, but if the stiffness is large, the
global error will be large even if we control the local error with a reasonable tolerance.

The a posteriori error estimator in the time subinterval [, := (t,_1,t,] will be derived
from the primal and dual solutions uj, 5, and z;'», respectively by means of a post-processing
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2.3 Selection of /i and At,,

procedure. Thus, denoting by €7, and €}, the restriction to the element K € T} of the spatial
and temporal error estimators respectively (after a post-processing procedure), we define the
so-called error indicators that are used for practical adaptation 77, and 1}, as

nsK = |,]( ) 775 = Z nsK7

UhAt)’ KeTn

| ;L (2.12)
ntK - ‘J(uhAt)|7 nt - Ke’EZ 77tK'

2.3 Selection of i and At,

In time dependent problems, there are several strategies to adapt both the spatial mesh and the
size of the time step. The one we have chosen is reliable and efficient. It is reliable because it
guarantees that the estimated error is below the prescribed tolerance, and it is efficient because
it leads to economical meshes well adapted to the characteristics of the solution. Prescribing
a tolerance TOL = Tol, + Tol;, where Tol, and T'ol, are tolerances to check space and time
errors respectively, the numerical solution u}, 1, calculated in the partition T} with the time step
length At,,, is acceptable up to the tolerance TOL if

ny <Toly, and n) <Tol,.

To equidistribute the space and time errors one chooses T'ol; =~ T'ol;. Here, we propose a
criterion to select the optimal size of the elements iy (see [11] and [20]) in the spatial triangu-
lation T}, and the time step size At,, (see [25]) to have an error indicator close to but lower than
the fixed tolerance.

2.3.1 Spatial adaptation: Mesh-optimization strategy

Several adaptive strategies are proposed in the literature, all of them providing criteria to as-
certain which mesh elements should be marked for refinement or coarsening and the number
of times that we need to make it. All strategies are based on the idea of Babuska and Rhein-
boldt [4] that a mesh is almost optimal when the local errors are approximately equal on all its
elements. So, elements where the error indicator is large will be marked for refinement, while
elements with a small error indicator are coarsened or left unchanged.

We adapt the spatial mesh by using the mesh-optimization strategy presented in [11] and
[20]. The idea is to find at each time level n the mesh with the smallest number of elements N E
such that the error 7 < T'ol,. Clearly, this is an optimization problem where both N E and 77
will depend on £ (the length of the elements). Assuming that the mesh T} can be characterized
by a continuous mesh-size function h(z), the spatial error 7 and the number of elements N E
can be written as a continuous limit of the form:

me= 3 e~ Jo h@)*¢(x)dr =: ni(z),

KeTy
NE = Y hihi ~ [, h(z)~%dz =: NE(z),

KeTp

where:

e d is the spatial dimension of the problem, d = 2 or 3.
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e « is the convergence rate of the spatial error, assuming 7 = O(h®).

As we can see in [11] and [20], the solution of the optimization problem for h,, is given

by
T ls 1/a
hopt(-r) = ( I/?/ > (b(l')il/(aer),
where the function W := fQ d)d%ada: < o00. With the discrete approximation h|x = hg

piecewise constant at each triangle K, we can write:

n() = [h)Po)d = o~ Lo

Q o ,
4 4 g | e L
W= fQ padr ~ Y hicpita = Dok h (hafid) = >k (M) T
K
In this way, the optimal size for each triangle takes the form:
o Tol, L/e “1/(a
hort = hK( 0 ) ()t (2.13)

Formula (2.13) gives a criterium to refine or coarsen the elements K of the triangular mesh
T}. Specifically, by comparing the size of our actual triangle /x with the optimal size h;’ft we
obtain the number of times that this element need to be refined or coarsened. We have to use the
idea that we need to refine a triangle twice if we want to reduce its size by two, and analogously
in the coarsening procedure, since we use the bisection criterion by the largest edge to divide
triangles as we will see in section 2.4.

1. Refining criterion:

hopt
If £ <1
hig —

mark the element K to refine n, times

log(hg /AP
n, = Integer part [0.5 + QM (2.14a)
log 2
2. Coarsening criterion:
opt
If £ >1
hx ’
mark the element K to coarsen 7, times
log(hS?' /h
n. = Integer part QM . (2.14b)
log 2

At this point, several remarks are in order.
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2.3 Selection of /i and At,,

e For a general functional J(U), the value of « in (2.13) is not known; however, there are
cases in which the functional J(U) is the L? — norm error or the energy-norm error and
then an a priori error estimator may yield values for «; but in a general case, « has to be
estimated recursively. To do so, we use the formula

n(z n(i+1
N0 10g(ns( )/773( ))

NGEI. log (2™ /Tol,)

if T]Z(H_l) < n?(l)

Y

o) otherwise,

where ¢ denotes the iteration number in the adaptive algorithm. It is not convenient in
stationary problems to achieve a very good mesh in just one iteration because this will
generate elements that are not really necessary. Therefore, it makes sense to start with
a high value for «, say, 6 < o < 8, and let the adaptive algorithm to bring o near to
its optimal value in a few iterations. Numerical experiments with Poisson equation show
that the number of iterations of the adaptive algorithm to obtain the optimal solution is 2
or 3.

e When a mesh is close to the optimal one and v € [0.75, 1.5] e, the mesh-optimization
strategy will give a good mesh in only one step. This fact is relevant for time dependent
problems because the mesh changes somewhat smoothly from one step to the following.

e In the numerical experiments of this thesis, we have limited the number of refinements,
n,, Or coarsenings, 7., to 5 in each iteration. The purpose of limiting the number of refine-
ments or coarsenings in each iteration is to guarantee the existence of smooth transition
regions, thus avoiding the existence of patches in the mesh.

2.3.2 Time adaptation

The estimate 1} is used to adjust the size of the new time step and to determine whether the
solution uj, , is accepted or not. The current solution will be accepted if n}' < T'ol,, otherwise,
it will be rejected and re-done. Similarly as we did in mesh-optimization, the adaptation of the
time step size can be formulated as an optimization problem in which the parameter T'ol; will
play the role of the Lagrange multiplier [25]. This approach, further limited by the condition
that the size of the time step must not change too fast, leads to the formula

At!

new

n
t

1
Tol; \ ?
= min | facmax, max | facmin, <F6 0 t) At g, (2.15a)

where:

e (3 is the order of the local truncation error, 7, = O(At?),

o facy., and facpy;, are factors limiting the maximum and minimum step sizes respec-
tively, usually facpa.x = 5 and facy, = 0.2,

e x is a security factor to prevent unnecessary rejections because they cause recomputation
and, therefore, loss of performance. In our examples x = 0.7.
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ADAPTIVE FINITE ELEMENTS

In stiff problems the formula (2.15a) is not sufficient to achieve a nice behaviour of the
time step size. This is due to over-corrections, for it may happen that the error estimator in one
step be low, thus leading to a new step size too large for the calculation of the following time
level. Consequently, the calculation must be rejected and re-done, initiating perhaps a series of
wasteful increases and decreases. This undesirable behaviour is corrected by using the control-
based approach of Gustafsson [44]. Then, the formula we use in the numerical examples is
then

At e = min(5, max (0.2, fac))At g,

n—1 1/p 1/8
At, 0.7Tol )
(nt n ) ( no t) when uj 5, 1 accepted,
fac = U Aty i (2.15b)
0.7Tol, \ /" o
n when uj 5, 1s rejected.
Un

The coefficient (3 is not known, and we calculate it by the recursive procedure

n—l At,_
if1< " <38 ﬁ”zlog(nt )/log( 1),
n At

else g =gt

Formula (2.15b) gives very good results in the numerical examples and similar formulas for fac
and /3 are used by other authors as [52].

2.4 Refining and coarsening

In this section, we describe the basic algorithms for the local refinement and coarsening of
triangular meshes. To construct a sequence of conforming triangulations as we have defined in
2.1.1, we consider the following situation:

e An initial (coarse) triangulation T}, , of the domain is given. We call it macro triangu-
lation. It may be generated by hand or by some mesh generation algorithm, although it
must be a conforming triangulation.

e To generate the mesh T}, ;, some of the elements of the previous mesh T}, ;_; are marked
to be refined depending on some error indicator as we have shown in 2.3. The marked
elements are then refined, i.e. they are cut into smaller ones. After several refinements,
some other triangles may be marked for coarsening. Coarsening tries to unite several
triangles marked for coarsening into a bigger one, but elements of the macro triangulation
can not be coarsened. A successive refinement and coarsening will produce a sequence
of conforming triangulations T}, ;, Tj 2, ... generated from the given macro triangulation
Thp.

The refinement and coarsening routines construct a sequence of nested meshes with a
hierarchical structure. Here, the recursive refinement by bisection is implemented following
the ideas of ALBERTA code [62] and using the notation of Kossaczky [S0]. The bisectioning
refinement of elements naturally leads to nested meshes with hierarchical structure of binary
trees, one tree for every element of the macro triangulation. Every interior element (father) of
that tree is divided into two triangles (children) with the leaf elements of the trees being part of
the current triangulation, which is used to define the finite element space.
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2.4 Refining and coarsening

a)

e e e e R e

b)

N ’|/4\|‘|s|;|/6|||/8|
O] 0o Do 0o

Figure 2.3: Tree structure for the situations shown in the Figure 2.6.

2.4.1 Refinement algorithm

For triangular elements, several refinement algorithms are widely used. One example is regular
refinement ("red refinement"), which divides every triangle into four similar triangles. Unfor-
tunately, hanging nodes arise during local regular refinement. To remove them and generate a
conforming mesh in two dimensions, some triangles have to be bisected ("green closure").

The possibility that we use in this work is the bisection technique. For every element one
of its edges is marked as the refinement edge, and the element is refined into two elements by
cutting this edge at its midpoint. There are several possibilities to choose the refinement edge
for a triangle; we use the longest edge as refinement edge (Mitchell in [54] compared different
approaches).

In two dimensions we employ the newest vertex bisection (in Mitchell’s notation [54]). We
assume that all vertices of an element have fixed local indices: 0, 1 and 2. Now, the refinement
edge for an element is fixed to be the edge between the vertices with local indices 0 and 1.

During refinement, the new vertex numbers, and therefore the refinement edges for the
newly created child triangles, are prescribed by the refinement algorithm. For both children
elements, the index of the newly generated vertex at the midpoint of the refinement edge has
the highest local index (2 for triangles) and the other vertex are renumbered counterclockwise.
These procedures are shown in Figure 2.4.

0 1
AN
\\ Child 0 Child 1

"
2

Figure 2.4: Numbering of nodes on parent and children for triangles.

By the above algorithm, the refinements of simplices are totally determined by local vertex
numbering on the macro triangulation. The numbering and the definition of the refinement edge
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ADAPTIVE FINITE ELEMENTS

during refinement of the elements guarantee that always the longest edge will be the refinement
edge and will be bisected.

In order to keep the mesh conforming during refinement, the bisection of an edge is al-
lowed only when such an edge is the refinement edge of all elements which share it. Bisection
of an edge and, thus, of all the elements around the edge is the atomic refinement operation, and
no other refinement operation is allowed, see Figure 2.5.

Figure 2.5: Atomic refinement operation in two dimensions. The common edge is the refine-
ment edge for both triangles.

If an element has to be refined, we have to collect all elements at its refinement edge. In
two dimensions this is either the neighbour opposite this edge or there is no other element in the
case that the refinement edge belongs to the boundary. We can refine at the same time the two
triangles or one by the boundary edge, by inserting a new vertex at the midpoint of the common
refinement edge and bisecting every element of the patch. The resulting triangulation then is a
conforming one.

But sometimes the refinement edge of a neighbour is not the common edge, then is nec-
essary to use a recursive algorithm to refine first the neighbouring triangle by the refinement
edge.

The domain is €2 and its boundary is I,
If we consider that:{ The refinement edge of the element K is I'%.
K" is the neighbouring triangle by the refinement edge of K

The recursive algorithm to refine a triangle /K belonged to a triangulation T}, is the follow-
ing:

subroutine recursive_refine(K)
{
if Ty el
boundary_refine(K)
else
if T =Tk
atomic_refinement(K, K')
else
recursive_refinement(K')
Select the child of K’ such that '}, = T';y.00 5
atomic_refinement(K, Child_K') B
end if
end i f

}
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2.4 Refining and coarsening

In Figure 2.6 we show a two-dimensional situation where recursion is needed. For all
triangles, the longest edge is the refinement edge. Let us assume that triangles 8 and 6 are
marked for refinement. In part a) of the figure, triangle 8 can be refined straightway, since its
refinement edge is a boundary edge. For the refinement of triangle 6, in part b) of the figure,
we have to refine recursively triangles 4 and 2. Again, triangle 2 can be directly refined, so
recursion stops there. Back in triangle 4, this can now be refined together with its neighbours.
After this, also triangle 6 can be refined together with its neighbours.

7
a) 3 3 " Ao

b) 3 70 3 " Ao 3 "o 3 " Ao

9
6 6 6 19 |20

4 4 13 8 (17
16 X 14 16 X14
15 15

Figure 2.6: Recursive refinement in two dimensions. Triangles 8 and 6 are initially marked for
refinement.

Since we use recursion, we have to guarantee that recursions terminates. Kossacky [50]
and Mitchell [54] proved that it terminates and the regular shape of all elements at all levels is
maintained if the macro triangulation fulfills certain criteria.

Remark:

1. A first observation is that elements initially not marked for refinement are indeed bisected,
enforced by the refinement of marked elements. This is necessary to obtain a conforming
triangulation, also in a regular refinement.

2. It is possible to mark an element for more than one bisection. The natural choice is to
mark a element K for n, bisections. After n,. refinement steps all original edges of K are
bisected. An element K is refined n, times refining its children C'hildy,_K and C'hild;_K
n, — 1 times right after the refinement of K.

3. The recursion does not terminate for an arbitrary choice of refinement edges on the macro
triangulation. In two dimensions, such a situation is shown in Figure 2.7. The selected
refinement edges of the triangles are shown by dashed lines. One can easily see, that there
are no patches for the atomic refinement operation. This triangulation can only be refined
if other choices of refinement edges are made, or by a non-recursive algorithm.

4. In two dimensions, for every macro triangulation it is possible to choose the refinement
edges in such a way that the recursion terminates (for example selecting the ‘longest
edge’). In three dimensions the situation is more complicated. But there may be a refined
grid such that refinement edges can be chosen in such a way that recursion terminates
[50].
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Figure 2.7: A macro triangulation where recursion does not stop.

2.4.2 Coarsening algorithm

The coarsening algorithm is approximately the inverse of the refinement algorithm. The basic
idea is to collect all those elements that were created during the refinement at the same time,
i.e. the parents of these elements build a compatible refinement patch. The elements must only
be coarsened if all involved elements are marked for coarsening and if they are not elements of
the macro triangulation. The actual coarsening again can be performed in an atomic coarsening
operation without the handling of hanging nodes. Information is passed from all elements on
the parents and the whole patch is coarsened at the same time by removing the vertex in the
parent’s common refinement edge (see Figure 2.8)).

Figure 2.8: Atomic coarsening operation in two dimensions.

During refinement, the bisection of an element can enforce the refinement of an unmarked
element in order to keep the mesh conforming. During coarsening, an element must only be
coarsened if all elements involved in this operation are marked for coarsening, this is the main
difference between refinement and coarsening. An adaptive method guarantees that elements
with a large local error indicator marked for refinement are refined and no element is coarsened
when the local error indicator is not small enough.

Since the coarsening process is the inverse of the refinement, refinement edges on par-
ent elements are again at their original position. Thus, further refinement is possible with a
terminating recursion and shape regularity for all resulting elements.

The domain is €2 and its boundary is I,

Py is the father element of K

The refinement edge of the element Py is I'p_.

Py 1s the neighbouring triangle by the refinement edge of Py

If we consider that:

K is aleaf and it is marked for coarsen

A triangle ' can be coarsened lf{ K is a father and all of its leaves are marked for coarsen
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2.4 Refining and coarsening

The recursive algorithm to coarsen a triangle K belonged to a triangulation T}, is the
following:

subroutine recursive_coarsen(K)
{
if (Px # () K does not belong to the macro triangulation
1f ((Childy_Pgk can be coarsened) and (Child,_ Pk can be coarsened) )
if T, €T)
boundary_coarsening(Pg)
else
1f ((Childy_Pg: can be coarsened) and (C'hild,_Pgk: can be coarsened) )
atomic_coarsening(Py, Pg)
endif
endif
end if
end i f

}
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Chapter 3
REACTION-DIFFUSION EQUATIONS

We will introduce here the main concepts of the Dual Weighted Residual method (or shortly
DWR method) for goal-orientated error estimation in the Galerkin approximation of variational
problems. To fix ideas and make the presentation simple, we shall consider the semi-linear
reaction-diffusion equation

Ou — eAu = f(u) in Q x (0,7,
u(z,0) =u’(z) in Q (3.1)
u(z,t) =0 in 09 x (0,7,

0
where 0, stands for a; T > 0and Q C R? (d = 2 or 3) is an open bounded domain with

sufficiently smooth boundary 0f2; the diffusion parameter ¢ > 0 is assumed to be constant; the
nonlinear reaction term f : C'(R) — R, [ integer > 1, satisfies suitable growth conditions
[66] and the initial condition u°(z) € L*(€2). Under these assumptions there is an unique
weak solution u € L2(0,T; H}(2)) N LP(2 x (0,T)) N C([0,T]; L*(£2)) to problem (3.1), p
being an integer p > 2. The weak solution u(x, t) satisfies for all v € L?(0,T; H}(2)), dv €
LP(0,T; H'(Q)) and v(x,T) = 0,

/ /u@tdedt—l—/ /EVu -VodQdt = / Oz )v(x,O)det—i—/OT/Qf(u)dedt (3.2)

for almost every ¢ € (0,7]. Here, H! is the dual space of H}({2) and p’ is the conjugate of
p. Note the inclusions H}(2) CcC L?(2) C H~!. To simplify the notation in the formulas and
equations that follow, we define the bilinear continuous form a : H} (Q) x H}(Q) — R as

a(u,v) = / eVu - VodS)
Q

and denote the inner product in L?(2) by (b, ¢)q.

For the time discretization, we split the time interval / = (0, 7'] into half-open subintervals
I, = (tp_1,t,] of length At,, = t, —t,_1,

O=th<ti<..<th1<t,<..<ty=T, n=1,2,..N,
such that [ = 27]:7:1 I,,, and using the notation

V" (z) = tlirgv(x 1), V" (z) = tlirtqv(x, t), [v]" ="t (x) — " (),
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REACTION-DIFFUSION EQUATIONS

it is easy to see that for all I,,, with v being zero outside the interior of /,,, the weak solution of
(3.2)) satisfies

{0, v) + alu,v)}dt + ([u]" 0" )g = / (f(u),v)qdt, (3.3)

In In

where (-, -), denotes the duality pairing for H~* and H;(12).

To calculate a numerical approximation uya(z,t) to the weak solution u(z,t) in each
interval I,,, we calculate a regular triangulation T} and define the finite element space V)" C
H} () associated to it as

Vit ={vn € C°(Q) : valx € Pu(K) VK € T}}.

Likewise, extending the spatial meshes T} constant in time to the time slabs S,, = 2 x [,,, we
can define the trial and test spaces for the pair of integer indexes (m, ) and (m, s):

Vh(g)t = {SphAt : ﬁ X T — R: Vnand ($,t) € Snv PrAt € C(Tm th)7 ‘:OhAt(xvo) € Vf?

and (phAt(x")‘Tn € P, (3.4)

WS = {uar: Ox T —R: VYnand (2,t) € Sy, Ypa; € LP(L; V"), tpa(z,0) € VO

and ¥yn(2,0)[1, € Pl (3.5)

here, P, and P; are the set of polynomials of degrees at most r and s respectively defined on 7,,.
Note that for 7 = 0 the space v,fg)t coincides with W,E&)t.

Taking at the first time step
upat(r,0) = Plu’ € V)2, (3.6)

where P{ : L*(Q2) — V! is the orthogonal L?-projector. For the next time subintervals I,, we
have to project the solution u}/5; () € V"' as the initial condition on the mesh T} and we
denote by HZE (x) the interpolatory projection onto the finite element space V",

Upn, (2) = Lupy, () € V) (3.7)

In the numerical examples we use a quasi-monotone interpolatory scheme of order 2 with
a control of the error following ideas of the goal oriented adaptation. But this procedure and the
calculation of the error will be seen in the next chapter, where we introduce them to treat the con-
vective term in a semi-Lagrangian framework. Then, the numerical approximation ua;(z, t) is
the solution of the following sequence of problems:

Forn=1,2,.., N, find upa(z,t) € Vh(g)t such that for all 1, ,(x,t) € W}E‘Z)t

{(Ounae, Vrar)e + altunae, Ypag)} dt + ([unad " vha o = /I (f(unae), Vrar)g dt,

In

Upat(T, tn—1) = ﬂﬁi(l’) 3.8
(3.3)
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e Withr =1 and s = 0, (3.8) yields a version of the Crank-Nicolson scheme:
For all n and for all Y5, € W,Ez)t

n —n— Atn n —=Nn—
(uhar — Tpag> Vnac)o + Ta(uhAt + Upny, Upay) = /1 (f(unae), Vuar)odt  (3.9)

and

—n— t— Zfn—l n —n—
upat(, t)|1n = uhA% (z) + A—t<uhm($) - uhA%(m))'

e Also, as is well known, when » = s = 0 (3.8) yields the conventional Euler implicit
scheme:

For all n and for all Y, 5, € W;Ez)t

(Uhar — That» Vnar)e + Ataa(upag, Ypag) = Ao (f (W) Ynar)a (3.10)

and

upae(, t)‘ln = Uppe(T)-

To apply the DWR methodology to control the local error in each /,, we shall consider the
auxiliary problem:

Find U(z,t) € V" := L*(I,,; HX ()N LP(S,)NCO(I,,; L*(Q)) such that for all 1(x,t) €
W= DT H(), 1) = 0

AU, 6)g + a(U,) — (JU), )g} di + (U 4" F)a = (@al "o, (ulla)

In

Here, V" and W™ are the local restrictions of the spaces L*(0,7; Hy(Q)) N LP(Q x (0,7)) N
C([0,T]; L*(Q)) and LP(0,T; HZ(2)), respectively, to the interval I,, and U}, () is the solu-
tion of (3.8)) at time instant ¢,,_;. Note that (3.11a) is the weak formulation of the problem

U —eAU = f(U)  in Qx I,
U(x,ty1) =uix () in Q (3.11b)
U(z,t) =0 in 0Q X I,,.

Next, setting U1~ = U’}E% in (3.11a) we define the semi-linear form A : V" x W™ — R
as

AU (2) = | {(8U,2)q +a(U,z) = (f(U),2)o}dt + ([U" ", 2" g (3.12)

In

and choose an output functional J : V" — R, such that we can define the Lagrangian £ :
Vix W™ — Ras
LU;z):=JU)—AU)(2).

Then, we calculate the stationary points (U, z) € V" x W™ of L(U; z) which are solution of
L'(U; 2) (¢, ¥) = 0;
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that is, considering that U™ !~ is a known function (as we have just said before), we have to
find the pair (U, z) € V™ x W™ that satisfies

- IH@a¢m+awmo—vam¢m}w—qm“%W%“m:ovweww (3.13)

and

J(U) @) = | {(Bp,2)q +ale,2) = (f(U)g,z)g} dt — ("1, 2" H)g =0, Vo eV,

In
(3.14)
where, by noting that

/ (Oup, 2)q dt = —/ (Oz, plg dt + (", 2" )a — ("1, 2" g,

I In

yields

J(U)(e) - i {= Oz, 0)q +alz,0) = (F'(U)p, 2)q dt — ("7, 2" )a = 0, Vo € V™.

(3.15)
Problems (3.13)) and (3.15) are termed primal and dual problems respectively in the slab
S,,. Note that for the primal problem we have that U"~!~ = @}'5}, so that, this problem is the

weak formulation (3.11a) of the auxiliary problem (3.11b).

The Galerkin approximation, (Upas, znas) € ViR, x W3, to the primal and dual problems
by time-space finite elements in each slab S, satisfies for all (¢, Vpar) € Vh(g)t X W,Ez)t the
equation

L' (Unat; znae) (Onaes Yrae) = 0;

that is, (Upa¢, 2nae) is the unique solution of the following problem:

For each I, find the pair (Unas, znae) € V%, x W, such that for all (¢, na;) €
Vi X Wik,

— | {OUnats Ynar)a + aUnat, Yrae) — (fF(Unat), Yrar)a} dt — ([Unad "™ i o =0,

In
(3.16)
and

J/(UhAt)(%OhAt)—/ {(=0ezhats Ppar)a + alznae, ©rar) — (F' (Unat)Onae 2nat)o} dt— (@A Ziag)a = 0.

. (3.17)
Since (3.16) coincides with (3.8) in each interval [,,; then, the solution Upa; is precisely the
finite element solution wu,a; to problem (3.1) for the time interval /,,. From (3.16) and (3.17)
together with Proposition 6.1 of [11] (that can be seen in the Appendix) is easy to obtain the
following result.

Proposition 1. For each I, let (U,z) and (upat, znat) be solutions of ((3.13), (3.15)) and
((3.16),(3.17)) respectively. Assume that the functional J : V" — R and the semi-linear
form A : V" x W" — R have directional derivatives up to order three. Then, we have
the following error representation

1 1
J(U) = J(unar) = 5p(unse) (= = Ypad + 50" (wnae 202U = @pa) + RiZpr (3.18)
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where the primal residual p(upat) () and the dual residual p*(upat, znae)(-) are given in
terms of the element residuals Rya; and Rj, »,, and the edge residuals rya, and 1} 5, as:

plunae)() = 32 {(Ruaes )k + (rnass Joxc b dt — ([unad "™ ()" )k,

KeTr J1,
g[@nuhm]r if T C 0K\09,

Ruat = f(unat) — Opupar + €Aupay  and  rpap = ]
0if T C oN.
(3.19)

and

p*(“hAt, ZhAt)(') = KZT . {(R;LAﬂ )K + (r;At’ )BK} dt _ J/(uhAt)(')K _ (ZﬁAt’ (.)nf)K7
err J1,
€
5 [Onz if T'C 0K\0Q,
Rjny = f/(unae)zaae + Orznar + €Azpay and 15, =< 2 [ el \
0 if I' C 092.

(3.20)

where [Opupailp (resp. [Onznadlp) denotes the jump of gradient Vupp, (resp. NV zpa)
across the inter-element edges, i.e., for two neighboring cells K and K' with common
edge I" and normal unit vector n pointing from K to K' we set

[Ontupatlr = M- Vupadr .= n - (Vupae|kror — Vupad gar) -

The reminder term

1
R;LSA)t = 5/0 {J" (upat + se)(e, e e) + A" (upas + se)(e, e, €, zpas + s€*)—
—3A" (upar + se)(e, e, e*)}s(s — 1)ds,

where e = U — upar and €* = 2 — zpas.

The terms (z — ¥y,4,) and (U — ¢, A,) are the so called weights. The term ngt vanishes
only if A(w)(-) is linear and if J(u) is quadratic, but it is usually small; so that, it will be
neglected when Proposition 1 is used for mesh adaptation; nevertheless, there are problems in
which Rfﬁt may become large, but the DWR theoretical approach is still valid and must be
applied with care [11].

Note that the a posteriori error estimate (3.18) involves the exact primal and dual solutions
through the weights (z — ¥, A,) and (U — ¢ A;). Since z and U are unknown, in practice they
are estimated from their corresponding numerical solutions via a post-processing procedure. In
this chapter we propose a post-processing procedure to separate the error contribution into two
parts, namely, a part due to time discretization and another one due to space discretization. This
splitting of errors is important because one wishes to adapt both time and space meshes and,
therefore, one needs an estimator for space that, in general, will take different values that the
estimator used for time.

3.1 Post-processing procedure to evaluate the weights of the
residuals

In time dependent problems where the goal is to adapt both the space and time partitions
(meshes), it is convenient to evaluate the contributions of time and space discretizations to
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the error J(U) — J(upa¢) in each interval I,,. To do so, we shall formulate a procedure which
is based on arguments presented in Chapters 4 and 5 of [11] to approximate the weights of the
residuals in the application of DWR to stationary problems. The idea goes as follows. Since the
main purpose of the a posteriori error analysis is to obtain estimates of the numerical errors in
time and space, which are used for the formulation of criteria to adapt the meshes, then it will be
sufficient to substitute z(x,t) and U(z,t) in (3.18) by approximations, say z,a; and upa¢(x,t),
sufficiently close to z(z,t) and u(x,t) as to have the error estimates (in both time and space)
|Zhat — znatll = O (||z2 — znael]) and ||tpar — upatl| = O (JJU — unael|) respectively. Such ap-
proximations will be obtained by some post-processing procedure of the numerical solutions
zZnae and upa, such as higher order methods for both time and space, although it is not clear
that this approach is the best for adaptation. A second approach that is computationally effi-
cient and may lead to satisfactory results, see the examples presented in Chapter 4 of [11], as
well as the numerical example of a stationary problem below, it is the method of patch-wise
higher order interpolation recovery in both time and space that has also be employed in [61].
To implement such a method we need to introduce the auxiliary semidiscrete primal and dual
functions uy,(x, t) and z;,(x, t) defined as follows:

Definition 1. (A) For t = 0, uy,(x,0) is the L*-projection of u(x,0) onto Vy), and for all
L, up € L*(L,; Vi) N LP(Q x 1,,) N C(1,,; L*(Y)) satisfies

— [ {(Bwun, V) + alun, vy) — (f(un), ¥y)q ) dt + ([Uh]nil ; Zﬁl‘k)ﬂ =0 Vi, € V.

In,
(3.21)
(B) For all 1,,, z, € L*(I,,; V%) satisfies

J'(up) (@h)_/l {Gwons zn)g + alen, 2n) = (' (un)pns 2n) o } dt— (o5, 27 F) o = 0 Yo, € Vi
’ (3.22)
Note that (uy, 25) is solution of

L (up; 2) (pps 1) = 0 Yoy, by, € Vi,

Next, we consider 2 — zpa¢ and U — upa¢, which are split as
2z — zpae = (2 — 2zn) + (20 — 2nat),
U—upar = (U — Uh) + (uh - UhAt)

and note that the terms z — z;, (resp. U — uy) and z, — zpas (1€SP. Up — Upa¢) Measure
respectively the space and time discretization errors in the approximation to z (resp. U) by z,a;
(resp. upat). Based on this simple observation and recalling that we can set ¥, 5, = zna¢ and
©rar = Unae 1n (3.18) it follows that

p(unat)(z — znat) = p(unae)(z — z1) + p(unat) (zn — 2nat)
and
P (unat, znat) (U — unat) = p*(unat, 2nat) (U — ug) + p*(unat, zrat) (Un — upat),

Hence, collecting these results we have the following proposition.
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3.1 Post-processing procedure to evaluate the weights of the residuals

Proposition 2. Assuming the hypotheses of Proposition 1 hold, then the a posteriori error esti-
mate representation for the functional J(U) in each I, is given by

J(U) = J(upag) = € + € + R (3.23a)
where the time component of the error is

ef = 3p(unae)(zn — znae) + 50" (unat, 2nae) (Un — tnae), (3.23b)

and the space component of the error is

el = sp(upac)(z — 21) + 30" (unat, znae) (U — up). (3.23c)

As an immediate consequence of Proposition 2 and applying Proposition 1 to the differ-
ence between J(uy) — J(upas), we obtain the following corollary.

Corollary 1. Let

J(U) = J(upar) = J(U) — J(up) + J(up) — J(upat)-

Then, assuming the hypotheses of Proposition 1 hold, the a posteriori error estimation
for the difference between the functional J(uy) and J(upat) in each I, will be associated
with e} by

J(up) — J(upae) = € + R, (3.24a)

where the reminder term takes the form

1
R(ﬁz = —/ {J" (upat + se)(e, e, e) + A" (upas + se)(e, e, e, zpas + s€*)—
0

2
—3A" (upat + se)(e, e, e*)}s(s — 1)ds,
with e = up, — upar and € = z, — Zpas.

And the error between J(U) and J(uyp,) will be associated with €2 by

JU) = J(up) = e +RE, - RE). (3.24b)

Notice that e” and e}’ involve the unknown terms zj(z, t), z(z, t), U(x,t) and up(z,t). For
practical use of this error representation we shall approximate such terms by a patch-wise higher
order interpolation recovery technique applied to the numerical solutions uya; and zxa¢. The
basic idea of recovering by patch-wise higher order interpolation is as follows. If the numerical
solution approximates the exact solution in space by a polynomial of degree, say m, we shall
construct from the numerical solution a space approximation that is a piecewise polynomial of
degree 2m; likewise, if the numerical solution approximates the time dependence of the exact
solution by a piecewise polynomial of degree, say r, then we shall use the numerical solution
to construct an approximation in time that will be a piecewise polynomial of degree » + 1. So
that, the recovery technique consists of two stages, namely, recovery in space and recovery in
time. First, we explain the technique to recover in space and then the technique for time.
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3.1.1 Recovery technique in space

Although our algorithms are specially designed for unstructured meshes of simplices, the patch-
wise higher order recovery technique in space we propose in this paper follows the spirit of the
biquadratic interpolation procedure introduced in [11] for space recovery in structured meshes
made of squares (or hexahedral). To describe our procedure, let the integer m be the degree of
the polynomials of the finite elements we use for the computations of both the dual and primal
solutions, and for all n, let I2 : V;* — V' denote the interpolation operator of degree 2m
where

Vi, = {van € CO@) s vay g€ P(K) VE € Ty},

P(R) = {p(x). w € K : pla) = o FF'(@), P(@) € Ponl(K)}.

Fr: K — K is the affine invertible function and Pgm(f( ) the set of polynomials of degree 2m
defined on the reference element K. Thus, if we consider a mesh of linear triangles (m = 1),
to define the interpolation operator /2, on such a mesh we associate to each element K a larger
element K defined by six nodes as is shown on the left hand side panel of Figure 3.1. K is
constructed from the shadowed triangle K by doubling the length of its edges.

>

Figure 3.1: Patch-wise quadratic interpolation for linear triangles.

Similarly, if the mesh triangle K is of type (m = 2); that is, a quadratic triangle, the
interpolation operator is for this case I3, and this means that the associated element K has to
be of type (2m = 4); that is, a quartic triangle. Now, the element K is constructed as in the
linear case, first doubling the size of the edges of K and then setting up the nodes, which are
not vertices, as is usual in finite element technology.

We should note that the nodes of K belong to the set of nodes of K and, therefore, K C K
by construction. This implies that the interpolation operator 137" | is also well defined on K. It
is clear now the formula to calculate the coordinates of the vertices of K in terms of the vertices
of K. For instance, let (a1, a9, ag) be the vertices of K and let (a1, as, ag) be the vertices of
K. Choose a; to be a vertex of l?, S0 a; = ay, then it is easy to see that a; = 2as — a; and
as = 2a3—ay. One may prefer to choose as, 0 even ag, instead of a; as the common vertex of A
and K, in this case the procedure to calculate the other two vertices is the same as in the previous
case. Knowing the coordinates of the vertices (a1, as, a3) one proceeds as usual in finite element

technology with the calculation of the coordinates of the other nodes defining the element K.
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3.1 Post-processing procedure to evaluate the weights of the residuals

Figure 3.2: Patch-wise quartic interpolation for quadratic triangles.

Once the coordinates of all points of K have been calculated one needs to know the value of
the solution upa; (and z,a; too) at such nodes to define the interpolation operator [gﬁuhm |7
Noting that u,a; is known at those nodes of K , which are also nodes of K, then it remains
to evaluate u,a; at the nodes which are not. To do so, we use the search-locate algorithm of
[3] that consists of first searching the element K’ containing the node at which one wishes to
evaluate, say upa¢, and then evaluating upa; at this point by finite element interpolation using
the local basis function associated to the element K. In applying this procedure, we should be
aware of the following situations that may appear in elements close to the boundary.

e In choosing a vertex of K, say aj, to be also vertex of K one may find that some of
the other vertices of K is outside €2, then one should take a, as the common vertex and
proceed as before. If the as-choice does not work either, then one moves to vertex as.

e It may happen that for any vertex of K the element K has vertices outside (2, there may
be one vertex or at most two vertices for triangles (or three vertices for tetrahedra), in this
case one keeps K and the values of u,a; assigned at the nodes outside €2 are the values
of upas at points inside €2 which are symmetric of the outside nodes with respect to the
common vertex of /K and K. See Figure 3.3 where it is shown a typical example of a
triangle K close to a corner of the domain.

Figure 3.3: An example of a triangle close to a corner in the patch-wise higher order interpola-
tion.

By virtue of the definitions of uy (z, t) and 2, (z, t), they represent for all ¢ the space semidiscrete
approximations to u(x,t) and z(x,t), respectively, in the corresponding finite element spaces
Vit. Then, the errors z — z;, and u — w, are caused by the spatial discretization as in the
stationary problems; hence, guided by the post-processing procedure in stationary problems
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we propose for the evaluation of the space component of the error e in (3.23c) the following
approximations:

Z(I‘,t) - Zh(xvt) ~ ]gglzhAt(Iat) - ZhAt(xvt)y
(3.25)
Uz, t) — un(z,t) = L upac(w,t) — upac(z, t).

3.1.2 Recovery technique in time

To recover a "good" approximation in time for the primal and dual solutions u,(x, t) and z;,(x, t)
from the calculated solutions u,a:(z,t) and z,a¢(, t) respectively, we adopt a scheme similar
to the one introduced in [61]. Thus, for the sake of concreteness, we shall restrict ourselves to
the cases in which the degree of time polynomials for the primal solution are 1 or 0, and for the
dual solution are 0; specifically, recalling the definitions of the spaces v,fg)t, and Wéz)t above,
see (3.4) and (3.5), we shall consider the following cases:

Casel: r=s=0 (discontinuous in time both primal and dual solutions).

At At | At |

Figure 3.4: Linear recovery in time for both the primal solution when r = 0 (left panel) and the
dual solution when s = 0 (right panel).

For each I,,, we have that

upae(T,t)]1, = upay(z) and zpad(2,1)|1, = 25a.(7),

with the particularity that uya(, t) is solution of a forward in time problem, whereas z,a¢(, t,,)
is the solution of the backward in time adjoint problem associated to (3.11a). We hypothesize
that a better representation for the time dependence of the solutions uy,(z, t) and z,(z, t) in each
1,, is a linear polynomial instead of the polynomial of degree zero, which is the polynomial used
to calculate the corresponding numerical solutions. Then the formulae to recovery in time are:

71 n n n tn — 1t

IichAt(% t) = Zth(x) +2 (ZhAt(x) - tht(x)) AL

(3.26)

—n— t— tn—l n —n—
IituhAt(% t) = uhA% (z) + AL (uhAt(x) - uhai@)) .

We show in Figure 3.4 a graphical representation of 7},uas(,t) and Titzhm(x, t)in I,,. We
remark that 7},u,a.(,t) is the typical linear Lagrange polynomial for the interpolation points
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3.1 Post-processing procedure to evaluate the weights of the residuals

(tn_1,u0xl (2)) and (f,, ul 5, () [61]; however, TX,z,¢ is the linear polynomial for the inter-
polation points (t,, 2pA,(x)) and (t,—1, (22n, — 2;'A,) (2)). Here, 24, () denotes the initial
value of the adjoint problem associated to (3.11a) which has to be solved in each [,,; this means
that z;'A, (z) will depend on the target functional J(U). Thus, for instance:

I
i) when J(U) = A7 / / J(U)dSdt, the dual problem to be solved in each I, is:
n Jtn_1 Q
( ) 1
—8_;? —eAz = f/(U)Z o Atn']/(U) in € x [tn—17 tn)v
2"t =0 in (),
[ 2=0 in 00 X [ty 1, tn);

ii) when J(U) = / J(U™)dS2, the dual problem to be solved in each I,, is:
Q

( —% —eAz=f(U)z in QX [t,_1, tn),

= UM in 9,

z=20 in 00 x [tn—la tn)
j(U) is a measurable function of U. Typical expressions for j(U) are:

JU) =0, J'(U) =1,
J(U)=U?logU, j'(U)=2UlogU + U.

Case 2: r=1 (continuous in time the primal solution) and s=0 (discontinuous in time the
dual solution).

At At | | At |

Figure 3.5: Quadratic recovery in time for the primal solution when r» = 1 (left panel) and linear
recovery in time for the dual solution when s = 0 (right panel).
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In this case, for each I,, we have that

_ t - tn n —n— n
i@, ) [1,= T2k (@) + 2 (ufia, (@) = Tyad (@) and zna(,1) |1, = iage), (3:27)

and the recovery formulae are

~ ) tn, — 1t
Thmnada,t) = 5 () + 2 (@) = 57 (@) "
n
t—th—1 t—1tn e t—tn—otn—t_,_ t—th—2 t—th—1
12 t) = n n—2 n—1 n_
2acttna(@,t) = o Ry Al T A AL At T A+ AL B, Ut

(3.28)
As in the previous case, Figure 3.5/ shows a graphical representation of 2., upas(z,t) and

TichAt(l’, t).

For the evaluation of the time component of the error e} in (3.23c) we propose the follow-
ing approximations:

Case 1: r=s=0 (discontinuous in time both primal and dual solutions).

2n(2,t) — zpae(z, t) = TichAt(% t) — znae(z, t),
(3.29a)

up(z,t) — upar(, t) & T upa(m, t) — upae(z,t).

Case 2: r=1 (continuous in time the primal solution) and s=0 (discontinuous in time the
dual solution).

2n(2,t) — zpae(x, t) = ’fitzhm(l‘?t) — zpae(x, 1),
(3.29b)

up(z,t) — upar(w, t) & Ly upas(z,t) — upar(z, t).

3.2 Strategy for adaptation in time and space

In time dependent problems there are several strategies to adapt both the spatial mesh and the
size of the time step. The one we have chosen is reliable and efficient. It is reliable because it
guaranties that the estimated error is below the prescribed tolerance, and it is efficient because it
leads to economical meshes well adapted to the characteristics of the solution. Thus, assuming

that at time level ¢,,_; we know the partition TZ’I and the primal and dual solutions “ZE

and z,f;tl respectively, then, we will proceed to calculate the primal and dual solutions uj A,
and z}/5, in a new mesh T} with a time step At,, based on the information provided by the a
posteriori space and time error estimators e and e}, respectively, which are derived from those
defined in Proposition 2 using the post-processing procedure. Thus, denoting by €7 and €}
the restriction to the element K of €7 and e} respectively, we have then by virtue of Proposition

2 and the recovery formulas

( E?K,p'rimal g?K,dual
5N . 1 ]2m 1 * [2m
Ex = §P(UhAt)( 2n RhAt — ZhAt)K + EP (UhAt, ZhAt)( on UhAt — uhAt)K7
(3.30a)
-n _ n -n — -n -n
€s = 6s,primal + es,dual - E : (esK,primal + 63K7dual)
L KeTy
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and
( E?K,primal gtnK,dual
e = 5Punae) Uneznar = 2nae) i + 50" (Wnae 2nae) Ly artthae = tnat) s
(3.30b)
-n _ n -n — -n -n
€ = et,primal + et,dual - § : (etK,primal + 6z‘,K,duULl) :
\ KeTy

From these error estimators we define the so called error indicators that are used for
practical adaptation. Thus,

ek
Mok = T Ny = ne (3.31a)
= T (unar) KZ «
and
| J (unad)| KeTr

The strategy for adaptation will check whether the primal solution u} 5, is acceptable or
not; if not, we proceed to calculate a new At, and a new T} by local refinements and coars-
enings, and then to recalculate the primal and dual solutions u} », and z;' 1, as well as the error
indicators 7} and 7. Prescribing a tolerance TOL = Tol;, + Tol,, where Tol, and T'ol; are
tolerances to check time and space errors respectively, the primal solution u,a; at each time
level t,, is acceptable up to the tolerance T'OL if

ny < Tol; and 17 < Tols.

To balance the space and time errors one chooses 1ol ~ T'ol,.

3.2.1 Mesh adaptation: mesh-optimization strategy.

The criterium to adapt the spatial mesh consists of calculating such a mesh with the minimum
number of elements N E to satisfy 17 < Tol,. This yields the optimal size h9*" of the element
K € T} as we have seen in Chapter 2

Tol

where W := Z (n’}()d%a < 005 N = n?| K is the spatial error indicator for the element K;
KeTy

« is the convergence rate of the spatial error, it is assumed that 7 = O(h®) and d = 2 or 3

is the spatial dimension. Formula (3.32) gives a criterion to refine or coarsen the element K.

Specifically, comparing the size of our actual triangle hj with the optimal size h;’ft we obtain

the number of times that this element needs to be refined or coarsened. Thus, we adopt the

following refining and coarsening criteria:

Refining criterion:
opt

If hi < 1, mark the element K to refine n, times,
K

1Og(hk/ h%)t)

3.33
log 2 ( 2)

n, = Integer part |0.5 + 2
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Coarsening criterion:

opt

If hi > 1, mark the element K to coarsen n. times,
K

M} _ (3.33b)

n. = Integer part [2
log 2

The refinement of marked elements is made bisecting the largest edge by joining its mid-
point with the opposite vertex and taking the vertices thus created as the vertices of a new
refinement. To maintain the regularity of the mesh in the refining and coarsening procedure we
follow the strategy of [62].

3.2.2 Adaptation of the time step size

The error indicator 1} is used to adjust the size of the new time step whether the solution uj, 5,
is accepted or not. Following the strategy of the numerical ODE community we adjust the time
step by the formula

At ey = min( facmax, max(facmin, fac))Atya,

n—1 1/5 1/8
At, -Tol )
(m n ) (R nO t) when uj 5, 18 accepted,
fac = 1t Aty-1 Mt (3.34)
K TOlt 1/8 ) ]
n when uj 5, 1s rejected,
up

where (3 is an unknown coefficient, which is equal to the order of the time local truncation error,
and is calculated by a recursive procedure (see Chapter 2); facya.x and facy;, are factors limit-
ing the maximum and minimum step sizes respectively, usually facy.x = 5 and facyy, = 0.2;
and x is a security factor to prevent unnecessary rejections because they cause recomputation
and, therefore, loss of performance. In our examples x = 0.7.

An algorithmic presentation of the adaptive strategy is the following.
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3.3 The stationary problem

Space — time adaptive algorithm :
Given the tolerances T'ol,, Tol;, the macro triangulation T}, o and the time step Aty.

Obtain an initial mesh T?L by local refinement and project the initial datum «° in that mesh as u(,)L Ar € Vho .
n=1;
while (¢t,—1 <T)
{
Ty =Th "
1= 1;
while (k == 0)
{

1. Adapt the mesh T} ;_, to generate a new mesh T}, ;.

2. Project the solution u}'y} onto the finite element space V}!; and obtain TN

3. Compute the solution w5, ; on the mesh T} ; by calculate (3.16).

n

4. Calculate the error indicator with DWR technique in time 7 and in space n7.

5. Select elements to be refined or coarsened with formulae (3.33a) and (3.33b).

If [(ng > Tol,) and (n} < Tol,)]
Reject step and maintain the time step length At,,. Step reject k = 0 and ¢ = i + 1.
else
Calculate a new time step At,,¢,, With the formula (3.34).
if (n} > Tol)
tn =tn_1+ Atpew. Rejectstep: Kk =0and i =4 + 1.
else
tht1 =tn + Alpew and k = 1.
end if
end if

n — n
Upat = UpAt,i-

n __ mn
T, =T, -

}
(3.35)

To illustrate the performance of the DWR proposed in this paper, we shall show some
numerical examples that may be considered representative to test the capabilities of the method.

3.3 The stationary problem

The aim in executing this example is to test the patch-wise higher-order interpolation recovery
in space in unstructured meshes. Thus, we consider the problem

—Au=fin Q:=(0,1)>, u=0 on 99, (3.36a)
with exact solution ) )
(1—a?)" (1 -y

1022 4+0.1

whose graphical representation is shown in Figure 3.6. On the left panel we have the solution in
3D and on the right panels are displayed the cross sections at z = 0 (top) and y = 0 (bottom).

u(z,y) = (3.36b)
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L T L L L T L
1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 08 x 1

Figure 3.6: 3D solution u(x,y) (left) and cross sections of it at x = 0 (top) and at y = 0
(bottom).

In the application of DWR we control the error with respect to the output functionals

Ji(u) = / udSQ, J1(u) = u, (3.37a)
Q
and ) .
(Mm:—/ﬁMQ Ga(u) = =u®. (3.37b)
2 Jq 2

The general theory of the DWR method for linear elliptic problems ([11], Chapter 2) yields
the following primal and dual problems

— (Vup, Vo) + (f,4,) =0 Vo, € V,
(3.38)

—(Vzp, Vo) + J' (un)(wn) = 0 Vi, €V,

where V}, C HJ () is the finite element associated to the regular partition T},. The error for the
functional J(u) can be written as

J(u) = J(up) = > e = dpun)(z = )k + 5" (un, 2) (1w — @)k,
KeTy, KETy, (3.39)
ex = 5p(un)(z = V) + 50" (un, 20)(u — @)k,

where the residuals ex prima = %p(uh)(z — )k and e gua = %p*(uh,zh)(u — ¢, ) K are
approximated by the patch-wise higher-order interpolation recovery described above. Thus, we

have _ )
€K primal = §P(Uh)(122;:nz - Zh)Ka

(3.40)
Ckdual = 30" (Un, zn) (1370 — up) i,
primal residual:
{p(un)(z = )k = (Ba, I3z — 2n) i + (rn, 1372 — 2n) ok
Ry = Auy + f(uh), (3.41a)
- % [Ohuplp if T'C OK\0Q,
=00 if T coQ,
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and

dual residual:

{0 (un, 20)(u — @)k = (R, Iitu — up) i + (ry, It u — up)oxk

R: = Az, + 5 (up), (3.41b)
o 30amly if T COK\OQ,
4 if T con.

The numerical algorithm presents this easy form:

Space adaptive algorithm :

( Given Tol and the macro triangulation T, q.

1 =0.
while (n > Tol)
{

1. Compute the solution uy, ; on the mesh T, ;.
2. Calculate the error indicator  with DWR technique.
3. Select elements to be refined or coarsened, with the algorithm described in (3.33a) and (3.33b).

If (n > Tol)
Adapt the mesh T, ; generating a new T, ;.
1 =1+ 1.
end if
}
Up = Up,j-
Ty, = Th ;.

To calculate the numerical solution we use linear and quadratic elements on triangular
meshes. We shall analyze two basic aspects of the DWR method. First, we test the validity
of the patch-wise higher order interpolation recovery proposed in this thesis. To do so, we
calculate the (inverse) effectivity index defined as [11].

Eprimal + €dual

118 3= | T ) — Tun)

where € = €,,imal+€dua 1S an estimation of the error calculated by (3.40), whereas J (u)—J(uy,)
is the error committed by using the exact solution u(x,y) to calculate J(u). The recovery
procedure will be acceptable if it yields an effectivity index /. s close to 1; in fact, the recovery
procedure is optimal if limpy .o lcff — 1. As we observe in Tables la and 1b, where the
variation of I.;; for the functional J;(u) is shown as a function of the number of elements
N E in the mesh for linear and quadratic elements respectively, the patch-wise higher order
interpolation recovery works.
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Linear
NE €primal €dual €primal + €dual | J(u) — J(un) | Iesy
934 | —4.35-1073 | —4.19-1073 | —8.55-10% | —6.82-1073 | 1.24
2106 | —1.01-1073 | —0.96-10"3 | —1.97-1073 —1.96-1073 | 1.00
4512 | —=0.72-1073 | —0.64-107% | —1.36-1073 —1.56-1072 | 0.87

9472 | —1.94-107* | —1.90-107* | —3.84-107* —4.50-10* | 0.86
19536 | —1.33-107* | —=1.29-10"% | —2.62-10* —-3.09-107* | 0.85
39968 | —4.31-1075 | —4.20-107% | —8.51-107° —9.29-107° | 0.87
81120 | —3.03-1075 | —2.90-107® | —5.93-107° —6.92-107% | 0.85

Table 1a: Variation of the error and I.;; for the functional J; (u) as a function of the
number of linear elements.

Quadratic
NE Eprimal Edual gpri7nal + gdual J(u) - J(uh) Ieff
832 0.72-10~* 0.61-10~* 1.32-107% -3.22-1072 | 0.04

1910 | —2.76-1076 | —2.48-1076 | —5.24-107% | —3.02-10~* | 0.02
4148 | -1.60-1076 | —1.52-107% | —3.12-10°° -7.96-107% | 0.39
8780 | —1.81-1077 | —=1.73-1077 | —3.54-10"7 | —4.50-10"7 | 0.77
18216 | —0.75-10"7 | —0.66-10"7 | —1.41-10"7 | —1.23-10"7 | 1.20
37400 | —1.23-1078 | —=1.03-1078 | —2.26-10"% | —2.75-10"% | 0.81
76112 | —3.88-107° | —=3.57-1079 | —7.45-107° | —7.52-1072 | 0.98

Table 1b: Variation of the error and ., for the functional J; (u) as a function of the
number of quadratic elements.

We have repeated the same type of calculations for the output functional J5(u), showing
the results in Tables 2a and 2b.

Linear
NE €primal €dual €primal + €dual | J(u) — J(un) | Leps
934 0.68-10"1 | 0.64-107! 1.32-1071 1.17-107 1 0.77
2106 | 3.12-1072 | 3.15-1072 6.17-1072 7.03-1072 0.87

4512 | 1.93-1072 | 1.89-102 3.82.1072 421-1072 | 0.89
9472 | 0.76-1072 | 0.78-102 1.54-1072 1.72-1072 | 0.88
19536 | 0.56-1072 | 0.46-102 1.02-1072 1.06-1072 | 0.95
39968 | 2.01-1073 | 1.91-1073 3.92.1073 429-1073 | 0.94
81120 | 1.28-1073 | 1.25-1073 2.53.1073 2.63-1073 | 0.95

Table 2a: Variation of the error and I..;; for the functional J,(u) as a function of the
number of linear elements.
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Quadratic
NE €primal €dual €primal + €dual | J(w) — J(un) | Ieps
832 | 1.46-1073 | 1.38-1073 2.84-1073 8.02-1073 | 0.35
1910 | 2.11-1073 | 2.02-1073 4.13-1073 8.36-1073 | 0.49
4148 | 0.66-10~* | 0.65-10~* 1.31-107% 1.34-107* | 0.97
8780 | 1.16-107° | 1.16-107° 2.32.107° 2.23-107° 1.01
18216 | 3.88-107% | 3.84-1076 7.72-1076 7.81-107% | 0.98
37400 | 0.67-1076 | 0.65-107° 1.32-1076 1.55-107% | 0.86
76112 | 2.40-1077 | 2.32-1077 4721077 4.85-1077 | 0.96

Table 2b: Variation of the error and ., for the functional J(u) as a function of the
number of quadratic elements.

Now, we turn our attention to the mesh-optimization algorithm in order to have an idea
about the number of iterations which are necessary to get an optimal mesh. Also, we wish to
estimate the convergence rate o when the output functionals J;(u) and Jo(u) are used. The
results are shown in Table 3.

J(u) = [qudQ | J(u) = [, 2u*dQ
Tol Linear 3-1073 1-1073
agnd 2.26 2.29
Tol Quadratic 3-106 1-107°
agnd 5.57 4.63

Table 3: The convergence rate « for the output functionals J; (v) and J,(u) with linear
and quadratic elements.

To estimate o we start with the initial values a(®) = 6 for linear elements and a(®) = 8 for
quadratic elements and after 2 or 3 iteration we reach the optimal mesh and the end values of a.
Figure 3.7/ shows the optimal meshes for linear elements and functionals .J; (u) and Jo(u).

J(u)=f u?/2 dQ

Figure 3.7: Optimal meshes for the functionals J;(u) and Jy(u) with linear elements. The
number of elements on the left NE=63210 and on the right NE=41832.
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3.4 A semilinear time dependent problem

Our next numerical example will simulate the propagation of laminar flames according to
the model equations proposed in [52]. Combustion problems are known to range among the
most demanding for spatial adaptivity when the thin flame front has to be resolved numeri-
cally. Moreover, if there are ignition and extinction processes, complicated geometries and
non-uniform material, the relevant time scales can change by orders of magnitude, then an
adaptive time step size control is needed too.

For this example we use quadratic elements (m = 2) for space discretization in both solu-
tions, and for time discretization cG(1) (continuous Galerkin » = 0) for the primal solution and
dG(0) (discontinuous Galerkin s = 0) for the dual solution. It is known that this combination of
time discretizations yields a Crank-Nicolson type scheme for the primal solution. At every time
step one obtains a discrete nonlinear system of equations that is solved by the classical Newton
algorithm; however, we allow the use of a damped Newton algorithm for those cases where
the high stiffness of the nonlinear system requires to do so. The linear systems of algebraic
equations are solved by a diagonal preconditioned conjugate gradient if they are symmetric and
a diagonal preconditioned BICGSTAB if they are not symmetric.

We consider in €2 x (0,7 a thermo-diffusive model where u; and u, are the temperature
and the mass fraction respectively, the equations of which are:

0
% — Auy = w(ug,ug),
8UQ 1 ( )
— — —Auy = —w(uy, uz).
ot  Le  * bz
u =1 onl'p, up =0 onT
Boundary conditions : ¥Vt > 0, Oyu; =0 on 'y, and 2 Dy
Opus =0 onI'y UTR.
8nu1 = *k‘(ul — ulref) on FR,
Initial condition : ui(z,0) = ud, wuz(z,0) = ul.

(3.42)
We use a simple one-species reaction mechanism governed by an Arrhenius law in which
the reaction rate w is given by

K Bur — 1)

Here, Le denotes the Lewis Number, « is the temperature ratio that determines the gas ex-
pansion in non-constant density flows and 3 denotes the Zeldovich number. In the numerical
examples Le = 1, « = 0.8 and 3 = 10.

The time of integration is 7" = 60. Figure 3.8 shows the domain 2 with length L = 60,
height H = 16, with a double obstacle of length /4 and height h = 8.

In the obstacle there is an absorption of heat modelled by the Robin boundary condition
on I'r, where k is the heat loss parameter and u1,.s is the reference temperature outside the
domain. In our numerical simulation these magnitudes have the values £ = 0.1 and w1, = 0.
On the left boundary of the domain I'p a Dirichlet condition corresponding to the burnt state is
imposed, while the remaining boundary conditions are of homogeneous Neumann type on 'y .
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o0

-4

-8

Figure 3.8: The domain for the combustion problem
The initial condition is the analytical solution of a one-dimensional right-travelling flame
in the limit 3 — oo located left of the obstacle:
1 if x < g
0 _ = )
UI(Z‘,O) - { eTo—T 7;f¢'1?>1’0’

1 if v < o
0 o = )
UQ(xa 0) - { 1— eLe(mO—m) 2f xr > Xg.

We take xy = 9.
In our numerical experiment the flame becomes curved and slows down in the interior of
the channel, but it manages to pass through because the value of k is small. For stronger heat

losses the flame would be extinguished, actually, for £ = 0.2 this would be the case. This
behavior of the flame at different time instants can be observed in Figure 3.9.

=
= =N

Figure 3.9: Evolution of the flame at time t = 3, 16, 48 and 60.

We shall test the performance of our algorithm with the local (in time) output functionals
in each subinterval I,

J1(U) = J(U,,Us) = / w(U7, U3)dS2, 71 (U)=w(U), st functional
Q

and

Jo(U) = J(Uy,Us) = / Urds, Jo(U) = Uy, 2nd functional.
Q
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For these functionals, the adjoint problem associated to (3.42) in each [, is the following.
Forl1 <i4,7 <2

o) .
o zj in Sy, (3.44)

322- 2 Bwj
— — EZ'AZZ‘ = ; a—U,’L

with boundary conditions for all ¢t € [,

0z; B 0z; | —kz fori=1,
zi [rp=0, an . =0 and an . = { 0 fori = 2, (3.45)
N R
and initial conditions
Ow(U) Ow(U)
for J; (U for J1(U
Z7ll+ — 8U1 " or 1( )7 Z;L-f— _ aU2 " or 1( )7 (346)
1 for Jo(U). 0 for Jy(U).

In these equations,

U = (U, Us),

€1 = 1, €3 = 1/L€,

wl(Ul,UQ) = —CUQ(Ul,UQ) = w(U),

dw(U) B2 BU, ( B(U —1) > dw(U) B2 ( B(U; —1) >
U, 2Le(l+a D2 P\1ta-1)) ot  2Le " P\1+a,-1))°

In the sequel we use the shorthand notations

’ . 8wj(U1, Ug)
Wij(U) .— oU, )
= 8](U1,U2)

! ou;,

As we mention above, we calculate the numerical solution with continuous in time first
order polynomials (» = 1) for the primal solution and piecewise constant in time polynomials
(s = 0) for the dual solution, and with quadratic finite elements (m = 2) for both solutions.
Considering the boundary conditions of the problem and its associated adjoint problem we shall
seek the numerical solutions in the finite dimensional spaces

Vh(i)tD ={opa QX T —R: Vnand (z,t) € Sp, opar € C(Ln; Vi), @nai(x,0) € V2,
Onat lrp=1and @ a(7, ')’n € P},

Vido = {onar s O x T —R: Vnand (z,t) € Sn, gpa, € C(Tn; Vi), opa(,0) € VP,

Onar lrp=0and @ (7, )|7n € P},
(3.47)

and

ngoA)tO = {¥nas :QxI—R: VYnand (z,t) € Sn, Ypae € LPIn; Vi), Ypae(2,0) € Vho

whAt ‘FD: 0 and whAt(x7 >|In S PO}
(3.48)

The primal and dual finite element solutions for (3.42) are:

44



3.4 A semilinear time dependent problem

Primal solution: For each I,,, find (uipa¢, Uopae) € Vh(i)t p X Vh(i)to such that ¥ (V1 aes Yanae) €

0
WhAtO X WfEA)tO :

(ufhar — Wnap: Vinar)a + 2At i (Wl + W g Vihar)
(3.49a)

’yzk n —n—
+7Atn (uihAt + Wy ihAt)rR - / (wi(unat), Yinae)q dt = 0.

In

Dual Solution: For each I, find (z1pat, Zonat) € WfEOA)to X WéOA)tO such that ¥ (o1 paes Conae) €

Vh(AtO tho :

4
(Ji(upae) = Zihae Pihac)e — §Atnai(zihAt7 Oihar)—

(3.49b)

vk
_TAt (2 zhAta%hAt / (Zw UpAt) jhma%hm> dt = 0.
 \j= Q

\

In these equations ¢ = 1, 2;

yi=1, 7%9=0 and a;(u;,v;) = [ Vu;- VudS.
Q
t—1t,-1
At,

¢, (z) € Vi is such that o, (z)|r,, = 0. Note that o, (7, t) € C(I,; V;*). As for the functions
(T, 1), we note on one side that they are piecewise constant in time for ¢ € I,, and on the
other side they are in V}" satisfying the homogeneous Dirichlet boundary condition on I'p; so
that, for t € I,,, we take ¢,,5,(z,t) = ¢,(x) € V" such that ¢, (x)|r, = 0. For each I,,,

UpAt € Vh(i)t p 18 given by

Moreover, we point out that we take ;A (2,t) € Vh(i)to as QT t) = ¢ (), where

t—1ln1 n —n
Uih At = uzhAlt(x) + T(uihAt( ) zhA1t< ))

where !, A, (), ulb o, (x) € V" and satisfy the boundary conditions.

To estimate the error J(U) — J(una:) We apply Proposition 1 and estimate the residuals
p(upae)(+) and p*(upat, znat)(+) in terms of the local residuals.

For each element K, the primal residual takes the form py (upa) () := pyx(unae)(-) +
Porc(Unat)(+), with i = 1, 2:

Pirc (Unae) (- / {(Rinat; )i + (rinae, -)Joxc Ydt,
Ripae = Ain (@ay — Whay) + €AUnAL + wi(Unar), (3.50a)
L [Onttinady if I'CoK\0Q, '
_6 Wb AL on FN,
Tihat = —8 nWihAt — ’yzkuzhAt on FR’
on I'p.
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Similarly, the dual residual p?;- (unas, 2nar) (1) = % (Unaes 2nae) () +05k (Unat, 2rae) (),
withs = 1,2

p;‘kK(uhAt? ZhAt)(') - /I {( :hAtv )K + (r;hAtv )3K}dt + (];(uzAt> - ZZLAU ')K7

* n 2 n
Rjyar = €6DZhng + 2251 @i (Unar) Zjhar (3.50b)

3 [Onzfhadlr if T c 0K\0Q,
r* — _anzglAt on ]_1]\77
e —OnZjpae — Vikzhae on g,

0 on FD-

We calculate the a posteriori error estimators 7} = »_ kerp ik and 7 = > kerr ok
substituting (3.50a) and (3.50b) into (3.30a and 3.30b) and approximating the integra}is by
quadrature rules.

Next, we shall apply the proposed adaptive algorithm to calculate the numerical solution
to (3.42) with the first and second functionals introduced above as output functionals.

3.4.1 Functional J,(U) = [,w(U},U3)d<

To calculate the numerical solution to (3.42) with this functional we choose Tol; = Tol, =
5 - 1074, Moreover, we shall compute another numerical solution with Tol, = Tol, = 1074
considering this solution as the "exact" solution to compare with.

Figure 3.10 shows the evolution in time of the number of nodes (left panel) and the mag-
nitude of the time step At (right panel) for the numerical and "exact" solutions. The number of
time steps needed to reach T = 60 is Na; = 2981, with 29 time steps rejected (only 1% of time
steps rejected).

8000

70001

6000

5000

4000

30001

Number of nodes

“exact" solution

0.05

| o045
0.04f
0.035F
0.03F
{ 0.025f

0.021

At

numerical solution

0.015

2000 \._numerical solution 001 “M f "exact" solution /
1000¢ 1 o.005}
Time Time
0 . . . . . 0 . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Figure 3.10: Evolution of the number of nodes NV}, (left) and the time step size At (right) with
the time for the functional .J; (U).

In Figure 3.11/we show the evolution in time of the functional for the "exact" solution (left
panel) and the point-wise and global relative errors (right panel). The point-wise error oscillates
in the interval [—2-107*, 4-107%] when J(U) is smooth, for instance, in the intervals [0, 5],
[6,30] and [50, 60]; however, in those regions where .J(U) loses smoothness or experiences a
rapid variation the error grows. It is remarkable the variation of the point-wise error between
1.8 -107%2 and —3 - 1072 in a neighborhood of ¢ = 50 which is the region of fastest variation of
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3.4 A semilinear time dependent problem

J(U). Also, it is interesting to note that when J(U) returns to be smooth the point-wise error
becomes again very small, as it happens in the interval (50, 60]. A similar behavior is exhibited
by the global error.

Point-wise error
20 - - -

0.02

| )=, @) do A 0y

18

-0.02

Time
-0.04
0 10 20 30 40 50 60
-3
g X1 Global error
t,
JolU)=I(up ,)1dQ
2 [Iwda
1
2 . Time 0 Time
0 20 40 60 0 10 20 30 40 50 60

Figure 3.11: Evolution in time of the function J(U) = [, w(t)d (left) and point-wise (top
right) and global (bottom right) errors in this quantity.

The calculations were carried out on a Pentium Dual Core 3GHz, 2GB RAM and the
distribution of the CPU time in seconds for each part of the method is displayed in Figure 3.12.
Note in this figure that the calculation of the primal solution spends almost a sixty per cent of
the total of CPU time. This numerical solution is calculated using Newton method.

2000

CPU time
(s9)

1500
1000  Solve the Primal problem 59% /

Compute the error\z9% i
————————— Adaptation [12%
_//

‘ ‘ _ _Time
0 10 20 30 40 50 60

500

Figure 3.12: CPU time for each part of the adaptive algorithm for the functional J;(U).

Our next concern is to ascertain the reliability of the a posteriori error estimators proposed
in this thesis, in particular, we are interested in knowing the values of the index of effectivity
I.¢s in each interval 7,,. Ideally, we could do so for each time interval [, if we could be able to
compare the a posteriori error estimator with the true error J(U)—.J (upa;). In each time interval
I,, we have the numerical solutions )y}, ul!», in the mesh T} and both the temporal and spatial
a posteriori error estimators that have been calculated using the post-processing procedure, see
(3.30a and 3.30b). And we shall take as "exact" solution U = (Uy, U;) the one computed in a

TZ . . At
mesh —* with a time step =*.

In Table 4a we show the results of this numerical experiment carried out in the intervals 7,
(first column) of length At,, (second column) in a mesh of N, nodes (third column). Note that

47



REACTION-DIFFUSION EQUATIONS

the end points of these intervals correspond to the time instants of the solution snapshots shown
in Figure 3.9. In the fifth and sixth columns appear the temporal and spatial errors respectively.
Finally, in the seventh and eighth columns are represented the total error estimator and the real
error to define the effectivity index /. ;¢ in the last column

eff = . .

U(U) - J(uhm)!
In At | Nn | J(unae) er s et +es | JU)— J(unar) | Iess
[2.99,3.01] 0.012 | 4582 14.67 568-107% | 5.53-107% | 1.12-1073 1.39-1073 0.81

[15.99,16.01] | 0.016 | 2511 5.11 2.50-107* | 5.31-107* | 7.81-107% 6.68-107* 1.17
[47.99,48.01] | 0.022 | 4287 | 17.32 | 2.63-107* | 6.08-10"* | 8.71-107* 1.14-1073 0.76
[59.99,60.01] | 0.013 | 4606 | 14.56 | 8.35-10"* | 7.00-10"* | 1.53-1073 1.82-1073 0.84

Table 4a: Errors and I, s in different time intervals /,, for the functional J; (U).

We can also see in Table 4a the equidistribution of the error in temporal €}’ and spatial part
€. In Figure 3.13 we have plotted the effectivity index I.;, every tenth time intervals /,, from
t =0uptot =T = 60. Some statistics of /. are the following: mean value E(I. ;)= 0.805,
median M (I.;r)= 0.797 and the standard deviation o(I.;s) = 0.1268. These values of the
effectivity index I.s¢ close to 1 indicate that the post-processing procedure works very well for
this example.

1.4 T T T T T

gl +g"
t " S
12f JCU) = 3(u, ) A
1 -
0.8 f
0.6 1
| | | | | Time
0.4
10 20 30 40 50 60

Figure 3.13: Effectivity index /s in different time intervals /,, for the functional J; (U).

Now, we are going to deal with separately the temporal and spatial error. Using Corollary
1, we can compare the a posteriori error estimator in time with the real error J(uy) — J(upa¢)
(3.244) and the a posteriori error estimator in space with the real error J(U) — J(uy) (3.24b).
The solution uy, = (uyp, usy) is computed in the same mesh T} as uj! ,, with a time step %.

Temporal error:

In Table 4b we show the results of this numerical experiment carried out in the intervals
I, (first column) of length At, (second column) in a mesh of /N, nodes (third column) for the
temporal errors. Note that the end points of these intervals correspond to the time instants of
the solution snapshots shown in Figure 3.9. In the fifth and sixth columns appear the primal and
dual temporal errors respectively. Finally, in the seventh and eighth columns are represented the
temporal error estimator and the real error in time respectively, and the effectivity index [; .7 s
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is calculated in the ninth column.

-n -n
Ji o }et,primal + et,dual‘ - |’é;?| (3 52)
teff — - .

|J(un) — J(unae)| [ (un) — J(unat)l
In At Nh J(UhAt) ’é/?,primal ’é?.,dual ’é’tﬂ J(uh) - J(UhAt) It,eff
[2.99,3.01] | 0.012 | 4582 14.67 | 2.71-107* | 2.97-107* | 5.68-107* 4.67-107% 1.22
[15.99,16.01] | 0.016 | 2511 5.11 1.64-107* | 8.64-107° | 2.50-10~* 2.31-107% 1.08
[47.99,48.01] | 0.022 | 4287 17.32 1.34-107* | 1.29-107* | 2.63-107* 2.27-107% 1.16
[59.99,60.01] | 0.013 | 4606 | 14.56 | 4.00-10* | 4.35-107* | 8.35-10"* 7.23.1074 1.15

Table 4b: Temporal Errors and I, . in different time intervals I, for the functional .J;(U).
Spatial error:

In Table 4c we show similar results as in Table 4b, but only for spatial errors. In the
fifth and sixth columns appear the primal and dual temporal errors respectively. Finally, in the
seventh and eighth columns are represented the temporal error estimator and the real error in
time respectively, and the effectivity index I, .s¢ is calculated in the ninth column.

-n ->n
I o |es,primal + es,dual| . |€?‘ (3 53)

seff — - :

[J(U) = J(un)|  [J(U) = J(un)]
In At Nh J(U}LAt) gg,primal E’;L,dual E? ‘](U) - J(uh) Is,eff
[2.99,3.01] | 0.012 | 4582 | 14.67 | 3.55-107* | 1.98-107* | 5.53-10"* | 9.23-107* 0.60
[15.99,16.01] | 0.016 | 2511 5.11 3.36-107* | 1.95-107* | 5.31-107* | 4.37-107* 1.22
[47.99,48.01] | 0.022 | 4287 | 17.32 | 4.30-107* | 1.78-107* | 6.08-107* | 9.11-107* 0.67
[59.99,60.01] | 0.013 | 4606 | 14.56 | 4.65-10"* | 2.35-10"* | 7.00-107* 1.10-1073 0.64

Table 4c: Spatial errors and I, .7, in different time intervals /,, for the functional .J; (U).

3.4.2 Functional J,(U) = [, U{'d<

To calculate the numerical solution to (3.42) with this functional we choose Tol;, = Tol, =
1- 107, Moreover, we shall compute another numerical solution with Tol, = Tol, = 2 - 1077
considering this solution as the "exact" solution to compare with.
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[‘ I \M
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Figure 3.14: Evolution of the number of nodes NV}, (left) and the time step size At (right) with
the time for the functional .J5(U).
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Figure 3.14 shows the evolution in time of the number of nodes (left panel) and the magni-
tude of the time step At (right panel) for the numerical and "exact" solutions. For this example,
the number of time steps needed to reach 7' = 60 is Na; = 1386, with 24 time steps rejected
(only 1.7% of time steps rejected).

In Figure 3.15 we show the evolution in time of the functional for the exact solution (left
panel) and the point-wise and global relative errors (right panel). The behavior of the errors
now is similar to the previous example, that is, in regions where the functional is smooth, the
point-wise error is small, specifically, it takes values in the interval [0, 1-107°], to grow when
J(U) loses regularity.

Point—wi rror
600 oint-wise erro
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J(u)=jQ u l(t) dQ I(u)-d(u, )
550 10 ()
500
0.5
450
o Time
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4 J13)dQ
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2
200
150 o Time
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Figure 3.15: Evolution in time of the function J(U) = [, u1(t)dQ (left) and point-wise (top
right) and global (bottom right) errors in this quantity.

The distribution of the CPU time in seconds for each part of the method is displayed in
Figure 3.16. Note that the calculation of the primal solution spends more than a sixty per cent
of the total of CPU time.
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Figure 3.16: CPU time for each part of the adaptive algorithm for the functional J5(U).

Our next concern is to ascertain the reliability of the a posteriori error estimators knowing
the values of the index of effectivity I.¢; in each interval I,,. We follow the same procedure as
for the functional J;(U). Thus, Tables 5a and Figure 3.17 are the analogous of Tables 4a and
Figure 3.13. We note in this example that in a few intervals the effectivity index is much larger
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than 1, in fact, there are 7 intervals in which I.¢; > 10. Eliminating these atypical values we
have that the mean E(I.;;) = 1.0452, the median M (I.;;) = 0.828 and the standard deviation
o(lerr) = 1.0831. Again, we can consider that for this case the post-processing works well.

I At | Nn | J(unae) er er er +et J(U) = J(unae) | Lesy
[2.99,3.01] | 0.024 | 4295 | 203.4 | —3.67-107° | 2.26-107° | —1.41-107° —1.20-107° 1.17
[15.99,16.05] | 0.056 | 2916 | 288.2 | —1.43-107° | 3.14-107°% | —1.12.107° ~1.12-107° 1.00
[47.99,48.03] | 0.037 | 5743 | 402.3 | —1.23-107° | 2.89-107% | —9.41-107° -1.20-107° 0.78
[59.99,60.02] | 0.032 | 5348 | 551.6 | —3.90-107° | 1.25-107° | —2.65-107° —2.21-107° 1.20

Table 5a: Errors and /. s in different time intervals I,, for the functional J5(U).
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Figure 3.17: Effectivity index /. in different time intervals I,, for the functional J5(U).

Then, we show the effect of both temporal and spatial post-processing procedure. We
calculate the effectivity index in time I, .¢; and the effectivity index in space I, s using the
Corollary 1. Thus, Table 5a and 5b are analogous of Table 4a and 4b for the functional J,(U).

Temporal error:

In Table 5b we show the temporal results of the numerical experiment for the functional
Jo. The effectivity index I; .¢s 18 calculated in the last column as (3.52).

In At N | J(unat) €} primal €7 dual € J(up) — J(unae) | Tiess
[2.99,3.01] | 0.024 | 4295 203.4 —1.76 -107°% | —1.91-1075 | —3.67-107° —-3.10- 1075 1.18
[15.99,16.05] | 0.056 | 2916 288.2 —6.20-107% | —8.06-1076 | —1.43.107° —9.90- 10~ 1.44
[47.99,48.03] | 0.037 | 5743 402.3 —8.80-107% | —3.53-1076 | —1.23-10=° —1.37-107° 0.90
[59.99,60.02] | 0.032 | 5348 551.6 -1.92-107% | —1.98-1075 | —3.90-1072 —3.40- 1075 1.15

Table 5b: Temporal errors and I; . ¢ in different time intervals I,, for the functional J5(U).
Spatial error:

In Table 5¢c we show the spatial results of the numerical experiment for the functional .Js.
The effectivity index I, . sy is calculated by the formula (3.53) in the last column.

In At Nn J(unat) €% primal €% dual €s J(U) = J(un) | Ls,ess
[2.99,3.01] | 0.024 | 4295 | 203.4 6.56-107% | 1.60-107° | 2.26-107° | 1.91-107° 1.18
[15.99,16.05] | 0.056 | 2916 | 288.2 1.07-107% | 2.07-107° | 3.14-107% | 8.79-107° 0.36
[47.99,48.03] | 0.037 | 5743 | 402.3 | —9.95-107" | 3.89-107° | 2.89-107¢ | 1.26-107° 2.29
[59.99,60.02] | 0.032 | 5348 | 551.6 7.07-1077 | 5.44-107% | 1.25-107° 1.20-107° 1.04

Table Sc: Spatial errors and I, . s in different time intervals /,, for the functional J,(U).
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3.4.3 Comparison of the results for both functionals

In this subsection we will compare the different meshes and time step sizes for the two func-
tionals. The evolution of the number of nodes and the time step size can be observed in Figure
3.18, where we can see that the number of nodes and the size of the time steps are larger in the
second functional than in the first. In fact, for the first functional the number of the time steps
needed to reach ¢t = T" = 60 1s 2981, whereas for the second functional the number of time
steps is 1386, less than half of the time steps needed for the first one.
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Figure 3.18: Comparative between the evolution of the number of nodes Nj, (left) and the time
step At (right) for both functionals J; (U) and J5(U).

Figure 3.19 shows the meshes obtained for the two functionals at different time instants.
Using the first functional many elements are necessary to have a good resolution of the flame
front; however, to control the second functional we must extend the refinement in the domain
having an especial care in the non-convex corners.

J(U)=fw"dQ J(U)=[w"dQ
JU)=U]dQ JU)=ulde
J(V)=fw"dQ

JU)=U]dQ

Figure 3.19: Comparative between the mesh at time t = 3, 16, 48 and 60 for both functionals
Jl(U> and JQ(U)
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3.4 A semilinear time dependent problem

3.4.4 Comparison with the results of the global DWR method of M. Schmich
and B. Vexler

Now, we are interested in comparing our results obtained by the local DWR methodology
with those provided by the global DWR method implemented by M. Schmich and B. Vexler
[61]. The primal problem (3.42) is the same in both cases and to define the mesh T} and
the time step At, size we use, to control the error, the local in time functional J;(U) =
Jow(UT, Uy)dS2, whereas M. Schmich and B. Vexler employ a global in time functional J(u) =

60_|Q| fo (f oW (u1, UQ)dQ) dt (however, both functionals are global in space, since in time de-
pendent problems our method does not work well with local in space functionals such as line

integrals).

For each numerical experiment, we are interested in the following quantities: /N; number
of time steps, N, maximum number of nodes for the spatial mesh and the value of error
J(u) — J(upae) in the functional

1= [ (o)

Q] =840, T = 60.

In Table 6a, we have copied Table 5.1 from [61]. To obtain these results, they use bilinear
finite elements on structured quadrilateral meshes with hanging nodes for spacial discretization
and cG(1)dG(0) scheme for time discretization.

Nt Nmax J(U) — J(uhAt)
256 | 985 | —1.703-1073
396 | 985 | —1.413-1073
616 | 1427 | —8.718-107%
872 | 2309 | —4.013-1071
1370 | 3927 | —1.569 - 10~*
1528 [ 6927 | —8.630-107°
1772 | 14683 | —5.941-107°

Table 6a: Bilinear cG(1)dG(0) M. Schmich and B. Vexler.

The following tables, Table 6b and Table 6¢, have been calculated using our local DWR
technique to make error control. We have always used the cG(1)dG(0) scheme in time and both
linear and quadratic finite elements in space.

N | Nmax | J(w) — J(upat) | Tols = Tol; Ny | Nmax | J(u) — J(unat) | Tols = Tol;
1215 | 3927 —3.35-107° 5-1073 1193 | 2150 7.95-107° 5.1073
1760 | 6172 —8.56-107° 2.1073 1692 | 2760 1.09-107° 2.1073
2596 | 9631 —2.23-107° 1-1073 2273 | 3150 -3.78 1076 1-1073

Table 6b: Linear cG(1)dG(0) Table 6¢: Quadratic cG(1)dG(0)
Local DWR technique

Results for linear finite elements with the local DWR scheme (Table 6b) are similar to
those of M. Schmich and B. Vexler (Table 6a). However, using quadratic finite elements (Table
6¢), our results are better than those showed in Table 6a.
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3.5 DWR methodology with Runge-Kutta-Chebyshev schemes
in time
We show again the primal problem to be solved in each time interval I,, := (t,,_1,,].

Forn=1,2,..,N, find uppi(x,t) € Vh(g)t such that for all ¥, ,(z,t) € W,Ez)t

{(Ounac, Vra)a + a(unae, Yuag) b dt + ([UhAt]n_17 ZZ?)Q = /I (f (unat), Ypar)q dt,

In

s, tao) = Wl ().

(3.54)
To obtain the numerical solution of our primal problem we have presented two differ-
ent techniques in time: c¢G(0)dG(0) that yields a conventional Implicit Euler scheme (3.10)
and c¢G(1)dG(0) that yields a version of the Crank-Nicolson scheme (3.9), both of them be-
ing implicit schemes. However, implicit methods require the use of robust iterative methods
for nonlinear equations such as the Newton method, or some of its variants, plus a precondi-
tioned iterative linear solver. An approach to overcome this problem, and obtain a good solution
with a small cost in terms of CPU time and memory requirements, is to apply a Runge-Kutta-
Chebyshev (hereafter RKC) scheme (the first version, Explicit RKC scheme [65] and more
recently Implicit-Explicit RKC scheme [71]). There are RKC schemes of order 1 and 2, how-
ever, we only consider the second-order scheme as this is believed to be more efficient than the

first-order one.

Historically, the principal goal when constructing Runge-Kutta schemes was to achieve the
highest order possible with a given number of stages . Stabilized methods differ in that only
a few stages are used to achieve an usually low order whereas additional stages are exploited
to increase the region of absolute stability. RKC schemes have been developed with the last
philosophy and initially were intended for parabolic PDE problems, that have previously been
spatially discretized and take the form

Y'(t)=F(t,Y), t>0, Y(0)=Y,, (3.55)

F(t,Y) is further decomposed as F(t,Y) = Fp(t,Y) + Fg(t,Y), where the subscripts D
and R stand for semi-discrete diffusion operator and reaction terms respectively. Typically,
the dimension of this ODE system is large, especially for multi-space dimensional PDEs, and
usually this system is nonlinear and stiff.

Explicit Runge-Kutta-Chebyshev (EX-RKC) scheme

The EX-RKC method for reaction-diffusion equations is explicit, thus avoiding the res-
olution of an algebraic system. Additionally, this scheme presents a stability region that can
be extended by increasing the number of stages r of the method (such number depends on the
stiffness of the system) but always maintaining a temporal error of second order. In this kind of
schemes the stability region is a narrow strip along the negative real axis in the complex plane,
with real stability boundary 3 ~ 72, where this quadratic dependency is derived from the first
kind Chebyshev polynomial.

The EX-RKC scheme has the following algorithm (see [65]):

Suppose that at time t,,_, the numerical solution Y" ! is known and we wish to calculate
the solution Y" at time t,,. We consider At =t,, —t,_1 and r > 2, r being an integer denoting
the number of stages of the method. We set
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3.5 DWR methodology with Runge-Kutta-Chebyshev schemes in time

( W, = Yn717
W, = W, + i, AtF,,
forj=2tor (3.56)
Wj = (1 — ,uj — Vj)Wo + /JJjofl + I/jo;Q + ﬁjAtFJ’,1 + %AtFO ’
end
Y"=W,

\

where Wy, ..., W,. are internal vectors and F, := F(t,,_1 + ¢, At, Wy). All coefficients
in (3.56) are available in analytical form [65]. For convenience of the reader we write down the
expressions of such coefficients. Let 7} (z) denote the Chebyshev polynomial of first kind and
degree j satisfying the recursive relation

Ti(x) = 22Tj_1(x) = Tj—2(z), 2<j<rand —1<2<1

where Ty(z) = 1 and Ty (z) = x.

2 € T/ (wp) T (wg) _
e=—, wo=14+—, wi=——-"2, bo=by=by, bj=—"""5(2<j<7r), Ny =bw,
13" r? T Tpwe) 0T (T;(wo))2 | : o
ij’u)() bj ~ 2bjw1 ~ ~
aj =1—="0b;T;(wo), p;= b1 vi= b By = by V= -1y
Co Co T!(wo) Tj (wo) 452 -1 .
=0, = = — Jp— ~ 2< 5 <),
“ T Two)  dwe’ YT TV (wo) Ti(wa) | 21 @<izr)

(3.57)
The parameter € > 0 is a free parameter. This parameter is called a damping parameter
and usually takes the value € = 2/13 in second-order RKC scheme.

Implicit-Explicit Runge-Kutta-Chebyshev (IMEX-RKC) scheme

For systems from low to moderate stiffness, EX-RKC scheme is very efficient. However,
in case of severe stiffness this scheme could become inefficient because a very large number
of stages would be needed to achieve stability with reasonable step sizes (in general, if » > 50
EX-RKC scheme may lose efficiency). The new IMEX-RKC scheme has been designed to
overcome this shortcoming, the diffusion term F(¢,Y), is assumed to be moderately stiff and
it is treated explicitly. The reaction term Fx(¢,Y) is strongly stiff and it is treated implicitly.

The IMEX-RKC scheme follows the algorithm below (see [71]):

Suppose that at time t,,_, the numerical solution Y" ! is known and we wish to calculate
the solution Y" at time t,,. We consider At =t,, —t,_1 and r > 2, r being an integer denoting
the number of stages of the method. We set

( WO = Ynil,
W1 . W() —I— ﬁlAtFD,O —|— ﬁlAtFva,
forj=2tor

Wj = (1 — My — Vj)W() + ,LLjo,1 + Vjo,Q + /jjAtFD,jfl + :\)//jAtFD,o—i- (358)
+ [A’Yij - (1 - [Lj - l/j) ﬁl] AtFRp - I/jﬁlAtFRJ_Q + ﬁlAtFRJ’
end
Y'=W,

With this scheme, we have to solve at each stage a system of nonlinear algebraic equations,
which has a nice property: this system can be broken into as many subsystems as grid points in
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the mesh, with the size of these systems being equal to the number of unknown functions of the
parabolic problem. The form of the nonlinear systems is

Wj — ﬁlAtFR(Wj,tn_l + CjAt) = Vj.

These small size systems can be dealt with by the classic Newton method because it is always
possible to start the iterations with a guest solution close enough to the true one.

The coefficients in (3.58) take the same expression as in (3.57) with only one difference in

the definition of the coefficients by, b; and b,.

1
bp = by, by = —.
Wo
The number of stages r

Given a time step At,,, we estimate the number of stages r that make the explicit part of
the RKC method be absolutely stable for such At, as [69]

At Tr ) |
\/1 + p( Fezplzczt)
0.653

r =14 interger part

here JFezplicit

where p(—At - Jg,, ,....) denotes the spectral radius of the matrix —At - Jr, ...

is the Jacobian matrix of the explicit part of the right hand side ODE system (3.55). We employ

the power method to calculate the spectral radius p(Jr,, ... )-

Note that in EX-RKC scheme F.,icit(t,Y) = Fp(t,Y) + Fg(t,Y) and in IMEX-RKC
scheme F ..t (t,Y) = Fp(t,Y). For the examples presented in this Chapter and in Chapter
5, we make a fine refinement of the spatial mesh T}, to obtain always a diffusion term with a
similar stiffness to that of the reaction term, therefore we will use the EX-RKC scheme to solve
the primal problem (3.54).

For the application of the DWR methodology combined with a RKC scheme to compute
the numerical solution to the model problem (3.54)), we shall work with the trial and test func-
tional spaces Vh(i)t and W}EOA)t, respectively. Thus, for each n, the numerical solution to the

continuous problem is given by:

Upar (T, t)l[ S VhAt?

Pt (3.59)

unal(@, b, =Wy (2 Bty Whadl®) — U (7)),

where )5} () is the interpolatory projection of u}+;(z) € V;"~" onto the finite element space
Vi associated to the partition T, and ufin,(z) := upae(z,t,)|, € Vi Hence, Uy, (z) and
uj A () as elements of V}* can be expressed as

TTHON 1 77n—1
hAt E :UhAt,]SOJ

and

Upag (T E :Uhmj%
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3.5 DWR methodology with Runge-Kutta-Chebyshev schemes in time

o . NP
where Nj' denotes the number of mesh points in the partition T} and {gaj}j ", 1s the set of

global basis functions of V,".

Since in each I,,, the numerical solution, Upa:(z,t) € Vh(i)t, to the primal problem (3.16)
is, precisely, the numerical solution uya.(z,t) € Vh(i)t to the continuous problem (3.54), then
upat(z,t) is determined if one calculates uj,,(x) € V;*. We do this by solving the following
problem:

For ¢ € I,,, find ul' () € V;" such that for ¢, », € W%,
(atUhAm whm)g + a(uhAt, 1/JhAt) = (f(uhAt>a ¢hAt)Q7
(3.60)

Upar (2, tao1) = Wi, (x) € V).

However, the dual problem is stated as in (3.17); that is, for all @A, € Vh(i)t, ZhAat € W}EOA)t
solves

J (unae)(Onas) — /1 {(=0cznae, ena)a + a(znae, nae) — (f (unat)@nae 2nat) o} dt = (Op ap 2hac)a = 0.

(3.61)
We remark that in the dual problem we shall take
Pnae(@) = N en(@), pplz) € V)"
Next, noting that (3.60) yields the system of differential equations
dY
[M] a +[S]Y = F(Y), (3.62)

where [M] and [S] € RY:*Ni are the so called mass and stiffness matrices, Y and F(Y) are
N}' — dimensional column vectors,

Y = [Upaea(t), ... Unaenp (t)}T ;

F(Y) = [Fi(Y), ... Fnp ()],
with

<MW—AﬂWM%@m-

[M] and [S] are symmetric positive definite matrices, the entries of which are given by

mij:/Qcpigpde, sij:/QEVgin(pde.

By applying RKC formulas to (3.62) we shall obtain u}!,,(x) € V;* as solution of the
system of algebraic equations (3.56) or (3.58).

As all the second order RKC schemes maintain the temporal error independently of the
number of stages r, we consider a linear evolution of the solution u,a;(, t) given by the formula
(3.59) to calculate the a posteriori error. Then, we use the same formulas of cG(1)dG(0) (a type
of Crank-Nicolson) scheme to make the post-processing procedure, substituting into (3.30a and
3.30b).

57



REACTION-DIFFUSION EQUATIONS

Now, we will solve the problem defined in section 3.4, namely, the propagation of laminar
flames according to the model equations proposed before in (3 42). We adapt the spatial mesh
and the time step using the first functional J; (U fQ UM Q.

In the Figure 3.20 we have plotted the number of nodes N, and the time step size At for
the different time discretizations (CN and RKC schemes). We can observe as the time step size
in the RKC case is larger than CN one and the number of nodes too. Furthermore with the CN
scheme we have needed 2981 time steps (with 31 rejects 1%) and with RKC 1850 time steps
(with only 9 rejects 0.5%).
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Figure 3.20: Comparative between the evolution of the number of nodes N}, (left) and the time
step At (right) for both CN and RKC methods for the functional J; (U).

In Figure 3.21 we show the number of stages in the EX-RKC scheme. We can see that
when the flame comes into the obstacle the number of stages reaches a peak.
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Figure 3.21: Number of stages r with the EX-RKC scheme

Now, we are interested in knowing the values of the effectivity index /.y, in each interval
I,,. We expect that the effectivity index of the error in space I, .s¢ has a good behaviour and be
close to 1, but the effectivity index in time /; .¢; could have values away from the value 1. In
fact, I, ¢y will take values bigger than 1, so we will have an over—estimation of the true error.
In each time subinterval I, we have the numerical solutions }'x;, uls, in the mesh T? and
both the temporal and spatial a posteriori error estimators that have been calculated using the
post-processing procedure, see (3.30a and 3.30b).

To calculate the total effectivity index I.; in each interval /,, we have to evaluate the true
error J(U) — J(upa:) and we shall take as "exact" solution U = (Uy, Us) the one computed in a
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NG . . . . . .
mesh —* with a time step %. In Table 7a we show the numerical experiment carried out in the

intervals [,, corresponding to the time instants of the solution snapshots shown in Figure 3.9.

In At Nn | J(unat) er e et +eg | JWU) = J(unae) | Tegy
[2.99,3.01] | 0.019 | 4869 | 14.67 | 1.45-107% | 4.47-107* | 1.90- 1073 5.46-107* 3.48
[15.99,16.03] | 0.038 | 2953 5.10 7.52-107* | 5.90-107* | 1.34-1073 5.24-107* 2.55
[47.99,48.03] | 0.031 | 4510 | 16.97 | 1.37-107% | 4.33-10"* | 1.80-1073 5.59-107* 3.22
[59.99,60.01] | 0.020 | 4986 | 14.55 | 1.51-107% | 5.39-10"* | 2.05-1073 5.91-10~* 3.47

Table 7a: Errors and I, s, in different time intervals /,, for the functional .J; (U), with
the RKC method to solve the primal problem.

We can also see in Table 7a the equidistribution of the error in temporal e}’ and spatial part
€. In Figure 3.13 we have plotted the effectivity index I.;; every tenth time intervals /,, from
t=0uptot =T = 60. Some statistics of /. are the following: mean value E(I. ;)= 4.625,
median M (I.;y)= 3.947 and the standard deviation o (I.;s) = 2.76. This means that the error
estimator is 4.625 times larger (more or less constant for all the time intervals [,,) than the real
error, therefore our criteria is conservative.

20

151

10

Figure 3.22: Effectivity index /. in different time intervals I,, for the functional .J; (U).

Now, we are going to deal separately with the temporal and spatial error. Using Corollary
1, we can compare the a posteriori error estimator in time with the real error J(up,) — J(upat)
(3.244) and the a posteriori error estimator in space with the real error J(U) — J(uy) (3.24b).
The solution uy, = (u1p, ugy) is computed in the same mesh T} that u} ,, with a time step %.

Temporal error:

In Table 7b we show the results for the error in time .J (uy,) —J (una¢ ) in the time subinterval
I,,. The effectivity index I, .¢s appears in the ninth column.

In At | Nu | J(unat) | € primal €7 dual e J(un) = J(unae) | Liers
[2.99,3.01] | 0.019 | 4869 | 14.67 | 6.99-107* | 7.48-107* | 1.45-107° -2.90-107* 5.00
[15.99,16.03] | 0.038 | 2953 5.10 3.55-107* | 3.97-107* | 7.52.107* -1.52-107* 4.95
[47.99,48.03] | 0.031 | 4510 | 16.97 | 6.55-107* | 7.18-107* | 1.37-107° -2.31-107* 5.93
[59.99,60.01] | 0.020 | 4986 | 14.55 | 7.36-10"* | 7.77-107* | 1.51-1073 -3.17-107* 4.76

Table 7b: Temporal Errors and [ . ;¢ in different time intervals I, for the functional .J; (U)
with the EX-RKC method used to solve the primal problem.
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Spatial error:

In Table 7c¢ we show the results for the error in space J(U) — J(uy,) in the time subinterval
I,,. The effectivity index I, .r¢ appears in the ninth column.

I At Nn | J(unat) | €5 primar €5 dual €y J(U) = J(un) | Lsess
[2.99,3.01] | 0.019 | 4869 | 14.67 | 3.36-10"* | 1.37-107* | 4.47-107* | 8.36-107* 0.53
[15.99,16.03] | 0.038 | 2953 5.10 3.74-107* | 2.16-107* | 5.90-107* | 6.76-107* 0.87
[47.99,48.03] | 0.031 | 4510 | 16.97 | 2.58-107* | 1.75-107* | 4.33-107* | 7.88.107* 0.55
[59.99,60.01] | 0.020 | 4986 | 14.55 | 3.88-10* | 1.51-107* | 5.39-107* | 9.08.107* 0.59

Table 7c: Spatial errors and I, . ;¢ in different time intervals /,, for the functional J1(U)
with the EX-RKC method to solve the primal problem.
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Chapter 4

CONVECTION REACTION-DIFFUSION
PROBLEMS

This chapter is devoted to the formulation and testing of a space-time adaptive algorithm based
on the DWR technique for convection-reaction-diffusion problems. The algorithm we propose
in this chapter follows the spirit of the adaptive algorithm introduced in Chapter 3 for reaction-
diffusion problems; that is, chosen a target functional to be calculated accurately, the algorithm
solves at each time step both the discrete primal and its associated dual problems to calculate an
a posteriori error estimate. As we saw in Chapter 3 this approach is efficient in computational
terms, but it allows to only have local control of the error; this may be considered as a weak
point of our method because, looking at the features of the behavior of the error inherent to any
approximation method, we can distinguish two processes:

i) Global error transport. The local error committed at the element /; of the mesh at time
instant t,, is strongly affected by the residuals of a distant element K at time instant ,,.
This is the so called "pollution effect”.

ii) Interaction of the error components. The error in one component of the solution may depend
in a complicated way on the element residuals at different time instants.

An effective method for error estimation should include all these dependencies. The effect
of the residuals at distant elements K; at time instant ¢,,, on the residuals of the the element kK
at time ¢,, is governed by the Green function of the continuous problem. In convection-reaction-
diffusion problems the error propagation depends on the characteristics of the operator. Thus,
the diffusion terms isotropically smooth out the error, but they may contribute to the global error
propagation from local irregularities. The convective terms propagate the errors in the transport
direction, but the errors decay exponentially in the crosswind direction. Finally, the reaction
terms cause isotropic exponential decay, but if they are stiff the components of the error are
coupled in a complex way.

4.1 The model problem

To make simple the presentation of the adaptive algorithm for convection-reaction-diffusion
equations, we shall consider a model problem in a bounded domain @ C R? with sufficiently
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smooth boundary 0f?2,
(D
U eAu+ flu,z,t) in Qx (0,T],
Dt
u(x,0) = u(x) in Q, (4.1)
L Ulyg =0 t>0.

Here, the diffusion parameter ¢ > 0 is supposed to be constant, the reaction term f : C'(R) x
Q2 x (0,T] — R, 1 > 1 integer, satisfies suitable growth conditions and the total derivative

operator

D 0
D B +a(xt) -V, 4.2)

where the vector velocity a(z,t) satisfies
a(z,t) € L=(0,T; Wy ™ (R?)?) and V¢ > 0a(z,t) -n |, = g(x,t) € L2(09).  (4.3)

n being the outward unit normal vector on 0f). Furthermore, we shall consider a fixed open
bounded domain 2* D €2 and assume that for all non-negative integers k and real numbers p in
the range 1 < p < oo, there exists an extension operator

E:WhP(Q) — WHP(Q),
such that C"(Q) functions are mapped onto C"(Q") functions and
Eulg = u.

Under these conditions there exists a unique weak solution to problem (4.1) u € L*(0,T; Hy(Q))N
0 /

C((0,T; L*(Q))NLP(2x(0,T)) such that forall v € LP(0,T; H} (), a—z e LP(0,T; H ()

and v(x,T) = 0, it holds

/ /( + div( av)) udet+/ /EVU VodQdt = / /f w, x, t)vdQdt. (4.4)

The application of the semi-Lagrangian approach to calculate at any instant ¢,, an ap-
proximation to the weak solution requires: To break the interval I := [0, 7] into subintervals
I, = (tn_1,tn], n=1,2,...,N, with tg = 0, ty = T and the integration of the system

dX (x, tn; 1) = a(X (2, tn;t),1),
dt (4.5)

X(ZL‘, tn; tn) =,
- . D . )
forx € Qandt € I,. X(x,t,;t) denotes the characteristics of the operator D the time
subinterval I,, := (¢,_1,t,], in particular, X (z,t,;t,_1) are the feet of the characteristics at

time ¢,,_;. By virtue of the assumptions on a(z,t), see (4.3), there exists a unique solution of
(4.5) that can be expressed as

tn
X(z,tp;t) =2 — / a(X(x,ty; 1), 7)dT. (4.6)
t
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In fact, from the analytical theory of ODEs we have the following results

Lemma 1. Assume that a € L™ (0,T; W**°(R?)?), k > 1. Then for anyn,1 <n < N,
there exists a unique solution t — X(z,t,;t) (t € [ta—1,tn] C [0,T]) of (4.6) such that
X(x,tn;t) € WH(0, T; WE(R2)?). Furthermore, let the multi-index o« € N>, then for all
a, such that 1 <| a |< k, 0%X;(x, t,,t) € C°([0,T]; L (R* x [0,77])),1 <1 < 2.

Lemma 2. Suppose the assumptions of Lemma 1 hold. For |t, — t| sufficiently small,

x — X(z,t,;1) defines a quasi-isometric homeomorphism of Q) (t,,) C Q* onto Q(t) C Q* with
Jacobian determinant J(xz,t,;t) € C°([0,T]; L>(Q(t,) x [0,T))) satisfying

exp(—C [ty —t]) < J(z,tp;t) < exp(C|t, —t]), 4.7)

VVhere (j ::’|‘7‘ a“lfm(R2X(OJU)
Moreover,
K o=y |<| X(@,tw;t) — X(y,tn;t) [S K |2 =y |, (4.8)

where K = exp([tn — | [V - [ (o1 w100 m2y)2)- [T — y| denotes the Euclidean distance be-
tween the points x, y € R2,

Next, foreacht € I, and z € Q* we can define u* : Q* x I,, — R as u* = Fu, and
u:Qx1,as
u(x,t) =u*(,t) o X (-, ty; t)(x). 4.9)

Introducing the arclength s(z, t) for the characteristics X (x, t,,; t), which is defined as

N 2\ 12
ds = dt (1 + (M) + (M) ) = diC(z,1), (4.10a)

dt dt
where by virtue of (4.5)
((z,t) = \/1 +la(X (x,ta; ), (4.10b)
we have that .
s(z,t) = / ((z, T)dT, (4.10c)
tn—1

with s(x,t,_1) = 0 and s(z, t,) being the arclength from the feet (X (x,t,;t,_1),t,_1) to the
points (z, t,,). Hence, it follows that for = fixed

D d
E = C(l‘,t)—

ds
and, therefore, we can recast (4.1) as

( g(x,t)dZiS> — cAu(s) + f(u(s),s) in Sy,

u(s = 0) =u(x,t,_1) inis a datum, (4.11)

L U|8Q:0 t>0.

We must note that (4.11) is formally a reaction-diffusion problem along the characteristics;
therefore, its numerical treatment must be similar to the reaction-diffusion problems in (z,t)
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CONVECTION REACTION-DIFFUSION PROBLEMS

coordinates of Chapter 3 with the exception of the initial condition u(s = 0) = wu(z,t,_1).
However, another form of writing (4.11), more convenient for the construction of the adaptive
algorithm based on the DWR methodology, makes use of (4.9) and is

( Ju .
ap = AU+ [ X(z,tni 1), ) in Sy,
) u(x,t,—1) in Qis a datum, (4.12a)
[ u"]an = 0,
noting that
(@, t)],ey, = ulz,tn), © € Q. (4.12b)

To solve numerically the problem (4.12a) we shall consider for each t,, the slab S, :=
Q x I,,, and for fixed integers > 1 and s the trial and test spaces respectively

hAt = {onar QO xI—R: VYnand (7,t) € Sp, pat € C(Im Vi), ¢nae(,0) € Vho

and SOhAt( )‘In = P} (4.13)

W = {par: Qx T —R: Ynand (2,) € Sy, Ypa; € LP(Ln; Vi), pac(,0) € V2
and Yya(2,0)|n, € Pl
(4.14)
here, P, and P; are the set of polynomials of degrees at most r and s respectively defined on /,,,
and

Vh”:{vh:CO(ﬁ):vh]KEP VKET }

where P, is the set of polynomials of degrees at most m defined on respectively defined on
K € T}. Note that for » = 0 the space vh@t coincides with W,Eg)t.

The adaptive algorithm we describe in this chapter computes the numerical solution to
(4.1) in the finite dimensional spaces Vh(i)t X ng&)t. A numerical solution to problem (4.12a) is
then a function

t—t,— n e
(1) = T (@) + = (i = Txi (@), (4.152)
with
Uhatlon =0, (4.15b)

and such that for all ¢, 5, € W,EOA)t

n —n—1 At —n—1 n—
(What — Upars Yrado + 9 a(uhAt + Upnps Vnat) = /1 (f (unat, XhAtl (),1), djhAt)Q dt
" (4.15¢)

Here, the following notations are used: for all n, g(z,t,) = g"(x), X;'A; (z) is an approxima-
tion to X (x, t,,; t,11) and

a(u,v) = e/ Vu-VodQ, u,ve HY(Q),
Q
(4.16)
(u,v)q = / u-vdQ, u,ve L*(Q).
Q

Thus, to calculate the solution u} 1, (z) for each I,, we perform the following two stages:
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4.2 The semi-Lagrangian stage

1. The semi-Lagrangian stage. In this stage we calculate for each I, the set of departure
points {X"~!(z;)}, z; € , and then obtain %}, () defined on the partition T} via
quasi-monotone interpolatory projection of order 2 from the solution u;, At( ) defined on
the partition T} .

2. The parabolic stage. Here, we calculate the solution u} ,, by solving (4.15¢).

Next, we describe in detail each stage as well as the way we apply DWR methodology to
calculate a posteriori error estimates

4.2 The semi-Lagrangian stage

Here, we propose a numerical procedure to calculate w,a.(z,t,_1) that is a discrete approxi-
mation in V} of the function upa:(X (2, t,;tn—1),tn—1), where upas(z, t,—1) is the numerical
solution at the previous time instant ¢, ;. Hereafter, we use X"~ !(z) to denote the departure
points X (z,t,;t,_1) of the trajectories.

The numerical solution %y (z, t,—1) belongs to the family of conforming finite element
space V}" associated to the triangulation T}. To define V)", we consider an element of reference
K € R? such that for each element K € T?' we define the one-to-one mapping F : K — K.

Fx:K— K, 2 =BlE+ b, B e L[R?) and b} € R?,

with the property that if ﬁm(f( ) is the set of polynomials p(Z) of degree < m defined on K,
then for each K there exists the set

= {p(@), v € K : p(x) = p((Fx) ™' (2)) }
so that we can now define the family of conforming finite element as
Vh—{thC() Uh‘KEP VKET}

Thus, if N} is the number of mesh points, then any element of V" can be expressed as

vh =Y Vig}(x), (4.17)

where V; = vp,(x;), z; being the i — th mesh point of T}, and {¢!'} being the set of global
nodal basis functions of V}* characterized by the property ¢! (x;) = d;;.

The solution u}'x+ () € V"~ however, u <+ (X"~'(z)) € V},, which is the finite element
space associated to the tr1angulat10n ']I‘h composed by curved triangles K. In Figure 4.1/ we see
a triangle K € T} transported backwards in time along of the characteristic curves X" '(z),
thus generating a new curved triangle K € TZ

Hence, we can define the finite element space VZ associated to the partition TZ = X" YY)
as
N

Vh = {Eh € OO(RQ) : @}Jf € ]_Dm(?) VF < TZ} ,
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A(Arr \e T,

n -1

Figure 4.1: The mapping Fx from the reference element K onto K. K is transported backwards
in time along of the characteristic curves , generating a curved triangle K. The mapping F'x
from the reference element X onto K.

because for each finite element in the partition T, there is one and only one curved finite element
in ']I‘h by the mapping F : K—K

J— A~ —_

FK K — K, FK(/QZ\) = (anl o FK)(i’\),

satisfying the properties
—_ — JR— ~ __1 ~ ~ A~
Pu(®) = {py). y e K :p(y) =5 (Fi' ) . € Pu(E)

with P,,,(K) Cc Wmtleo(K).

4.2.1 Computation of X (x,t,;t, 1)

A crucial step in the application of a semi-Lagrangian method is to approximate the points
X(x,t,;t,_1) as accurate as possible. We solve the equation (4.5) by the embedded Runge-
Kutta 2(3) with the following algorithm

(K, = a(x,t,),
K2 = a(x — AtnKl,tn — Atn),
At, K, At,K A
K3:a(x— tn 1 tn 2t— tn>’

4 )

(4.18)
XAt(xatn;tnfl) =T — Atn (% 4+ %) .

| Xt tut) = = Aty (5 + 52 4 253,

noting that Xa;(z,t,;t,_1) (Xx; ' (2)) and X3, (7, t,;t,—1) (XA~ (x)) are second and
third order approximations to X (z,t,;t,_1) (X" *()), respectively. X%"~*(z) will be an aux-
iliar solution that allow us to control the error in time.
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4.2 The semi-Lagrangian stage

Although in principle the velocity vector a(x,t) is a known datum in our problem, for
the sake of generality and thinking of the Navier-Stokes equations, we shall consider that
the velocity at time instants ¢,_; and t,_ is given by the functions ay(z, ¢, 1) € Vh"’1 and
ap(x,t, 9) € Vh”_2 respectively. Thus, in order to know the velocity at intermediate time
instants ¢ € (¢,_1,t,] we shall use the second order extrapolation formula

t—t,_ t—t,_
apa(z,t) = (1 + —1> an(z,ty_1) — ——a,(z, th_s). (4.19)

Atn_l Atn—l
Moveover, we also approximate the velocity in space by interpolation, i.e. a,(x,t) = I}'a(z, t),
where [} is the interpolation operator defined on V;" as ay(z;,t) = Ij'a(z;,t) = a(z;,t), z;
being the ¢ — th mesh point.

4.2.2 Calculation of U} (z)

Here, we propose a numerical procedure to calculate wpa.(x, ¢, 1) as an approximation to
Ul (X7 (@), with wlxt(z) € Vit and ufyl(X™Y(2)) € V. Since @5 (z) must be-
long to the finite element space V", it would be desirable that the feet of the characteristic
curves X" (z) coincided with the nodes of the mesh T} '. However, this is not generally
true, and one has to devise a numerical procedure to calculate EZE (x) as the projection of
uxr (X" (z)) in V;". A typical configuration can be seen in Figure 4.2

KeT,

Figure 4.2: We have to transfer the information from the mesh T} ' to the curved triangle K
obtained by transporting backwards in time the triangle K belonging to T7}.

An economical strategy from the point of view of CPU time is the quasi-monotone semi-
Lagrangian interpolation of degree 2. With this procedure we only need to compute the depar-
ture points X1, ' () for the grid-points {z;}, because, when we introduce a new node in the
mesh we calculate the foot of the characteristic for this point and then interpolate the solution at
it. Thus, applying the finite element interpolation (4.17), to evaluate u}'x; () at point X%, (z)
one obtains the following procedure:

1. Let {¢}(x)} and {¢}~'(2)} be the sets of global basis functions of V; and V,""', re-
spectively. Since u}x; (z) € V;*, then we set

Ny

—n— 7n—1 .

Unat (1) =Y U, ¢}(x), (4.20a)
=1
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where N is the dimension of the set of mesh nodes {z;} of T and U, t= ﬂz (@) =

Ul (X7 (2)). Moreover, given that ul'x} (z) € V"™, we calculate U,

Nyt
—n—1 _ n— e
U7 =) Ut (X () (4.20b)
j=1

where N;'~! is the dimension of the set of mesh nodes {z;} of T} '. In general, N}'~' #
N and X3 (x;) ¢ {z,}; in fact, there is an element K € T} ' where X}, '(z;) is
contained. To find such an element we use the search-locate algorithm presented in [3].

2. It is known that Lagrange interpolation of degree > 2 leads to a result that exhibits an
oscillatory behavior and does not satisfy a discrete maximum principle. To overcome
these problems we use the mesh independent limiting procedure (or monotony procedure)
of [15], specifically designed for semi-Lagrangian schemes. Then,

(

. —1
Urit it Ut > UL

U@_1: n-l- if Un,1,<Uﬁ—1 (4.20c)

K2 7 Y

T as calculated in (4.20b) otherwise,.

\ (2

where,
U = mas (U7 and UM = min{07 e (4200)

Here, K € "]I“Z_1 is the element that contains th_l(xi) and 1 <[ < n,, n. being the
number of nodes of K. For triangles n, = (m + 1)(m + 2)/2 and tetrahedra n, =
(m+ 1)(m + 2)(m + 3)/6, where m is the degree of the polynomials.

4.2.3 An a posteriori error estimate for the semi-Lagrangian stage

Here, we will define the a posteriori error in time and in space for the quasi-monotone inter-
polatory semi-Lagrangian scheme introduced above. To have a coherent representation of the
error following the ideas of goal-oriented adaptation, we calculate the error in the functional
I (upa, (X1 (2)) as

Comvect = J (Upar (X" (2))) = J (W5 (2))
To have an error in each triangle K € T}, the functional J(u ) has to be expressed as an integral
over the whole domain, such that we can write J(- fQ j(+)dQ. In so doing, we can define a
new mesh T} where the initial condition @), (z ) of the dlffusmn reaction equation along the
characteristic curves will be accurately reproduced in the whole domain (). To calculate the
spatial integral that appears in the functional, we need to evaluate the feet of the characteristic
curves at all the quadrature points X" !(z,) in each triangle K € T7. But this operation has
two problems: the first one is that we do not know the exact feet of the characteristic, the
best approximation that we have for the exact feet of the characteristic curve is XX~ ! The
second one, is that obtaining X"~ !(x,) for each quadrature point (the number of quadrature
points used in the numerical examples is npg = 7) inside of each triangle K of the mesh T}
has a high computational cost in terms of CPU time. Then, we propose the approximation
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4.2 The semi-Lagrangian stage

X" Yz,) ~ y, = X Y(x,) to calculate the error. This means approximating the moved
triangle backward in time K by K* , a straight triangle whose vertices are XZTl (a;), a; being
the 3 vertices of K, as we can see in Figure 4.3. With this idea in mind, we can obtain directly
an approximate express1on for X = 1(x,), since we can define an affine mapping F* from the
reference element KX onto the straight triangle K* as

Fi: K — K* y=B.2+0b%, By eL(R?andb} € R 4.21)

Notice that for the definition of the mapping E’g, we only need to know the feet of the
characteristic curves X "' (q;) at the 3 vertices of K, that we have previously stored when we
have used the quasi-monotone semi-Lagrangian interpolation to calculate w, " (z).

ay

Xm((r3 it

n-1

)

Xm(‘{z [ ]

n-1

Figure 4.3: The mapping E*( from the reference element K onto K*. K* is the triangle whose
vertices are the images of the vertices of K and have straight edges.

To sum up, the convective error can be approximated for the quasi-monotone interpolatory
semi-Lagrangian method by

gZonvect - J(U’ZA% (y)) J<u2Ai (CL’))

Now, we are interested in dividing the error into spatial and temporal contributions; for this

reason we introduce the term J (@}, (z)) in the last expression

T (e (W) = (W as (7)) = I (uhns () = T (@ (7)) + T (@ ()= T (@ (), (4.22)
where ;%" () is calculated in the same way as %} x; (7) (with equations (4.20a)-(4.20d)), but
with the more accuracy feet of the characteristic curves X %' '(z) instead of X}, '(x), both

calculated with the embedded Runge-Kutta 2(3) scheme (4.18).

Therefore, we write the spatial and temporal errors in the following way:
EZ‘ convect — J(uhAt ( ) ) J<ﬂ;;2t ! (‘CC) ) )

/é?,com)ect = J(EZZtl(x)) - J(szi (IL’))

Now, to calculate the a posteriori error estimator, we have to divide the whole domain {2
into triangles K € T}, because we wish to evaluate the error on the triangles belonging to the
new mesh T7.

(4.23)
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Spatial error:

We have already stated in equation (4.23) that the spatial error can be expressed as:

E?,convect = J(UZA% (y)) - J(szzl(x))

= > Jupa W)k — J (@ (2))x

KeTy

(4.24)

The functional J(u) must be written as an integral over the whole domain, such that we can
write J(- fQ j(+)dS, then we shall use a quadrature rule to evaluate these integrals at each
triangle K

( g?K,convect = J(“Z;% (y))K J(ﬂZZtl(x))K =

= [ic luiai(9) = j (@R (2))] dQ =

= 32 [ ) — 35 () - det(Fy)]

\

where W, is the weight associated to the quadrature point 7, and det(F) is the determinant of
the mapping from the reference element K onto the fixed element K and Yg = X e 1(xg) =

F ().

Temporal error:

Now, we have to measure the error committed in time. We have already stated in equation
(4.23) that the temporal error can be expressed as:

g?,convect = J<_;Zt1<m>> J<EZA%( ))

= > J@n' @)k — (T (@),

KeT}

(4.25)

where Uy, ' (x) and W) A, (z) are calculated following (4.20a) to (4.20d) at points X X' ' ()
and X%, (z) respectively. Both @'y, (z) and u}'y; (z) € V}", therefore, there is no problem in
evaluating the expression of the error at each triangle using a quadrature rule.

( ’é?K,convect = J(_22t1($))K J(EZAi< ))K

= fK [ EZZtl ) — ](ﬂZA%(x))} dQ) =

npg

= Z [ (@A (29)) = 5 (W as (24)) g - det(Fic)]

where W, is the weight associated to the quadrature point Z;, and det(FJ ) is the determinant of
the mapping from the reference element A onto the fixed element K.

4.3 Diffusion-reaction stage

To apply the DWR methodology to control the local error of the numerical solution in each /,,,
we follows the approach of Chapter 3 and consider (4.12a) with a perturbed initial condition
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4.3 Diffusion-reaction stage

given by the semi-Lagrangian stage. Thus, we have in .S, = 2 x [,

P
%—g =eAU + f(U, X (z,t,;t),t) in S,

Uty 1) = Wak(x) in O, (4.26)

L Un|ag =0.

For each I,, we define the semi-linear form A : V" x W" — R as

A)(2) :/1 {07, 2 + a0, 2) = (J(T, X (x,t0;),), 2)g } dt + ([T, 2" )g,

(4.27)
where, 7]~ = U"" ' "5 is the jump of the solution at time tn—1,and V" and W™ are the lo-
cal restrictions to I,, of the spaces L?(I,,;; H}(2))NLP(S,)NC(I,; L*(Q)) and LP(I,,; H}(2)),
respectively.

Next, we choose an output functional J : V™ — R, such that we can define the Lagrangian
L:VPxW" —Ras B B -
LU;z):=JU)—AU)(z).
Then, we calculate the stationary points (U, z) € V" x W™ of L(U; z) which are the solution
of

L'(U; 2)(¢,9) = 0;
that is, we have to find the pair (U, 2) € V™ x W™ that satisfies

- /I {(OT0), + alU, ) = (f(T, X (,tn; 1), 1), 1), } dt—([T]" " g = 0 Vb € W™

(4.28)
and

J/(U)(Lp)—/f [ (0 @) + a2 @) — (' (T, X (@, tas 1), s 2), s di— (0", 2" ) = 0, Vip € V.

(4.29)
Problems (4.28) and (4.29) are termed primal and dual problems, respectively, in the slab
Sy. Note that for the primal problem we have that T = U} At» 90, this problem is the weak

formulation of the auxiliary problem (4.26).

The Galerkin approximation (@, zrat) € Vh(g)t X W,Sz)t to the primal and dual problems

by time-space finite elements in each slab S, satisfies for all (©j,a;, Vpa;) € Vh(g)t X W,Ez)t the
equation
L' (Unae; znae) (Onae Yrae) = 0;

that is, (Wpa¢, 2nae) 1S the unique solution of the following problem:

For each 1, find the pair (Upat, 2nat) € Vh(g)t X W}E‘Z)t such that for all (o Vpa) €
Viae X Wi

- /1 {(atﬂhAta @DhAt)Q + a(ﬂhm,whm) - (f(ﬂhAt)a @Z’hm)n} dt — ([ﬂhAt]n_17 Z;?)Q =0,
" (4.30)
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and

J' (Unat)(Pnar) — /I {(=0tznat, Pnat)q + a(zhae, enae) — (F' @hat)@nar znat)at dt — (©hag Zpag)o = 0.
"’ 4.31)

From (4.30) and (4.31) together with Proposition 1 of Chapter 3 is easy to obtain the
following result:

Proposition 3. For each I, let (U, z) and (Unas, 2nat) be solutions of ((4.28), (4.29)) and
((4.30), (4.31)) respectively. Assume that the functional J : V" — R and the semi-linear
form A : V" x W" — R have directional derivatives up to order three. Then, we have

the following error representation

egifffreact = J(U) - J(Ehﬁt)'

J(U) = J(@ae) = 50@nad) (2 = Unar) + 30" @haes 2080) (U = opar);
with p(tpa¢)(.) and p*(Tpat, 2nat)(.) primal and dual residuals respectively. The idea is

that the functional J(-) will be equal for convection and diffusion-reaction parts.

Primal residual:

pna)() = 5 | {Raae )i + Fnar, Jorc } dt = ([@nad "™ ()i,

KeTp JI,

% OuTinady if T C OK\OQ,

Runr = T(EhAt) — Oiupar + €AUpa;  and  Tpap = ]
0 if " C o090.

Dual residual:

/N%m%MNF:EtA{@%wk+?hwh&ﬁ—TWMM%r%%wﬁnMa

KeTy

% Onznady if T C OK\OQ,

R;At = 7/(ﬂhAt)ZhAt + achAt + EAZhAt and TZAt = { Gif T c 50,

Furthermore, in order to separate the error in time and in space, we consider Proposition 2 and
the post-processing procedure defined also in Chapter 3.

Error in Space:

Using equation (3.23c) in Proposition 2 we can write

1 1, - _
Cdiff—react = 5PWnae)(z = zn) + 2" (Unae 2nae) (U = )

and with equations (3.25) of the temporal post-processing procedure, we can calculate an ap-
proximation for the weights

z—zp &~ (I3 2har — 2hat)

U —wy, & (IZMipar — Unar) -

Therefore, the restriction to the element K € T}, of the time error estimator for the diffusion-
reaction problem along the characteristic curves takes the following expression

n 1 (= 4 1 x(57 4 I
Cercdiff—react = 3P(Unat)(Iypznar — znae) + 50" (Unat, 2nat) (Lo Unar — Unat)k,
-n _ >n
6s,diff—’r’eact - Z 65K,diff—react‘

KeTy
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Error in Time:

Using equation (3.23b) in Proposition 2 we can write

1

_ L, _ _
Crdiff—react = §p(uhAt)(Zh — Zhat) + P (Unat, 2nae) (Un — Unat)

and with equation (3.29b) of the temporal post-processing procedure, we can calculate the next
approximation for the weights

~ [ 7(s+1)
2h — Zhat N (I At ZhAt — ZhAt)

+1)

_ _ ~ ](7" _ _
Up — UpAt =~ | Loag " UhAt — UhAL | -

Therefore, the restriction to the element K € T}, of the time error estimator for the diffusion-
reaction problem along the characteristic curves takes the following expression

€YK dif f—react = 10(@nat) (LA 2hat — znat) + 30" (Wnat, znae) (T3atnat — Tnat) K,

-n _ -n
et,diff—react - Z etK7diff—react :
KeTy

Remark:

In the case of linear problems, both primal and dual residual coincide, i.e. p(unar)(z —
znat) = P (Unaes 2nat) (U — upae), but this is no longer true in the nonlinear case. In general
we can write by proposition 6.3 of [11] the following results:

P (Tnat, 2hat) (U — ©pae) = p(Unat)(z — pay) + Ap

for any pyas Vinar € Vh(g)t and W,ESA)t respectively, with

1
Ap = / {A"(@pae + se)(e, e, znar + s€*) — J" (Upar + se)(e, €) }ds.
0

Then, we could only consider the primal residual in the calculation of the error in the functional

J(U). In this case we obtain a quadratic remainder term (4.32) instead of the cubic remainder
term obtained when we consider both primal and dual residuals by Proposition 1.

JT) — J(@na) = p@nad)(z — par) + Ride

1 (4.32)

Rf&t = / {A" (upar + se)(e, e, 2) — J"(Unae + se)(e, €) }sds.
0

We also saw in the numerical examples of Chapter 3 that the dual and primal residual take
similar values if the degree of nonlinearity is not large enough. This property introduces a big
simplification in our problem, since for the evaluation of I3,,u,a; we will need to calculate
UyA2(z), and that means to compute the feet of the characteristic X (z,t,;t, o) and then apply
the semi-Lagrangian interpolatory procedure as we employ for %} s, (x). The semi-Lagrangian
step for treating the convective terms in a general convection-diffusion-reaction equation have
a negligible CPU time cost (5 — 10%) compared with the resolution of the nonlinear primal
problem, but to consider the dual residual increases the complexity of the code as well as the
memory requirements. On the other hand, considering only the primal residual introduces a
great simplification in the code; moreover, in our experience with numerical examples, we have
observed no relevant differences in the mesh and time step size using this property.
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4.4 Error indicators and adaptive procedure

We present in this section a fully adaptive algorithm to solve convection-diffusion-reaction time-
dependent problems, so that, the temporal time step length At, and the spatial triangulation
T} are adapted as time of integration progresses. To design a practical adaptive algorithm is
customary to define an error indicator ", derived from the a posteriori error estimator e” in
each time subinterval /,,, for the convection and diffusion-reaction parts.

1. n2 eet: The error indicator at time ¢,, defined from e, ... It is the error committed in
the approximation of the solution at the feet of the characteristic curves u}y; (X"~ !(x))
by w5, () via the semi-Lagrangian scheme to treat the convection term. Note that if we
have no convection term, i.e. the velocity field is a(z, t) = 0, the convective error in time
will be zero, and the spatial error will be the error that we commit when transferring the
information of the initial condition from T}* to T?.

2. Niiff—rear: The error indicator at time ¢, defined from eg; ;¢ ., It is the error com-
mitted when we solve the diffusion-reaction equation along of the characteristic curves
in I, := (t,_1,t,]. This error has been obtained by the application of the local DWR
technique.

With p = s or ¢ for spatial and temporal errors respectively, we define the convection
Neonvect and diffusion-reaction 7y, ;... errors as the absolute value of the relative error of the
a posteriori error estimator at each element KX € T7}.

‘ K, i ‘6 K,dif f t‘
npK convect |f)] COTLUec‘ and npK dif f—react = W
hAt P AL

Therefore, the error indicators in space and in time take the following expressions at time ¢,

— n n
Ns = Z nsK,convect + Z nsK,diff—react’
KeTy KeTy

=+3

Z ntK convect + Z 77tK Jdif f—react*
KeTy

n

Prescribing a tolerance TOL = Tolg + Tol;, where Tol, and Tol, are the space and time
tolerances respectively, the adaptive algorithm will accept the numerical solution u} », at time
level ¢,, if the following criteria is satisfied

ny <Toly, and n; <Tol,.

To balance the space and time errors one chooses T'ols =~ T'ol;.

4.4.1 Mesh adaptation: mesh-optimization strategy

The criterium to adapt the spatial mesh consists of calculating such a mesh with the minimum
number of elements N E to satisfy n? < T'ol,. This yields the optimal size h%’t of the element
K € T} as we have seen in Chapter 2

Tol
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d . . o

where W = > (n}k)®= < oo; % = nZ|k is the spatial error indicator for the element
KETy

K; « 1s the convergence rate of the spatial error. Thus, we adopt the following refining and
coarsening criteria:

Refining criterion:

opt
If 5~ < 1, mark the element K to refine n, times,
K
log(hg /W%
n, = Integer part [0.5 + QM : (4.34a)
log 2
Coarsening criterion:
opt
If £~ > 1, mark the element K to coarsen n,. times,
K
log(h%' /h
n. = Integer part {QM} ) (4.34b)
log 2

4.4.2 Adaptation of the time step size

The error indicator 7} is used to adjust the size of the new time step as well as to ascertain
whether the solution uj ,, is accepted or not. Following the strategy of the numerical ODE
community, we adjust the time step by the formula as we have seen in Chapter 2

Atnew = min(facmaxa maX(facmina fac))Atold7

n—1 1/8 1/8
At, -Tol )
(m n ) (K nO t) when uj, 5, 1 accepted,
fac = n) Bt )\ (4.35)
k- Tol; 1/8 o
n when uj, 5, 1s rejected,
Mt

where [ is the order of the time local truncation error; facyax and facy;, are factors limiting
the maximum and minimum step sizes respectively, usually facy.x = 5 and facy, = 0.2; and
K is a security factor k = 0.7.

4.4.3 Numerical Algorithm

The adaptive numerical algorithm is a generalization of the algorithm shown in Chapter 3 (3.35)
and it has been tested in several conditions: pure convection equations; pure reaction-diffusion
equations; convective-diffusion-reaction problem where the character of the equations change
over time. We have seen the good behaviour of the algorithm in all of them, having to recalculate
the solution u}, in just a few time steps either by choosing a new mesh or changing At,,.

A schematic presentation of the numerical algorithm to solve any convection-diffusion-
reaction equation is the following:
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Space — time adaptive algorithm :

Given the tolerances T ol, T'ol;, the macro triangulation T}, ; and the time step At :
Obtain an initial mesh TY by local refinement and project the initial datum «° in that mesh as u$ 5, € V0.
Refine the initial mesh until 09 ., c.; < T0L.
n=1.
0 =0.8.
while (¢,_1 <T)
{
Typo=Th "
i=1.
while (k == 0)
{

1. Adapt the mesh T} ; , to generate a new mesh b

2. Solve the convective part with the semi-Lagrangian scheme and obtain ﬂzgi
Calculate both initial errors 17 .o, pecr A0 17 conpect -

. . noa o n
Use successive refinements to obtain a new mesh T} ,with 17 000 < 6 - T0ls.

3. Solve the diffusion-reaction equation and obtain the solution uj, 5, ; on the mesh T}, .
Calculate the error indicator with DWR technique in time 7y’ ;¢ .00 and 0 SPACe 0 4 e rger-

4. Calculate the total error indicator: 1y" = 1% conyect + i ai Ff—react 0% =02 convect + Mo di Ff—react

,'7’”
and 6 = max (0.2, o.gsﬁcozm) _

S
5. Select elements to be refined or coarsened with formulae (4.34a) and (4.34b).

If [(n? > Tols) and (nY < Tol)]
Reject step and maintain the time step length At,,. k =0andi =17+ 1.
Else
Calculate a new time step At;,,, With formula (4.35).
if (n} > Tol)
tn = tn_1+ Atpew. Rejectstep: k =0andi =i+ 1.
else
tnt1 =tn + Atpew and k = 1.
end if
End if

n — n
Upat = UpAt,i-
n __ n
Ty = Th,z"

n
Note that 6 is a parameter between 0.2 and 0.8 defined as # = max ( 0.2, 0.8773L;M) :
Ms
We use this parameter to refine the spatial mesh in the semi-Lagrangian stage until the criterion

N conveet < 0 - Tol is satisfied. With this idea, the index i in the internal loop of the algorithm,
takes the value 1 on most occasions, therefore, the number of time steps rejected is negligible.
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4.5 Numerical tests

In this section we present some numerical tests to illustrate the performance of the previous goal
orientated adaptive algorithm for convection-diffusion-reaction problems. The main features of
these examples are the existence of moving regions of strong gradients, where an adaptive
algorithm in time and in space is necessary to calculate an accurate solution. Next we show
three different examples, namely, a pure convection problem, a convection-diffusion problem
and a convection-diffusion-reaction problem.

e For the resolution of the convective part, we use quadratic positive interpolation and a
Runge-Kutta 2(3) to find the feet of the characteristic curves, as we have described before.

e For the diffusion-reaction part of the equations, we consider quadratic finite elements
in space and linear functions in time for the solution %, (z,t) (¢G(1)-dG(0) scheme).
We calculate the solution of nonlinear systems with a classical Newton algorithm, with
the possibility of damping for those situations where the stiffness of the systems could
require it. We solve linear systems with a diagonal preconditioned BICGSTAB for the
nonsymmetrical systems.

4.5.1 Example 1. A pure convection problem

The first example consists of simulating the time evolution of an initial condition in a fixed
rotating velocity field. The initial value problem is:

Du ou

— = —+a(z,t)-Vu=0 inQ x (0,7,

u(z,0) = u’(x),

where the initial condition u°(x) is defined by the slotted cylinder of radius 1/4 and height
1, centered at (0.5,0). The width of the slot is 0.1 and its depth is 0.35. The velocity field
a = 2m(—x9, 1), so that, the period of the rotating motion is one.

Note that the exact solution of this problem is the initial condition transported by the
velocity field, along the characteristic curves of the total derivative operator, which are circum-
ferences

x, = 29 cos(27t) — a9 sin(27t),
Ty = 29 sin(27t) + x5 cos(27t).

This example is a pure convection problem and its numerical solution is obtained applying
the quasi-monotone interpolatory semi-Lagrangian scheme described in section 4.2.

() = Ty ().

We will consider a circular domain €2 of radius 1 centered at the origin, and 7" = 15
(it means 15 revolutions) for the numerical integration of equation (4.36), with a tolerance
Tol, = Tol; = 7.5 - 10~*. We will control the mesh and the time step size using the following
functionals:

T (ul2H (X)) = / G2 (XA and S (5 (X)) = / (al(X)2de. @37)
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With this example we will see the good behaviour of the error calculated in the way shown
in Section 4.2 of this chapter. The number of rejected steps has been 1 at the beginning of
the integration, and the number of time steps to complete the 15 revolutions has been 1008
(with a C'PUyn. of 362 seg.) and 1017 (with a C'PUy;,,. of 353 seg.) for the first and second
functionals, respectively.

x 10~

T 2.0
Number of nodes At
1.8F
oy 3, (W= u" do
10*} \W\:A\ ", / 1 160
t}k"‘ M"‘f“ ‘AV*M," / n
MR N e JW=[u dQ
\f "[MM"QM ”v”:’r \( vy PO o, N /ﬂL ) =14
\ WLJW’wM/wm,me{WkMWWV 14p % ——
2
J_(u)=[.(uM? dQ
Zoe (W) = [,u"? dQ
1.2
3 n° of revolutions n° of revolutions
1 . . ‘ ‘
% 5 10 15 10, 5 10 15

Figure 4.4: History of nodes (left) and time step size (right) for both functionals plotted against
revolutions of the cylinder.
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Figure 4.5: On the left, mesh in the first (upper panel) and in the last (bottom panel) revolution
for the functional J;. On the right, isolines of the solution from v = 0.1 to u = 0.9 at 0.1
intervals.

The evolution of the number of nodes and the time step size for both functionals is shown
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in Figure 4.4. In this figure we see that the time step size is practically constant, as we could
predict, but the number of elements decreases with time.

In Figure 4.5 we show on the top the mesh at a given instant during the first revolution
with 10959 elements and 21960 nodes; and at the bottom, the mesh during the last revolution
at the same position with 2213 elements and 4468 nodes. On the right side we have plotted
the isolines of the solution from 0.1 to 0.9 at intervals 0.1, in order to better notice the effect
of the numerical diffusion introduced by the semi-Lagrangian scheme. At the beginning of the
integration, we need to reproduce the discontinuity of the solution to avoid a fast increase in the
error, but when the numerical diffusion makes the solution smoother, the number of elements
required to obtain the same error is smaller.

To see the performance of the error estimator in the convection stage of the equation, we
calculate the effectivity index in each time interval /,, and plot it in Figure 4.6 for the first and
second functionals.

‘es,convect + et,convect‘

Ieff = |J(UZ£%(X)) — J(Ezgi(f))‘

5¢ 5¢
Ieﬁ for Jl(u) Ieff for Jz(u)
4 4+t
3t 3t
2 2t
il v
| ‘ lutfons ‘ n° of revolutions
0 5 10 15 0 5 10 15

Figure 4.6: Effectivity index for the two functionals .J; and .J, versus the number of revolutions.

We show in Figure 4.7, the mesh obtained at the last time step (a mesh with 2016 elements
and 4067 nodes for the functional J; and a mesh with 1935 elements and 3912 nodes for the
functional .J5) and the isolines of the solution from 0.1 to 0.9 at intervals 0.1. Although the
refinement zone is around the discontinuity, we can see a slight difference. When we use the
first functional .J;, we refine uniformly throughout the discontinuity, and the numerical diffusion
is similar at the bottom and on the top of the cylinder; however, when we use the functional
Jo2, we make a special control of the higher values along the discontinuity, and we have more
numerical diffusion at the bottom than on the top of the cylinder.

In Figure 4.8 we have plotted the error of the numerical solution in time. We have
represented the error for the first functional f udS) — f upadS), for the second functional

[ u2dQ — [ u2,,d2 and for the L2-norm [ [ (u — upas)” d€] "2 We have plotted the curves of
the error for both numerical experiments (for J; and .J, adaptation).

4.5.2 Example 2. A convection-diffusion problem

We consider a convection-diffusion problem taken from [46]. The equation to be solved is the
following
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Figure 4.7: Mesh (left) and cross section of the solution (x5 = 0) (right) for the functionals: J;
(above) and J, (below).

JUO-U O fEO-UR, O (0, 0)°d)™

X J,(u)
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-0.005 ‘]g(u) .,
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J, )
-0.015 -0.01 /71 0.03
-0.02 0.02
-0.020
-0.03 0.01
° j ° of revolut ° of revoluti
~0.025 n° of revolutipns 20.04 n° of revolutipns 0 ne of revolutions
0 5 10 15 0 5 10 15 0 5 10 15

Figure 4.8: Error in the mass (left) in the energy (middle) and in the L? norm (right) of the
solution for the two numerical experiments (for J; and .J, adaptation).

( % +a(x,t) - Vu=kAu inQ x (0,77,
u(z,t) = g(z,t) on 09, (4.38)

u(z,0) = u’(x).

With the following considerations:

e The domain Q2 € R?is 2 = (0,1)? and T' = 0.55.

e The initial condition, is defined as u°(z) = 0 for z = (z, z2) € Q5 = (§,1) x (0,1 —19).
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For z € Q\Qs, u’(z) is defined to be the linear function which satisfies the boundary
conditions.

e The Dirichlet boundary conditions are:

(1 for 11 =0, 0< 2y, < 1,
1 fOI‘OSCClS]., IQZ]_,
o +
u(e, 1) = gl t) = % for 0< a1 <1, =0,
—146)"
\ % for 1y =1, 0 <y <1,

where (a)™ = max(0,a) and 6 = 7.8125 x 1073.
e The diffusion coefficient k = 1073,
e The velocity field a(z, ) = [2, 1]”.

In the example we consider as output functional to control the errors

J(U™) = /(1 —U™dQ
Q
and the tolerances Tol, = Tol, = 2 - 1074,

We note that (for 6 small enough) initially the solution to this problem has boundary layers
along x; = 0 and 2 = 1. The boundary layer along x; = 0 propagates into the domain {2 and
interacts with the outflow boundary at z; = 1, where a new boundary layer develops at time
t ~ 0.5. The combination of both internal and boundary layers makes it a challenging model
problem.

We will consider for the numerical integration a background 32 x 32 triangular mesh
shown in Figure 4.9 (Ieft). This mesh is initially refined in order to resolve the boundary layers

along z; = 0 and o = 1 at time ¢ = 0 (see Figure 4.9 (right)) using the functional J(u) and
the marked tolerance.

1 1

09 09

08 08

07 07

06 06

05 05

0.4 0.4
03 03

02 02

0.1 0.1

00 02 0.4 0.6 0.8 1 00 0.2 0.4 06 08 1

Figure 4.9: Macro triangulation (left) with 512 elements and 1089 nodes. Initial mesh (right)
adapted to solve the initial condition with 2600 elements and 5617 nodes.

In Figure 4.10 we plot both the spatial and temporal error indicators. We further di-
vide the error indicators into two components, namely, the convection error and the diffusion-
reaction error, with their corresponding spatial and temporal error indicators; we have then

n __ ,.n n n __ ,n n
Ns = ns,com)ect + ns,difffreact and e = nt,com)ect + nt,difffreact'
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Figure 4.10: Spatial (left) and temporal (right) error indicators and their respective convection
Neonvect and diffusion-reaction 1y, ¢ ... errors plotted against the number of time steps.

The convection error is due to the semi-Lagrangian scheme and we note, at least in this
example, that its spatial component is much larger than the spatial component of the diffusion-
reaction error; however, the time error is due to the diffusion-reaction component. An explana-
tion for the behaviour of the time error in this example could be that 7’ ., IS Zero because
the feet of the characteristics are calculated exactly when the velocity is a constant.

x 10* x 1072
Number of nodes 14r At

12

0.4r

Time steps

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ _Time step
20 40 60 80 100 120 140 20 40 60 80 100 120 140

[

0.2

Figure 4.11: History of nodes (left) and time step size (right) plotted against the number of time
steps.

In Figure 4.11 we represent a history of the number of nodes and the time step size against
the number of time steps. Initially, and in order to resolve the internal and boundary layers, there
is a large number of nodes; however, as time progresses, the layers become smoother through
the diffusive process and the number of nodes gradually decreases to a minimum before the
appearance of the boundary layer at z = 1, when the number of nodes increases again. A
reversal trend is followed by the size of the time step as shown in the left panel of the figure.

Numerical results are presented in Figures 4.12/and 4.13/at times ¢ = 0.12and t = T" =
0.55 respectively. These figures show that the spatial mesh is concentrated in the internal and
boundary layers of the solution. In particular, we see that the boundary conditions are nearly
discontinuous. Further, the mesh emanating from the bottom left-hand corner (i.e. at z; = 0
and x5 = 0) is finer on the top and at the bottom of the internal layer due to the viscosity. In the
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Figure 4.12: Solution at time ¢ = 0.12. Top-left: the mesh with 3328 elements and 6931 nodes;
Top-right: isolines from u = 0.1 to u = 0.9 at intervals Au = 0.1. Bottom-left: cross-section
at ro = 0.75; Bottom-right: cross-section at 1 = 0.5.
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Figure 4.13: Solution at time ¢ = 0.55. Top-left: the mesh with 4924 elements and 10196 nodes;
Top-right: isolines from v = 0.1 to v = 0.9 at intervals Au = 0.1. Bottom-left: cross-section
at x5 = 0.75; Bottom-right: cross-section at 1 = 0.5.
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lower panels we plot cross sections of the solution at zo = 0.75and 0 < z; < 1,andatx; = 0.5
and 0 < x5 < 1; we can see that the implementation of the adaptive mesh algorithm gives rise
to smooth approximations of the very steep features of the solution, showing no oscillation in
the zoom (a problem that is shown in [46]) at the outflow boundary layer.

Another characteristic of the algorithm is that the number of time steps to complete the
temporal integration has been 148, with a total of 4 time steps rejected at the beginning of the
integration and when the boundary layer appears, at time ¢ ~ 0.5, causing a sudden reduction
in the time step size. We have needed C'PUy;,,,. = 147 seg. to solve the problem and the
distribution of time in each part of the algorithm is shown in Figure 4.14.

150

CPU-Time (éeg)

100

33% Error estimator
\

% S-L scheme and adaptation

L L L
20 40 60 80 100 120 . 140
Time steps

Figure 4.14: Distribution of the CPU time required in each part of the algorithm to calculate
the solution plotted against the number of time steps. The semi-Lagrangian stage with the mesh
and time adaptation represents 10%, the resolution of the primal diffusion-reaction problem
57% and to calculate the a posteriori error estimator 33% of the CPU time is needed.

4.5.3 Example 3. A 2D convection-diffusion-reaction problem

We will test our numerical adaptive procedure with 2D convection-reaction-diffusion system
that models the transport of two chemical species in a plane shear flow. The model equation for
u(x,t) = [ui(z,t), us(w, t)]7 is:

(

g_;ﬂ +a(z,t) Vu=kAu+ f(u) inQ x (0,T],

u(z,t) =0 on 09, (4.39)

L u(x,0) = u(x).
e The initial condition u°(z) = [uf, u3]" is

u}(z) = exp (=30 [(z1 — 2.5)> + 22°]) and wy(z) =0.
e The reaction term f(u) = [f1, f2]T has as components

filu) = —cuf + cougur and  fo(u) = —cougus + kyuj.

where ¢; and ¢, are given positive constants that in the experiment take the value ¢ =
Cl = Cy = ]_03
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e The diffusion coefficients k = diag(ky, ko). In the experiment k; = ko = 1073,
e The velocity a(z,t) = [a1, as] with
aj(x,t) =2 (1 +5sin(27t) - x9) and as(x,t) =0,

defining thus a solenoidal velocity field that produces stretching in the solution with pe-
riod 1.

We consider in this example tolerances T'ol, = Tol; = 2 - 10~ to control the mass of
one of the reactants (a good functional in combustion problems). Then, we define the following
functional

J(U™) = /Q Undo.

We define Q2 = (0,7) x (—1, 1) with a background mesh of 126 elements and 285 nodes,
and a time integration interval (0, 1]. We will finish the temporal integration when the center of
the solution is at (x1, x2) = (4.5, 0) and it returns close to its initial shape after the stretching.
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Figure 4.15: Spatial (left) and temporal (right) error indicators and their respective convection
Neonvect and diffusion-reaction 7y, ..., errors plotted against the number of time steps.

With this example we want to analyze a problem whose character changes as time pro-
gresses and several temporal scales appear. The behaviour of the solution in time is the fol-
lowing: since the stiffness parameter is ¢ = 103, the component u,(z, t) decreases very rapidly
from u?(x,t) to ul(x,t)/2 and uy(z,t) increases very rapidly from 0 to u?(x,t)/2. After the
transient state, the reaction term becomes negligible and the convection term is dominant. Then,
the solution is stretched by the velocity field and the diffusion term becomes important (around
t = 0.5, the stretching is maximum). This behavior is shown in Figure 4.15, where the spa-
tial and the temporal error indicators are plotted against time steps with their convection and
diffusion-reaction errors. On one hand, the spatial error is composed almost exclusively of the
convection error, and on the other hand, the temporal error is composed of diffusion-reaction
error due to the chemical reaction, at its earlier stages; it reaches the chemical equilibrium, the
time step size grows and the convective terms become important. We also note that when the
solution has its highest elongation, the diffusion-reaction error will be important, and this error
decreases when the solution goes back to its original shape at time t =T = 1.

In Figure 4.16/ we show the evolution of the number of nodes and the time step size against
the number of time steps. The spatial discretization at the beginning is only necessary to main-
tain the shape of the initial condition, and although the spatial error is smaller we need to take a
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Figure 4.16: History of nodes (left) and time step size (right) plot against the number of time
steps.

number of nodes large enough to reproduce the shape of the solution. Then, the convective term
becomes important and the number of nodes increases and reaches a peak when the stretching
produced by the fluid is maximum at ¢ = 0.5. Finally, the velocity field moves the solution back
to its circular shape and the numbers of elements decrease. Regarding the time step size, we
can see how it grows as time goes by and the chemical reaction reaches the equilibrium, then
the time step size is governed by the convective term and part of it by the diffusion terms.

t=0

Figure 4.17: Mesh (left) and isolines (right) for the solution w; at time t=0, t=0.56 and t=1.

In Figure 4.17 we present the numerical solution u; at different time instants: ¢ = 0,
t = 0.56 and t = T" = 1. Here, we can see the isolines of the solution and the adaptive mesh
refined around the numerical solution. The mesh has been refined as one would expect, being
noticeable the small refined region at the trail of the solution where the error of the convective
terms accumulate.

Att = 0 we have a mesh with 1574 elements and 3185 nodes, where we have plotted
the isolines of the solution from u; = 0.1 to u; = 0.9 at intervals Au; = 0.1. At¢ = 0.56
we have a mesh with the maximum number of elements and nodes, 12033 elements and 24108
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nodes, and we have plotted the isolines of the solution u; = 0.1, 0.2, 0.3 and 0.4. At time
t =T = 1 we have a mesh with 3542 and 7121 nodes and the isolines plotted are u; = 0.1,
0.2 and 0.3. Note that the deformation of the solution at the end is caused by the diffusion term
around ¢t = 0.5, (where we have the maximal deformation of the Gaussian hill). We have run
this example without diffusion and the final solution is a Gaussian hill of value u{/2 with the
center at point (4.5,0), as we expected.

350

CPU-Time (seg)

300+
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67% Diff-react gfoblem

200 >
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100+ / J

27% Error estimator
Sa
50 Total i )
~ % S-L scheme and adaptation
/‘
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Figure 4.18: Distribution of the CPU time required by each part of the algorithm plotted against
the number of time steps. The semi-Lagrangian stage with the mesh and time adaptation repre-
sents 6%, the resolution of the diffusion-reaction problem 67% and to calculate the a posteriori
error estimator 27% of the CPU time is needed.

The number of time steps to complete the temporal integration has been 79, with 1 time
step rejected at the beginning of the integration. We have needed a C'PUy,. of 313 seg. to
solve the problem and the distribution of time in each part of the algorithm is shown in Figure
4.18.
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Chapter 5
LIFTED FLAMES PROBLEM

The main characteristic of lifted flames is that the flame front is separated from the injector a
distance x, such that the flame front in non-premixed systems presents a typical triple flame
structure. Triple flames, also known as tribrachical flames, play an important role in the lift-off
and blow-off as well as in ignition of diffusion flames by localized heat sources. Such flames
have been studied experimentally, theoretically and numerically, due to the role they play as
transient laminar flamelets in partially premixed systems.

The first analysis of the two-dimensional structure of a triple flame is due to Dold (1989)
[30], who used a constant density model with a single step chemical reaction with large ac-
tivation energy. The analysis of triple flames was later extended to non-unity Lewis numbers
by Daou and Lifian (1998) [28], still using the constant density approximation. Using a dif-
ferent approach, Buckmaster (1996) [23] developed a simplified one-dimensional model con-
taining some of the key physical ingredients of the problem and despite its simplicity, the one-
dimensional model predicts flames with advancing, retreating, or stationary edges depending on
the Damkohler number D,,, = (4,,/d1,)* determined by the ratio of the characteristic thickness,
dm, of the non-reacting mixing layer at the flame front position and the laminar flame thickness,
0r. The effects of thermal expansion on the propagation velocity of triple flames were first
studied by Ruetsch et al. (1995) [60]. For further references, an extensive review of the work
made in this field can be found in the paper of Buckmaster (2002) [24].
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Figure 5.1: A sketch of the mixing layer configuration, showing the typical scales of the problem.
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The main characteristics of the diffusion flames are located in the mixing layer that is
developed in the presence of two parallel streams of fuel and air. Figure 5.1 shows a schematic
representation of the problem, where the inflow velocities of the streams are Uy for the fuel and
Uas < U, for the air coming out normal from the porous wall with uniform temperature 7.
Yro and Yo, 4 denote the mass fraction of fuel and oxygen (diluted with Nitrogen) in the feed
streams respectively.

In Figure 5.1 we note that the Navier-Stokes region, where the mixing layers originate, has
alength scale dy = D14 /Uy, D14 being the thermal diffusivity of the air stream at temperature
Ty. Further downstream, at distances x >> ¢y, the Navier-Stokes region evolves to a slender
mixing layer with a thickness of order 6,, = (Drax;/Up)"? << x;. We may provoke the
ignition of a flame in the mixing layer by an external localized energy source such that the flame
front becomes rapidly elongated by the flow and a quasi-planar premixed flame is formed with a
characteristic thickness 6 = DS—TLA (07, ~ 10~*m in typical hydrocarbons). The premixed flame
moves upstream and downstream along the stoichiometric surface and exhibits a characteristic
structure with both lean and rich branches. On the lean side the premixed flame consumes all of
the available fuel, leaving behind oxygen that reacts in a trailing diffusion flame with the fuel
left behind by the rich branch.

An important kinetic parameter that plays an essential role in combustion processes is the
ratio Uy /S, of the fuel stream velocity to the planar flame velocity Sy, of the stoichiometric
mixture. In the mixing layer example if the ratio Uy/Sy, is smaller than a critical value, the
diffusion flame will be anchored in the Navier-Stokes region near the injector wall x; ~ dx.
As Uy /Sy, grows, the flame will be lifted to a length ', in this regime the flame front structure
is that of a curved premixed flame with a radius of curvature of order 4,,, large compared
with the flame front thickness of order ;. Correspondingly, the curved flame front propagates
against the incoming flow as a quasi-planar premixed flame with a maximal velocity Sy in
the stoichiometric surface, and decays rapidly as the mixture becomes either leaner or richer.
Finally, if the ratio U /S, is larger than the critical value (U,/Sy,), the flame will be blown-off.

Clearly, as z /0y grows the numerical description of the flame region becomes increas-
ingly difficult because the computational domain must now be extended further and further
downstream if we wish to solve the flame front region. This suggests that an adaptive algorithm
would be efficient and accurate to obtain the numerical solution when the flame front is located
far away from the porous wall. Thus, we present an adaptive numerical method based on the
philosophy of the DWR method in the framework of finite elements to simulate the behavior of
lifted flames for a large range of Reynolds numbers (we exclude the turbulent limit). A signif-
icant property of the method is its ability to adapt both the spatial mesh and the time step size
following the features of the solution.

5.1 Physical model and governing equations

In this section, we present the equations governing chemical reactive flows in the low-Mach-
number limit. They are based on the compressible formulation of the Navier-Stokes equations
with additional convection-diffusion-reaction equations for the temperature and the chemical
species. A good explanation of the equations can be seen in the thesis of M. Braack [20]. The
variables of the problem are p for density, p;.:4; for pressure, u for velocity, 7' for temperature
and Y,, for species mass fractions of the reactants and products.
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5.1 Physical model and governing equations

The compressible form of the Navier-Stokes equations allows two kinds of propagation
speeds: the velocity of the flow and the speed of sound. In many reactive flow problems, e.g.,
burners and reaction chambers, the flow is slow in comparison to the speed of sound. This is the
case of low Mach number where we can consider that the sound waves will propagate infinitely
fast, and the gas becomes hydrodynamically incompressible. For low Mach number, only ther-
modynamical effects (e.g., heat release) lead to compression; in other words, the compression
due to temperature variation is significantly more important than that due to pressure variations.

The first part of this section describes the compressible Navier-Stokes equations with the
simplification of low Mach number. Then, we deduce the convection-diffusion-reaction equa-
tions for the temperature and the chemical species. At the end of the section we focus on the
modeling of the chemical source terms and the coefficients of the equations.

5.1.1 Compressible Navier-Stokes equations

Here we briefly describes the low-Mach-number model of Navier-Stokes equations for com-
pressible gases. We discuss separately the continuity equation and the momentum equation. In
the compressible formulation, the equation for the density p is the continuity equation, which
describes the conservation of mass

dp B
E—i—v-(pu) = 0. .1

We can manipulate (5.1) to obtain an expression with the total or material derivative. Assuming
that the density is always a positive real number, then we can write

10p 1 10p 1 dlnp
_— — . :0 —_—— . — . :O _— . 1 . :O
pat+pv (pu) : p8t+u pr+V u=0 — +u-Vinp+V.-u=0,
and finally
Dlnp
. pu— . .2
i +V-u=0 (5.2)

The expression (5.2) will be more useful than the continuity expression (5.1) because we can
integrate in time this equation taking advantage of the semi-Lagrangian framework.
The vector-valued momentum equation insures the conservation of the momentum pu,

ou

por T p(u-V)u= —Vpyq + V7 + pfe. (5.3)

It consists of the temporal and convective part of the momentum, the pressure gradient, the
viscous stress tensor and external forces, which can be, e.g., gravitational effects (although in
our problem we shall consider that gravitational effects are negligible in gas streams). With the
exception of very high temperatures or pressures, the viscous stress tensor for Newtonian fluids
has the form
2
= [(Vu+ (Vu)T> + (uv - 5“) (V-u) I] ,

where 1 1s the dynamic viscosity, j,, is the volumetric viscosity of the fluid and / is the second
order unit tensor. The expression V - 7 is therefore

v-T:v-<wu)+V(w-u>+vKuv—;u) (V-u)]
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In the incompressible case (V - u = 0), the divergence of the viscous stress tensor simplifies to
V.r=V-(uVu).

But we can make a further simplification of the momentum equation for low-Mach-number
flow because the fully compressible Navier-Stokes equations becomes ill-conditioned for low
Mach numbers. There are many publications devoted to numerical methods to treat low-Mach-
number flows (for instance [49]). A common option to solve them is to split the pressure field
into two parts, namely, thermodynamical part and hydrodynamical part, such that

ptotal(xv t) = Pth(t) + phyd(m7 t)

The thermodynamical part Py, is uniform in space and does not appear in the momentum equa-
tion (5.3). P, may be determined as the average pressure in ). It is only variable with time, but
in the case of an open boundary vessel this term is also constant in time (the hypothesis in our
problem). On other hand, the hydrodynamic part py,q varies in both time and space, and is far
smaller than P,. This is important since the influence of py,,q is neglected in the gas law and
therefore the density only varies in space due to gradients of temperature and mean molar mass
(see 5.10). With this splitting of the pressure we can write the divergence of the whole stress
tensor as

VT = Viota = V - (pV0) + V [(1t, + 34) (V- 0)] = Vppya = V- (uVu) — Vp,

p:phyd_(ﬂv+%u) (V-u),

where we have defined a new variable p that allows us to simplify the momentum equation (5.3)

as
Du

"Dt
Note that in the quasi-isobaric limit the momentum conservation equation takes the same form
as the incompressible Navier-Stokes equation, the only difference is that p is not the real pres-
sure of the fluid. The function p is fundamental in establishing the fluid motion in order to
satisfy the equation of continuity but it has not physical meaning.

=V (uVu) — Vp. (5.4)

5.1.2 Temperature and species conservation equations

To describe the evolution of the temperature 7', we use the second law of thermodynamics, the
entropy equation

0
pT(a—j+u-Vs>:¢U—V-qc+QF+Qr, (5.5)

where:

o &, represents the heat due to viscous dissipation which will be neglected because is not
important compared with reaction heat.

e (), represents the radiation effects which we will omit because only are important for
high temperatures of flame.

e —V . q. represents a diffusive part of heat conduction. The mathematical expression
of this terms is giving by the Fourier law q. = —kV7T. Then this term takes the form
—V -q. =V - (kVT), where k is the heat conductivity.
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e (Qr represents the heat due to chemical reactions. This term is modelled by the product
of the specific heat of the chemical reaction Hy and the consumed fuel mass fraction by
the chemical reaction wp. Therefore Qr = —Hp - wp.

e We have also omitted in this equation the Dufour effect, which describes heat transport
due to diffusion of chemical species with different enthalpies, and is needed only in spe-
cial situations.

e s is the thermodynamic variable named entropy. By the second Gibbs equation we can
write s as function of the enthalpy A and the pressure p

1
T-ds:dh—;dp.

Since the Mach number is small compared with unity, then we can consider that the pres-
sure variations are negligible with respect to the value of pressure. Then T'ds = dh and
if we consider an ideal gas mixture, the enthalpy is dh = c,d1’, with ¢, being the spe-
cific heat capacity for constant pressure. We can write for the temperature a convection-
diffusion-reaction equation of the form

DT
per g =V - (KVT) — Hrwr. (5.6)

And if we assume that the spatial variation of ¢, is negligible compared with its mean
value, we can introduce the thermal diffusion coefficient Dt as:

P D T = k / Cpa
and this allows us to write the equation of the conservation of the energy as

DT Hp

For multicomponent fluids, additional equations for each involved species have to be
added. The species will be represented by their mass fractions and each species can be de-
scribed by its own characteristic diffusion behavior V - j, and the reaction rate w,, that depends
on the mass fractions and the temperature. For a mixture of n, chemical species, the corre-
sponding equations are:

oY, .
p(ﬁﬂ.wa) — Vet we  a=1,..m, (5.8)

This system of equations has to be solved under the compatibility conditions
d Yo=1land ) ju=0.
a=1 a=1

To model the diffusive flux terms j, we use the Fick law j, = —pD,VY,, where D,
are the mass diffusion coefficients. This approximation is true if there are only two species
in the mixture or one of the species is skipped (case of an abundant inert gas is the mixture).
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We suppose that in the mixture the specie Y,,, is abundant and inert, therefore the governing
equations for the chemical species take the expression.

Y,
P(aata +u-VYa> =V - (pD,VY,) + wa, a=1,.n,—-1

Y.,=1- Y Y.

(5.9)

These equations have to be closed by an algebraic relation between pressure, temperature and
density, namely, the equation of state. In our examples we consider the ideal gas law

RT
DPtotal = pM ) (5.10)

where R is the universal gas constant and M is the mean molar mass of the mixture. In mul-
ticomponent fluid, where the species have different mole masses, the mean molar mass M
depends on the chemical composition according to the relation

1 Y,

EVaE
M = M,
where M, is molar mass of species a. As we write above, the pressure is split into two parts,
where the thermodynamic part P, which is uniform in space, is several orders of magnitude
bigger than py,q, which is variable in space and in time. Then, py,iq; >~ P, and if P, is constant
in time the equation of state will be written in the form

_PM

= 11
P=PT (5.11)

5.1.3 Physical parameters and constants

In the previous part of this section we have formulated the mathematical model that describes
the behavior of chemical reactive fluid in the low-Mach-number limit. Thus, the model con-
sists of the compressible Navier-Stokes equations at small Mach number (5.2) and (5.4), plus
convection-diffusion-reaction equations for the temperature (5.7) and chemical species (5.9),
with strong nonlinearity and stiff source terms characteristics in combustion problems, plus the
equation of state (5.10) for the fluid.

In the practical resolution of the equations we consider a 2D planar model, where the fuel
stream will be methane C H diluted in Nitrogen N, that reacts with an air stream (with 77% of
N, and 23% of O, in mass). The analysis takes into account the effects of thermal expansion
and assumes a one-step overall Arrhenius reaction, thus C'H, reacts with the oxygen of the air
O, to generate the combustion products that are C'O, and H,O. As an additional hypotesis, the
considered Reynolds numbers Ze are small or relatively large, but always far of the turbulent
limit.

We consider that 2 C R? is a domain with appropriately smooth boundary 92 := I'PUT'Y,
I'PNTY = (), where I'® and I'V are the pieces of 92 for Dirichlet and Neumann boundary
conditions respectively. The system of equations of the model are:

94



5.1 Physical model and governing equations

e Navier-Stokes equations:

D1
2 (5.12a)
p §+u~Vu> =V (uVu) — Vp,

with Dirichlet and Neumann boundary conditions

ou
Hon
where the unit outer normal vector to the boundary is denoted by n.

u=u” onl? —pn=0 onTV =090\I'?,

An initial condition only for the velocity u(t = 0) is needed.

e Combustion equations:

or H
p<&_HLVT):v-@DﬂnU—;imm, (5.12b)
P

with Dirichlet and Neumann boundary conditions

oT
T=T" onTZ, pDT%:O on TH = 00\I'2,

and initial conditions for the temperature 7'(t = 0).

( Yeon,

+u- VYCH4) =V - (pDcu,VYeon,) +wen,,

oY

p 8?2 +u.VYOQ> = V- (pDo,VY0,) + wo,,
Do,

1Y aCI;O +u- VYCOQ> =V- (pDCOQVYCOQ) + weo,, (5.12C)
Y,

P 81120 +u- VYHQO) - V . (pDH20VYH2O) + WH,05

Yn, =1—=Yeonu, — Yo, — Yco, — Ym0,

\

with Dirichlet and Neumann boundary conditions

Y,
Yo, =YP onT¥, pDag s =0=0 Y = 00\I'2,
n
and initial conditions for the mass fractions Y, (¢ = 0).

e State equation for the fluid

== 12
P=TTR (5.12d)

where 1/M = " Y,/M, is the mean molecular mass, P, = 101325 (Pa) in the near
isobaric limit is the ambient pressure and R = 8.314 (J/molK) is the universal gas

constant.

1 Yeu, Yo, Yco, Ywo 1—Ycu, —Yo, —Yco, — Ymo 3
J— 2 2 2 2 2 2 10 l K .
M 6 32 T a TTis T 28 <107 mol /K g
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To make the model more realistic, the multi-component transport properties of methane-
air mixtures are evaluated using the model proposed by Smooke & Giovangigli [64], where the

D

Prandtl (Pr = L) and Lewis (Lea = D—T) numbers are assumed to be constant: Pr =
prT o

0.75, Lep, = 1.11, Lecy, = 0.97, Ley,0 = 0.83, Leco, = 1.39, and the dynamic diffusion

coefficients (the viscosity p, the thermal diffusivity pDyp, the mass diffusivity of each species
pDcn,, pDo,, pDco, and pDp,o) depend upon the temperature according to the power law

M pD; _(T

1o (pDi)o T,

where 11, (pD;)o and Tj denote a reference or initial value for the dynamic diffusion coefficients
in 2.

) with o = 0.7, (5.13)

paDra = 2.58 x 105% with Ty = 300K.

A burning process of typical hydrocarbon in air involves dozens of chemical species and
hundreds of elementary chemical reactions. A detailed account of the chemistry is necessary to
describe the production of pollutants such as carbon monoxide and oxides of nitrogen; however,
many aspects of the combustion process can be understood by assuming that chemical reactions
between the fuel and the oxygen of the air takes place in a single overall step. The latter is the
approach adopted in this work. Thus, we consider that the fuel C' H, reacts with the oxygen of

the air O, to generate combustion products according to the irreversible global reaction
CHy + 205 — CO9 + 2H50 + (q) (molar equation), (5.14)
with a global rate of the form shown recently in [40]
w = BCeop,Co,e  TYT,

where C, is the molar concentration of the species a.. If we write the reaction rate using the
mass fraction of the species Y,,, then we will have the following formula

YCH4 Y02 e—Ta/T

5.15
Mecwu, Mo, (5-13)

w=p’B

The amount of mass fraction of the species « per unit of time w, that appears in equations
(5.12b) and (5.12c) can be written as

You, Yo, _
Wa = Vo Mow = vy M, p? B——4 =22 o=Ta/T (5.16)
P2 Mo, Mo,

where v, is the molar stoichiometic coefficient for the species « in the global reaction (5.14).
Thus the relation between the reaction rates for the different species is:

WCH, _ WO, _ WCo, _ WH,O

Mcu, 2-Mo, Mco, 2-Mp,o’
16 16

wCH4 awa EWC’OQ _%WHQO

Nonunity reaction orders, proposed for instance in [72], are known to add numerical stiffness to
the computation [56], so that the present development assumes unity reaction orders for the fuel
and oxidizer. With these assumptions, three different parameters are left in the model, namely,
the preexponential factor B, the activation temperature 7'a, and the amount of heat released per
mole of fuel consumed ¢. It is seen in [40] that ¢ and T'a have to be selected as functions of the
local equivalence ratio ¢ to reproduce accurately propagation velocities of diluted and undiluted
flames over the whole flammability limit.
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5.1 Physical model and governing equations

1. B : We take the preexponential factor B as a constant parameter

B = 8.4 x 10°m*/(mol - s).

2. Ta(¢) : The model employs a variable activation temperature 7'a(¢) to mimic changes in
the underlying chemistry in rich and very lean flames.

1 + 8.250(0.64 — ¢)? ¢ < 0.64,

T
L _ ) 0.64 < ¢ < 1.07, (5.17)
TCLO

1+ 1.443(¢ — 1.07)? ¢ > 1.07,
with T'ag = 15900K.

3. ¢(¢): Changes of ¢ with ¢ need to be introduced in fuel rich combustion to describe the
effect of partial fuel oxidation on the amount of heat released

1 6 <1,

q/q = (5.18)
1-021(¢—1) ¢ <1,

with ¢y being the molar heat of reaction that depends on the temperature. Here, the
formation enthalpy /., and heat capacity c,, of the species «, which are needed to
calculate gy and ¢, are obtained in terms of the temperature 7" using NASA polynomial
formulae [63]

Cp = Za Yacpas

qo = Za Vo hf .
In the temperature equation (5.12b) Hp represents the amount of heat released per unit

mass of fuel consumed. It can be written in terms of the molar heat of reaction ¢ and the
molecular mass of methane M¢y, as

Hp = q/Mcp,.

The local equivalence ratio is defined in terms of the mass fractions of methane and oxygen
in the upstream fresh mixture as ¢ = sYy,, /Yo, ,, where s is the mass of oxygen burnt per unit
of fuel (s = 4 for the methane). When the Lewis numbers for fuel and oxidant are equal,
the mixture fraction Z = (SYr/Yro — Yo2/Yo2.4 + 1)/(1 + 5) is a conserved scalar and its
value does not vary along the characteristic curves and across the flame. Note that the Lewis
numbers of fuel and oxidizer in hydrocarbons-air mixtures are very close to each other, so we
can consider that the equivalence ratio takes the simplified expression given by (5.19).

A
¢ - Sl . Z’
(5.19)
_ SYr/Yro— Yoo /Yo2,4+ 1

A
1+S5

More thermochemistry parameters that play an important role in combustion are:
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e The planar flame velocity Sy, of the stoichiometric mixture. Experimentally, for methane
C H, diluted with nitrogen and air the propagation velocity S, is a function of the mass
fraction Y p, o of the feed stream. The Table 6.1 can be seen in [39]

Yemo | 10090807 ]06]05[04a]03]02]01
Sp(m/s) [ 0.40 | 0.39 [ 0.38 [ 0.37 [ 0.36 | 0.34 [ 0.31 [ 0.27 | 0.21 | 0.12

Table 6.1: Propagation velocity of a planar stoichiometric premixed flame as function of Yoy, o.

S YF,O

e The overall air to fuel stoichiometric ratio S = , defined in terms of the mass
O3,A

fractions of fuel Yz, and oxygen Y, 4 in the air feed streams. .S is the mass of air that
one needs to mix with the unit mass of fuel stream to generate a stoichiometric mixture.

Hp Y,
e The stoichiometric flame temperature 7 = 7T + —F R0
cp 145
Tao(Ts — T L . .
e The Zeldovich number § = w, which is moderately large in combustion

s
process.

To solve numerically the conservation equations (5.12a-5.12d) and draw conclusions of
them is important to know the scales of the physical phenomena. Therefore, it is very useful to
write the equations in non-dimensional form using the following scales:

e 0; = Dra/Sy as scale for the lengths.

e 57 as scale for the velocity.

e Therefore, the time scale will be D74/5%.

e The density will be measured with the density of the air stream p 4.

e The concentration of fuel will be measured with Y g, o and the concentration of Oxygen
with }/O27 A-

e T as scale for the temperature of the fluid.

We do not write here the equations (5.12a-5.12d) in a dimensionless form because they
can be obtain in a straightforward manner. We only point out the important change in the form
of the dimensionless reaction rate given by the following expression

~ D oo S TemT
Bon, = QSTT;YCHLOYOQ,A - Bp*Yeu, Yo, e ToT/T, (5.20)
L 2
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5.2 Numerical Method

5.2 Numerical Method

The calculation of the numerical solution of (5.12a-5.12d) is a challenging problem for conven-
tional numerical methods because in addition to the compressible Navier-Stokes equations, one
has to deal with strong non linear convection-reaction-diffusion equations yielding phenomenon
that exhibit a large disparity of both temporal and spatial scales, and a free surface represented
by the flame front. Therefore, an efficient numerical approach to the problem should make use
of adaptive methods both in time and space to properly capture the scales and the evolution of
the flame fronts. We propose to solve the problem with the fully adaptive procedure designed
in this Thesis based on the Dual Weighted Residual (DWR) technique, in particular, we use the
theory presented in Chapter 4 for convection-diffusion-reaction equations.

Our method considers on one side the numerical solution of the Navier-Stokes equations
and on the other side the solution of the equations for temperature and species, both equations
will be discretizated with schemes that have a second order error in space and second order
error in time.

e For the Navier-Stokes equations (5.12a) we use the semi-Lagrangian finite element method
of [2] with the modification of the positive interpolation introduced in [15] to calculate
the variables at the foot of the characteristics. Such method employs Taylor-Hood P,/ P,
elements for space discretization and at each time step calculates the solution of the dis-
crete Stokes problems by a Preconditioned Conjugate Gradient-Uzawa algorithm that was
initially proposed by Cahouet and Charbard [26] and then developed by Glowinski and
coworkers [22] and [29].

e We use convection-diffusion-reaction equations to model the evolution of the tempera-
ture and the chemical species (5.12b-5.12c) and with these equations will formulate our
adaptive procedure and calculate the error in the form indicated in Chapter 4.

(/80
p(%“l'vc) =V - (pDcVC) +pf(C)  inQx (tn-r, ta],

Clz,th1) = ciar(x)  in (5.21)

| boundary conditions,

for C' = T, YC’H47 YOQ, YHQO and YCOQ'

The application of the semi-Lagrangian scheme to treat the convective terms leads to
integrate along of the characteristic curves and calculate €)'+, (z) and the convective error
indicator 7). ... Then, the equation (5.21) is transformed in the following diffusion-
reaction equation.
(_oC S

Por = V- (pDcVO) +pf(C)  in QX (t_1,tn),

Cla,ty ) =cak(z)  inQ, (5.22)

| boundary conditions,

and with this formulation we can calculate the diffusion-reaction error indicator 7y, rr_,.cqct-

About the resolution of the primal problem in time we can comment two options:
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1. The first one is to use the derived discretization obtained by applying the DWR
method with cG(1)-dG(0) finite elements. We have already seen that this discretiza-
tion leads to a Crank-Nicolson (CN) scheme in time. When equations have high
stiffness the Newton solver for nonlinear equations included in the CN scheme may
not reach the convergency easily and the time step size would be controlled by it. A
property is not at all interesting.

2. Another possibility is to use Runge-Kutta-Chebychev (RKC) schemes (Explitic ver-
sion [65] or a more recently Implicit-Explicit one [71]). RKC methods are designed
for parabolic equations but we can see an extended explanation of RKC schemes in
combination with the semi-Lagrangian method in the recent article of Bermejo and
Carpio [17].

In our case, the resolution of the primal problem with the RKC scheme yields a solution
with better features than those calculated with the CN scheme, furthermore, RKC is faster
and more robust than the classical CN, it means that with RKC scheme we are able to use
time step sizes bigger than with the CN scheme. In this example we have seen that the
number of stages with the Explicit RKC scheme is always smaller than 50, this means
that is not necessary to use the IMEX-RKC in this problem. This fact is due to the high
refinement of the mesh that yields similar stiffness for the diffusion and the reaction terms,
the use of IMEX-RKC does not improve the efficiency of the algorithm.

In all of the numerical examples we have to choose a functional controlling the error, so
that we get a solution which can provide a faithful capture of the most relevant features of lifted
flames. We have to reproduce with enough accuracy the flame front and in this special case of
undiluted lifted flames the mixing layer upstream of the front flame. For these reasons, a good
functional for this problem would be the product of the concentration of Fuel and Oxygen, that
offers a proper mixing layer and gets a good resolution of the flame front, because the form of
the functional is like the global reaction rate of our problem (see 5.15).

J(C) = / H(CMdQ = / Vi - Y3 dQ
Q Q

J(C) is an integral over the whole domain, therefore the convection and diffusion-reaction
functionals will have the same structure. Finally, the tolerance that we choose in the examples
is Tol, = Tol, =1-107*.

It is important to comment that in the numerical tests we have performed the number of
rejected time steps has been always smaller than 0.5% of the total, the most part of them being in
the ignition instants. Another good property of the algorithm is that in the semi-Lagrangian part
of it is very fast and consume few requirements of CPU time (see Figure 5.4). These features
lead to have a fast and efficient fully adaptive algorithm.

A schematic presentation of the numerical algorithm to solve the problem of the lifted
flame is the following
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5.2 Numerical Method

Space — time adaptive algorithm :
Given the tolerances Tol,, T'ol;, the macro-triangulation T},  and the time step Aty.

Obtain an initial mesh T¢ by local refinement and project the initial datum ¢ in that mesh as ¢} o, € V)2,

where ¢ = T, YCH47 YOQ, YHgO and YCOz~
Refine the initial mesh until ngwmd < Tols.
n=1.

6 =0..8.
while (¢,_1 <T)
{

Tho = TZH

1 =1.

while (k == 0)

{

1. Adapt the mesh T} ; , to generate a new mesh T} ,.

2. Solve the convective part with the semi-Lagrangian scheme and obtain ¢} .
Calculate both initial errors 7 .oppect A0 N7 conpect-

Using successive refinements to obtain a new mesh T} ; with 17 0,00 < 6 - T0ls.

3. Solve the diffusion-reaction equation and obtain the solution ¢}! », ; on the mesh T}, ;.

Calculate the error indicator with DWR technique in time 7y’ ;¢ .00 DA 0 SPACE 17 4y p1eq-

4. Calculate the total error indicator: T]? = T]ZCO’!L’U@Ct + nZdifffreact T}? = ng,con'uect + n?,difffreact'

and 6 = max (O.Z,O.SW) .

S

5. Select elements to be refined or coarsen with formulae (2.14a) and (2.14b).

If [(n? > Tols) and (ny < Toly)]
Reject step and maintain the time step length At,,. k =0andi =i+ 1.
Else
Calculate a new time step At,,¢,, With formula (2.15b)).
if (n} > Tol)
tn = tn_1+ Atpew. Rejectstep: Kk =0and i =4 + 1.
else
tpt1 = tn + Atpew and k = 1.
end if
End if

Chat = Chati-
Calculate p™(c} »,) by using the state equation (5.12d).

Calculate the velocity of the compressible flow uj; 5, at low Mach numbers (5.12a).

n o __
T =Th,

n
Note that 6 is a parameter between 0.2 and 0.8 defined as § = max ( 0.2, 0.8773L;M) :
Ms
We use this parameter to refine the spatial mesh in the semi-Lagrangian stage until the criterion
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N conveet < 0 - Tol is satisfied. With this idea, the index ¢ in the internal loop of the algorithm,
takes the value 1 on most occasions, therefore, the number of time steps rejected is negligible.

5.3 Numerical experiments

In this section we shall discuss the numerical results obtained by the integration of the general
equations (5.12a-5.12d). We shall consider the ambient temperature 7, = 300K as the initial
temperature in the domain; in this case, the spontaneous ignition time is several times larger than
the characteristic residence time and therefore, the spontaneous flame ignition phenomenon will
not likely play a significant role in the structure and dynamics of attached/lifted flames. As far as
our model is concerned, the ignition will occur by means of an external source located anywhere
within the mixing layer. The so-generated flame, which at early times may be spherical, will
quickly grow elongated by the flow.

The examples shown below are given for methane C'H,, although they are expected to be
similar for other hydrocarbons: we only need to change physical coefficients and the chemical
reaction as explained in [40]. In the examples we consider a mass fraction of feed air stream
Yo,,4 = 0.23 and different concentrations of the feed fuel stream Yy, o diluted with nitrogen.
For the concentrations Yo r, 0 = 0.1, 0.2 and 1 we can calculate the stoichiometric ratio S =

4Y, H:Y,
CH4’O, the adiabatic flame temperature 7, = Ty + —fg and the Zeldovich number
03,4 Cp
TCLO (Ts — T(])
B = 1
S |T(K)| B

Yowu,0=0.111.739 | 1797 | 7.37
Yowu,0=0.21]3478 | 2131 | 6.41
Yor,0=1 17.39 | 2530 | 5.54

Next, we shall show typical examples, namely the mixing layer and the planar jet, so as to
evaluate the reliability of the numerical scheme.

e Mixing layer:

We shall assume that the feed streams enter in the computational domain normal to the
porous wall: above the separation line (y = 0), the fuel stream flows with uniform ve-
locity Uy and below, the air stream also has uniform velocity U4. The wall, located at
x = 0, extends infinitely in the vertical direction, and the two streams are separated at
2 < 0 by an infinitely thin splitter plate located at y = 0. The feed streams are consid-
ered to possess fixed velocity, temperature and chemical composition, whereas the other
boundaries of the computational domain are located far away from the front flame; for
x —00 and |y| — o0 we assume free stress ,ug—‘; — pn = 0 and zero heat and mass flux
diffusion (pDTg—z:() and pDag—;: ) We consider here two different cases depending
on the velocity feed streams, the first situation being when the velocities of both fuel and
air are equal Uy = U, = U. This situation has been thoroughly studied and will allow us
to compare our results with those obtained by other authors, e.g. [39]. As for the more
interesting second problem, the different velocities Uy > U 4, will likely produce instabil-
ities in the flow, so that an adaptive temporal algorithm to solve efficiently the problem is
required. A schematic illustration of the two-dimensional reacting mixing layer is shown
on the left side panel of Figure 5.2.
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e Planar jet:

We shall assume that the fuel feed stream enters in the computational domain normal to an
injector of width 2a, with uniform velocity Uy; the air streams emerge from porous walls
located above and below the injector, with uniform velocity U,4. Notice that we are deal-
ing with the 2D or planar configuration, thus any coaxial or axilsymmetric considerations
are not relevant in this case. The boundary conditions are identical to those considered in
the mixing layer problem: fixed velocity, temperature and chemical composition on the
porous wall and injector; free stress and negligible heat and mass diffusion flux for the
other boundaries sufficiently apart from the fuel feed stream. Likewise, the two situations
to be studied next are: equal velocities Uy = U4 = U and different velocities Uy > Uy
for the fuel and air feed streams. Since neither case has been numerically solved as yet, it
is a good opportunity to illustrate these phenomena with some significant data. A sketch
of this configuration can be observed on the right panel of Figure 5.2.
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Figure 5.2: Mixing layer and planar jet configuration, showing the length scales and the up-
stream boundary conditions.

5.3.1 Mixing layer for Uy=U,=U

We shall consider in this example equal velocities for both feed streams Uy = Uy = U. All
results will be compared with those provided by the literature on lifted flames and will serve to
highlight good properties of the proposed numerical algorithm.

In Figure 5.3 we show the main features of the steady solution obtained for Yo g4 = 0.2
and velocity U/Sp = 2. The upper left panel depicts the final mesh and a detail near the flame
front. The upper right panel shows the stoichiometric curve and the isolines of the reaction rate;
the attached zoom of the flame front presents the temperature 7" in thick solid line, the oxygen
mass fraction Yy, in normal-size solid line and the flow streamlines in dashed lines. The lower
left figure plots the temperature of the flame. Finally, the lower right panel displays the module
of the velocity along the stoichiometric curve.

The key feature in these pictures is that the maximum temperature is reached along the
stoichiometric curve, very close to 7. The heat-releasing effect in the flame front causes the
flow to be redirected and therefore the triple-flame front adopts a curved shape. The module of
the velocity along the stoichiometric line decreases from its maximum value far upstream from
the triple flame, to a minimum value close to that of the planar laminar flame speed when we are
very near upstream from the flame. This has proved to be in agreement with the observations
[57]. According to this last characteristic, we obtain lifted flame regimes for values of the feed
stream velocities U4 and U, above the stoichiometric flame velocity Sy, as noted earlier.
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Figure 5.3: Figures of the steady solution obtained for Yo g, ¢ = 0.2 and velocity U/Sy, = 2.
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Figure 5.4: Figures of the behabiour of our fully adaptive procedure for Ycp, o = 0.2 and
velocity U/Sp = 2.

As for the numerical scheme, we show in Figure 5.4 some of the parameters involved
in the numerical algorithm, such as the number of nodes, the time step size, the value of the
functional J and the CPU time. We can observe that as the ignition is sparked off, the time
step size experiences an abrupt drop and the number of nodes suddenly increases. On the other
hand, is interesting to note that both the number of nodes and the time step size are stabilized
when the value of the functional reaches a stationary state, after approximately 2000 time steps.
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5.3 Numerical experiments

One significant plot could be that showing the CPU time required in each part of the algorithm:
as one can see, the adaptation procedure and the semi-Lagrangian part of the scheme only need
1% and 2.3% of the total time, respectively; the computation of the temporal and spatial error
estimator, which means to solve the dual linear problem and then to perform the post-processing
of the numerical solution takes a 22.3% of the total; a 30.5% is employed in the solution of the
NS equations; and finally the solution of the reaction-diffusion equations for the species and
temperature consumes the remaining 43.9%.

In order to validate the solution calculated by our numerical method, we have compared
our results with those provided by Fernandez-Tarrazo, Vera and Lifian [39], in which asymptotic
techniques and a non-adaptive finite difference scheme have been used. As a side note, we can
remark that the reaction rate employed in [39] is somewhat different to that proposed in a more
recent paper [40], the latter being also the one used in the present work. A comparison is shown
in Figures 5.5 and 5.6.

The triple flame configuration moves upstream and downstream along the stoichiometric
surface and takes different positions in the combustion chamber as a function of the injection
velocities and concentration of the fuel feed stream. When the ratio U/ S|, is small, the diffusion
flame is anchored in the Navier-Stokes region close to the injector; as the ratio U /S, grows, the
flame is lifted to a distance s, being eventually blown off and leaving the domain for values of
U/S}, exceeding of some critical value. This behaviour is shown in the Figure /5.5, where we
have plotted the variation of the dimensionless lift-off distance x ¢ /¢, with the injection velocity
ratio U/ S, for different values of the diluted fuel (Yop, 0 = 0.1, You, 0 = 0.2and Yeop, 0 = 1).
Our numerical examples have been represented with circles, and with solid line the results
obtained by [39]: we can observe that there is a good agreement for values of Yo, 0 > 0.2,
although remarkable differences arise for Yo g, o = 0.1.
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Figure 5.5: Lifted length x /0, versus velocity U/Sy. *0’ results obtained with our adaptive
method and continuous line results of [39].

Figure 5.6 shows the flame front structure obtained for undiluted feed fuel stream (Yo, 0 =
1) and different values of the velocity ratio U/Spand their related Damkohler number D,,, =
(01 /0 L)Q. The plots correspond to the points A, B, C' and D of Figure 5.5. The different
pictures of Figure 5.6 illustrate the evolution of the flame front, ranging from an edge flame
for sufficiently small values of D,, to a thin premixed flame front with trailing diffusion for
D,, — oo. In Figure 5.6 the coloured images have been created by Fernandez-Tarrazo, Vera
and Lifian in [39], whereas the background mesh images belong to our numerical method.
Again, the similarities are remarkable.
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Figure 5.6: Flame front for different velocities U/S},. Background mesh images obtained with
our adaptive method and colored images by [39].

For 3 >> 1, the transition from edge flames to triple flames starts when the Damkohler
number based on the effective size §,,/ of the flame front region goes beyond 1. Notice that
dm/(Bd1) is also the ratio of the burning rate per unit flame surface in the premixed and diffusion
flames, so that for large values of the Damkdohler number, the contribution of the burning rate
in the diffusion flame ceases to be visible. In the case of undiluted methane C' H,, the transition
from edge flame to triple flame is expected to occur around D,, = (8,,/6.)> ~ (% = 31,
situation which can be observed in Figure 5.6.

5.3.2 Mixing layer for Uy> U4

In the previous example, both feed streams (fuel and air) shared the same velocity Uy = U.
Now, we shall consider two parallel streams with different velocities U, > U 4, separated by a
thin plate, which come together when the plate ends. This situation is the so-called ’shear layer’,
which is technologically relevant because of two main reasons: first, the shear layer produces
noise and dissipation of energy and, thus, amounts to a drag source; second, when two different
fluids are present in the streams (as it happens in our example), the mixing of these fluids takes
place in the shear layer. Since shear layers appear also in well known flows, such as jets and
separation regions, most industrial combustors and many chemical mixers are designed with
them in mind.

The main feature of this new configuration for large Reynolds numbers is that the mix-
ing layer becomes a thin, two-dimensional vorticity layer linearly unstable, showing Kelvin-
Helmholtz instabilities, for values of the ratio Uy/U4 exceeding of a certain critical value. The
resulting mixing layers have adopted a corrugated shape due to the surrounding flow, which fur-
ther enhances the mixing process. However, a stable configuration is attainable when a flame
is present in the mixing layer, and this is so because of the expansion of the fluid and the in-
crease of the diffusion coefficients caused by temperature. Figure 5.7 reflects this situation, with
velocities Uy /Sy, = 10 and U, /S = 1, and the concentration of fuel is Yoz, = 0.2.
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Figure 5.7: Mixing layer with a fuel stream U,/S; = 10 and air stream U,/S;, = 1 for a
concentration Yo, = 0.2. We have on left panel figures without ignition and on the right panel
figures with ignition.

The left side of Figure 5.7 shows pictures of a mixing layer where the ignition is not
provoked, whereas the right side of the same figure reveals a lifted flame. For both sides, the
topmost pictures show, in dashed lines, the streamlines of the flow; in thick solid line, the
stoichiometric curve; and in thin solid lines, the isolines of the concentration of oxygen. The
middle row plots the module of the velocity along the stoichiometric curve. Finally, the bottom
pictures present the refined mesh of the numerical experiments. The solution on the right side,
obtained with ignition, is a steady configuration. However, the solution without ignition on
the left side of the picture has an oscillatory behaviour which can be easily observed in the
corrugated form of the isolines of Y, as well as in the oscillatory character of the velocity along
of stoichiometric curve. For the example, without ignition the oscillation of the velocity close
to the wall grows along the stoichiometric curve, whereas in the case with ignition the initial
oscillations of the velocity drastically drop behind the front flame, so that the flame delays the
oscillatory character of the solution.

In these examples the triple-flame propagation depends also on the velocity ratio Uy /U 4.
Due to the velocity ratio the flame front is moved to the slower zone (in our case, the air zone)
and therefore we can obtain a lifted flame for velocities of the feed fuel stream higher than the
cases with Uy/Us = 1. We have also seen that an expansion of the fluid and an increase of
the diffusion coefficients by the heat releasing contribute to the stabilization of the mixing layer
and, therefore, steady flames with high ratio Uy/U 4 are obtained. However, for higher values of
the ratio Uy /U 4, instabilities appear in the flow and the flame presents an oscillatory behaviour,
Furthermore, if the instabilities of the flow are important just upstream of the flame front, the
flame will be blown-off. In Figure 5.8 we have a steady flame on the left side with Uy /U4 = 10
and, on the right side, an oscillatory (near of the blown-off) flame with Uy /U4 = 12. In these
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examples we have considered a concentration Yoy, = 0.2 and a ratio of velocities U /S, = 1.
In Figure we have plotted the temperature and a detail of the front flame (with isolines for
temperature, concentration of oxygen and streamlines of the flow).

-49

Figure 5.8: Temperature (top) and a detail of the front flame (bottom) for a mixing layer with
Yon, =0.2and U4 /Sy, = 1. On the left panel Uy /U4 = 10 and on the right panel Uy /U4 = 12.

Due to the observed flow instabilities arising from this particular example of the mixing
layer with different velocities Uy > Uy, no stationary equations can properly describe the
phenomenon. Thus, a time-dependent scheme such as the one proposed in this work is required
to obtain an accurate description of the real solution. In Figure 5.9, we plot the evolution in
number of nodes and time step size for the two different flame configurations displayed in
Figure 5.8!
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Figure 5.9: Evolution of the number of nodes and the time step size in a mixing layer with
Yon, = 0.2 for different gradients of velocities Uy /U4 = 10 and Uy /U4 = 12.
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5.3.3 Planar jet for Up= Up=U

In a planar jet the fuel feed stream enters in the computational domain normal to an injector of
width 2a, with uniform velocity Uy; the air streams emerge from porous walls located above and
below the injector with uniform velocity U,. In these examples we consider that both the fuel
and air velocities on the porous walls are equal, thatis, Uy = U4 = U. The aim of this example
is to observe the diffusion flame behaviour when there are two mixing layers and, therefore, the
two flame fronts interfere.

When the Reynolds number Re, = aU/Dps = (a/dr - U/Sy) and the stoichiometric
ratio S are large compared with unity, the jet is slender with a developing length L; ~ SaRe,
and the lift-off of the flame must take place for distances xy < L, otherwise the flame will be
blown-off. When we provoke the ignition, symmetrically in both mixing layers, the flame fronts
move together and reach an apparent symmetric steady solution that can be observed on the left
part of Figure 5.10. But this situation is not stable and the interaction of the flames breaks the
symmetry of the problem and an asymmetric steady solution is reached. We can observed this
phenomena on the right side of Figure 5.10 with its respective refined mesh. We obtain two
different asymmetric (but with mirror symmetry on the x-axis) situations that depend on the
character of the perturbations as time integration progresses.
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Figure 5.10: Symmetry breaking of two stable solutions with Yo, = 0.1 and U/Sy, = 1.5.

Figure 5.11: Experimental photograph of a coaxial flame, by Pablo Martinez and Jean-Marie Truffaut.

In the example of Figure 5.10 we have used diluted methane CH, (You, = 0.1), an
injector with semi-width a = 106, and velocity U/S, = 1.5, but we have similar situations with
different concentrations, velocities and semi-widths of injector as long as we will have a lifted
jet flame configuration with the front flames sufficiently close to each other. This phenomena
has been observed in the laboratory and in Figure 5.11/ we show an experimental photograph
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taken by Pablo Martinez Legazpi and Jean-Marie Truffaut for a coaxial jet of methane. We
have not experimental results for planar jet since its configuration is more difficult to obtain in a
laboratory, but we expect similar experimental results in planar jet flames as we have observed
in coaxial jet configurations.
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Figure 5.12: Lifted flames with Yoy, = 0.1 and U/S;, = 1.5 for different values of a =
8,10, 15,30, 650,
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As we have said above in the mixing layer example, the effect of heat release in the flame
front causes the flow redirection, therefore a redirection of the flow caused by the first flame
front provokes an alteration of the flow just upstream of the second flame front. This effect
produces that the first front goes forward and the second one backward until they reach a steady
asymmetric solution. In Figure 5.12 we maintain constant both the concentration of fuel Yo,
and the velocity U/S = 1.5; then, we run several numerical examples for different values of the
semi-width of the injector a. The lower limiting value for a is that of the example in which there
is only a flame front at the end of the stoichiometric line (z; < L,). By successive increments
in a, the flame fronts in both mixing layers get separated until the symmetric configuration is
retrieved again for values of a large enough.

The most relevant aspects in these pictures are the following. In the limit of z; < Ly
we have an almost symmetric configuration, because the zone of interaction of the flame fronts
is planar and it does not produce the redirection of the flow. When the semi-width of the
injector a increases, the steady solution of the problem takes an asymmetric configuration and
the separation of the fronts |x 1 — x so| reaches a maximum. If we continue increasing the length
a the symmetric steady solution is recovered, because the interference between both flames is
negligible. The effect of the redirection of the flow is negligible as can be observed in the last
picture, and we obtain the configuration of two almost independent mixing layers. Figure5.13
shows the lifted length ¢, (with circles) and x ¢, (with asterisk) of the flame fronts as function
of the dimensionless parameter a/d .
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Figure 5.13: Lifted length of both flame fronts x ;; and x f, as function of the a/d ..

To obtain this kind of asymmetric solution is necessary to calculate the time-dependent
solution of the general equations. Should we wanted to obtain the steady solution by using
the stationary equations of the problem, we would obtain only the symmetric solution, which
proves to be unstable. Again, our time-space adaptive numerical algorithm shows its capabilities
to provide a valid solution of the complex lifted flame problem.

5.3.4 Planar jet for Uy> Uy

We shall consider in this example a planar jet with different velocities of the fuel U, and air feed
streams Uy, with Uy /U4 > 1. Therefore, in this example we have two shear layers that interfere,
a situation very common in technological applications. In this case, we hope to observe similar
features as in the mixing layer with Uy > U4; we are also interesting in its symmetry properties.
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Figure 5.14: Planar jet with a fuel stream U,/S;, = 10 and air stream U,/S; = 1 for a
concentration Yo, = 0.2. We have on left panel figures without ignition and on the right panel
figures with ignition.

Again, we see in Figure!5.14 as the effect of the heat release makes the flame configuration
stable. For velocities Uy = 10 and U4 = 1 we have plotted the solution without ignition on
the left side and the solution with ignition on the right side. We observe the same properties as
in Figure 5.7 for the mixing layer. In the case without ignition, the resulting mixing layers are
corrugated by the flow. However, when we provoke the ignition, the flame gets the stabilization
of the flow downstream of the flame front and a steady solution for the streamlines, the isolines
of oxygen concentration and the temperature in the flow is obtained.

Once more we obtain lifted flames with high values for the velocity of the feed fuel stream
Uy if the velocity of the air U, is small because the front flame is moved to the slower zone.
We have seen that the temperature produces the stabilization of the fluid downstream of the
flame front. Another important feature is that the symmetry of the flames is maintained because
the velocity in the fuel stream is too high and the redirection of the velocity caused by the
flame front is negligible as compared with the unperturbed fuel stream velocity. If we continue
increasing the ratio Uy/U 4, instabilities behind the flame front may appear, where we will find
an oscillatory solution and flame fronts that advance and recede from the injector rim. When
the instabilities are high just upstream of the flame fronts, the flame will be blown-off. In Figure
5.15'we have a steady flame on the left panel with Uy/U4 = 10 and an oscillatory and almost
blown-off flame on the right panel with Uy/U4 = 12, always with concentration Yoz, = 0.2
and U, = 1. In this figure we have plotted the temperature and a detail of the front flame (with
isolines of temperature, concentration of oxygen and streamlines of the flow). The flame on the
left is stable but on the right it shows an oscillatory character that changes with time.

In the global map of the temperature in Figure'5.15, for the case Uy/Us = 12 appears
the typical instability observed in the planar jet without ignition, and if we perform a long
integration in time, the oscillation grows, the positions of the flame fronts travel far from the
injector rim and the highly corrugated flame tends to leave the domain. In Figure'5.16 we plot
the evolution in number of nodes and time step size for the two different flames displayed in
Figure 5:15. We can notice the highly oscillatory character of the solution when Uy /U, = 12
in the size of the time step, as well as the extremely corrugated shape of the mixing layer in the
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5.3 Numerical experiments

Figure 5.15: Temperature (top) and a detail of the front flame (bottom) for a planar jet with
You, = 0.2and Us/SL, = 1. On the left panel Uy /U4 = 10 and on the right panel Uy /U4 = 12.

increase of the number of nodes.
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Figure 5.16: Evolution of the number of nodes and the time step size in a planar jet with
You, = 0.2 for different gradients of velocities Uy /U4 = 10 and Uy /U4 = 12.
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Chapter 6
CONCLUSION AND FUTURE WORK

In this thesis we have presented a space-time adaptive method to calculate, in an efficient man-
ner, the numerical solution of PDE’s specially in time-dependent convection-diffusion-reaction
equations. Our method is formulated in the context of finite elements, on unstructured 2D trian-
gular meshes and the calculation of the a posteriori error is based on the philosophy of the Dual
Weighted Residual (DWR) methodology for goal-oriented adaptation in arbitrary quantities of
physical interest .J(u) of the solution.

The DWR technique yields efficient adaptive finite element algorithms for stationary prob-
lems. In our work, we have further developed this technique extending the ideas of the space
post-processing to unstructured triangular meshes. However, in time-dependent problems, the
application of the DWR method would require a large amount of computational resources. To
palliate this issue, we have proposed in this thesis a fully adaptive algorithm that is based on the
DWR idea, but applying the methodology locally in each time subinterval I,, := (¢,_1,t,] to
the original problem with a perturbed initial condition given by the numerical solution at time
tn—1. Thus, rather than controlling the error for the whole interval [0, 7] what we have now is a
good local control of the error in each interval [,,. Nevertheless, a weak point of this approach is
that having a good local error control does not guarantee that the global error will be bounded.
One future efforts will try to improve this shortcoming.

We have successfully combined the error committed in the discretization of the convective
terms within the semi-Lagrangian framework with the DWR method in the reaction-diffusion
stage of the equation. In doing so, we have defined a robust algorithm to numerically solve
all kind of time-dependent convection-reaction-diffusion equations. The algorithm presented in
this thesis it is self-sufficient in providing a precise criterium for the adaptation of both the time
step At and the mesh size h, so that in each time subinterval [,,, they are automatically chosen
according to a prescribed tolerance following an optimization criterium.

As an engineering application of the fully numerical adaptive procedure, we control the
error for functionals of the solution to adapt the spatial mesh and the time step size in the context
of reactive flows. The work presented in this thesis applies the low-Mach-number formulation
of the Navier-Stokes equation for chemically reactive flows to describe the presence of lifted
flames. The solutions obtained with our numerical scheme have been compared with those
provided by other authors, and both being in good agreement (see Figure 6.1 and 6.2).

Furthermore, our adaptive procedure has been used in more several situations of lifted
flames, with more general boundary conditions (planar jets and mixing layers for different ve-
locities of both air and fuel feed streams). In planar jet problems our adaptive algorithm allows
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Figure 6.1: Lifted length x;/0;, versus velocity U/Sy. ’o’ results obtained with our adaptive
method and continuous line results of [39].
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Figure 6.2: Flame front for different velocities U/Sy. Background mesh images obtained with
our adaptive method and colored images by [39].

us to observe an interesting phenomenon: the interaction of the two front flames breaks the
symmetry of the problem and an asymmetric steady solution is reached (see Figure 6.3). We
have not found references of this behabiour in the scientific literature but a similar phenomenon
has been observed in the laboratory for coaxial jets of methane.

Our future work will try to extend the ideas presented in this thesis to 3D configurations, in
which the goal oriented adaptivity method will be even more efficient in comparison to classical
algorithms, since we can treat more realistic chemical problems with a complex geometry as
well as real applications in the engineering field; more specifically we will be interested in
solving the problem of lifted flames in 3D.

The 3D extension requires a special care in setting up the data structure for mesh organi-
zation, for its implementation we will have to:
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Figure 6.3: Symmetry breaking of two stable solutions with Yoy, = 0.1 and U/S;, = 1.5.

e describe a basic algorithms for the local refinement and coarsening of unstructured tetra-
hedra in 3D. We can take advantage of the work of several authors in this field to design
a valid code for our data structure. The idea will be to devise a recursive refinement al-
gorithm by a bisection procedure, which will lead us to nested meshes with hierarchical
structure of binary trees (similar to the structure used in 2D).

e define a good spatial post-processing tool for unstructured tetrahedra.
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APPENDIX

Proposition of R. Becker and R. Rannacher [11]

Let X be a function space and L(-) a differentiable functional on X. Its derivatives are denoted

by LI'(\)(+), L"(:)(+;-) and L"(-)(+;+;-). Here, we use the convention that in these forms the

dependence on the first argument in parentheses may be nonlinear while the dependence on all

further arguments in the second set of parentheses is linear. We seek a stationary point z of
L(-)on X, ie.,

L'(z)(y) =0 Vye X. (A1)

This equation is approximated by a Galerkin method using a finite-dimensional subspace

X,C X, where h € R" is a discretization parameter. The discrete problem seeks z,€ X, sat-
isfying

L'(zp)(yn) =0 Yyn € Xp. (A2)
Then, there holds the error representation
1
L(z) — L(zp) = §L,($h)($ —yn) + Ru,  yn € X, (A3)
with a remainder term R, which is cubic in the error €* := x — xy,
1 /1
Ry = 5/ L" (xp, + se®)(e”, e*, e")s(s — 1)ds. (A4)
0

Proof: We can write
1
L(2) — L{zy) = / L' + se%)(e")ds.
0

The integral term can be calculated by the trapezoidal rule. For this, we have the well-know
error representation

[ s =50+ s+ 5 [ st = s

and then, we have the expression

L(z) — Lizy) = %{L’(mh)(ex) + D))} + % /0 L7 + se™) (e, €%, ™) s(s — 1)ds.

Making use of equation (A1) L'(x)(e*) = 0, and the equation (A2) L'(xy)(y,) = 0 for all
yr € Xp, we have that

S @) + L@ ()} = 5L @) =) = 5L @)@ =), o€ X

This completes the proof obtaining the desired error representation.
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Lifted flames symbols

Q

I'Pand TV C 90
x—y

Ty

Dy

Yroand Yo, 4
St

on = Dra/Us
6 = Dra/SL

8 = (Drazy/Up)'?

D, = (5m/5L)2

Uy and Uy

U

a

Re, = aU/Dra

ple,t) and p,

u = (uy, uy)

P = Phya + (1, + %M)(V -u)

T
a=CHy, Oy, COy and HyO
Yo
cp =, Yalpa
1
S SIS
U
pDr
pDq
Pr = p/(pDr)
Lew = Dy/ D,
Wa
B
Ta(g)
q(o)
Hp = q/Mc,

Spatial domain.

Dirichlet and Neumann boundary of the domain.

Cartesian coordinates.

Lifted length of the flame front.

Kinetic thermal diffusivity of the air at temperature T,,.
Mass fraction of fuel (methane) and O, in the feed streams.
Planar flame velocity of the stoichiometric mixture.
Characteristic Navier-Stokes length.

Characteristic laminar flame thickness.

Characteristic mixing layer thickness at the flame front.
Damkohler number.

Inflow velocities of the feed fuel and air streams respectively.
The velocity of the feed streams when Uy = U 4.

Width of the injector in planar jets.

Reynolds number of planar jets.

Density of the fluid and density of the air at temperature T,,.
Velocity of the fluid.

Hydrodynamic correction of the pressure.

Temperature of the fluid.

Chemical species in the problem.

Mass fraction of the species a.

Specific heat coefficient.

Mean molecular mass.

Dynamic viscosity of the fluid.
Dynamic thermal diffusion coefficient.
Dynamic mass diffusion coefficients.
Prandtl number.

Lewis number.

Reaction rate of the species a.
Preexponencial factor.

Activation temperature.

Molar heat of reaction.

Heat released per unit mass of fuel consumed.
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S
S = SYF,O/YOQ,A
SYp/Yro—Yo,/Y0, 4+ 1

7 —
1+ S5
H Y,
T, =Ty + - 0
Cp YOQ,A

6 = TCL()(TS — izj())/jjs2

Mass of oxygen burnt per unit mass of fuel consumed.

Stoichiometric ratio.

Mixture fraction.

Stoichiometric flame temperature.

Zeldovich number.

121



122



Bibliography

[1] M. Ainsworth and J. T. Oden. ‘A posteriori error estimation in finite element analysis’.
Comput. Meth. Appl. Mech. Eng. Vol. 142 (1997), pp.1-88.

[2] A. Allievi and R. Bermejo. ‘Finite element modified method of characteristics for the
Navier-Stokes equations’. Int. J. Numer. Meth. Fluids, Vol. 32 (2000) pp. 439-464.

[3] A. Allievi and R. Bermejo. ‘A Generalized Particle Search-Locate Algorithm for Arbitrary
Grid’. J. Comp. Physics, Vol. 132 (1997), pp. 157-166.

[4] L. Babuska and W. Rheinboldt. ‘Error estimates for adaptive finite element computations’.
SIAM J. Numer. Anal. Vol. 15 (1978), pp. 736-754.

[5] L. Babuska and W. Rheinboldt. ‘A posteriori error estimates for the finite element method’.
Int. J. Numer. Meth. Eng. Vol. 12 (1978), pp. 1597-1615.

[6] 1. Babuska and A.D. Miller. ‘A feedback finite element method with a posteriori error
estimation’. Comput. Meth. Appl. Mech. Eng. Vol. 61 (1987), pp. 1-40.

[7] 1. Babuska and A.D. Miller. ‘The post-processing approach in the finite element method, I:
Calculations of displacements, stresses and other higher derivatives of the displacements’.
Int. J. Numer. Meth. Eng. Vol. 20 (1984), pp. 1085-1109.

[8] I. Babuska and A.D. Miller. ‘The post-processing approach in the finite element method,
II: The calculation of stress intensity factors’. Int. J. Numer. Meth. Eng. Vol. 20 (1984),
pp- 1111-1129.

[9] 1. Babuska and A.D. Miller. ‘The post-processing approach in the finite element method,
III: A posteriori error estimation and adaptive mesh selection’. Int. J. Numer. Meth. Eng.
Vol. 20 (1984), pp. 2311-2324.

[10] W. Bangerth and R. Rannacher. ‘Finite element approximation of the aoustic wave equa-
tion: Error control and mesh adaptation’. East-West J. Numer. Math. Vol. 7 (1999), pp.
263-282.

[11] W. Bangerth and R. Rannacher. ‘Adaptive Finite Element Methods for Differential Equa-
tions’. Birkhéuser, Basel, (2003).

[12] R.E. Bank and A. Weiser. ‘Some a posteriori error estimators for elliptic partial differential
equations’. Math. Comp. Vol. 44 (1985), pp. 283-301.

[13] R. Becker and R. Rannacher. ‘A feed back approach to error control in finite element
methods: Basic analysis and examples’. East-West J. Numer. Math. Vol. 4 (1996), pp.
237-264.

123



[14] R. Becker. ‘Mesh adaptation for stationary flow control’. J. Math. Fluid. Mech. Vol. 3
(2001) pp. 317-341.

[15] R. Bermejo and A. Staniforth: “The conversion of semi-Lagrangian advection schemes to
quasi-monotone schemes’ Month Weath. Rev., 120 (1992) 2622-2632.

[16] R. Bermejo: ‘A Galerkin-characteristic algorithm for transport-diffusion equations’.
SIAM J. Numer. Anal. Vol. 32 (1995), pp. 425

[17] R. Bermejo and J. Carpio. ‘An adaptive finite element semi-Lagrangian implicit-explicit
Runge-Kutta-Chebyshev method for convection dominated reaction-diffusion problems’.
Applied Numerical Mathematic Vol. 58 (2008). pp 16-39.

[18] R.Bermejo and J. Carpio. ‘A semi-Lagrangian-Galerkin projection scheme for convection
equations’. IAM Journal of Numerical Analysis. Accepted. (2008).

[19] C. Bernardi. ‘Optimal finite-element interpolation on curved domains’. STAM J. Numer.
Anal., Vol. 36 (1989), pp. 1212-1240.

[20] M. Braack. ‘An adaptive finite element method for reactive flow problems’. Doktorarbeit,
Institut fiir Angewandte Mathematik, Universitdt Heidelberg (1998).

[21] S.C. Brenner and L.R. Scott. ‘The Mathematical Theory of Finite Element Methods’.
Springer, New York (1994).

[22] M. O. Bristeau, R. Glowinsky and J. Periaux. ‘Numerical Methods for the Navier-Stokes
equation’. Computer Methods in Applied Mechanics and Engineering, Vol. 32 (1982), pp.
199-259.

[23] J. Buckmaster. ‘Edge-Flames and Their Stability’. Combust. Sci. Tech. Vol. 115 (1996),
pp- 41-68.

[24] J. Buckmaster. ‘Edge-flames’. Prog. Energ. Combust. Sci. Vol. 28 (2002), pp. 435-475.

[25] J.C. Butcher. ‘Numerical Methods for Ordinary Differential Equations’. John Wiley.
Chichester. England. (2003).

[26] J. Cahouet and J.P. Chabard. ‘Some fast 3D solvers for the generalized Stokes problem’.
Inter. J. Numer. Meth. Fluids. Vol. 8 (1988), pp. 269-295.

[27] R. Courant. ‘Variational method for the solution of problems of equilibrium and vibra-
tions’ Bulletin of American Mathematical Society’. Vol. 49 ( 1943), pp. 1-43.

[28] J. Daou and A. Lifidn. ‘The role of unequal diffusivities in ignition and extinction fronts
in strained mixing layers’. Combust. Theory Modelling Vol. 2 (1998), pp. 449-477.

[29] E.J. Dean and R. Glowinsky. ‘On some finite elements methods for the numerical sim-
ulation of incompressible viscous flow’. Incompressible computational fluid Dynamics.
(M.D. Gunzburger and R.A. Nicolaides eds). Cambridge: Cambridge University Press.
(1993).

[30] J.W. Dold. ‘Flame propagation in a nonuniform mixture: Analysis of a slowly varying
Triple Flame’. Combust. Flame Vol.76 (1989), pp. 71-88.

124



[31] K. Eriksson and C. Johnson. ‘An adaptive finite element method for linear elliptic prob-
lems’. Math. Comp. Vol. 50 (1988), pp. 361-383.

[32] K. Eriksson and C. Johnson. ‘Adaptive finite element methods for parabolic problems, I:
A linear model problem’. SIAM J. Numer. Anal. Vol. 28 (1991), pp. 43-77.

[33] K. Eriksson and C. Johnson. ‘Adaptive finite element methods for parabolic problems, II:
Optimal error estimates in [, /o and [lo. . STAM J. Numer. Anal. Vol. 32 (1995), pp.
706-740.

[34] K. Eriksson and C. Johnson. ‘Adaptive finite element methods for parabolic problems, I'V:
Nonlinear problems’. SIAM J. Numer. Anal. Vol. 32 (1995), pp. 1729-1749.

[35] K. Eriksson and C. Johnson. ‘Adaptive finite element methods for parabolic problems, V:
Log-time integration’. SIAM J. Numer. Anal. Vol. 32 (1995), pp.1750-1763.

[36] K. Eriksson, D. Estep, P. Hansbo and C. Johnson. ‘Introduction to adaptive methods for
differential equations’. In Acta Numerica (A. Iserles, ed.), Vol. 4 (1995), Cambridge Uni-
versity Press, pp. 105-158.

[37] K. Eriksson and C. Johnson. ‘Adaptive finite element methods for parabolic problems, VI:
Analytic semigroups’. SIAM J. Numer. Anal. Vol. 35 (1998), pp. 1315-1325.

[38] D. Estep and S. Larsson. ‘The discontinuous Galerkin method for semilinear parabolic
problems’. Modél. Math. Anal. Numér. Vol. 27 (1993), pp.611-643.

[39] E. Fernandez-Tarrazo, M. Vera and A. Lifian. ‘Lift-off and blow off of a diffusion flame
between parallel streams of fuel and air’. Combust. Flame Vol. 144 (2006), pp. 261-276.

[40] E. Fernandez-Tarrazo, A.L. Sdnchez, A. Lifian and F.A. Williams. ‘A Simple One-Step
Chemistry Model for Partially Premixed Hydrocarbon Combustion’. Combust. Flame Vol.
147 (2006), n° 1-2, pp. 32-38.

[41] C. Foias, C. Guillopé and R. Temam. ‘Lagrangian representation of the flow’. J. Diff.
Eqns. Vol. 57 (1985), pp. 440-449.

[42] V. Girault and P.A. Raviart. ‘Finite element methods for Navier-Stokes equation: theory
and algorithms’, in Finite Element for Navier-Stokes Equations, Springer, Berlin, (1986).

[43] PM. Gresho. ‘Some current CFD issues relevant to the incompressible Navier-Stokes
equations’ Comput. Methods Appl. Mech. Eng. Vol. 87 (1991), pp. 201-252.

[44] K. Gustafsson, M. Lundh and G. Soderlind. ‘A PI step size control for the numerical
solution of ordinary differential equations’ BIT Vol. 28 (1988), pp. 270-287.

[45] R. Hartmann. ‘A posteriori Fehlerschiatzung und adaptive Schrittweiten- und Ortsgitters-
teuerung bei Galerkin- Verfahren fiir die Wirmeleitungsgleichung’. Diploma thesis, Insti-
tute of Applied Mathematics, University of Heidelberg, (1998).

[46] P. Houston and E. Siili. ‘Adaptive Lagrange-Galerkin methods for unsteady convection-
diffusion problems’ Math. of Computation, Vol. 70 (2000), pp. 77-106.

[47] C. Johnson. ‘Numerical Solutions of Partial Differential Equations by the Finite Element
Method’. Cambrige University Press (1987).

125



[48] C. Johnson, ‘A new paradigm for adaptive finite element methods’. In Proc. MAFELAP
93 (J. Whiteman, ed.), Wiley (1994), pp. 105-120.

[49] R. Klein. ‘Semi-implicit extension of a Gudonov-type scheme based on low Mach number
asymptotics I: One-dimensional flow’. J. Comp. Phys. Vol. 121 (1995) pp. 213-237.

[50] I. Kossaczky. ‘A recursive approach to local mesh refinement in two and three dimen-
sions’. J. Comput. Appl. Math. Vol. 55 (1994), pp. 275-288.

[51] P. Ladeveze and D. Leguillon. ‘Error estimate procedure in the finite element method and
applications’. STAM J. Numer. Anal. Vol. 20 (1983), pp. 485-509.

[52] J. Lang. ‘Adaptive Multilevel Solution of Nonlinear Parabolic PDE Systems’ Lecture
Notes in Computational Science and Engineering, Springer Vol. 16 (2001), pp. 83-88.

[53] A. Liféan, E. Fernandez-Tarrazo, M. Vera and A. L. Sanchez. ‘Lifted laminar jet diffusion
flames’. Combust. Sci. Tech. Vol. 177 (2005), pp. 933-953.

[54] W. Mitchell. ‘A comparison of adaptive refinement techniques for elliptic problems’. ACM
Trans. Math. Softw. Vol. 15 (1989), pp. 326-347.

[55] K.W. Morton, A. Priestley and E. Siili. ‘Stability of the Lagrange-Galerkin method with
non-exact integration’. SIAM Mathematical Modelling and Numerical Analysis, Vol. 22
(1988), pp. 625-653.

[56] T. Poinsot and D. Veynante. Theoretical and numerical combustion. Edwards Phyladel-
phia, PA, 2001, p. 54.

[57] H. Phillips. ‘Flame in a buoyant methane layer’. Proc. Combust. Inst. Vol. 10 (1965), pp.
1277-1283.

[58] R. Rannacher. ‘A posteriori error estimation in least-squares stabilized finite element
schemes’. Comput. Meth. Appl. Mech. Eng. Vol. 166 (1998), pp. 99-114.

[59] R. Rannacher. ‘Duality techniques for error estimation and mesh adaptation in finite ele-
ment methods, in Adaptive Finite Elements in Linear and Nonlinear Solid and Structural
Mechanics’ E. Stein, ed. Vol. 416 (2000)of CISM Courses and Lectures, Springer.

[60] G. R. Ruetsch, L. Vervisch and A. Lifian. ‘Effects of heat release on triple flames’. Phys.
Fluids Vol. 7 (1995), pp. 1447-1454.

[61] M. Schmich and B. Vexler. ‘Adaptivity with dynamic meshes for space-time finite element
discretizations of parabolic equations’. SIAM J. Sci. Comput. Vol. 30(1), (2008) pp. 369-
393.

[62] A. Schmidt and K. G. Siebert. ‘Designed of Adaptive Finite Element Software. The Fi-
nite Element Toolbox ALBERTA’. Springer Lectures Notes in Computational Science and
Engineering, Springer Berlin (2005).

[63] G.P. Smith, D.M. Golden, M. Frenklach, N.W. Moriarty, B. Eiteneer, M. Goldenberg,
C.T. Bowman, R.K. Hanson, S. Song, W.C. Gardiner, V.V. Lissianski and Z. Quin. Gas
Research Institute Mechanism. http://www.me.berkeley.edu/grid_mech/

126



[64] M.D. Smooke and V. Giovangigli. ‘Formulation of the premixed and nonpremixed
test problems’. In Reduced Kinetic Mechanisms and Asymptotic Approximations for
Methane-Air Flames, Ed. Smooke, M.D. Springer-Verlag (1990) pp. 1-28.

[65] B.P. Sommeijer, L.F. Shampine and J.G. Verwer. ‘RKC: An Explicit solver for Parabolic
PDEs’. Modelling Analysis and Simulation (MAS) MAS-R9715 June 30, (1997).

[66] R. Temam. ‘Infinite-Dimensional Dynamical Systems in Mechanics and Physics.
Springer-Verlag. New York (1988).

[67] M.J. Turner, R.W. Clough, H.C. Martin and L.C. Topp. ‘Stiffness and deflection analysis
of complex structures’ Journal of Aeronautical Sciences, Vol. 23 (1956), pp. 805-824 .sitit
Heidelberg (1998).

[68] R. Verfiirth. ‘A Review of A Posteriori Error Estimation and Adaptative Mesh-Refinement
Techniques’. Wiley/Teubner, New York/Stuttgart (1996).

[69] J.G. Verwer, W. Hundsdorfer and B.P. Sommeijer. ‘Convergence properties of the Runge-
Kutta-Chebyshev method’. Numer. Math., Vol. 57 (1990), pp. 157-178.

[70] J.G. Verwer, B.P. Sommeijer and W. Hundsdorfer. ‘RCK time-stepping for advection-
diffusion-reaction problems’. Journal of computational Physics, Vol. 201 (2004), pp. 61-
79.

[71] J.G. Verwer and B.P. Sommeijer. ‘An implicit-explicit Runge-Kutta-Chebyshev scheme
for diffusion-reaction equations’. SIAM J. Sci. Comput. Vol. 25 (2004) pp.1824-1835.

[72] C. Westbrook and F. Dryer. ‘Simplified Reaction Mechanisms for the Oxidation of Hydro-
carbon Fuels in FlamesCombust’. Sci. Tech. 27 (1981) 31-43.

[73] S. Ziukas and N.E. Wiberg. ‘Adaptive procedure with superconvergent patch recovery
for linear parabolic problems, in Finite Element Methods: Superconvergence, Post-
Processing, and A Posteriori Estimates’. M. Krizek et al., eds. Vol. 196 (1998) of Inc.
Lect. Notes Pure Appl. Math., Marcel Dekker, pp. 303-314.

127























































































