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Abstract

Partial integro-differential equations of parabolic type arise naturally in the mod-
eling of many phenomena in various fields of physics, engineering, and economics. The
main aim of this thesis is to study finite element methods with numerical quadrature
for this class of equations. Both one- and two-dimensional problems are considered.
We investigate the stability and convergence properties of the schemes and obtain su-
perconvergence error estimates. It is important to note that these superconvergence
results hold also for the equivalent finite difference methods and, in this context, they
stand without restrictions on the spatial mesh. In the derivation of these results, we
introduce an approach to error analysis that deviates from the traditional one. The
significant advantage of this modified strategy is that less regularity for the solution of
the continuous problem is needed. The discretization in time using an implicit-explicit
method is also addressed, and stability and convergence estimates are derived.

The mathematical modeling and numerical simulation of non-reactive solute trans-
port in porous media is also in the scope of this thesis. Among many other applica-
tions, this fluid dynamic problem plays a major role in hydrology, medical science,
and the petroleum industry. Fick’s law is the underlying principle for obtaining the
traditional partial differential equation that describes the solute concentration profile;
however, several deviations from this law have been reported. With foundations in the
non-Fickian dispersion theory, an integro-differential model is proposed in this thesis.
The accuracy of the model is tested in one dimension, and the results indicate that
the model is much improved over the conventional one. In fact, even in laboratory-
scale homogeneous porous media, these transport processes may exhibit anomalous
non-Fickian behavior that only the alternative model correctly reproduces. A robust
numerical discretization is also presented and some numerical experiments are con-
ducted. These experiments illustrate the applicability and computational feasibility
of the proposed model to simulate two-dimensional problems.

A natural extension of our model would allow concentration-dependent viscos-
ity. In this thesis, we also study finite element methods with numerical quadrature
for coupled problems that include a simplified version of such a model as a partic-
ular case. Again, our numerical method allows the derivation of superconvergence

approximations for the variables involved.






Resumo

Equacgoes parciais integro-diferenciais do tipo parabélico surgem na modelagao de
varios fendémenos em diversas areas da fisica, engenharia e economia. O objectivo
principal desta dissertacao é o estudo, uni e bidimensional, de métodos de elemen-
tos finitos com quadratura numérica para esta classe de equagoes. A estabilidade
e a convergéncia de aproximacoes semi-discretas assim definidas sao analisadas e
estimativas de erro superconvergentes sao estabelecidas. Estes resultados de super-
convergéncia sao igualmente validos para métodos de diferencas finitas equivalentes,
sendo que, neste contexto, vigoram sem qualquer tipo de restricao sobre a malha
espacial. Na derivacao destes resultados é introduzida uma forma de analise do erro
que difere daquela normalmente utilizada. Esta abordagem permite reduzir a regula-
ridade exigida a soluc¢ao do problema continuo. A estabilidade e a convergéncia de um
método de discretizagao completa do tipo implicito-explicito sao também analisadas.

Nesta dissertagao discutimos ainda a modelacao e simulagao numérica do trans-
porte de solutos nao-reactivos em meios porosos. Entre outras aplicagoes, este pro-
blema de dinamica de fluidos desempenha um papel de relevo na hidrologia, ciéncia
médica e industria petrolifera. Subjacente a tradicional equacao de derivadas parci-
ais que descreve a evolugao da concentracao do soluto encontra-se a lei de Fick, um
principio fisico que tem sido amplamente questionado. Com base na teoria de disper-
sao nao-Fickiana propomos nesta dissertacao um modelo do tipo integro-diferencial.
A acuidade da versao unidimensional do modelo é analisada recorrendo a um con-
junto de dados laboratoriais. Os resultados obtidos indicam que o modelo representa
uma melhoria significativa em relagao ao modelo tradicional. Mesmo em laboratoério,
verificamos que os processos de transporte em meios porosos podem exibir um com-
portamento andémalo nao-Fickiano que apenas o modelo alternativo consegue repro-
duzir. Com o intuito de ilustrar a viabilidade computacional do modelo para simular
problemas bidimensionais é ainda apresentada uma discretizagao numérica eficiente
e sao realizadas algumas experiéncias numéricas.

Uma extensao natural do modelo proposto passa por considerar a viscosidade
dependente da concentracao. Nesta dissertagao analisamos também métodos de ele-
mentos finitos com quadratura numérica para sistemas de equacoes diferenciais que
incluem como caso particular uma versao simplificada de tal modelo. Os métodos in-
troduzidos permitem a derivacao de aproximagoes superconvergentes para as variaveis

envolvidas.
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Chapter 1

Introduction

Numerical simulation is a valuable tool for solving challenging scientific and industrial
problems. Nowadays, more and more companies from a broad range of industries are
looking to computer simulation to improve their productivity. It can offer reliable
solutions to complex problems and is flexible and inexpensive. In order to enhance this
statement, we quote a report [146] from the NASA integrated technology roadmap.

"Modeling, simulation and decision-making are closely coupled and have become
core technologies in science and engineering. In the simplest sense, a model represents
the characteristics of something, while a simulation represents its behavior. Through
the combination of the two, we can make better decisions and communicate those de-
cisions early enough in the design and development process that changes are easy and
quick, as opposed to during production when they are extremely costly and practically
impossible. "

A key aspect of the simulation process is the formulation of proper mathematical
models. The model must be able to emulate the physical phenomena under investi-
gation. Traditionally, partial differential equations (PDEs) play a major role in the
modeling of many processes. However, in many evolutionary problems, the history of
the phenomena under investigation is of relevance and must be incorporated in the
mathematical model. Classical PDEs models cannot reproduce this property, and it
is a well-known fact that they fail to provide a reliable description of such processes.
As a solution to overcome this drawback, PDEs have been replaced by partial integro-
differential equations (PIDEs). The theoretical and experimental research that has
been conducted in recent years shows that mathematical models based on PIDEs,
which take into account this memory effect, are more accurate than the traditional
PDE models.

As an example, consider the important problem of non-reactive solute (tracer)

transport in porous media. In classical Fickian dispersion theory, these processes are
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described by the equation
Oc+ V- (ve) =V - (DVe) in Q x (0,7, (1.1)

where ¢ denotes the concentration of the tracer, v the velocity, and D a dispersion
tensor. This equation may give accurate results in a laboratory environment for per-
fectly homogeneous media; however, the same cannot be said for real-life situations,
where heterogeneities are expected. When the porous medium is heterogeneous, it
is believed that a memory effect is present in these processes. Therefore, this kind
of problem, the so-called non-Fickian transport, can be better understood if it is
modeled by PIDEs [52,57,68,93,155]. Here, in particular, we propose a PIDE of type

Oc+ V- (ve) + V- (DVe) = /tB(s,t)c(s) ds in Qx (0,7],

where B(s,t) is a memory operator to be specified. Beyond tracer transport, PIDEs
arise also, for instance, in the modeling of immunology [24], financial processes [119],
and viscoelastic polymers [139].

Naturally, solving the equations involved is necessary to extract information from
the mathematical models. However, an analytical solution generally is unavailable
and a numerical approximation must be introduced. The numerical treatment of
these problems is a demanding mathematical and computational task. In fact, for
most problems of interest, the complexity and dimension of the models are such that
very efficient numerical methods are essential. Over the last few decades, advances
in numerical analysis and computer capabilities have led to the development of pow-
erful numerical tools. Nonetheless, solving the current problems can easily become
problematic. For this reason, the development of accurate, stable, and computation-
ally effective numerical methods for advanced mathematical models remains a high
priority.

As we mentioned before, PIDEs can be more effective than standard PDEs for
the modeling of some processes, and hence have attracted widespread attention of
scientists and engineers. Despite very active research in this field, the numerical and
analytical treatment of such equations present some serious difficulties and many
unresolved problems still remain.

Before proceeding, a short comment about notation must be made: the letter C,
with our without subscripts, will be used to denote a positive constant, independent
of mesh parameters, that may take different values in different places. Additionally,

we represent by V the spatial derivative or the gradient operator, as appropriate;
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by V-, the divergence operator; by A, the Laplacian; and by 0}, the derivatives in
time of order n. Throughout this thesis, we use standard notation from the theory of

Sobolev spaces as can be found in [66] and many others.

1.1 Parabolic PIDEs

In this thesis, we are mainly concerned with parabolic PIDEs of the form
Oc+ Ac = /tB(s,t)c(s) ds+ f in Q x (0,77, (1.2)
where A is a differential operatgr with coefficients independent of %,
Ac ==V - (AVe) + V- (Arc) + apc, (1.3)
while B(s,t) is a similar operator, but with time dependent coefficients,
B(s,t)c = =V - (Ba(s,t)Ve) + V- (By(s,t)c) + by(s, t)c. (1.4)
Equation (1.2) must be complemented with an initial condition,
c(0) =cy in (1.5)

and proper boundary conditions. Here we consider primarily Dirichlet homogeneous

boundary conditions,
c(t)y=0 on 990 x (0,7]. (1.6)

Assume for now that the coefficients of A and B(s,t) are smooth functions and
that 2 is a regular domain. For a discussion regarding the well-posedness of the
problem (1.2)-(1.6) we refer to [46,116,163,169]. The aim of this thesis is to study
numerical methods for such a problem.

A large number of schemes are available in the literature for solving this kind of
PIDE. The most common solutions are based on approximations in space by finite
element methods (FEMs) or finite difference methods (FDMs) followed by finite dif-
ferences and quadrature rules in time (39,61, 131, 133]. Other spatial discretization
methods include orthogonal spline collocation methods [130], mixed finite element
methods [76], finite volume methods [71], and discontinuous Galerkin methods [140].
Time integration methods based on Laplace transform [122|, Runge-Kutta meth-
ods [166], and multistep methods [167,168] have also been subject of study. A com-
mon difficulty in solving PIDEs is that the evaluation of the time integral term by
traditional quadrature rules requires a huge amount of storage, since all time step so-
lutions must be retained. In [133,149,169|, special quadrature rules with less memory

demands were proposed.
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1.1.1 Error Estimates

Finite differences and quadrature rules were used in [61] to conduct the first numerical
analysis of parabolic PIDEs. In that work, a convergence study was performed and
error estimates in discrete Sobolev norms for a uniform partition in space and time
were provided. The approximation by finite elements was considered for the first
time in [163], and optimal-order error estimates in the L?-norm were obtained for an
equation similar to (1.2), in which B(s,t) is a non-linear operator that depends, at
most, on first-order derivatives in space of the function c.

Optimal error estimates for the problem (1.2)-(1.6) are presented in [38,39,112,154]
for the L?- and H'-norms and in [111] for the maximum L°-norm. For instance,
in [112], the so-called Ritz-Volterra projection, introduced in [39], is used to show
that the results known for the equivalent parabolic PDE, i.e., when B(s,t) = 0, can
be extended to this case. Namely, it is established that if

lco = enollze < CR?[leoll e,

then the piecewise linear finite element approximations are second-order convergent

with respect to the L?-norm,

t
Je(t) = entt)lr < CH (el + [ el )
0
and they are first-order convergent with respect to the H'-norm,
lc(t) — cn(t) ||z < Ch, (1.7)

where h is a mesh parameter, ¢, is the finite element approximation to ¢, and ¢, is
a suitable approximation to cg.

Piecewise linear finite elements with quadrature were analyzed in [131,132] and
optimal-order error estimates were established in discrete L?- and H'-norms. In

particular, for an appropriate approximation ¢ g, it was proved that,

Jee) = el < €8 (et + ([ o) + ety ) ).

where || - ||, denotes a discrete L?*-norm.

Finite volume methods (FVMs) based on piecewise linear functions have been
analyzed in [70,71,148|. The one-dimensional case was considered in [70], and in |71],
the analysis was carried over to the two-dimensional case. In [70,71], optimal-order

estimates with respect to the L2- and H'-norms were shown, provided that co € H3(Q)
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and ¢ € H'(0,T; H3(Q)). These smoothness assumptions were weakened in [148] for
the homogeneous case. Here, the authors established second-order convergence in the
L*-norm, assuming that ¢y € H%(Q2) and that

t
le@)|[m2 and /0HC(S)H?p+82||5t0(8)H12qzd8 (1.8)

are finite. These FVMs, which can be seen as Petrov-Galerkin FEMs, have been
applied also to elliptic |74] and parabolic PDE problems [41,42].
Integro-differential equations nearly identical to (1.2) can be rewritten equivalently

in the form
Oc=V-z—ac+ f inQx (0,717, (1.9)

2= Ac+ /tf;’(s,t)c(s) ds in Q x (0,71, (1.10)

where Ac = AyVe — Ajc and B(s,t)c = —By(s,t)Ve + Bi(s,t)e. This approach was
used, for instance, in [75-77,129], where mixed finite element methods (MFEMSs) were
studied. The results reported there are equivalent to those described in [43,104,128],
where MFEMs for parabolic PDE problems were discussed. In particular, for the
two-dimensional case, it was proved in [76] that the approximation of ¢ and z by the

lowest-order Raviart-Thomas (RTp) elements satisfies
le(t) = en ()22 + lI2(t) — zn(®)]Z2 < Chz(HColﬁf1 + [|2oll7:

+/0 le(s) e + re(s) 3 ds)  (111)

for convenient approximations of the initial functions ¢y and zj.

The issue of time discretization is also addressed in many of the above cited papers.
For example, optimal second-order error estimates for the Crank-Nicolson method
and optimal first-order estimates for the implicit Euler method were established in
[133,169]. In these works, the discretization in space was performed using FEMs.
More precisely, for piecewise linear finite elements in space and the implicit Euler

method combined with the rectangular rule in time holds the following [169]:
tn
Je(tn) = cille < O (leolln + [ 1015l )
0

tn
+ Cat(fleoll 22 + / 00c(s) 2 + 02e(5)ll 2 ds).

Here, we represent by At the uniform time step, At = t, —t,_1, forn=1,..., N,

with tp = 0 and ¢y = T, and by ¢} the approximation of ¢(¢,,).
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An interesting subject in the study of the convergence of numerical methods is the
so-called superconvergence phenomena. The term superconvergence is widely used in
the literature and does not always carry the same meaning. Before proceeding, we
present some definitions and clarify our terminology. Let g be some function and
denote by g, an approximation of ¢ computed by some numerical method. Assume

also that the convergence analysis reveals the following optimal error estimate,

lg = gnll < CR,
where || - || represents some norm. We say that there is superconvergence if the error
measured in some discrete norm || - ||, satisfies
lg — gnlln < CR® for s > . (1.12)

That is, the convergence rate of the approximation at some points or regions is greater
than the optimal global convergence rate of the approximation. We also say that we

have superconvergence when
| Png — gnll < Ch® for s >,

and we will call it supercloseness. Here, P, : G — (G}, is some interpolation operator
being G}, the finite-dimensional space where g, resides, and G, the space of the
function g. Note that in the FDM context, (1.12) is known as supraconvergence [107].
Note also that we do not consider as superconvergence the results obtained after post-
processing of g;. From an application point of view, superconvergence can be used in
the construction of a posteriori error estimators, which is directly related to adaptive
methods, an important tool in numerical modeling. For more details about this
subject, see [6,13,14,31,32,44|.

Superconvergence has been the subject of intensive study since the first report of
this phenomena in [126], and by now the literature on this field is very extensive. For
an overview of some results on superconvergence in FEMs, we refer to [108,157] and
the references therein. However, while there are many papers about superconvergence,
most of them are on numerical methods for PDEs, and it seems that only a few deal
with parabolic PIDEs of type (1.2); some exceptions are [110] for FEMs, [75,77| for
MFEMs, and |70, 71] for FVMs. Next, we review these studies.

Consider the mixed formulation (1.9)-(1.10) and the mixed method that leads to

estimate (1.11). For rectangular elements and convenient initial approximations, the
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following error bound was established in [75]

le(®) = en(®)lln + 1|2(t) — 2n(t)

e < CR2 (el + 12(8) 12 + / Je(s)
Fl6) e + 10+ 1952(5) e ds) ), (113)

e are discrete L2-norms. When we compare this result with

where || - || and || -
the optimal estimate (1.11), we see that (1.13) is a superconvergence result. In [77],
the authors studied this same problem and obtained superconvergence L*°-error es-
timates. The superconvergence of mixed methods on rectangular elements is a well-
known fact for elliptic [9,78| and parabolic PDEs [69].

Now we refer to the FVMs that were introduced in the discussion of the esti-

mate (1.8). Assuming an adequate approximation ¢y, it was proved in [70,71] that

le(t) = en@l1n < Ch?(HCoIIHS + e s +/0 le(s)llas + 10uc(s) s d8>- (1.14)

Since || - ||, is a discrete H'-norm, this estimate can be seen as a superconvergence
result for the gradient Ve.

As the inequality (1.7) illustrates, the finite element approximation of the prob-
lem (1.2)-(1.6) has an optimal convergence rate of order one in the H'-norm, when
piecewise linear functions are used. In [110], for this method, the authors derived the

following supercloseness result

I1Pre(t) ~ o) < ([ (10 + e
-/ el dn) as) (15)

where P, is the usual interpolation operator in H*().

We observe that, as usual, the superconvergence results (1.13)-(1.15) require regu-
larity assumptions on data that are higher than the ones necessary for the correspon-
dent optimal estimates. To obtain superconvergence results under less demanding
conditions, not only on data but also on the discretization of the domain, is a chal-
lenging problem. Note also that, for the one-dimensional case, the superconvergence
result (1.14) is in fact identical to the one we present in Chapter 2. It seems, however,
that the result of [70] is valid only for a simplified version of (1.2).

We finish this section with a comment: in the great majority of the above men-

tioned papers, the error estimates were obtained following the strategy introduced by
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Wheeler for the study of parabolic PDEs [160]. The idea is to write the error as

en(t) = c(t) — Hpe(t) + pe(t) — cn(t)
= pn(t) +0u(1), (1.16)

with I, being a suitable projection operator. After that split, each part is estimated

separately.

1.1.2 Contributions of this Work

In Chapters 2 and 3 of this thesis, we deal with the numerical solution of the PIDE
problem (1.2)-(1.6). To this end, piecewise linear FEMs with special quadrature rules
are proposed. We study stability and convergence properties of the schemes and
obtain superconvergence error estimates.

In particular, the one-dimensional case is treated in Chapter 2, and assuming that
| Prco — cnolln < CR?,

we prove the following supercloseness estimate for the gradient

t t
[ 1Pets) = en(o)sds < nt( [ et ds-+ el + 180l ). (117
In order to establish the inequality (1.17), we require that

c € L>(0,T; H3(Q) N H} (),
O € L>(0,T; H3(Q)), and 0%c € L>(0,T; L' (Q)). (1.18)

In Chapter 3, we consider the two-dimensional version of the same problem. A
supercloseness result similar to (1.17) is deduced for the semi-discrete approximation.
In the process, we introduce an approach to error analysis that deviates from the
traditional splitting strategy (1.16). The advantage is that less regularity for the
solution of the continuous problem is needed. The restriction (1.18) can be relaxed

to the weaker condition
c€ L0, T; H*(Q) N Hy(Q)) and dye € L°(0,T; H*()). (1.19)

By using the same strategy, we can derive condition (1.19) for the one-dimensional
case. The proof is straightforward and is not reported here.
It is important to notice that our supercloseness results can be seen as supra-

convergence results of equivalent FDMs. This is valid for both the one- and the
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two-dimensional problems. Moreover, these results hold with no mesh restrictions
at all. Note that in the two-dimensional case, this is only true for the FDM. These
theoretical results are the main achievement of this thesis and have been published
in [17,86]. Note also that similar superconvergence results have been obtained for
elliptic [16,82] and parabolic PDEs [15|. Therefore, our work can be considered an

extension of these studies.

1.2 Non-Fickian Tracer Transport in Porous Media

Real-world applications are also in the scope of this thesis. The application that
we explore here is transport in porous media. Among many other applications, the
numerical modeling of transport problems in porous media plays a major role in
hydrology, medical science, and the petroleum industry. The specific problem that
we address is tracer transport. As mentioned in Section 1, the classical model for
this problem relies on the PDE (1.1). However, tracer transport that is not ad-
equately described by this model has been observed both in field and laboratory
experiments [90,109,150]. The heterogeneity of the medium seems to be a common
factor in this so-called anomalous or non-Fickian behavior. Nevertheless, such phe-
nomena can also be found in homogeneous media [49]. In order to overcome this
limitation, different models have been proposed in the literature. An in-exhaustive
list includes the continuous time random walk model, the mobile/immobile model,
and the spatial fractional advection-dispersion equation. A detailed discussion of
these and other models, as well as non-Fickian transport in general, can be found
in [29,88,92,123,125] and the references therein.

1.2.1 An Integro-Differential Model

In this thesis, we present a non-Fickian model for tracer transport that is based on
the delayed dispersion theory [57]. To specify the problem considered, let © be a
bounded domain of R? representing the porous medium, and let [0,7] be the time
interval, for some T" > 0. The classical PDE governing this fluid problem in porous

media can be written as
¢0ic+V - (vc) =V - (DVe) +qc in Q x (0,7, (1.20)

where ¢ represents the porosity of the medium, ¢ sources and sinks terms, and ¢* a

prescribed concentration at sources or ¢ at sinks. The dispersion tensor D is given
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by [23]

dy—d
D =dpI + dy|o|| I + WUUT, (1.21)
v

T

with [[v||*> = vTv and where I denotes the two by two identity matrix, d,, the molec-

ular diffusion coefficient, and d; and d; the longitudinal and transverse dispersion
coefficients, respectively. Let us summarize the main steps in the construction of this

model. Express the total mass flux as
J = Jado + Jais. (1.22)
where
Jaaw = vC, (1.23)

which represents the advection mass due to the fluid velocity, and assume that the

dispersive mass flux Jy, satisfies the Fick’s law
Jus = —DVe. (1.24)

Then, we can obtain equation (1.20) from (1.22)-(1.24) with the aid of the mass

conservation equation,
pOc+V - J = qc”. (1.25)

Now we derive the PIDE model. The underlying assumption behind this model is
that the history of the transport must be considered. One possible way to incorporate
this concept into the mathematical model is to introduce a memory dispersive flux.
In the words of Thompson [155]: "...dispersive fluz... is influenced by weighted con-
tributions from all previous mass fraction gradients through a convolution or memory

integral”. In this perspective, we split (1.24) in two components
Jais = i + T4, (1.26)
where J C{is accounts for Fickian dispersion and naturally obeys the Fickian law
JI.. = —D;Ve, (1.27)

and J;Z/;, which accounts for deviations from ideal Fickian behavior and satisfies the

non-Fickian relation

Til(t+7) = =Dy Ve(t), (1.28)
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where 7 > 0 is a time delay parameter [57|. That is, the non-Fickian flux J(Z’;, at
time ¢t depends, in some fashion, on the history up to time ¢ of the flux. As has
been stressed repeatedly, one key drawback of equation (1.24) is that it imposes a
instantaneous relation between the cause, concentration gradient, and the effect, mass
flux. This non-physical infinite speed of propagation is removed in (1.28), assuming
the existence of a time interval between the cause and the effect.

Expanding the left term of (1.28) into a Taylor’s series of order one, and integrating

the resulting equality with respect to ¢, we obtain the approximation
t
T () = — / K(t = $)V - (D Ve(s)) ds, (1.29)
0
with the memory term
1
K(t) = —exp(—t/7),
T

and assuming for simplicity that Jy;5(0) = 0. Then, substituting (1.22), (1.23), (1.26),
(1.27) and (1.29) into (1.25) results in the following integro-differential equation for

the concentration
pOc+ Ac = /OtK(t — 8)Be(s)ds+ gc* in Q x (0,7, (1.30)
with A and B given by
Ac=V - (ve) = V- (DsVec) and Be(s) =V - (D,rVe(s)).

Here, Dy and D, s denote a Fickian and non-Fickian dispersion tensor, respectively.
We notice that if ¢ is null, this equation is a particular case of the integro-differential
equation (1.2). Following a different approach, Thompson [155] has proposed a very
similar, but non-identical model. Equations similar to (1.30) were also obtained by
Cattaneo [40] and by Joseph and Preziosi [105] to model heat conduction. In this
context, one can view equation (1.30) as a type of Jeffrey’s equation with advection.

If the velocity field v is unknown, an additional equation is needed. For this, we

assume that v satisfies the incompressibility condition
V-v=¢ inQ (1.31)
and obeys Darcy’s law, while depending only on the porous medium,

v=—-KVp in Q. (1.32)
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Here p is the pressure of the fluid mixture and K is the permeability tensor of the
medium, which is a measure of the medium’s ability to transmit the fluid. As usual,
we assume that K is symmetric positive definite.

Therefore, the proposed mathematical model for describing flow and non-Fickian
transport in porous media is described by the uncoupled system (1.30)-(1.32). This

system also needs to be closed by an initial condition for the concentration,

c(0) =¢y in Q, (1.33)
and the boundary conditions
p=pp ondNp, (1.34)
KVp-n=v-n=g ondQy, (1.35)
c=cp ondQp x (0,7, (1.36)

(vc — DsVc— /tK(t — 8)DyfVe(s) ds) -n=f ondQy x (0,7, (1.37)
0

where 7 is the unit outward normal vector to OS2, and 0€)p and 9€)y are the Dirichlet
and Neumann parts of the boundary, respectively.

In these problems, where advection is the dominant process and the medium is
highly heterogeneous, we expect the equations (1.30)-(1.32) to have complex solutions
with moving steep fronts and rough velocity fields. Therefore, standard methods such
as finite differences and finite elements are not appropriate [67].

To conclude this section, we would like to mention that for many porous media
problems, Darcy’s law (1.32) depends also on the concentration through the expression

v = —£Vp, (1.38)
p(c)
where p(c) is the viscosity of the fluid mixture. In this case, our mathematical model
would consist of a coupled integro-differential elliptic system.

This and other possible modifications create new challenging theoretical and nu-
merical issues that will certainly be topics of future work. In fact, coupled systems
resulting from the use of equation (1.38) are the subject of ongoing studies. At this
point, we are dealing with a simplified problem; however, we think that the prelimi-
nary theoretical results are quite interesting and novel. For this reason, we decided

to present them in this thesis. In Section 1.3, we specify the problem in more detail.
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1.2.2 Contributions of this Work

In this thesis, we introduce a PIDE model to describe non-Fickian tracer transport
in porous media. In Chapter 5, we test the accuracy of the one-dimensional model
and how it compares against the classical PDE model. A small set of experiments
are analyzed, and we can conclude that even in laboratory-scale homogeneous porous
media, transport processes may exhibit anomalous non-Fickian behavior that the
PIDE model can reproduce and that the classical PDE model fails to capture. Overall,
the results indicate that the PIDE model provides a substantial improvement over the
standard PDE model. However, further work is needed to test the proposed model
using much more experimental data. A more profound physical and mathematical
analysis of the model should also be carried out.

Also in Chapter 5, we propose an accurate and stable numerical method for the
discretization in two dimensions. In space, it is based on the combination of mixed
finite element and finite volume methods over an unstructured triangular mesh. For
the time integration, we use a multistep method combined with a numerical quadra-
ture rule for the integral term. As we will demonstrate, this time procedure can
be implement in a memory-efficient way as a three-time-level scheme. Therefore,
we overcome one of the intrinsic drawbacks usually associated with PIDE models,
namely, the memory requirements need to evaluate the time integral term. Some

results regarding this integro-differential model were published in [83].

1.3 A Parabolic-Elliptic Coupled Problem

Following the discussion at the end of Section 1.2.1, we introduce now a coupled

system formed by the elliptic equation
—V - (a(c)Vp) =q in Q x (0,T] (1.39)
and by the parabolic equation
Oyc + V(b(c, Vp)e) — V(d(c, Vp)Ve) = gz in Q x (0,77, (1.40)
complemented with homogeneous Dirichlet boundary conditions
p=c=0 ondQ x (0,7T], (1.41)
and the initial conditions

p(0) =po, ¢(0)=cy in (1.42)
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Here the domain (2 is one-dimensional and a : R — R and b,d : R?> — R are given
functions.

In the absence of sources and sinks, and with a suitable choice of functions a,
b and d, it is easy to observe that the equations (1.39)-(1.42) can yield a classical
one-dimensional PDE model for the tracer transport problem. Note, however, that
here we allow a relation like (1.38) for the velocity, and therefore the resulting sys-
tem is coupled. This is more complex than we have assumed before for the PIDE
model (see equation (1.32)). With some modifications to account for sources and
sinks, the two-dimensional version of such a system with Dirichlet, Neumann, or
mixed Dirichlet-Neumann boundary conditions has been extensively analyzed in the
literature. Without being exhaustive, we refer to [67,73] for the numerical treatment
and to [45] for the question of existence and uniqueness of the solution. Convergence
studies and error estimates are available for some numerical methods. For instance,
in [81] the sub-optimal bound

1p() = pu(O)][ 1t + [le(t) — en(@)]|2 < Ch,

was obtained for piecewise linear FEMs. Assuming that the dispersion tensor D does

not depend on Vp, the following optimal bound was also proved,
le(t) = cn(t)]z2 < CR2.

As mentioned before, traditional FEMs are ineffective to solve these kind of prob-
lems; therefore other approaches were investigated. For example, in [117], FEMs were
used to calculate the pressure, but a proper post-processing technique was employed
to approximate the velocity, and a stabilized FEM was applied to the concentration
equation. The error of the semi-discrete approximation was analyzed, and a near

optimal rate of convergence for the piecewise case was obtained:
le(t) = en(t)llz2 < CR™.

Mixed finite elements are highly regarded methods to approximate p and v. The
combination of RTj elements with piecewise linear FEMs for the concentration equa-

tion was proved [60,79] to yield the estimate

le®) = en(®)llzz + l0(t) = onO @iy + (@) = pr)] 2 < Ch,

which can be improved to h? if first-order Raviart-Thomas mixed elements are em-
ployed or the Darcy’s velocity is post-processed [59,80]. On the other hand, optimal

convergence for the concentration of the form

le®) = en(®)llzr + [[0(t) = on()][ 2 < Ch,
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was demonstrated in [151], by coupling RTj elements with discontinuous FEMs.

1.3.1 Contributions of this Work

In this thesis, we develop a non-standard piecewise linear FEM to numerically solve
the problem (1.39)-(1.42). Our major contribution appears in Chapter 4, where we

prove supercloseness to the gradients Ve and Vp. The estimate is of the form
t
1Pup(t) = pr(®)l[7n + / | Prc(s) = en(s)llz ds
0

t
< Ch4/0 le(s) s + llp(s)lls + [10ec(s) 172 ds,

with h associated with an arbitrary non-uniform mesh. To our knowledge, super-
closeness of the gradient V¢ has not been established before for this kind of problem.
However, we note that our problem is one-dimensional and a somewhat simplified ver-
sion of the usual one. We are assuming Dirichlet boundary conditions and that there
are no source or sink terms. The main contents of this chapter have been published

in [85]. Some additional results were published in [84].






Chapter 2

A FEM for Parabolic PIDEs in One
Dimension

In this chapter, we consider the one-dimensional version of our main equation
O+ Ac = /tB(s,t)c(s) ds+ f in Q x (0,7, (2.1)
0
subject to homogeneous Dirichlet boundary conditions
c=0 ondQx(0,7T], (2.2)
and with the initial condition
c(0) =¢p in Q. (2.3)
The differential operators A and B(s,t) are defined as follows:
Ac = —V(axVe) + V(ac) + age
and

B(s,t)c = =V (ba(s,)Vec) + V(bi(s,t)c) + bo(s, t)c.

For the coefficient functions, we assume that ay and by(s,t) are in C(Q2) and ag, a4,
bo(s,t), and by (s, t) belong to W*>(Q), for s,t € (0,T]. We also assume that ¢y and
f are smooth enough and set, without loss of generality, Q = (0, 1).

In the next sections, we study the numerical approximation in space of prob-
lem (2.1)-(2.3) using piecewise linear finite elements with special quadrature rules.
The stability and convergence of the semi-discrete method is discussed and super-

closeness in the H'-norm is proved without any smoothness assumptions on the mesh.

17
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2.1 A Semi-Discrete Galerkin Method

Let us denote by (-, ) the standard inner product in L?*(€2). A variational formulation
of our problem is: find ¢ : [0, 7] — Hj(2) such that, for all v € H}(Q),

(Orc,v) + alc,v) = /0 b(s,t,c(s),v)ds+ (f,v) forte (0,T],

(2.4)
c(0) = co,

where for w,v € H}(Q),
a(w,v) = (aeVw, Vo) — (a1w, Vv) + (agw, v)
and
b(s,t,w,v) = (ba(s,t)Vw, Vv) — (bi(s, t)w, Vv) + (bo(s, t)w, v).

Next, we present the standard semi-discrete Galerkin FEM for (2.4) using piece-
wise linear functions. First, we introduce some useful notation. For a positive integer
N, let

Qh:{xi:0:x0<x1<...<x]\/:1}

be an arbitrary spatial grid, and set h; = z; — x;_1 and ;10 = x; — hi/2, for
i =1,...,N. Denote by h the vector (hi,...,hy) and define h,,,, = max h, then,
represent by H a sequence of grid vectors h¥) with hE. — 0, if & — oco. At last,
we denote by S, C Hj(2) the space of continuous piecewise linear functions over the
grid €2, that vanish at the end points.

Let ¢ € S, be an appropriate approximation of ¢y. A standard semi-discrete
FEM consists in finding ¢, : [0, 7] — S, such that, for all v, € Sp,

t
(Orchy vn) + alcn, vn) = / b(s,t,cn(s),vn)ds + (f,vn) forte (0,77,
0

cr(0) = cp o,

with
a(wp, vp) = (aaVwy, Vo) — (aywy, Vop) + (agwp, vg) (2.6)
and

b(s,t, wp,vp) = (ba(s, t)Vwp, Vo) — (b1 (s, t)wp, Vor) + (bo(s, t)wp, vp), (2.7)
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for wy,, vy, € Sy,

The semi-discrete FEM that we propose is obtained by using numerical quadrature
to evaluate the inner products appearing in (2.5)-(2.7). Before describing our method,
we need to introduce some definitions and notations. Let ¢;, fori =1,..., N —1, be
the standard hat functions associated with the nodes x;. Since this set of functions
is a basis for the space S, we write any function vy, in S, as

N-1

vp(z) = Z vp(x;)@;i(x) for z € Q.

i=1
Next, we define the inner product

N-1

(wh,vp)p = Z hig1j2wn () v () for wp, vy € Sh, (2.8)
i=1

where Rt 172 = (hi + hiy1)/2. Observe that (2.8) corresponds to an approximation of
the L2-inner product in S, by the composite trapezoidal rule. The norm associated
with the inner product (2.8) is denoted by || - ||5. It can be proved that this norm is

equivalent to the L?-norm on S,. Finally, for a sufficiently smooth function g, we set

M(g(x)) = g(wi-r2) and M"(g(x)) = (g9(zi1) + g(2:))/2,

for x € (z;_1,x;], and where i = 1,..., N, we define the grid approximation

1 Tit1/2
/ g(x)dx fori=1,...,N—1,
hi+1/2 ZTi—1/2

(g(xi))h =
0 fori =0, N,

and, with the additional condition that g is null on 92, we also define its interpolant
P,g in S by

N-1

Prg(x) = Z g(x;)oi(z) for z € Q.

=1

Then, our semi-discrete FEM reads as follows: find ¢, : [0, 7] — S}, such that, for
all v, € Sy,

(Oychyvn)n + anlcp,vp) = /Otbh(s, t,cn(s),vn) ds+ ((f)n,vn)n for t € (0,71,
(2.9)

cn(0) = cp,
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with
ap(wp, vy) = (M(az)Vwy, Vop) — (M*(aywy), Vo) + (agwn, V) (2.10)
and

bi (s, t,wp, vp) = (M(by(s,t))Vwy, Vo)
— (M* (bl(s, t)wh), V’Uh) + (bo(S, t)wh, ’Uh)h, (211)

for wy, v, € Sy,. Observe that a solution ¢, can be expanded in the form

N-1
cp(z,t) = Z cn(zi, t)pi(x) forx € Q, t €0,T).
i=1
We point out that the first two terms arising on the right-hand side of (2.10) and
(2.11) are approximations by the composite midpoint and trapezoidal rule, respec-
tively, of the equivalent terms in (2.6) and (2.7). For later convenience, we assume

that ap(-,-) is continuous
lan(wp, vp)| < Cocllwp||mr||vn||gr for all wy, v, € Sy (2.12)
and elliptic, in the sense that
ap(vp, vp) > C’a7e||vhH12ql for all v, € S. (2.13)
We also suppose that by(s,t,-,-) is bounded uniformly with respect to s and ¢, i.e.,
|br (s, t, wh,vp)| < Coellwnllgrllvnl|gr for all wy, v, € Sy, s,t € [0,T7. (2.14)

We close this section with some remarks. First, if f(¢) is at least in H?*(Q),
the approximation (f(¢)), in (2.9) can be replaced by Ry f(t), with Rj; being the
restriction operator to the grid €2, (see Remark 3.4 in [16]). Additionally, in the
following we write h € H to indicate the convergence with respect to h running

through the sequence H.

2.1.1 Stability Analysis

We say that a function v, belongs to C([0,T];Sy,) if v, and d,v, are continuous
functions from [0, 7] to Sj, endowed with the norm || - ||;,. The main result of this
section is given in Theorem 2.1, where we prove a stability result for a solution
cp, of (2.9). From there, assuming that f = 0, the stability of ¢, with respect to

perturbations of the initial condition ¢y, o in the norm || - || 1, can easily be derived.
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Theorem 2.1 Let us suppose that ap(-,+) and by(s,t,-,-) satisfy (2.13) and (2.14),
respectively. If a solution ¢y, of (2.9) is in C([0,T];Sy), then

lea + [ len(o) ds < 0 (henali+ [ 16 GMIRS). 219

fort € [0,T], with

1,02 T/2¢2
min{1,2(C,e — €?)}

and for all € # 0, such that
Coe — € > 0. (2.17)
Proof: Taking in (2.9) v, = ¢(t), we establish

1 t
5Oen®1h + Caellen(®llzn < Cb,c/o len ()|l l[en(®) | ds

S (IGEWR + e @),

Since we have

[l @l ds < ([ T ds)”+ el

for all € # 0, we deduce

s +2Cuc ~ Aentln < S ([ el )’
NI + uch< M (@19

</0tHCh(S)||H1 ds>2 < T/OtHch(s)H%{l ds

n (2.18) and integrating from 0 to ¢, we obtain

Using the inequality

Jen)1 + 2(Coc = ) [ en()nds < [ NGl ds + enol

LT
sl [ el duds + [ el s

Choosing € satisfying (2.17), we obtain

e+ [ len(6) s < [ UM ds + el

w0 [ ([ 1wty doc+ len(o)1) s
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with C defined by (2.16). Finally, applying the Gronwall’s lemma (see Lemma 2.1
in [46]), we get (2.15).
|

In the next theorem, we state a stability result for the temporal derivative of cj.

Theorem 2.2 Let us suppose that the inequalities (2.13) and (2.14) hold. Moreover,

assume that
bi(t, t,vn,vp) > Chellonll3n for all vy, € S), (2.19)
and
|0¢bn (s, t, wp, vp)| < Challwnl| g ||vnl|mr  for all wy, vy, € Sk, s,t € [0,T].  (2.20)

If a solution cy of (2.9) is in C1([0,T]; Sy), then
t t
/0 10ucn(s)IIZ ds + llen (D)2 + / len(s)|2 ds

t
< Ce® (Cuclenally + [ NFMIRds) (221
0
fort € [0,T], with € and n such that
Coe—1n">0 and Cy,— € >0, (2.22)

and where

1

¢ = min{l,Coe — 1%, 2(Cpe — €2)}’

Cy = Cymaz{C T/n?, Cy ;T )26}, (2.23)
Proof: Placing v, = 0;cp(t) in (2.9), we get
t
10ccn ()17 + an(cn(t), Oren(t)) = / br(s,t,cn(s), Owcn(t)) ds
0

+ ((f()ns Ouen(t))n- (2.24)

Since

8tah(ch(t), Ch(t)) = Qah(ch(t), 8tch(t))

and

t

O /Otbh(s,t, cn(8), cn(t)) ds = bp(t, t, cp(t), cn(t)) + / br(s,t,cn(s), Owen(t))ds

0
t
+ / atbh(87 ta Ch(s)a ch(t)) d87
0
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2.24), we estimate

Ben®)|2 + %&gah(ch(t),ch(t)) <9 /0 bu(s, £, cn(s), cn(t)) ds

— [t tas). cn(t) ds = bt ) + SIGEE (229

Using the inequalities (2.19) and (2.20) in (2.25), we find
1 1 t
Soen(®I + S0han(en(t), en(t)) + Chellen(®)lln < at/ bn(s, t, cn(s), cn(t)) ds
0

+Coa [ len(llan dslen®)lm + NN

Consequently, as

t
Cha [ en(s)l dslen®
0

holds for any € # 0, we have
1Becn ()15 + Dran(en(t), ca(t)) + 2(Cbe o ||Ch £l

t
< 2@/ bh(sat7 Ch(s) (
0

and performing the integration from 0 to ¢ leads to

/0 10uen(s) 12 ds + an(en(t), en(t)) + 2<cb,e - 8) / len(s)|2p ds

)|z ds + € len(®)ll7n

)l ds + 1 (f (E)nll3:

||H1 d/,b dS

gz/bh<stch<> W(8)

+ an(Cho, Cho) / 1(f thS

According to (2.13) and (2.14), there follows

t t
/ 10.en($)]2 ds + (Cue — 1) len(®)%n + 2(Che — €2) / len(s) % ds
0 0
O?CT ‘ 02 T
< 2 [ len(s) s+

+ Cocllenoll + / 1(F ()l ds,

)| dpeds

and so

t t t s
| iorcutli s+l + [ el ds < o [ ([ hento i an

+ llen()l3 ) ds + Co (Cacllenolliy + / I(F ()l ds).
for € and 7 satisfying (2.22), and with C' defined by (2.23).

Applying Gronwall’s lemma to the previous inequality, we conclude (2.21).
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2.1.2 FError Estimates

In this section, the convergence properties of our semi-discrete method are discussed

and a supercloseness estimate for the error
en(t) = Pue(t) — cp(t) (2.26)

is provided. In the analysis, we follow the classical approach presented in [160] for

parabolic equations. First, we split the error (2.26) into two terms:

€h(t) = PhC(t) — Eh(t) + Eh(t) — Ch(t)
= pu(t) + 0n(1), (2.27)

where ¢5,(t) is a solution of the auxiliary variational problem
ah(éh(t), ’Uh) = (gh(t),vh)h for all vy, € Sh, (228)
with
t
gn(t) = /(B(s, t)e(s))nds = (Dhe(t))n + (f(£)n-
0

Now, we proceed by estimating the terms py(¢) and 6,,(t). We begin with the term

pr(t). We successively have

Cacllon®lin < an(pn(t), pu(t))

= an(Pre(t), pr(t)) — (gn(t), pu(t))n
= an(Pre(t), pr(t)) — ((AC(t )i ()0
= ap(Pre(t) ZH/Q c(x,t) depp(z;, t)
i=1 Y Ti-1/2
=7 (on (1)),
from which we can conclude
o) < 7 (on0). (2.29)

a,e

A bound for py(t) is obtained using Lemma 2.1 and (2.29). The proof of this lemma,
as well as the proofs of Lemmas 2.2, 2.3, and 2.4, is essentially identical to the proof
of Theorem 3.1 in [16].
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Lemma 2.1 Assume that ay(+,-) satisfies the inequalities (2.12) and (2.13). If c(t) €
HY(Q) N HY(Q), for r € {1,2}, and O,c(t) € L*(Q), then, for the functional T}(La),
the following is held:

1/2
ey (thrn Wairiorran)  Nenllm for vn € Sy, he .

Proposition 2.1 Under the assumptions of Lemma 2.1, the term pp(t) satisfies the

estimate

N 1/2
lon@®llm < (D el rwy)  forre 1,2},

=1

For later use, we need to bound the quantity ||0;pn(t)||g1. Proceeding as in the

estimation of ||pn(t)]| g1, we get

Coc o (1) 21 < an(@Prc(t) — Byn(t), Drpn(£))
— an(OPac(t), Dupn(t)) — ( / (OB, 1)c(5))n ds, Bupn (D)

— ((B(t,t)e(t)n, Oepn(t))n + (O c(t) + Ouf (£))n: Orpn(t) )n
= an(OrPnc(t), Dupn(t)) — ((ADec(t))n, Bipn(t))n

i+1/2
= ap(0pPre(t), Oppn(t) Z/ Adye(x,t) dxdypp (x4, t)

Ti—1/2

= Th (atph( )

that is:

Coe|Oupn ()l < 74 (Drpn (). (2.30)

Here, it is important to remark that, in the above derivation, we need to impose

some regularity conditions on d2¢(t). This is made clear in the next lemma.

Lemma 2.2 Assume that ay(-,-) satisfies the inequalities (2.12) and (2.13). If 0tc(t) €
LY () and 9,c(t) € H™(Q), forr € {1,2}, then, for the functional Tf(Ld), the following
is held:
(d) = o 2 12
17\ ()| < C(Zhi Hﬁtc(t)HH1+T(mi_mi)) lvpllgr  for v, € Sp, h € H.
i=1

From Lemma 2.2 and the inequality (2.30) we obtain the next proposition.
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Proposition 2.2 Under the assumptions of Lemma 2.2, the term Oupy(t) satisfies

the estimate

N 1/2
10cpn () || 1 < C(Zh?rnatc(t)||%{1+"(:Jci_1,mi)> forr e {1,2}.

i=1
Lemma 2.3 The functional T}(Lb) defined by
t
T}(Lb) (t,vp) = / br(s,t, Pre(s),vn) — (B(s,t)c(s), vp)nds  for vy, € Sp,
0

satisfies
) 1/2
|7’h (t,vp)| < C’/ h | e(s HHHT(% ) m) ds||vp|lgn forr € {1,2}, h € H,

provided that ¢ € LOO(O, T; HY(Q) N H (Q)).
Lemma 2.4 If d,c(t) € H'*"(Q), for r € {1,2}, then, for
7 (8 0n) = (@Pe(t), ) = ((De(t))n, 01,

with vy, € Sy, we have

() N 5 1/2
|7 (t,0n)| < C(Z h; H@tC(t)Hle(xi,l,xi)) |vn|lgr for h € H.
=1

Now, we deal with the term Hh(t). We define

9 1/2
o =c [(3 h o) e )

and
N

c T 1/2
700 = O (S RN )

=1

The following lemma plays a central role in the proof of the main theorem.

Lemma 2.5 Let us suppose that ay(-,-) and by(s,t,-,-) satisfy (2.13) and (2.14),
respectively. If ¢ € L>(0,T; H'(Q) N H}(Q)), diec € L>*(0,T; H(Q)), forr €
{1,2}, and 0?c € L>(0,T; L*(2)), then the following holds

164 (I + 2(Coe — /||eh i ds < = Civ //neh 12 dpads

IO+ 527 [ 10+ 7o) . (2.31)

fort € [0,T], with m,,(s) = T}EbZ( )+ T]ECZ(S) and for any € # 0.
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Proof: It is easy to show that 0,0 (t) is a solution of the variational problem

(até’h(t), Uh)h = (@Eh(t), 'Uh)h —+ ah(ch(t), ’Uh) — /0 bh(S, lf, Ch(S), Uh) dS — ((f(t))h, 'Uh)h,

for all v, € S, and ¢t € (0,7]. According to this, and by the definition (2.27) of 6,(¢)
and (2.28), we obtain

(00n(t), vp)n = (OsCr(t), vp)n — an(On(t),vy) — /Otbh(s, t,cn(s),vp)ds

— ((Ore(t) )y ) + (/(B(Sat)c(s))h ds, v ),

0

which is equivalent to

(at‘gh(t)v Uh)h + ah(eh(t)v Uh) = /0 bh(Svt, eh(s)a Uh) ds — (atph<t)a Uh)h + Th(t, Up),

for v, € Sp, and with 7,(¢, v) = T}(LC)(t, vp) — T}(Lb) (t,vp).

Setting vy, = 0,(t), since 7,(t, 0,) < 73, (¢)]|0n(t)|| 1, using the same type of argu-

ments as in the stability analysis, we find

1 2 2 Cl?,CT ! 2 2 2
SO0l + CaellOn ()l < e len(s) 1z ds 4 07| 0w (@) |

1
—5Thar (1) + 0 [10n(6) 171

1 2 2 2
+ 1 0@ + €107 +

for e £ 0, 0 # 0 and for t € [0, T]. Hence, setting e = n = o we arrive at
OellOn()[7, + 2(Cae — 310w (1) |17 < / len ()7 ds

o)1} + 7). (232
e )

We conclude the proof by integrating (2.32).

Now, we are able to establish the main result of this chapter.

Theorem 2.3 Let ¢ be a solution of the variational problem (2.4) and cy, its approxi-
mation defined by (2.9). Then, under the assumptions of Lemma 2.5, the error ep(t),
fort € [0,T], satisfies the estimate

t t
len(t) + [ len(s) s < e ( [ 2ol ds + 20
2 1 ! 2 2
L (100)1 + 5oz [ 18on(5)I} + 7 () ds)
€ Jo
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forr e {1,2}, where Cy and Cy are defined by

o 2 C—C Cy.T
YT omin{1,2(C,. — 362)} 2T T 2¢?
and € is non-zero, such that
Coe — 36 > 0. (2.33)

Proof: Since

t t
len(®F + [ e ds < 2@ + [ lon(s) i s
t
IO+ [ 100(5) ),

from (2.31) and with € # 0 under the condition (2.33), it follows that
t t S t
len ()2 + / len(s)|% ds < C, / / len ()20 dpeds + / 2 pn(3) % ds
0 0 0 0

1 t
20l + (1001 + 55 [ 100 +r(5) ).

An application of Gronwall’s lemma completes the proof.
[
Combining Theorem 2.3 with Propositions 2.1 and 2.2, and by the definitions of

7P (t) and 7 (t), we conclude the following result.

Corollary 2.1 Let ¢ be a solution of the variational problem (2.4) and ¢y, its ap-
proximation defined by (2.9). If an(-,-) and by(s,t,-,-) satisfy (2.13) and (2.14),
respectively, then, forr € {1,2},

t N t
len (I3 + / len(s) I3 < o (o ( / le() B oy ds + le®re,
0 —1 0

1=

10O sr(or o) + 1 Paco = cnoll?).
for t € [0,T) and h € H, provided that ¢ € L*(0,T; H"(Q) N H}(Q)), dic €
L>(0,T; H7(Q)), 0%2c € L*°(0,T; L'(Q2)), and [|0(0)]|? < Ch?*"

— max*

Thus, our supercloseness result follows as a particular case of Corollary 2.1, by

taking = 2 and defining ¢, 9, such that

| Prco — enolln < CR: (2.34)

max-*

We state this in the corollary below.
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Corollary 2.2 Assume that (2.34) and the assumptions of Corollary 2.1 hold. Then,

t t
[ 1Piets) = en()sds < O ([ ets) s+ ele) s + 100) )
0 0

for t € [0,T], provided that ¢ € L>(0,T; H3(Q) N H}(Q)), e € L>(0,T; H3()),
and O}c € L>(0,T; L'(Q)).

In the following section, we establish the equivalence between the semi-discrete
FEM (2.9) and a finite difference semi-discretization of (2.1)-(2.3).

2.1.3 Equivalence with a Finite Difference Method

Let W), be the space of grid functions vf defined on €, that are null on 092. In W),

we introduce the following finite difference operators

_ Uf(l’m) - U;};(Iz‘—l) Uff(xi+1/2) - Uf@i—l/?)

Deuy () = hiv1 + hy - Do) = hit1y2
and
Dy (Tig1/s) = Ug(xiﬂh) — vf(x,;)’
it+1
where vf (z;41/2) is used as appropriate.
Now, we successively replace v, in (2.9) by the basis functions ¢;, forj =1,..., N—

1. After a straightforward calculation, we obtain for ¢! : [0,T] — W)}, the following

ordinary differential problem

t
oicr + Apcl = / By (s, t)ch (s)ds + (f)n  for t € (0,T],
0
(2.35)

05(0) = Cio»
where, for vi" € W,
Apvf = —D(agDvf) + De(ayvf) + aguy
and
By (s, t)vi = —D(by(s,t)Dvf) + D(by(s,t)vf ) + bo(s, t)vf .

We remark that ¢, defined by

cn(z,t) = Z cf (zi,t)pi(x) forx € Q, t€0,T],
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furnishes a solution to the problem (2.9) whenever ¢! is a solution of the prob-

lem (2.35). From this relation, and from observing that the discrete norm

2
h*»

o 15 = [lvi 15 + vy

with

N
%L* = Z hiDU£($i_1/2)2,

=1

lvs

is equivalent to the H'-norm on S}, we can see our supercloseness result as a supra-

convergence result for the FDM (2.35). In fact, the estimate

t t
) = ek s < ([ Telo) o s+ 1) s + 00 )

holds under the assumptions of Corollary 2.2.

2.2 Numerical Experiments

In this section, we illustrate the convergence result of Corollary 2.1 by applying the
proposed method to one simple problem with a known exact solution.

In the temporal domain [0, 77, let us introduce the uniform time grid ¢, = nAt,
forn=0,...,N, with ty =T, and where At is a fixed time step. We define the error

as

N 1/2
Brror = (Jle(ty) = a7 + At lle(ta) = cil13,)
n=1

where ¢} is a numerical solution at time level ¢,, and where the summation is an

approximation to the integral appearing on the left-hand side of Corollary 2.1.

Example 2.1 Consider the integro-differential problem (2.1)-(2.3) with T = 0.1 and

the coefficient functions
as(r) = ar(x) =x+1, ag=by(s,t) =bi(s,t) =0, and by(s,t)=e "
Choose f and cy, such that the problem has the solution

c(x,t) =tx(x — 1)|x — 0.5|* fora €R.
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Starting with a random spatial grid, we repeatedly solve Example 2.1, each time
doubling the size of the grid vector h by taking h; = h;/2. We repeat this procedure
twice, first by considering @ = 2.1, and then by considering o = 3.1. Observe that

Rnaa N, Error Rate

9.6988 x 1072 19  1.5092 x 10~* 1.0337
48494 x 1072 39  7.3717 x 107° 1.1120
24247 x 1072 79  3.4106 x 10~° 1.0688
1.2124 x 1072 159  1.6259 x 10~° 1.0876
6.0618 x 1073 319 7.6503 x 1075 1.0924
3.0309 x 1073 639 3.5880 x 1076 1.0924
1.5154 x 1073 1279 1.6827 x 1076 -

Table 2.1: Discrete norm error and convergence rate for Example 2.1, with o = 2.1.

the solution of the Example 2.1 belongs to HZ(Q) if a > 2 and to H3(Q) if a > 3.
Therefore, according to Corollary 2.1, we expect convergence rates of order one and
order two for each case, respectively. The numerical results presented in Tables 2.1

and 2.2 confirm this expectation. Here we denote by N, the number of interior nodes.

hmax Nx Error Rate

94732 x 1072 19  5.7534 x 107>  1.6960
4.7366 x 1072 39  1.7758 x 107> 1.9413
23683 x 1072 79  4.6237 x 107% 2.0876
1.1841 x 1072 159 1.0878 x 1075 2.0579
5.9207 x 1073 319 2.6126 x 10~7 2.0270
2.9604 x 107 639  6.4103 x 107% 2.0071
1.4802 x 1073 1279 1.5947 x 1078 -

Table 2.2: Discrete norm error and convergence rate for Example 2.1, with o = 3.1.

In the numerical computations of this section, we have applied the implicit Euler
method for the time discretization and the rectangular rule to compute the integral
term. The time step used, At = 1079, is lower than the minimum of all values h?

mazx*

This is small enough to avoid significant errors due to time discretization.






Chapter 3

A FEM for Parabolic PIDEs in Two
Dimensions

In this chapter, we deal with the two-dimensional version of the integro-differential
problem that we are discussing. Unless otherwise stated, the notation used here
should be interpreted as previously defined.

Let Q be a simple polygonal domain of R?, i.e., an open connected set with piece-

wise linear boundary. We consider discretizations of the integro-differential problem

Oc + Ac = /tB(s,t)c(s) ds+ f inQx (0,77,
0
(3.1)
c(0) =c¢y in

completed with homogeneous Dirichlet boundary conditions. The differential opera-

tors A and B(s,t) are given by
Ac ==V - (AVe) + V- (Are) + ape (3.2)
and
B(s,t)c = =V - (By(s,t)Vec) + V - (Bi(s,t)c) + bo(s, t)c, (3.3)

where Ay = [a;;] and Bsy(s,t) = [b;;(s,t)] for i,j = 1,2 are symmetric matrices, and
where A; = [a;] and Bj(s,t) = [b;(s,t)] for i = 1,2 are vectors. Moreover, we assume
that the coefficient functions of A and B(s,t) are in W%>(Q), for s,t € (0,T], and
that ¢y and f are regular enough.

In the following sections, we propose and analyze a semi-discrete FEM that can be
seen as a natural extension of the one-dimensional scheme presented in the previous

chapter. As before, we are able to prove supercloseness in the H'-norm. However,

33
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here we introduce an error analysis framework that allows us to reduce the smoothness
assumptions on the analytical solution. The discretization in time using an implicit-
explicit (IMEX) method is also considered, and stability and convergence results are

derived.

3.1 A Semi-Discrete Galerkin Method

We start this section with the variational formulation of the problem. This is followed
by the presentation of our semi-discrete method, first in the absence of mixed deriva-
tives, and then for the full problem. As we will see, the presence of mixed derivatives
requires extra effort. Here, we skip the derivation of a standard FEM, since it is
essentially identical to that appearing in Section 2.1.

A variational formulation of problem (3.1)-(3.3) is: find ¢ : [0,7] — H{(£2) such
that, for all v € Hy(Q),

(Ore,v) + a(c,v) = /0 b(s,t,c(s),v)ds+ (f,v) forte (0,77,

(3.4)
c(0) = co,
where for w,v € Hg (1),
a(w,v) = (A Vw, Vo) — (Ajw, Vo) + (aqw, v) (3.5)

and
b(s,t,w,v) = (Ba(s,t)Vw, Vo) — (Bi(s,t)w, Vv) + (by(s, t)w,v). (3.6)

To formulate our finite element approximation in space, some notations and def-
initions are required. Let T, = {7} : i = 1,..., Nr} be an admissible triangulation
(see Definition 8.3.7 in [91]) of the domain 2 with rectangular triangles. Denote the
nodes of the triangulation by zj;;, for j,I € Z, and index them in such a way that the

grid of points is obtained:
Qh = {(xjayl) T = X1 + hf) Y =y-1+ h?, for jal € Z}a
where (x;,y;) are the coordinates of the node z;. In addition, we introduce

Pmaw = max h with h = {h?, k] j,l €L},

J
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and the set Q;, = 0, NQ of all the interior points of Q. For every triangle T € Ty, we
define hr as the diameter of T" and, as shown in Figure 3.1, we denote the rectangular
vertex of T by vk, the vertex having the same z-coordinate as the rectangular vertex
by v%, and the remaining vertex of the triangle by v3.. Take also mi? as the midpoint

of the edge between vk and vZ, and define m1? analogously.

2
Up

mi?o

U} e O1 3 U%
mr

Figure 3.1: A generic triangle 7" and the notation.

Let the space S} consist of the continuous piecewise linear functions over the
triangulation 7;, that vanish on 0f2. Representing by ¢;; the usual basis functions of

Sh, we have, for every function v, € Sy,
Uh(l',y) = Z U(xjayl)¢jl(x7y) for (I,y) € Q.
Z]'ZGQ]—L
In the space S}, we define the inner product
(Wh, vR)n = Z R 121 jawn (g, yo)on(xg, yr) - for wp, vy € S, (3.7)
ZleQh

which may be looked upon as an approximation to the L2-inner product on S,. By
| - ||n, we denote the norm determined by (3.7). At last, for a sufficiently smooth

function g, we set

My (g(z.y)) = (g9(v}) + g(v})) /2 for j = 2,3,

and the grid approximation

1
| Rjil

/ g(x,y)dxdy for zj €,
R;
(9(xj,y))n = l

0 for z; € 0Q,

where |Rj;| is the measure of the rectangle

Ry = [xj—1/2axj+1/2] X [91—1/2>yl+1/2]'
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Suppose for now that the problem (3.4)-(3.6) contains no mixed derivatives. There-
fore, with ¢, 9 € S, a suitable approximation of ¢y, our semi-discrete FEM is formu-
lated as follows: find ¢, : [0,T] — Sy, such that, for all v, € Sy,

(Occn, vn)n + an(cn, vp) = / br(s,t,cn(s),vn) ds+ ((f)n,vn)n fort € (0,71,
0

cn(0) = cpo,
with

2
ap(wp, vp) = Zaﬁf(wh, o) — Za%(wh, vy) + aj (wp, vy),

and

[\

bi (s, t, wp, vp) Zb“ S, t,wp, vp) — Zbﬁl(s,t,wh,vh) —i—b?l(s,t, Wh, V),

=1
for wy,, vy, € Sy, and where a¥(-,-), ai(-,-), and a2(-,-) represent the discrete bilin-
ear forms associated with the coefficient functions a;;, a;, and ag, respectively. In

particular, we have

CL?L(UJ}L, Uh) = (aowha Uh)ha (38)

ay (wy, vy) = Z M7 (aywy, /V%h dxdy, (3.9)
TeTh

a; (wn, vp) = Z M7 (aywy, /Vyvh dxdy, (3.10)
TeTh

with V* and VY the partial derivatives in x and y, respectively, as well as

apt(wp,vy) = Z an(mT)/VIth vy, dzdy, (3.11)
TeT,

az*(wp,vy) = Z ago(m3?) /vywhvyvh dxdy. (3.12)
TETh T

In an analogous way, we define by(s,t, -, -).

Next, we discuss our FEM for the case of mixed derivatives. The definition of the
bilinear forms associated with those derivatives is more technical and complex. In
fact, two special rectangular triangulations that we call 7,! and 7,2 must be designed.
We proceed as follows: take a non-uniform grid €, defined as before, and consider

the disjoint decomposition

Q= QL U2,
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where the sum j+/ of the indices of the points (z;,y;) in ©; and in Q3 is even and odd,
respectively. In order to simplify the following definitions, we introduce also Q3 = Q.

To each point (z;,y) € Q,, we associate the four rectangular triangles Tjil7 1 =

1,2,3,4, which have the angle 7/2 at (z;,y;), and two of the four horizontal /vertical
neighbor grid points of (x;,y;) as further vertices. We then define the triangulations
T =T UTY, fork=1,2,
with
T =T, CQ: (z;,y) € Qi =1,2,3,4},
and

Ty ={TH C (Q\U{T: T € T}): (xj,m) € QT i=1,2,34}.

For better understanding, an example of such triangulations is displayed in Figure 3.2.

(a) Grid €, = QL U Q2.

L 4 o

A

Th,2
Th,2
® 5%
@  J ¢ %
o L & )
(b) Triangulation 7,!. (c) Triangulation 7,2.

Figure 3.2: In (a) e represents a node of {2} and o represents a node of Q2. In (b)
and (c) T}, indicates a triangle of 7,7, for k =1,2.
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On each triangulation 7%, we define, in a natural way, the space S¥, and for every

element vy, € Sy, we associate v} € S} and v} € S7, as defined by

k

vi(z,y) = Y vz, u)dh(e,y) for (z,y) €Q, k=1,2, (3.13)

ZleQh

with ¢% the standard basis of Si and v(x;,;) the coordinates of vy, in the space Sj.
Assume that ¢, € S, is an adequate approximation for c¢y. Hence, our spatially
discrete FEM for the full problem is: find ¢, : [0, 7] — S}, such that for all v, € Sp,

(Orch, vn)n + an(cn,vp) = / br(s,t, cn(s),vn) ds + ((f)n, vn)n for t € (0,77,
0

(3.14)
cn(0) = cnp,
where for wy, vy, € Sh,
2 2
an(wp, vp) = Z ay, (wp, vn) — Zaz(wh,vh) + ap(wp, vn), (3.15)
ij=1 i=1
and
2 2
br(s, t, wp,vp) = Z b (s,t, wp, vp) — Z bl (s, t, wp,vy) + 0y (s, t,wy,vp).  (3.16)
ij=1 i=1

The discrete bilinear forms al(-,-), ai(-,-) and a*(-,-), for i = 1,2, are as given in
(3.8)-(3.12), so only those associated with the mixed derivatives, a}2(-,-) and a?' (-, ),
require definition.
Remember that a5 = a9, and use a,,;; to represent both functions. With the
notation of Figure 3.1, we define
Umiz(v) T € ’771";1, Umiz(vy) T € 7751,
V(i) = VE(amiz) =
amiz(V3) T € 7752, Amiz(V3) T € 7;{“2

Then, using the notation of (3.13), we write
ay* (wp, vp) Z Z /Vl> Uiz ) VEWENYOR dady
k LTeTk

and

aj,' (wp, vp)

2
=-> ) / V& (amin) VY V0f dady.

k=1 re7k T

l\DI»—t

D"‘
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Analogously, we can easily determine the expression of the discrete bilinear form
br(s,t,-,-) given by (3.16).

For later purposes, we assume that a(-,-) is Sp-coercive, i.e., positive constants
Cac, Cae, and C, \ € R exist such that

lan(wp, vp)| < Cocllwp||gr||vn||gr for all wp, v, € Sy
and
ah(vh,vh) Z Ca,eHUhH%{l - C(IJ\HUhH%L for all v € Sh. (317)

We also assume that by,(s,t,-, ) is bounded uniformly with respect to s and ¢, i.e., a

positive constant Cj, . exists such that
|br (s, t, wh,vp)| < Coellwnllgr||vnl|gr for all wy, v, € Sy, s,t € [0,T7. (3.18)

Now, it is important to observe that this FEM can be numerically implemented
as a simple FDM. The formulation given by (3.14)-(3.16) was introduced mainly for
theoretical reasons, since the convergence theorems investigated in the next sections
are based on this finite element approach. In the remainder of this section, we present
the equivalent finite difference scheme.

Let €2, be the non-uniform grid previously defined over the domain 2. Note that
this grid does not require any special construction. Denote by W), the space of grid
functions vanishing on the boundary. For v} € W), take

vl (i1, y) — vl (221,
vaf(xj,yl) _ h( j+1 Y1) h( j—1 Y1)

Mt hi

v F o (5172, Y1) — Ok (252172, 91)

_D Uh ('rj7yl) = hx ,
j+1/2
F F

T Up \Tj4+1,Y1) — Up \Tj5, Y1
D Uf(xj+1/2>yl) = Al s h)x Al ! )7
J+1

and define similar operators in the y-direction. Observe that when the domain is not
rectangular, the operators D¥ and DY may refer to values of grid functions on nodes
outside the grid Q;. As in [82], we make a kind of antisymmetric extension, taking
the negative value of the function evaluated at the closest interior node.

We equip the space W), with the discrete norm

lon 13 = llow 15+ 1oy 13- (3.19)
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with || - ||5 given by (3.7) and where

oy 17 = Z h?.l,-l/gh;cDfoIj(Ij—l/%yly

2;,1€0,
+ Z h§+1/2h?DyU£<Ijv yl—1/2)2~
21, €,
Here, we have used the subscript to indicate that the index abuts the boundary nodes.
It can be shown that the norm (3.19) is equivalent to the H'-norm restricted to Sj,.
Set C}I;o € W), as an approximation of ¢y. The FDM is then to find ¢! : [0, T] — W),
such that

t
el + Apel — / Bu(s, el (s)ds + () for t € (0,7,
0

(3.20)

C}I:(O) - C}?,Oa

where, for vl" € W,

Apvt = —=D%(a; D*vf) — DY(anDYv)) — D*(aaD%f)
— D¥(ag D*0") + D*(ayvi ) + DY(agvi’) 4 agvf

and By (s, t)vl as Apvf, with the obvious adjustments. Suppose now that cf is a

solution of problem (3.20); hence, it can be proved that

ez, y,t) = Z e (z,y,t)pj(z,y) for (z,y) € Q, t €[0,T)
2€Q,
is a solution of the finite element formulation (3.14)-(3.16).

We finish this section with a comment on the stability of the FEM (3.14)-(3.16),
or equivalently, of the FDM (3.20). The same kind of study as given for the one-
dimensional method can be carried out for the present case. It will yield results that
are identical to those given by Theorems 2.1 and 2.2 of Section 2.1.1. We note that
to prove the equivalent to Theorem 2.2, we require that the bilinear form ay(-,-)
satisfies (3.17) with C,, = 0, i.e., it must be elliptic.

3.1.1 Error Estimates

Let ¢ be a solution of the variational problem (3.4)-(3.6) and let ¢;, be the numerical
approximation obtained by the FEM (3.14)-(3.16). We define the error of the method
by

eh(t) = Phc(t) — Ch(t). (321)
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Assume for now that the domain € is rectangular and ay(+, -) is elliptic. Following
the standard splitting approach [160] and proceeding just as described in the one-

dimensional case, we find out that, if

c € L>(0,T; H*(Q) N Hy(Q)),
dic € L=(0,T; H3(?)), and 82c € L=(0,T; L)), (3.22)

then

t t
[ ento) i s < Ch ([ el ds + IOl + 1)), (323

for t € [0,7]. In fact, this is the same supercloseness bound as that of Corollary 2.2
for the one-dimensional problem.

In this section, we provide a different approach to study the error (3.21). This
will allow us to lessen the assumptions (3.22) while still preserving the supercloseness
result (3.23). Besides, the complexity of this strategy is lesser than that of the
conventional method. Our approach is as follows.

We start by noting that ep(t) satisfies the equality
1
§at!|€h(t)||i = (OpPuc(t), en(t))n + an(cn(t), en(t))

—Am@aM$%wawu@m%wm (3.24)

Note also that by (3.1)

((F(@))n, en(t))n = ((@C(t))h,eh(t))hﬂL((AC(t)—/0B(S,t)C(S) ds)n, en(t))n- (3.25)

Hence, using the above expression in (3.24), we obtain

SO + auten(®)en) = [ s toen(s).en(®) ds +7(en(t). (3:26)
with
r(en(t)) = ralen(t)) + 7a(en(®)) + i ent) (3.27)
and where
ralen(t)) = (OPac(t), en(t))n — (Oue(t) s en(t)s

Tint(en(t)) = /O((B(s,t)c(s))h, en(t))n — bu(s,t, Pue(s), en(t)) ds,
Ta(en(t)) = an(Pre(t), en(t)) — ((Ac(t))n, en(t))n-
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Now we proceed to estimate (3.27). Let 7,°" be the set of triangles that have one
edge on the oblique part of 99, and define Q¢ as the region of the domain formed
by those triangles. By C°%  we denote an indicator function that is equal to zero if
Q% = () OF iz = bmiz = 0, and is equal to one if Q! # ) and da,nip # 0 OF bypiz # 0.
The following proposition is a direct consequence of Lemmas 5.1, 5.2, 5.4, 5.5, and

5.7 of [82).

Proposition 3.1 Suppose that the coefficients of the differential operators A and
B(s,t) are in W™>(Q), for s,t € [0,T], and let r € {1,2} and h € H. Then,

(i)l < 7O @llvnllm for vw € S,

with

<O(( X Ble®lzem) + (X Wloe®lze)

TETh T€Th
- [ (S ) o)
< s (0 + 100+ [ Vel ). (3.2

provided that ¢ € L>(0,T; H*(2) N HL(Q)) and dyc € L>=(0,T; H*(Q2)), and

<O(( X le®lzom) "+ (X mloe®lze)

TET;, TET,,
1/2 . (1-1 1/2
/(Zh W) s+ L (X2 1 elt) s
TeTh TETObl
4(1-1 1/2
/ > b T lels) o) ds)
TeTb

t
< OB (I + 10+ [ (o) )
’ t
nglmChg{gm 1/p<|c(t)|w2,p(ﬂzbl) + /0 |C(8)|W2,p(ﬂzbl) d8>, (329)
provided that ¢ € L>(0,T; H3(Q)NHL(Q)) and d;c € L>(0,T; H*()), forp € [2,00).

With the aid of Proposition 3.1 and equation (3.26), we can establish one of our

main results for the error ey (t).
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Theorem 3.1 Assume that a(-,-) and by(s,t,-,-) satisfy (3.17) and (3.18), respec-
tively. Then, for r € {1,2}, and under the hypothesis of Proposition 3.1, it holds

t 1 t
len @+ [ Nlea()3ds < G (Jen @ + 55 [ 7617 ds).
0 2n° Jo

with € and n non-zero constants such that
Coe— €€ —10*>0, (3.30)

and where

= = 2 5 T'/2€°}. 31
Cy (1300, — =)} Cy = Cimaz{2C, », Cy T'/2¢”} (3.31)

Moreover, one has
t
PO < OB (0l + 100+ [ e ds) (222)
provided that ¢ € L>=(0,T; H*(2) N H}(Q)) and d,c € L>=(0,T; H*()), and
t
O )2 < Ol (e(®) s + 190t 32 + / le(s) 13 ds)
t
o+ O C3217 (16(8) ) + / () Branagny ds), (3.33)
provided that ¢ € L>(0,T; H3(Q)NHL(Q)) and d,c € L>(0,T; H*()), forp € [2,00).
Proof: Using the bounds (3.17) and (3.18) in (3.26), we obtain

Orllen(®)lh +2(Cae — € = n*)llen(®)|zn < $)|[3 ds

+ QCaAHeh( Wi+ 557 ()

2_772

Integrating over [0,¢] we find that under the conditions (3.30) and (3.31)
t t S
lea(®)]2 + / len(s)|% ds < C / / len()lp dia + llew(s) 2 ds

#0157 [ 76 s + IO

Then, by the Gronwall’s lemma and the inequalities (3.28) and (3.29), we prove the

theorem.
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The previous theorem shows that when C°” is not zero, the order of convergence is

miz
lower. This loss of accuracy is due to the approximation used for the mixed derivatives
near the oblique part of the boundary. In the next corollary, we assume that C°%

is zero, i.e., the domain is rectangular or the coefficients of the mixed derivatives are

equal to zero.

Corollary 3.1 Let the assumptions of Theorem 3.1 hold. Assume that C°% =0 and
that cp o satisfies an estimate of type (2.34). Then, fort € [0,T],

t t
J1Pets) = )l ds < Ot ([ o) s+ 1el0) s + 000 )
provided that ¢ € L>(0,T; H*(2) N HL(Q)) and dyc € L=(0,T; H*(Q)).

The supercloseness estimate above is equivalent to the one obtained with the
classical error analysis (see (3.23)). However, the regularity conditions imposed in
Corollary 3.1 are more relaxed than (3.22). We remark that a similar result to Corol-
lary 3.1 can be proved for the one-dimensional problem.

The following Corollary 3.2 is a consequence of Theorem 3.1 and Corollary 6.2
of [82]. It establishes, under some more restrictive assumptions on a solution ¢, that
at least a convergence rate of 3/2 is attained for the more general problem C%! = 0.

We note that this is also a supercloseness result.

Corollary 3.2 Let Q% be a neighborhood of the oblique part of OQ and, in addition
to the assumptions of Theorem 3.1, take ¢ € L>(0,T; C?(QU Q°)). Then,

t t
J1Pets) = o ds < Ot ([ el s+ (o) + 000 )
t
+ O (Nl oy + [ (o) g 45).
fort € 10,T], assuming also that oot hp < C'.
TeTy

It is clear that the results of this section can be carried over to the equivalent
FDM. For instance, in the conditions of Corollary 3.1 we have the supraconvergence

estimate,

t t
) = ek s < i [ Telo) s s+ 1) s + 00 )

where ¢} is the approximation given by (3.20) and || - ||1 1 is the norm (3.19).
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3.2 A Fully Discrete Method

The aim of this section is to present a time integration method of the IMEX type for
the differential system (3.14)-(3.16). In this way, we get a fully discrete scheme to
approximate the integro-differential problem (3.1)-(3.3). The corresponding stability
and convergence analysis is also provided. We remark that similar results can easily
be obtained for the one-dimensional problem.

For a given fixed time step At on the interval [0, 7], we define the uniform grid

t, = nAt, forn=0,..., N, with t;y = T. Further, we consider the operator

,Un-i-l _an

v
D_tU;LH_l = hTth for Us S Sh.

The discretization in time is obtained by applying the implicit Euler method to the
semi-discrete system (3.14)-(3.16) and the rectangular rule to the resulting integral
term. Therefore, our fully discrete FEM for the integro-differential problem (3.1)-(3.3)
reads as follows: for n =0,..., N —1, find ¢} € S}, such that, for all v, € Sj,

(D_tCZ+1, 2}h)h + CLh(CZ+1, /Uh) = At Z bh(th tn—i—l) Cip Uh) + ((f)Z+17 Uh)h?
=0

(3.34)

0
Cp, = Ch0,

where (f)}" = (f(tne1))n. Using the same time integration scheme on (3.20) we get
the equivalent fully discrete finite difference formulation: for n =0,..., N — 1, find
cp™ € Wy, such that

D_yeb™ ™ Ayl = At Z By(ti, tar1)cy " + (f)p,
< 1=0
(3.35)
F,
[ Ch "=

A solution of the problem (3.34) or (3.35) is then an approximation to a solution
of (3.1)-(3.3) on the given time and spatial grids.

We now make some computational remarks. For our discussion, we consider the
formulation (3.35), since it is the one used in practice. We first notice that this scheme
is very memory-demanding, since we need all the values of cf’l, forl =0,...,n, to
compute cf’"“. However, in certain special cases, the method (3.35) can be rewritten

as a three-time-level method. This means that at time level n 4+ 1 we only need two
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Fn—1

previous time step solutions, ¢, and ¢, ", which is a drastic reduction of the

memory storage. This reformulation is as follows. Taking n > 1, then we have

n—1

Doy ™ 4 Ay ™ = AtBy(ta, taa)e, ™ + ALY Bu(t tara)ey” + (7
=0

and
D_yey™ + Apey™ = At By(t ta)er + (f)i-

Moreover, if
Bu(t, tner)er = g(At)By(ty, ty)er, (3.36)
where ¢ is some function, we obtain the three-time-level method

(I + AtA) ey ™ = e + APBy(ty, tsr ey ™ + At(f)p
+ (A (e — e 4 AtApel™ — AL(f)D),

forn = 1,...,N — 1, with I the identity matrix and A, and Bj(-,-) sparse non-
symmetric matrices with a bandwidth of four. Here we need a starting value, 05’1, that
may be obtained directly from (3.35). Note that the assumption (3.36) is satisfied, for
instance, when B(s,t)c(t) = K(t — s)Be(t) and K(a+ \) = K(a)K(\), for a, A € R.

3.2.1 Stability and Convergence Analysis

We begin this section with a version of the discrete Gronwall’s inequality (see Lemma 4.3

in [46]) that will be an essential tool to all subsequent analysis.

Lemma 3.1 (Discrete Gronwall’s inequality) Let {n,} be a sequence of non-negative

real numbers satisfying

n—1

Tn S ijnj +6n forn 2 17
j=0

where w; > 0 and {f,} is a non-decreasing sequence of non-negative numbers. Then

|
—

n

M < 677,63310( Wj) fOT’ n > 1.

.
Il
o

We now give a general stability theorem for problem (3.34).
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Theorem 3.2 Let us suppose that ap(-,+) and by(s,t,-,-) satisfy (3.17) and (3.18),
respectively. Then, for ¢} defined in (3.34), it holds that

617+ A0 3 s < Coe” (I + 280(Coe — S + 2o Zn iz).

m=0
where

1

¢ = min{1l — 2At(Cyx +12),2(Coe — €2)}’

Co = Crmaz{2(Cap +1°), Cp T/2€6°},
the time step satisfies
1 —2AHCoux+n?) >0 forn#0, (3.37)
and € # 0 is such that
Coe — € > 0. (3.38)

Proof: Substituting n = m and v, = ¢;"*! in (3.34) and taking into account

(3.17) and (3.18), we establish

(Deei ™ e+ Caelley ™ i — Canlley ™l < CbcAtZ||ﬂl\H1|\C?+l|\H1
7=0

H (O e (3.39)

Since

02T

obcmz el el < anum + e[l 1

Jj=0 j=0
and

1

4—772||<f)hm+1||i + 0 e s

(R e <
for all € # 0 and n # 0, from (3.39), we estimate

Cz?c
leg M5 = e lh + 288(Cae — €)lley ™ i < —55—

m .
Z [eA
=0

At
2—772!\(f)h“Hi + 204(Capy + 1) [le 7 (3.40)
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Summing (3.40) over m =0,...,n — 1, we get
—1 2 2 n—1 m
. . C’bCTAt
il = lleall7 + 2A¢(C Z W < D> el

m= m=0 j=0

n—1
g m+11|2 QAt m+1
b SO+ an + 1) Z [an /T

m=0

and consequently

C,? TAt2 e

ZHC’HHl

n—1
+ 204(Can +77) D el + 15117 + 288(Coe — € )Hch||H1+ ZH (PRl
m=1

(1= 2AHCon + 1) |22 + 2A8(C, Z [ Z

Choosing € satisfying (3.38), and At and 7 satisfying (3.37), we obtain

n n—1
Iehl2 + A0S e B < Aty S (e ||h+AtZ I 13:)
m=0 m=0

+ (I3 + 280(C — 3 + e Zn ).

Finally, an application of the discrete Gronwall’s inequality, completes the proof.

[

The next corollary follows from Theorem 3.2, and establishes the stability of the

fully discrete method (3.34) under perturbations in the initial condition. It states

that the scheme is unconditionally stable with respect to the H'-norm, provided that

Cax < 0. Otherwise, when C, , is positive, the stability condition for the time step

At must be respected (see (3.41)). We notice that we can draw the same conclusion
for the scheme (3.35) with respect to the discrete norm (3.19).

Corollary 3.3 Let ¢} be a solution of (3.84), with (f)7™" equal to zero. Under the

assumptions of Theorem 3.2,

IeilE + A8 D" Nl < Cre®” (IehllE + 284Cae = ) Ihli3 ),
m=0
for € # 0 satisfying (3.38), with
1
¢y = Cy = 2Can, Cp 1% /26
LS (] = 2A4eCor 2(Cos — ey 2T mar2Can G T7/26)

and At € (0, Aty), where Aty is such that

1 — 2AtCp > 0. (3.41)
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Now we turn our attention to the convergence problem. Again, let ¢ be a solution
of (3.4)-(3.6) and ¢} the numerical approximation determined by (3.34). Denote by

ey the error
ep = Ppe(t,) — cf.
We prove the following H'-norm error estimate.

Theorem 3.3 Assume the hypotheses of Theorem 8.2. If additionally Osby(s,t, -, ")

is uniformly continuous, i.e.,
1050 (s, ty wh, o) | < Challwp|gil|onllzr  for all wp,vn, € Sy, s,t €[0,T],  (3.42)

then, we have

n i m t "1,
leplli + At >~ flerllin < C2€CST<N01||62||§11 +lepllh + At WT( (tm)?
m=1

m=0 3

of 1 2 aT 2
+ CAE (5 1Pl + 5 I Prclnorm ) ) (3.43)
27 273
where At € (0, Aty), with Aty fized by
1 —2At(Cor +11) > 0,
the constants € and v; # 0, fori=1,2,3, are such that
Cr = 2(Coe — € =75 —13) > 0,

and where

1

C pr—
2 min{1 — 2Ato(Cyx + %), C1}’

Cy = Comaz{2(Cyn + 7%), CZ?T/2€2}, Cy = maz{Chp ¢, Cpa}.

In (3.43), 70 (t,n)2, for r =1 and r = 2, respectively, satisfy the inequalities (3.32)
and (3.33), with t = t,,.

Proof: In view of (3.34) and the definition of the error e}, we find
(D*t621+1> 6?“% = (D*tphc(thrl)a eZH—l)h + ah(c?ﬁ_l» 621“)

— At Z bh(tja bt C}jw eszrl) - ((f)herl» ehm+1)h'

J=0
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By virtue of (3.25), which holds with ¢t = ¢,,,1, we deduce
(D tezn—i-l m+1) +ay ( m+1 62@+1)

= ACS Oty b o ) e, (344)

where
) = (e ) + ).
Here, 7(ej**!) is defined by (3.27) with ey (t) replaced by e;**! and
Fae) = Tua(€) + (el
with
Tna (™) = (D¢ Puc(tmsr) — O Puc(tmsr), ep ",

tm+1
Tpa(emth) = /0 bi (S, tims1s Pac(s), m“)ds—Athh ti)tmet, Pac(ty), emth).

7=0

Now we estimate these terms. By using the Taylor’s expansion we easily obtain

tm+1
(el < [ 1Pl sl
tm
S CAtTHPhCHH2 (tmstma1;Sn) T 71 ||6h +1||h7 (3.45)

where v; # 0 is an arbitrary constant. For 7, 5(ej"™!), we can use the Bramble-Hilbert

lemma (see Theorem 4.1.3 in [47]) to get

Tuaep )] < cmz / O4b (5, s Pac(s), €41)
+ |bn (8, timsr, O Pac(s), e )| ds,

and the assumptions (3.42) and (3.18) to find
[Ta(ef ™) < CAthZ/ [Pac(s)llm + 110 Prc(s) || dsller ™ ||z

< EOAﬁObHPhCHHI(OTHl +72||€ +1||H17 (3.46)
2

where 75 # 0 is an arbitrary constant.
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Combining (3.45) and (3.46) with the estimates for 7(e}"*!) established in Propo-
sition 3.1 yields

Rale) S a7 mea)* + OF + DN i 21
1
+c( APt ) + T2CEAPI Bl o) (347
2

Returning to (3.44), using the inequality (3.47) and proceeding like in the proof

of Theorem 3.2, we verify that
9 At

e 1 = eI + 284 Coe = € =28 = D™ i < 3757t
3

o AP Prcl o
243 (O

2T m ]
b2 > I Puedlln-
=0

Following again the proof of Theorem 3.2, we get the desired result.

+ OAt( AtHPhCHH?(tm tm+1;Sh) +

+ 2At(Cop +71)|lef 7 + At?

[ ]

We remark that the assumption (3.42) holds, e.g., for B(s,t)c(s) = K(t—s)Bc(s),
whenever the kernel K satisfies |0, K (t — s)| < C, for s,t € [0,T], and B is a second-
order differential operator such that b(-,-) is continuous.

The next corollary, a direct consequence of Theorem 3.3, states that the fully
discrete FEM (3.34) is first-order accurate in time. This is an expected result, since
our scheme is based on two first-order methods in time, the implicit Euler and the
rectangular rule. Here, for brevity of presentation, we only consider the case when

r=2and C%% is null.

Corollary 3.4 Let the assumptions of Theorem 3.3 be verified, and assume that cy, g

satisfies an estimate of type (2.34). Then, the upper bound
el + A el < C (s (el ez + lelaorm
m=1

+ el m o ) + A2 (I Paclbizores,y + 1Prcllinoran) ), (3:48)
is attained, provided that ¢ € L>(0,T; H*(Q2) N H(Q)), dyc € L=(0,T; H*(Q)), and
D2c € L*(0,T;C(Q)).

A estimate like (3.48) holds true for the approxunatmn ch " defined by (3.35) as

well, with the error function e} given by e} = ¢(t,) — ¢, and substituting || - ||, for

[RR{7EE
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3.3 Numerical Experiments

The purpose of this section is to illustrate the theoretical convergence rates proved
for the semi-discrete approximation. For that, we consider two problems, one a with

rectangular domain, the other with a polygonal domain and mixed derivatives.

Example 3.1 Consider the integro-differential problem (5.1)-(3.3) with Q = (0,1)?,

1 _ _
AQ(Iay)_[y_x y1$:|7 Al(‘ray)_|:_ayj:|7 ap =0,

-1 0

_ _—(t—s)
B2<Svt) =e€ |: 0 -1

] . Bi(s,t) =0, bo(s,t) =0,
and 1nitial condition and f chosen so that

c(z,y.t) = e'zy(z — 1)(y — 1)
is the exact solution.

Example 3.2 Let Q2 be the polygonal domain in Figure 3.3. In this domain, we

A

1 P!

0.4

Figure 3.3: Polygonal domain 2.
consider the integro-differential problem (3.1)-(3.3) with

1
AQ(«Tay) = |: Ty xly :| 5 Al = 07 ap = 07

(l—s 0o -
By(z,y,s,t) =€ (t=9) { 2y gy } . Bi(s,t) =0, by(s,t) =0,

and nitial condition and f chosen so that

c(z,y,t) = ewy(z —1)(y — (- +7/5 - y)

1s the exact solution.
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Using the FDM (3.35) we solved each problem on a sequence of grids, starting
with a random grid that is successively refined by taking h¥ = h?/2 and h] = h} /2.

The results are presented in Tables 3.1 and 3.2, where

N2 : n||2 12
Error = <||€h In + Atz ||€h||1,h> ;
n=1

and N, and N, denote the number of nodes in the x and y direction, respectively. We

R N, N, Error Rate

1.2998 x 10°! 9 8 4.9148 x 10~* 1.9065
6.4989 x 1072 18 16 1.3110 x 10~* 1.9425
3.2494 x 1072 36 32 3.4107 x 107° 1.9781
1.6247 x 1072 72 64 8.6572x 1076 1.9932
8.1236 x 1073 144 128 2.1745x 107 2.0031
4.0618 x 1072 288 256 5.4248 x 10~7 2.0254
2.0309 x 107 576 512 1.3325 x 1077 -

Table 3.1: Discrete norm errors and convergence rates for Example 3.1.

observe that the estimated convergence rates for both examples is approximately 2
for Example 3.1 and 3/2 for Example 3.2. This behavior is exactly as predicted by
Corollaries 3.1 and 3.2.

R N, N, Error Rate

1.3466 x 107 9 8 29878 x 107* 1.5541
6.7329 x 1072 18 16 1.0175 x 10~* 1.5597
3.3665 x 1072 36 32 3.4513x10~° 1.5390
1.6832x 1072 72 64 1.1876 x 107° 1.5219
8.4162 x 107 144 128 4.1358 x 107 1.5114
42081 x 1073 288 256 1.4507 x 107 1.5059
2.1040 x 10=* 576 512 5.1081 x 1077 -

Table 3.2: Discrete norm errors and convergence rates for Example 3.2.

In the experiments, we have taken T' = 0.1 and At = 107°, a very small time step

to minimize the error due to the time discretization.






Chapter 4

A Parabolic-Elliptic Coupled Problem

In this chapter, we extend the analysis of FEMs with quadrature to systems of
equations. However, as explained in the introduction, we move away from integro-
differential equations and turn our attention to coupled problems consisting of an

elliptic equation of the form
—V(a(c)Vp) =¢q¢ in Q x (0,77, (4.1)
and a parabolic PDE of the form
¢ + V(b(c, Vp)c) — V(d(c, Vp)Ve) = ¢ in Q x (0,7]. (4.2)
This quasilinear system of equations is complemented with the initial conditions,
p(0) =po, ¢(0)=cy in (4.3)
and with homogeneous Dirichlet boundary conditions
p=0, ¢=0 ondQx(0,7T]. (4.4)

We assume that a € WH®(R), b € W?*(R?) and d € WH*(R?), and all with
codomain lying in R. Additionally, we assume that the initial conditions and ¢; and
q2 are regular enough and, without loss of generality, that the domain 2 is the open
interval (0, 1).

The organization of this chapter is straightforward and very similar to previous
chapters. The fundamental result is the supercloseness of the gradient of a finite
element approximation. The proof of this is given in Section 4.1, together with the
description of the numerical method. In Section 4.2, we study a fully discrete scheme

and we finish in Section 4.3 with a numerical test that illustrates the theory developed.

95



56 Chapter 4. A Parabolic-Elliptic Coupled Problem

4.1 A Semi-Discrete Galerkin Method

To obtain our semi-discrete FEM for (4.1)-(4.4), we start with a variational formu-
lation of the problem which is given by: find p,c : [0,7] — Hy(Q2) such that the
conditions (4.3) are fulfilled and

(a(c)Vp, Vv) = (q1,v),
(4.5)

(Oyc, w) + (d(c, Vp)Ve, Vw) — (b(e, Vp)e, Vw) = (g2, w),

for all v,w € Hj(Q) and t € (0,7]. A standard finite element approximation problem
is the following: find p,c: [0, T] — S}, satistying the conditions (4.3) and such that

(a(cn)Vpn, Vo) = (q1,vp),
(4.6)

(Occn, wp) + (d(cn, Vpr)Ven, Vwy) — (b(cn, Vpr)cn, V) = (g2, w),

for all v, w, € S, and t € (0,T]. The FEM that we study in this chapter is based
on the numerical integration of the equations (4.6). We notice that many of the
numerical tools to be used here are identical to the ones employed in Chapter 2, and
we refer to that chapter for notation and definitions.

Thus, our semi-discrete approximation to the weak solution of (4.1)-(4.4), defined

by (4.5), is a solution of the following problem: find
Phycn [0, T] — Sh,
satisfying the initial conditions
pr(0) = pro, cn(0) = cnp, (4.7)

and moreover, that for all vy, w, € Sy, and t € (0,71,

(anVpn, Vup) = ((q1)hs vn)n, (4.8)

(8tch, wh)h + (thch, V’LUh) — (M* (thh), th) = ((QQ)h, wh)h. (49)

Here, we have denoted
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for x € (z;-1,;], and

(b(cp (0, 1), Von(z1-12,t))  fori=0,

br (5, t) = < b(cn(xiyt), Dppp(xi,t)) fori=1,...,N —1,

LO(cn(zn,t), Vor(zn-1/2,t)) fori=N,

with
Dypi(i,t) = (hiVpn(iyij2,t) + hixi Vor(wic1/2,1))/(hi + higa).

Once again, it can be proved that the FEM (4.7)-(4.9) is equivalent, in the same
sense as Chapter 2, to a FDM. The approximations given by this method, represented
by p¥, ¢l 1 [0, T] — Wy, are solutions of the following ordinary differential problem

— D(anDpy,) = (q1)n,
(4.10)

dve, — D(dpDpy,) + De(buey, ) = (g2),

for t € (0,7], together with suitable initial conditions in accordance with (4.3).
In order to simplify our presentation, we have considered here that aj(z;11/0,t) =
ap(xix1,t) and dp(Tie1/2,t) = dp(@isa, t).

As we mention in the introduction, the system (4.1)-(4.4) is closely related to
some porous media problems. Therefore, for the remainder of this chapter, we will

sometimes refer to p as pressure and c as concentration.

4.1.1 Stability Analysis

This section presents two theorems that together prove energy stability of a solution
of the variational problem (4.7)-(4.9). We start with the pressure.

Theorem 4.1 If C, < a, then
[P ()0 < Cpll(@(@)nlln for t € [0,T7. (4.11)

Proof: Taking in (4.8) vy, = pp(t), and using the Poincaré-Friedrichs’ inequality
lonlln < [[Vopl32, for v, € Sy, we easily get (4.11).

The next corollary is obvious.
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Corollary 4.1 In the conditions of Theorem 4.1, if
lar()llz2 < Cy  fort €[0,T], (4.12)
then
lpn ()| gr < G fort € [0,T]. (4.13)
Moreover, the inequality (4.13) implies that
[pn ()| e < G fort €[0,T7].
In the following theorem we consider the concentration equation.
Theorem 4.2 Suppose that ¢, € C'([0,T); Si) and that
i:T{%'C'LfZN|Vph(JJi_1/2,t)| < C,. (4.14)
Suppose also that C, < a, Cy < d and
|b(a, \)| < Gyl A for (o, \) € R, (4.15)

Then, there holds

t 1 t
len @)+ [ len(s) s ds < Coe (lenall + 515 [ Ilaa(oDulF ds),
0 2n° Jo

fort €[0,T], with

1 L 2 2
= == 2
G min{1,2(Cq — €2)}’ C2 2¢2 GGy 27

€ # 0 such that Cy— €2 >0 and n # 0 an arbitrary constant.
Proof: On replacing wy, in (4.9) by ¢, (), we estimate
%@HCh(t)Hi + Callen(®)lFn — (M (br(t)en(t)), Ven(t)) < %nﬂl(%(t))hﬂi +17°[len(®) 15,
for arbitrary n # 0. As obtained from (4.14) and (4.15)
(M7 (ba(t)en(t)), Ven(t)] < CoCollen(®)nllVen ()]l 2, (4.16)
it follows that

@@,

Atllen®) +2(Ca = €)llen®)ln < Collen(®)llh + BT
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where € is a non-zero constant. This inequality leads to
t t
len(®)12 +2(Ca — ) / len(s)|% ds < Cs / len(s)I2 ds + flenoll2

1 t
+ 3 [ (oDl s,

and the desired result follows by Gronwall’s lemma.

A comment about condition (4.14) is in order here. Observe that

an(Tiy1, 1) Vpn(Tip1y2,t) = Z 172D (an(t)Vn(t))(x;) + an(z1, ) Vor(z1-1/2, 1)

j=1

= — Z hjv1y2(qi(xj, t)n + an(x1,t)Vp(21-1)2, 1),

Jj=1

fori=1,...,N — 1, and by (4.12) we get
max |an (25, ) Vpr(wicay2,t)] < Oy + |an(w1, t)Vpr(z1-1/2, 1)),

i=2,...,

provided that ¢ € L>(0,T; L*(Q2)). It is then plausible to assume that (4.14) holds.

4.1.2 Error Estimates

In the first part of this section we introduce and study two auxiliary problems. The
results derived for these problems are essential for the forthcoming analysis.

Let pu(t), én(t) € S, be solutions of the variational problems
(an(t)VDr(t), Vwn) = ((q1(t))n, wp)n  for wy € Sp (4.17)
and
(dn(t)VER(t), Vwn) = (M*(bp(1)En(t)), V) = ((G2(t))n, wn)n  for wy € Sy, (4.18)
where Go(t) = qa2(t) — Oyc(t) and where the other coefficient functions are defined by

a(M(c(z,t))),
d(M(c(x,t)), Vp(xi_1/2,t)),

dh(x, t)

gh($, t)

for x € (z;_1,x;], and

b(c(xi, t), Vp(a;, t))ep(x;,t) fori=1,...,N —1,

bh(.’ﬂi,t)éh(l’i,t) =
0 for i =0, N.
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It can be shown that p,(t) and ¢&,(t) are solutions of a coupled finite difference
problem analogous to system (4.10).

The following proposition can be established by Theorem 3.1 of [16].

Proposition 4.1 If C, < a, then for py(t) defined by (4.17) the following estimate
holds:

N
1Prp(t) = Br(®)llFn < Cp Y W I 1o,y (4.19)

=1

provided that h € H and p(t) € H'"(Q) N H (), forr € {1,2}.
As a consequence of this result, we prove that

A aXN |Vﬁh(l’i_1/2, t)| < Cﬁ. (420)

In fact, from (4.19) we have

IV (Pup(2i-1/2,t) — Pr(Tio10,1))| < ChLL?

maxr

and so, using Taylor’s expansion, we obtain

_ _ 1 [
\Vin(xic1y2, )] < |\V(Pap(@iz1)2,t) — Dr(Tiz1/2,t))| + h_/ \Vp(z,t)| dx
(2 Ti—1

i—

< Chip + [Vp(t) =,

max

which means that (4.20) is valid, provided that p € L>(0,T; H*(2) N HL(2)).
We now proceed to establish an estimate like (4.19) for ¢,(t). We follow again the
proof of Theorem 3.1 in [16], but we need a more precise result here. First we must

guarantee the stability of the bilinear form
ag, (Uh, U}h) = (Jh(t)Vvh, th) — (M*(Bh(t)l)h), th)h for Vp, W, € Sh.

The next proposition states this result and the conditions under which it occurs (see
Proposition 3.1 in [16]).

Proposition 4.2 Define d(t) = d(c(t), Vp(t)) and b(t) = b(c(t), Vp(t)), where p and

¢ are solutions of the variational problem (4.5). If the variational problem: find

v € HYQ) such that (d(t)Vv, Vw) — (b(t)v, Vw) = 0, for w € H} (), has only a null
solution, then, for h € H, it holds the following stability inequality

lonllis < Cow sup 1920wl

for vy, € Sp.
07w, €Sh HwhHHl
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Now, by virtue of Theorem 3.1 in [16], to estimate the error Pyc(t) — én(t), it

suffices to estimate

N
Td = Z hﬂl(l’i_l/g, t) (VPhC(Ii_l/g, t) — VC(JIi_l/g, t)) th(.??i_l/g) (421)

i=1

and

Tb == Z hz (b(xi_l/Q, t) - b(xi_l’ t)2+ b(xz’ t)>th(xi_1/2), (422)

i=1

where
d(z,t) = d(c(x,t), Vp(z,t)) and b(x,t) = b(c(x,t), Vp(z,t)).

To obtain bounds for (4.21) and (4.22), we apply the Bramble-Hilbert lemma. This

gives
= 2r 2 1/2
Ta] < Clld(e(®), Vp(e) o= (32 2@ Frer ) lonllm,
=1
and
al 2r 2 1/2
1) < (DR Ib(e(t), Vo)l e, ran) - wnllin, (4.23)
=1

Denote by Cj(§2) the set of functions on 2 having bounded, continuous deriva-
tives up to order r. As the imbedding of H'*"(2) into C'5(Q) is continuous (see
Theorem 4.12 in [5]), we get from (4.23)

al 2 2 2 2 1/2
T < (D2 A2l (1) oy + 1O iz ) ) el
=1

for r =1, and for r = 2

N
1 < (D m (e@ e (@ + 1) (el oy 0 + IPO2ger s )
=1
el (NP2 1P 2y ey + NPO o)
) 1/2
1) Bzgorrian) ) lonlln.

We summarize the previous results in the following proposition.
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Proposition 4.3 Let the assumptions of Proposition 4.2 be valid. Then for é(t)
defined by (4.18) there holds the following

N
1Pre(t) = en()llz < Ce Y b (HC(t)Ilipmm,l,xi) + ||p(t)||?p+r<xi,1,m>>,
i=1

provided that p(t),c(t) € H(Q) N H(Q), for r € {1,2}.

Before proceeding, we point out that Proposition 4.3 implies that ||¢,(¢)||m < Cq,

from which we can conclude
1en ()|~ < Ce. (4.24)
Also, as for (4.20), from Proposition 4.3 we still have
nax, |Ven(wi1y2,t)] < Cs, (4.25)
provided that p,c € L>(0,T; H*(Q) N H()).

In the next proposition, we establish an upper bound for the error p,(t) — py(t).

Proposition 4.4 Suppose C, < a. Then, for h € H,

pn(t) = pn(®) || < cp,ﬁ(nphc(t) — en(®)[|n + (Z h?rHc(t)II%,«@i1,%))1/2),

i=1

provided that p € L>(0,T; H*(Q)NHI(Q)) and c(t) € H'(Q)NH(Q), forr € {1,2}.
Proof: From (4.8) and (4.17), it can be shown that

(an )V (pa(t) = Pu(t)), Vwn) = ((an(t) — ax (1)) VPn(t), Viwn)
+ ((a}’;(t) - ah(t))Vﬁh(t), th), (426)

for wy, € Sy, where aj(t) is defined as a,(t), but with ¢, (t) replaced by Pyc(t).
By (4.20), we have for the second term of the second member of (4.26) that

|((a5, () — an(t))Vpn(t), Vwn)| < C|[Pac(t) — en(t)|[nllwnl a1, (4.27)

while for the first term, by the Bramble-Hilbert lemma, we deduce

(@)~ )0, V) < C( RNl ry) enlln (128)

We can conclude the proof taking w, = pp(t) — pr(t) in (4.26) and using the
inequalities (4.27) and (4.28).

One important result is stated in the following corollary.



Chapter 4. A Parabolic-Elliptic Coupled Problem 63

Corollary 4.2 If C, < a, then for p, and c;, defined by (4.7)-(4.9) it holds that for
heH andr € {1,2}

1/2
|mﬂoﬂmwmsc@ad»whnm(§y%|nm%wﬁ

1/2
+ (Z hlzr||p(t)||§{1+7'(xi_1,xi)> )a
i=1
provided that c(t) € H™(Q) N Hy(Q) and p € L>(0,T; H () N H} (Q)).
The next three lemmas will play a fundamental role in the sequel.

Lemma 4.1 Assume p,c € L>(0,T; H'(Q) N HL(Q)), for r € {1,2}. Let ¢,(t) be
defined by (4.18) and let the conditions of Proposition 4.2 and Corollary 4.2 hold.
Then, for the functional defined on Sy by

Td(t, wh) = (Jh(t)VEh(t), th) — (dh(t)Vch(t), th),
we have
Td(t, U}h) = (dh(t)V(PhC(t) - Ch(t)), th) + Td,h<t, wh), (429)

where for wy € S,

N

2r 2 1/2
ran(t wn)] < Ca(llPac(®) = en(®)lln+ (D A UpOsro,so))
=1
A 2r 2 1/2
+ (DRt o) ) el (4.30)
=1

Proof: The representation (4.29) holds with

Tan(t, wy) = 7';712 (t,wp) + é}z(t wy) + Té?,z (t,wp),

where
T8t w) = ((dn(t) — d(£)Van(t), V),
Tt wn) = (d5(8) — du(t)VEn(t), Vaoy),
T3t wy) = (da(D)V (@n(t) — Pac(t)), V),
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and dj (t) is defined as dj(t) replacing c,(t) and pp(t) by Pnc(t) and P,p(t), respec-
tively. Let us estimate each term separately (recall (4.25)). First, using the Bramble-

Hilbert lemma, it can be shown that

1 . 1/2
IﬂtwKC«Zﬁﬂlm%m>

N

1/2
+ (IO ny) ) lwnlln for wh € Si.

i=1

Next, we find

7 wn)| < CIPae(t) = en(®)lln + |V (Pap(t) = pu(6))[22) l[wn

from which, by Corollary 4.2,

N 1/2
2t w)l < C(1Puett) = en(®) e+ (3B 16 e o))
=1

N 1/2
+ (DRI s o) ) lnllin for wy € Sy
=1

For the last term, by Proposition 4.3, we have

3 . 1/2
|ﬁtwmc«2munwmwg

1/2
+(Z@W@WWMM)NMMIMW6&
=1

The inequality (4.30) follows from the previous estimates.

Lemma 4.2 Assume p,c € L>(0,T; H™(Q) N HY(Q)), for r € {1,2}. Let cu(t)
be defined by (4.18) and let the conditions of Proposition 4.2 hold. If C, < a, the
assumption (4.14) holds and the coefficient function b satisfies (4.15) then, for the
functional defined on Sy, by

7 (t,wn) = (M* (b (t)en(t)), Vwy) — (M*(by(t)En(t)), Vawy),

we have

Tb(t, U}h) = (M* (bh(t)(ch(t) — PhC(t))), th) + Tb’h(t, wh), (431)
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where for wy, € Sy

1/2
|7o.5(t, wp)| < Cb,2<||Phc( ) —cn(t)||n + (Zh%H ||H1+r (i1 1,1))

N 1/2
(DRI e orrmy) ) lnllir (4.32)
=1

Proof: The representation (4.31) holds with

Ton(t,wp) = Tog) (E wn) + T (8 wn) + 70 (£ w),

where

being b; (t) defined as by,(t) replacing ¢y, (t) and py(t) by Pye(t) and Pyp(t), respectively.
Consider the first term. By (4.14), (4.15), and Proposition 4.3, we estimate

N 1/2
1 T
i )| <C((3 Al e, )

i=1

N

1/2
(IR e, ) ) lenllan

i=1

As for the second term, since é,(t) satisfies (4.24), we find

T (£ )| < CCPac(t) = en(®)lln + IV (Pup(t) = pu(0) ] 22) l[wn .

Furthermore, from Corollary 4.2, one concludes that

N

1/2
it wn)l < € (1) = en®lln + (32 B2 ey
=1
al 2r 2 1/2
+ (IO Berymy) ) lenllin. (4.33)

i=1
To obtain the bound for the last term, we first notice that

1

Vp(z;,t) — Dpp(ai, t) = ot s
1 i+

Av),
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with
AMv) = Vu(p) — plv(1) —v(p)) + E(U(P) —v(0)),
and
o€ =Pl + &+ hin),0), p= e p=
= P\Ti—1 7 i+1) 3 p — ]’LZ T hi+1, p = hi+1 .
Applying the Bramble-Hilbert lemma to A(v) we obtain
1
M)l <€ [ 19700 dg
0
Tiy1/2
< Clhi+ hiy)! / V(e ) dz forre {1,2},  (4.34)

Ti—1/2

with V" the derivative of order r. Therefore, the last term can be estimated as follows

N 1/2
it wn)l < C( X IO rer o) lnllin (4.35)
i=1
The proof now follows from (4.33)-(4.35).
[
The next lemma is given without proof. It can be found as Remark 3.4 to Theo-
rem 3.1 in [16].

Lemma 4.3 Let g(t) be a function in the space H*(Q). Then, for h € H, it holds

N A , 1/2
(Pag®) — (90wl < Con (S B IgO s e0) Inlls for wy € S5

=1

For the semi-discretization (4.7)-(4.9) define the errors
ecn(t) = Prc(t) — cp(t) and e, n(t) = Pup(t) — pu(t).

We are now in position to establish the main results of this chapter, namely the

supercloseness of the approximations. We start with the concentration.

Theorem 4.3 Let p and ¢ be solutions of the coupled quasi-linear problem (4.5) and
let p, and ¢y, be the approximations defined by (4.7)-(4.9). Assume that the variational

problem: find v € Hy(Q) such that (d(t)Vv, Vw) — (b(t)v, Vw) = 0, for w € H}(Q),
has only the null solution, where d(t) = d(c(t), Vp(t)) and b(t) = b(c(t), Vp(t)).
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Moreover, assume that C, < a, Cy < d, b satisfies (4.15) and that the assumption
(4.14) holds. Then, for r € {1,2} and h € H, we have

t N t
leea(®I+ [ Neea(s) ds < o (€3 [ (oo
=1

el i) + 1O [rz(o sy A + (O] )

where € is a non-zero constant satisfying Cy — 4€> > 0,
1 1 1
) = o =5 (Ch+ R+ SCRCE) 426
" min{1,2(Cy — 4€2)} 2T e\ T 2 b e

and provided that p,c € L>=(0,T; H™(Q) N H} () and d;c € L*(0,T; H*(Q)).

Proof: It is easy to show that e.p(t) is a solution of the variational problem
(@ecyh(t), wh)h = (dh(t)Vch(t), th) - (M*(bh (t)Ch(t)), th)
= ((q2(8))n, w)n + (O Prc(t), wi)n
and, as ¢ (t) satisfies (4.18), we obtain
(Gtec,h( ) ’LUh) (dh( )V&h(f?), V’LUh) + (dh(t)Vch(t), th)
— (M (bu(t)en (1)), Vwn) + (M (ba(£)En(1)), Vawn)
— (Ou(cn(t))n, wi)n + (OrPre(t), wp)p. (4.36)

By setting wy, = e.4(t) in (4.36) and taking into account Lemmas 4.1 and 4.2, we get

(Oreen(t), ecn(t))n = =(dn(t)Veen(t), Veen(t)) + (M (ba(t)ecn(t)), Veen(t))
-+ (atPhC(t) — at(Ch(t))h, ec,h<t))h — Td’h(t, ec,h<t)) — Tb,h<t, chh(t)). (437)

For (0yPyc(t) — Oi(ch(t))n, €cn(t))n, it follows from Lemma 4.3 that

|(atPhC(t) — at(Ch(t))h, ec,h(t

= 4 2 Hatc HHQ(xZ 1,Z5)
+ 0% |ecn(®)]|7n, (4.38)

provided that dyc(t) € H*(Q). Here, o # 0 is an arbitrary constant.
For 745 (t,ecn(t)) and 7,4 (t, e.n(t)), we use the estimates (4.30) and (4.32), re-

spectively, to obtain

1
[Tan(t ecn®)] < 55Callecn®lli + € llecn(®)in

N
1 T
5508 B (PO rier oy + 1) ity )+ (4:39)
=1
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and

1
[7o(L, €cn(t))] < 2—7]205,2!\60,h(t)||2 + 1 leca ()i
N

1 T
+ 2—77205,2 Z hy <||p(t)||2Hl+7'(mi_1,mi) + ||C(t)||§{1+7'(xi_1,xi)>7 (4.40)
i—1

where € # 0 and 7 # 0 are arbitrary constants.
Hence, by (4.38)-(4.40), from (4.37) we find

1
SOUllecn(®)I} + (@n(6)Veen(t), Veen(t) < (€ + 72 + 02 ean(®)
1 1
O ((Oeca(), Veen(t) + (5500 + 5508 +0°) leca®If +7(0)% (141)

where

1
2¢2

N
1 T
n(0)” < (500 + 5,5C8) (o (IO s + 16 o i ))
=1

N
1
i=1
Now, we have
(dn(t)Veen(t), Veen(t)) = Callecn(t)llin, (4.42)

and, since (4.16) holds with ¢, (t) replaced by e. (), we can write
. 1
[(M(bn(t)ecn(t)), Veen(t))] < f,yzofcﬁllec,h(t)!\i + 9% leca® i, (4.43)

with v # 0 an arbitrary constant.
Joining estimates (4.41)-(4.43) and setting € = n = v = o, one obtains

Orllecn(®)lh +2(Ca — 4e*)lecn(®) 7 < Collecn(®)ll + 7 (t)*.

Therefore, we have
t
lecn ()]l +2(Ca — 4€?) / lecn ()7 ds < llecn(0)]]7
0

¢ ¢
+C’2/ ||ec,h(s)||,21ds+/Th(s)st,
0 0

which yields the desired result using Gronwall’s lemma.
]
The Corollary 4.3 below gives the supercloseness of the pressure. It is a conse-

quence of Corollary 4.2 and Theorem 4.3.
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Corollary 4.3 Under the assumptions of Theorem 4.3, it holds

N t
wmw&quwm—%M+@Z%KWmmwhWMm
=1

1) vt o)) + 100 ey ) ).
The following corollary summarizes our main findings.

Corollary 4.4 Let the assumptions of Theorem 4.3 hold, and assume that cp, o satis-
fies an estimate of type (2.34). Then, fort € [0,T],

t t
MMM%+AMMW%%SO%%AMw%+mmﬁﬁwwwﬁm&
provided that p,c € L>(0,T; H3(2) N HY(Q)) and dyc € L*(0,T; H*()).

The analogue of Corollary 4.4 for the FDM (4.10) can be established as in the
previous chapters. It is important to enhance the fact that the supercloseness re-
sult, Corollary 4.4, or the equivalent supraconvergence result, are valid without any
assumption on the mesh. We also observe that the error analysis introduced in Chap-
ter 3 was used to study the error of the finite element approximation. Again, this

permits us to relax the smoothness requirements on a solution of (4.5).

4.2 A Fully Discrete Method

We are going to discuss in this section the full discretization of the coupled prob-
lem (4.1)-(4.4). First a scheme is presented, then a convergence result is provided.
We consider full discretizations by applying a time integration method to the
finite element differential system (4.7)-(4.9). On [0,77], let us introduce the uniform
grid t, = t,_1 + At, forn = 1,...,N, with t, = 0, ty = T and fixed step size
At. Let ppt' ™! € S), be the numerical approximations for p,(t,.1) and cx(t,11),

respectively. Then, for wy, € Sy, our fully discrete FEM is described by

(ah Vo™ Vaun) = ((q0)y ™ wa)n,
(4.44)
(D™ wy )y + (", Vo)

- (M*(bszrchJrl)» th) - ((Q2)Z+1>wh)ha

forn=0,..., N — 1, and with the initial conditions

Ph=Phos Ch = Cho- (4.45)
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Recall that the function a; depends only on the concentration ¢, while dj, and by,

1 1
dy" ™t and b mean that we are evaluat-

depend also on the pressure p,. Here, a}.,
ing the concentration at time level n and the pressure at time level n + 1. Therefore,
the time integration method is of IMEX type. In the porous media context, this kind

of method is known as IMPES (implicit pressure, explicit saturation/concentration).

4.2.1 Convergence Analysis

In this section, we prove linear convergence in time of the IMEX method (4.44)-(4.45).
Most of the analysis is similar to Section 4.1.2, so we merely outline the main steps.

Let ppt' and &' be solutions of the auxiliary problems (4.17)-(4.18) where the
source terms and the coefficient functions are defined using ¢t = ¢,,1. As in the

semi-discrete case, we consider that

Jax |Vop(zi—1/2)| < Cp, (4.46)
max (Ve (io1y2)| < Cs (4.47)
max, IVoh (z521/2)| < Cp. (4.48)

7

Under the conditions of Proposition 4.4 and assuming (4.46) we can prove that

N
17— 8 < O(1Belt) = il + (302 et )
hilh 1 n+1 HT(:Di_l,:Ei)

=1
1/2
+ (ARO Pt} + AL, 0 is)) )

for r € {1,2}. Hence, since (4.19) holds with ¢ = ¢,,,, we get

1/2
et lm < € (Hechuh + D[0Pt + APl i)

N
1/2 1/2
(}jh wi)Brenen) (S B Ipe) Biroywn) ) (449)
=1

where
n+1l __ n+1 n+l __ n+1
enn = Prc(tpi1) — ¢ and e} = Ppp(tner) — D)

Now, proceeding as in Theorem 4.3 and assuming that (4.47) and (4.48) are sat-
isfied, we obtain
(D€t wp)n = (M (0" el ), V)

— (dZm’mHVeZ?,fl, Vwy) — 77" (w), (4.50)
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with
7 (wy) = Tg}fl(wh) + Tﬂ“(wh) + Tﬂj_l(wh).

Moreover, we have the bounds

1/2
it (i)l < Caa(letmlln + At (10 Prcttn) I} + At Paclibag 1,,1:5)

> 2r 2 1/2 > 2r 2 1/2
T <Z h; "p(tm+1)HHI_H«(Iiflyxi)) - (Z h; HC(tm+1)HHH'T(J?FL%‘)) ) HwhHHl
i=1

i=1

and

1/2
7wl < Coa(lleitlln + At (10 Pac(tm) IE + At Pl v, i50))

= 2r 2 1/2 = 2r 2 1/2
(el o)+ (R D) ooy ) )l

i=1 i=1

and

72 )| < Cona (APt
N A ) 1/2
(X b0t iz rp) ) Neonlla,
=1

Taking wy, = €/ in equation (4.50), we find

eI+ 288(Ca — 46) e B < (14 oA ey I

+ O At + At(r 2, (4.51)
with € a non-zero constant,
0, = 2—620205, 0y = %(Cid +Ca+ChLY)
and
(Y < oo (Cha Ca) (A0l I+ APl

2r 2 1/2 a 2r 2 1/2y2
* (Zhi leltmairsrorag) + (A i) ssricroy) )
=1 =1
C

N A ) 1/2\ 2
5 a (Bt Prclls o tmris + (X2 B0t ) )
i=1
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By summing in (4.51) over the index m from 0 to n — 1, we deduce that

(1= 01 A8y ]l; +288(Ca = 4€) Y llethllin < (1= 0:88)][e 417

m=0
n—1 n
+ 20H(Cy — 4€)[|€0 131 + (61 + 02) AL Y [l Iz + At Y (1),
m=0 m=1

which implies

lezalli + At llemllin < Cr((1 = 0iAD)|e 417 + 286(Ca — 4¢%)[lel,,[7)

m=0
n—1 n
+ CoALY el lln + A (7 (4.52)
m=0 m=1
with
1
C, = Cy = C1(01 + 09)

min{1 — 0;At, 2(Cy — 4€2)}’

and provided that Cy — 4€ > 0 and
1—60,At > 0. (4.53)

Applying the discrete Gronwall’s inequality to (4.52) gives

leallh + ALY lledhllfn < 01602"“((1 — 018)|leg I

m=0

+2(Cy — 4) AL 1% + At Z(T;n)?). (4.54)

m=1

Moreover, if p and ¢ are smooth enough, we have

n N
At Z(T?)Q S C(Z (hlzr(||C||%°°(O,T;H1+T(xi,1,xi)) + ||p||%OO(O,T;HI"'T(JH,LCEZ‘)))

m=1 =1

+ B0 oz vy ) + A (1Pl oizisiy + |1 Paclamioirsy ) )

In Theorem 4.4 below, we present our convergence result. It is a direct consequence
of the previous estimate and (4.49) and (4.54). We remark that a similar result can
be obtained applying the same time integration procedure to the semi-discrete finite
difference scheme (4.10).
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Theorem 4.4 Let ¢, satisfy condition (2.34) with respect to ||-|| g and let At verify
(4.53). Forr € {1,2}, there holds

n
leptH I3+ lleznllh + A8 Y~ lemlin < C(At2HPhCHI2/I/2a°°(O,T;S,L)
m=1

o B (el 1,110m) + 1212w 0.1t ) + P | 9hc s )

provided that p,c € L=(0,T; H'"(Q) N HY(Q)), dic € L>(0,T; H*)), and d?c €
L>(0,T;C(£2)).

4.3 Numerical Experiments

In this section we illustrate our convergence result by one example.
Example 4.1 Consider the coupled problem (4.1)-(4.4) with
alc) =1+c, b(c,Vp)=(cVp)?, and d(c,Vp)=c+ Vp+2.
We choose q1, g2, and the initial conditions so that the exact solution is
p(z,t) =e'z(z —1) and c(x,t) = e'(1 — cos(2mx))sin(x).

The pressure and concentration errors are measured by
N N |2 - nop2 )2
Error, = [le,sllin  and  Error. = (H%h”h + Atz Hec,hul,h) :
n=1

The numerical results are presented in Table 4.1, and they confirm the theoretically

predicted convergence rates.

hmax

Error,

Rate

Error,

Rate

1.3174 x 1071
6.5869 x 102
3.2934 x 102
1.6467 x 1072
8.2336 x 1073
4.1168 x 1073
2.0584 x 1073
1.0292 x 1073

5.5435 x 1072
1.4355 x 1072
3.5863 x 1073
8.9511 x 1074
2.2366 x 1074
5.5804 x 1075
1.3846 x 107°
3.3899 x 107

1.9492
2.0010
2.0024
2.0008
2.0029
2.0109
2.0301

1.1099 x 1072
3.9113 x 1073
1.3075 x 1073
3.6682 x 1074
9.6288 x 1075
2.4628 x 1075
6.2144 x 1076
1.5520 x 107¢

1.5048
1.5808
1.8337
1.9296
1.9671
1.9866
2.0015

Table 4.1: Discrete norm errors and estimated convergence rates for Example 4.1.

For the computations, we have chosen T = 0.1 and a very small time step to

reduce the buildup of time integration errors.






Chapter 5

Applications: Non-Fickian Tracer
Transport in Porous Media

This chapter is totally dedicated to our mathematical model for non-Fickian tracer
transport in porous media. In the first section, considering the one-dimensional ver-
sion, we test and validate the model by fitting breakthrough curves (BTCs) resulting
from laboratory tracer tests. Comparisons with the traditional PDE model are also
presented and, as we will see, the proposed model allows a better fitting of the ob-
servations. In fact, the BTCs presented here exhibit some non-Fickian features, such
as asymmetric profiles and long tails, that are not captured by the traditional model.
For completeness, we also compare our model to the continuous time random walk
(CTRW) model, which has been shown to be very effective in describing non-Fickian
transport. In the second and last section, we develop an efficient discretization scheme
in two dimensions for the solution of the concentration PIDE equation and the veloc-
ity system. Some numerical experiments illustrate the applicability and the feasibility

of our approach.

5.1 Model Validation: Breakthrough curve analysis

The objective of this section is to test the proposed integro-differential model, des-
ignated as the PIDE model, against real data and to compare its effectiveness with
the usual PDE model. We restrict attention to the one-dimensional case. Additional
simplifications included the absence of source or sink terms. In this manner, the
PIDE model (1.30) reduces to

t
e+ V - (ve) — dpAc = dnf/ K(t—s)Ac(s)ds inQx (0,7,  (5.1)
0

75
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while the PDE model (1.20) takes the form
Oc+V - (ve) =dAc in Q x (0,7]. (5.2)

Here, we have written v = v/¢ as the average velocity, d as a dispersion coefficient
and dy and d,; as Fickian and non-Fickian dispersion coefficients, respectively. We
emphasize that the parameters dy and d have a different physical meaning in each of
the above models.

In order to better illustrate the performance of the PIDE model, we also compare
it against the CTRW model in the truncated power law (TPL) form. Such a model,
designated TPL, is based on the CTRW theory and has been proved quite accurate
for modeling tracer transport [49,88,109|. In the CTRW perspective, tracer transport
can be seen as a series of particle jumps in space and time that can be characterized
by a probability density function (pdf) ¢ (z,t). For a given initial position x, at
time tg, this function gives the probability that the particle is at position x at time
t, i.e., the probability of making a jump of length h = = — xy after a time At =
t — to. Assuming that this process is uncorrelated in space and time, we can write
Y(x,t) = () (t), where 1, denotes the jump length pdf and ¢ the waiting time
pdf. Assuming moreover that 1, is Gaussian, the general one-dimensional version of

such CTRW models is given in the Laplace domain by

pe(p) — co = M(p)(dAE(p) = V - (v(p))), (5.3)
where M (p) is the memory function defined by

i (p) = Ep%

with ¢ some characteristic time. The particular case of the TPL model is obtained,

assuming that v, follows a TPL distribution function

PB(1 4 t/,) 1P
tlr(_ﬂa T)

where T is the incomplete Gamma function and ¢; = ¢. Although, for simplicity, we

Pi(t) =

t
exp(—r—t/t), r=" 0<F<2,
2

have used the same notation as in (5.2) it should be noted that the parameters d and
v have a different physical meaning in this approach. For a detail discussion on this
model we refer to |29, 56].

We observe that the proposed PIDE model can also be interpreted in the language
of CTRWs. For that, we first note that considering the Poissonian waiting time pdf

U(t) = Aexp(—At),
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taking £ = A\~! and writing (5.3) in the time domain, we get an equation that is
formally identical to the classical PDE model (5.2). On the other hand, if we take
the waiting time pdf of the Gamma family defined by

Dlt) = 4%2 exp(—t/27), >0,

and considering also £ = 47, we obtain the equation
t
Oic = / K(t — s)(dAc(s) + V - (ve)) ds, (5.4)
0

where K is precisely the memory function of the PIDE model (5.1). Therefore the
PIDE model can be regarded as a compromise between the Gamma model (5.4) and
the PDE model.

Now we specify the boundary and initial conditions for the PIDE model. In the
following simulations, the outlet boundary condition is open, while at the inlet we
adopt the Dirichlet condition,

c(0,t) =¢(t) fort <t; <T. (5.5)

Furthermore, the initial condition ¢(0) = 0 is used, i.e., the initial concentration is
assumed to be zero. There is a lot of discussion about the correct type of boundary
conditions to be used in these problems and also on the closely related notation of
flux-averaged concentration. For that, we refer to [106,135,145|, where this is more
deeply explored. Here, we do not address this question.

As mentioned before, we test the models by comparing simulated and measured
BTCs. The quality of the fitting is quantified using the root mean square error
(RMSE), which is defined by

N 1/2
RMSE = (% ;(cn - c;;)2) "
with N the number of observations, ¢ the measured concentration at time t,, and
cj the estimated concentration at time ¢,,. The best-fit BTCs based on the PDE and
TPL models are generated using the publicly available CTRW toolbox [50]. For the
PIDE model, the minimization procedure was carried out using built-in routines of
Matlab [1].
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5.1.1 Data Set 1

In an already classical experiment, Scheidegger [144| used homogeneous Berea sand-
stone core columns to investigate the accuracy of the PDE model in simulating tracer
transport in porous media. During the experiment, columns of different lengths were
first fully saturated with tracer and subsequently flushed with clean liquid. The re-
sulting tracer BTCs at the outflow boundary were measured and compared with the
ones predicted by the PDE model. Scheidegger concluded that the PDE model was
inadequate for describing the BTCs, in his own words: "The deviations are systematic

which appears to point towards an additional, hitherto unknown effect”.
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Figure 5.1: Experimental data set 1 and the best-fit BTCs.

We test the models using typical data from one of these experiments. In this case,
the column was 7.62 X 107! meters (m) long and 5.08 x 10”2 m in diameter, the clean
liquid was injected at a rate equal to 1.73 cubic centimeters per minute (cm?/min), and
the porosity of the core was 0.204. This gives an average velocity of 4.18 x 1073 m /min.
Observe that in order to simulate this experiment we solve equations (5.1) and (5.2) for
the liquid concentration, and so the appropriate boundary condition at the inlet (5.5)
is of step type, i.e., c; = 1, for t € (0,7]. In Figure 5.1 (a), we show the experimental
data and the best-fit curves obtained with the PIDE and the PDE models. A quick
observation of Figure 5.1 (a) indicates that the PIDE model captures the transport
dynamics quite well. The PDE model, however, fails to describe the data, especially
at late times, since it can not reproduce the long tail, a typical indication of non-

Fickian transport. This result for the PDE model is in line with the findings of
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Scheidegger. The values of the two models constants and the RMSE are listed in
Table 5.1. As indicated by the given results, the application of the proposed model
leads to a reduction of about 79% in the RMSE.

PDE PIDE TPL
v (m/min) v (m/min)  d; (m?/min) v (m/min)
4.65 x 1073 4.27 x 1073 1.08 x 107° 7.23 x 1073
d (m?/min) dps (m?/min) 7 (min) d (m?/min) 3
1.35 x 107° 1.76 x 107° 25.52 7.86 x 1075 1.58
RMSE RMSE RMSE
1.72 x 1072 3.66 x 10~? 511 x 1073

Table 5.1: Fitting parameters for the models plotted in Figure 5.1 and the corre-
sponding RMSE values.

Now we compare the results obtained for the PIDE model with the results for the
TPL model. As shown in Figure 5.1 (b), there is only a small discrepancy between
them. The RMSE values, 3.66 x 1072 and 5.11 x 1073, respectively, suggest that the
PIDE model fits the data slightly better. This same data have been analyzed in [49]
using the PDE and TPL models, with similar conclusions. Here and in the following,
we omitted the values of ¢; and ¢ in the TPL model. They are consistently very
small, and very large, respectively, when compared to the time scale; therefore, its

exact value is not relevant.

5.1.2 Data Set 2

The second group of data is the result of tracer displacement experiments through
homogeneous sand columns reported in [36]. Next, we briefly describe the setup
and we refer to that paper for all other experimental details. The columns were
incrementally packed with sand particles of different sizes. The diameter of most of
the sand particles lie in the range of 0.1 — 0.71 millimeters. We consider the results
for two columns: Column 1, 11 cm in diameter and 10 cm long; and Column 2, also
11 cm in diameter but 40 cm long. The transport experiment was conducted under
initially unsaturated conditions, with the water content of 0.24 for Column 1 and
of 0.18 for Column 2. A pulse tracer at the flow rate of 4.20 x 1072 cm/min was
applied at the top of both columns within the time period of 140 seconds (s) for the

smaller column and of 107 s for the longer one. The respective average velocities were
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1.86 x 107! cm/min and 2.28 x 107! cm/min. After the pulse, water was injected at

the same rate.
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Figure 5.2: Experimental data set 2 and the best-fit BTCs for Column 1 in (a) and
(b) and for Column 2 in (c) and (d).

To simulate this scenario, we set at the inlet boundary ¢; = 4.16 x 1072 and
t; = 2.33 min for Column 1, and ¢; = 5.77 x 1072 and ¢; = 1.78 min for Column 2.
These values of ¢; correct the small mass imbalance. The observed and fitted BTCs
for the models are plotted in Figure 5.2. In particular, Figures 5.2 (a) and (c) show
that the agreement for the PDE model is very poor. This is especially true at later
times, where the BTC possesses a heavy tail. On the other hand, the PIDE model
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captures the BTC behavior much better. The RMSEs presented in Tables 5.2 and 5.3
prove this conclusion. Using the PIDE model results in a reduction in the RMSE of

PDE PIDE TPL
v (cm/min) v (em/min)  d; (¢cm?/min) v (cm/min)
1.88 x 1071 1.69 x 10! 2.59 x 1072 1.10
d (cm?/min) dns (cm? /min) 7 (min) d (cm?/min) S
3.69 x 1072 1.00 x 1071 15.95 292 x 1072 1.10
RMSE RMSE RMSE
2.50 x 1073 9.57 x 1074 9.77 x 1074

Table 5.2: Fitting parameters for the models plotted in Figures 5.2 (a) and (b) and
the corresponding RMSE values (Column 1).

about 62% for Column 1 and 80% for Column 2. The difference between the RMSE of
the PIDE model and that of the TPL model is not significant for Column 1, but it is

more pronounced for Column 2. In this case the PIDE model presents a smaller error.

PDE PIDE TPL
v (cm/min) v (cm/min)  d; (cm?/min) v (cm/min)
1.90 x 1071 1.74 x 1071 1.16 x 107 ¢ 2.88
d (cm? /min) dns (cm?/min) 7 (min) d (cm?/min)
2.37 x 1071 4.25 x 1071 42.14 1.88 x 1071 0.97
RMSE RMSE RMSE
9.64 x 107* 1.91 x 107 343 x 107"

Table 5.3: Fitting parameters for the models plotted in Figures 5.2 (c¢) and (d) and
the corresponding RMSE values (Column 2).

These two models are compared in Figures 5.2 (b) and (d). In [36], the PDE and TPL
models, among others, were tested against these data, and the authors considered the
TPL one of two best-fitting models.

5.1.3 Data Set 3

In this section, we confront the models with tracer data from a laboratory experiment
described in [96]. This was a large-scale experiment, using soil columns with a length

of 1250 ¢cm and a cross section of 10 x 10 cm?. The tracer tests were conducted under
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homogeneous and heterogeneous conditions. Here, we only analyze the data obtained

in the heterogeneous column. This column was randomly packed with various soil
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Figure 5.3: Best-fit BTCs for the data set 3 at the distances of 400 and 600 cm away
from the inlet in (a) and (b) and in (c) and (d), respectively.

materials with different shapes and sizes. The study was conducted under saturated
conditions and at the constant flow rate of 2.39 x 107! cm/min. The estimated
porosity was 0.37, leading to an average velocity of 6.45 x 10~! cm/min. The tracer
was injected as a step input and the concentration along the column was measured by
installing 12 electrical conductivity probes that were 100 cm apart. The collected data

and a detailed analysis of the experiment are given in [96]. Note that because of the
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difference between the length and diameter of the column, the use of one-dimensional

models is justified.

PDE PIDE TPL

v (cm/min) v (em/min)  d; (¢cm?/min) v (cm/min)

9.39 x 107" 9.30 x 107" 1.15 26.61

d (cm? /min) dns (cm? /min) 7 (min) d (cm?/min) S
19.82 31.43 67.71 40.34 0.95
RMSE RMSE RMSE

5.63 x 1072 2.97 x 1072 3.96 x 1072

Table 5.4: Fitting parameters for the models plotted in Figures 5.3 (a) and (b) and
the corresponding RMSE values (400 cm).

For our study, we consider the BTCs measured at the distances of 400 and 600 cm.
Because of the normalization used in [96] to report the results, we set ¢; = 1 at
the inlet boundary (5.5). The best-fit BTCs by the models and the experimental
observations are given in Figure 5.3. We observe that the measured BTCs are highly
asymmetric with long tails, and it is clear (Figures 5.3 (a) and (c)) that these non-
Fickian features are better captured by the PIDE model than the PDE model. The

PDE PIDE TPL

v (cm/min) v (em/min)  d; (cm?/min) v (cm/min)

9.43 x 1071 8.25 x 1071 20.67 29.27

d (cm?/min) dns (cm?/min) 7 (min) d (cm?/min)
50.32 187.65 383.09 79.08 0.93
RMSE RMSE RMSE

5.23 x 1072 1.51 x 1072 2.30 x 1072

Table 5.5: Fitting parameters for the models plotted in Figures 5.3 (c¢) and (d) and
the corresponding RMSE values (600 cm).

modeling parameters and the RMSEs are shown in Tables 5.4 and 5.5. The proposed
model provided a reduction in the RMSE of 43% at distance 400 cm and of 71%
at distance 600 cm. In Figures 5.3 (b) and (d), we compare again the PIDE model
with the TPL model. As before, they have a similar performance, but the PIDE

model appears to have smaller RMSE values. This is corroborated by other results
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not shown here. The same data was used used in [88,95| to test various transport

models including the PDE model. In [88], the TPL model provided the best results
among all five models considered.

5.1.4 Scale-Dependent Prediction

An important aspect that we have not explored so far is the prediction capacity
of the PIDE model. Our results show that the average velocity is always in good
agreement with experiments, suggesting that the mean velocity of the tracer can
be correctly predicted. Unfortunately, the other parameters of the model seem to
be scale-dependent. For instance, for data set 2, the values of d,; and d; clearly
increase with distance. A possible solution to mitigate this problem is to insert scale-

dependent coefficients in the PIDE model, similar to those proposed for the PDE
model [115,124,164,170].
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Figure 5.4: Predicted BTCs for Column 3 in (a) and for Column 2 in (b).

Keeping the discussion in the data set 2, we note that the values of d, d¢, and d,,¢
in the PDE and PIDE models seem to vary linearly with the distance L, while the

value of 7 seem to vary linearly with time 7. Using the data displayed in Tables 5.2
and 5.3, we establish the power-law approximations

dy =214 x 1073 LM% d,; =9.11 x 1073 LM%

T=172x 1077 =206 x 102L"*%.
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From these relations and the parameters obtained for Column 1, we attempted to
predict the BTC for Column 2 and also for another column with a 20 c¢cm length,
designated Column 3. As it is shown in Figure 5.4, a good agreement was obtained
for the PIDE model. The results presented in [36, 88| suggest that the TPL model
is less scale-dependent, but we recall that in the PIDE model, we only have four

parameters, as opposed to the TPL model, which has five.

5.2 Numerical Experiments in Two Dimensions

It should be noted that whether and how the previous one-dimensional results can
translate to two or three dimensions needs further study. The intent of this section
is to illustrate the applicability and computational feasibility of the proposed model
to simulate two-dimensional transport problems. On the other hand, this type of
equation arises in many problems, and so, the following discussion may also be useful
in a different context. We begin with a brief explanation of the numerical procedure
used to discretize the model equations. Then, we validate the code by comparing it
with analytical solutions for a number of simple problems, and we close with a few

realistic examples.

5.2.1 The Numerical Scheme

As we have already discussed, our two-dimensional model for flow and tracer transport

in porous media is governed by a PIDE for the concentration
t
60hc+V - (v6) — V- (D;Ve) = / K(t =)V - (Do, Ve(s))ds + g (5.6)
0
and an elliptic system for the velocity and pressure

V-v=yg, (5.7)
v=—KVp. (5.8)

The system of equations (5.6)-(5.8) is complemented with initial and Dirichlet or
Neumann boundary conditions as given by (1.33)-(1.37).

The numerical strategy adopted to discretize this uncoupled problem pays special
attention to the flow system (5.7)-(5.8). In fact, the equation (5.6) is usually advec-
tion dominated and, therefore, an accurate approximation of v is required. Due to
the presence of the full tensor K in (5.8) this can be a challenging task, especially
when the medium is highly heterogeneous. We address this issue by using MFEMs,
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a method that has proved very effective for this kind of problems [7,10,27,73,114|.
In particular, we employed the RT}, elements [35,60,137|. The mixed formulation is
natural for this kind of problem, since it approximates both variables p and v simulta-
neous. This is not the case, e.g., for FEMs, where the variable v is obtained from p by
some kind of numerical approximation. The advantages of the RT, mixed approach
over the traditional piecewise linear FEMs is well documented in [136]. We note that
some post-processing techniques can be applied to enhance the finite element solu-
tion [118]. One of the keys behind the success of the mixed method is the continuity
of the numerical fluxes between two adjacent elements. This ensures the local con-
servation of mass, a property that is shared with the exact solution of (5.7)-(5.8).
Another key property is the discontinuous tangential component of the approximate
velocities. This feature is well-suited for this problem since when K is discontinuous
the tangential component of v is also discontinuous. The relevance of this aspect
is discussed in [98]. Noteworthy among alternative methods are the multipoint flux
MFEM (3,161, 162], the mixed method with divergence-free RTj elements [48,143],
and mimetic FDMs [34,113].

Now, we discuss the numerical procedure for the solution of the PIDE (5.6). This
equation describes the spatial and temporal development of the concentration. Thus,
obtaining an accurate and stable solution is of crucial interest for our purpose. For
the approximation in space, a higher-order Godunov FVM is applied to handle the
dominant advective term. More precisely, we use the second-order MUSCL scheme
described by Barth and Jespersen in [19]. Other suitable alternatives can be found
in [21,37,97,134]. This method combines naturally with the RTy mixed method
that is also used for approximating the dispersion terms. These schemes, called
Godunov-mixed methods, have been successfully applied in the simulation of Fickian
transport in porous media |7,27,53,54,121,127|. At last, we would like to mention
that, recently, discontinuous Galerkin methods have gained great popularity in this
field [22,65,138,141,147,152].

In the time integration, we use a second-order multistep BDF method [51] com-
bined with a numerical quadrature rule for the integral term. This scheme is applied
in a natural IMEX fashion where the non-stiff advective term is treated explicitly and
the remaining stiff terms are treated implicitly. One attractive aspect of this approach
is that the computationally expensive advective term only needs to be evaluated once
every time step. The reliability of this kind of IMEX method has been proved for the
solution of advection-dominated PDE problems [58,99, 100, 156].
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The proposed scheme is implemented over triangular elements, as they provide the
greater geometric flexibility, a crucial aspect in porous media simulation, allied with
good stability and convergence properties. Moreover, while not yet available, our im-
plementation can be easily modified to support adaptive mesh refinement procedures.

In the following, we describe in more detail the numerical approach presented above.
The Concentration Equation: Time Discretization

In order to simplify the presentation the PIDE (5.6) is discretized first in time.
Notice that it would be equivalent to go the other way around, i.e., first discretize in
space and then in time. Let At be a fixed time step with ¢, = nAt, forn =0,..., N,
and such that ty = T. Denote by ¢" the numerical approximation at time level %,
and by & the linear extrapolation for ¢"*! defined by ¢* = 2¢® — ¢"~!. The IMEX

method yields the following approximation

¢ n+1 n n—1 -n
2At<3c 4c" + ¢ )—i—V (ve")

tnil
V(D) = [ K (ter, )V - (DaVe(s) ds,
0

for n > 1 and where, for simplicity of exposition, we consider no source or sink
terms. Applying the composite trapezoidal rule to the integral term, and using the
same strategy as outlined at the beginning of Section 3.2, we can obtain the following
three-time-level solution scheme

3 2
37¢ 1 _ 27

. n+1y _ A n+tly _ m >
INE Atv (DNVE) =V - (D) =G" forn > 2, (5.9)

with

APG" = 7é(4c™ — 1) = 27 ALV - (vE" + exp(—At/T)ve" )
+7¢(3c" — 4" 4+ ") + APV - (D V" — 27AtD;V ). (5.10)

Here we have assumed, again for simplicity of exposition, that ¢(0) = 0.

One of the shortcomings of multistep methods is that they are not self-starting.
In this work, the starting value ¢! is computed by the one-step IMEX Euler method
combined with the rectangular rule,

a_ Ty, N_y. N Y (e
At Atv (DyNVc') =V - (DyVe') = Atv (vc”). (5.11)
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Ideally, this should be done using a higher-order method or variable step sizes [101,
158]. Note that ¢? can be obtained from the equation

30 2Ty, (DY) =V - (DnsVe?) = exp(—2At/7)V - (D V)

At? At
dro | 27 4
EC — EV . (UC )
This is nothing more than a direct application of the proposed method, i.e., without
using the formulation (5.9)-(5.10).

One major drawback of the method is the stability restriction that limits the time

+ exp(—=At/T)V - (D,;Ve') + (5.12)

step, since we expect this to be determined by the CFL restriction coming from the

explicit treatment of advection. It is given by

1 Tmin
At S 5 ¢ )
3[vl] e

(5.13)

with C' = 5/8 and where T,,;, represents the minimum ratio between the measure
and the perimeter of the triangles in the triangulation [21,102]|. A possible solution to
mitigate this restrictive condition would be to use variable step sizes in the domain, as
done for PDEs in [55]. Also worth mentioning are the characteristic methods, which
allow for large time steps and that have shown promising results in the simulation of
Fickian transport in porous media [11,62,64,159, 165].

The Concentration Equation: Spatial Discretization

Now we proceed to the discretization in space. Defining, for n > 2, the variables
~n+1l __ n+1 n+1 __ n+1
2" = —-DyVe and 2" = —D,;Vc",

we rewrite the equation (5.9) in the mixed form

Bt +av -3t L v M = g (5.14)
2" 4 DLV =0, (5.15)
4L DVt =0, 5.16

f

with 8 = 37¢/At* and a = 27/At. Consider the Sobolev space
H(div; Q) = {u e (L*()*: V-ue L*(N)},
with the norm

ullZs iy = ullZz + 11V - ] e,
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and the subspace
Ho(div; Q) = {u € H(div; ) : u-n=0on 9y }.

Assuming, for simplicity, homogeneous boundary conditions, the system (5.14)-(5.16)
has the mixed variational formulation: find 2", 2" € Hy(div; Q) and ™! € L*(Q),

such that, for n > 2,

B w) + (V- 7, w) + (V- 2 w) = (6™ w), (5.17)
(D127 ) = (V) =0, (5.18)
(D;12n+1’ u) _ (Cn+1, V . u) — O’ (519)

for all u € Hy(div; Q) and w € L*(Q).

Let T, = {T; : i = 1,..., Ny} be an admissible triangulation of the domain
Qand & ={E; : E;, € QUi = 1,..., Mg}, the set of edges associated with
the triangulation. In order to discretize the variational problem (5.17)-(5.19) with
respect to the space variables we introduce the elements RT, = W), x V},. The space
W, C L(Q) is used to approximate the concentration and consists of scalar functions
that are constant in each triangle 7T'. For approximating the flux variables, we use
the space V}, C H(div; ). This means that the flux is represented by piecewise linear
functions with continuous normal components across the interior boundaries in 7j.
Therefore, the fully-discrete variational formulation for problem (5.17)-(5.19) reads:
find 2t 20t € V, and ™' € W), such that, for n > 2 and for all u, € V}, and
wy, € W,

Bl wy) + (V- 27 wy) + (V- 27 wy) = (G, wp), (5.20)
(Dypzn ™ un) = (G, V -uy) = 0, (5.21)
(D7 2 up) — (G, V- uy) = 0. (5.22)

Denote by ¢,,, for m = 1,..., Ny, and ;, for j = 1,..., Mg, the usual basis
functions of the spaces W), and V},, respectively [35]. Hence, any function w;, € W,

can be expressed via the equality

Nt
wi(z,y) = Y Wmbm(x,y) for (z,y) € Q, (5.23)
m=1

where w,, is value of wy, at the centroid of each triangle. While any function u;, € V},

can be written as

Mg
up(x,y) = Zujwj(x,y) for (x,y) € QU I, (5.24)
j=1
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with u; being the value of the normal component of the flux at the midpoint of the
corresponding edge. Using the representations (5.23) and (5.24) we can transform

the variational problem (5.20)-(5.22) into the equivalent linear system

B Q —C ZZ“ 0
0 B -C Zt =10 for n > 2, (5.25)
cT oC" FE cptt b

where 27! 2! and ¢} are the vectors of unknown coefficients in the basis, with

the diagonal matrix
[Emm] = BT form=1,..., Np,

the matrices B, B, and C defined by

[Bij] = /T Dt -pjdady  fori,j=1,..., Mg, (5.26)
[By;] = / Dy Yy - apjdady  for i, j=1,... Mg, (5.27)
[Cim] = TV-@D,-dxdy fori=1,..., Mg, (5.28)
for m =1,..., Ny, and with the vector
by = / G"dxdy form=1,..., Np. (5.29)

Proceeding just as above, an analogous linear system can be found from the equations
(5.11) and (5.12). We also mention that the calculation of the integrals (5.26)-(5.28),
which is not shown here, was obtained using the reference element approach.

To finish the spatial discretization, we must only apply the MUSCL scheme to the

advective term

F= [ V-(vén)dzdy. (5.30)
Tm
Note that this term is now included in the expression (5.29). For a detailed description
of this scheme, we refer to [18,19]; here we give only the basic steps. In the sequel,
we write for brevity c¢,, instead of c],.

Applying the divergence theorem to (5.30), we get

Cm - NE; dS,
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where Ej is the edge j of the triangle T, and g, is the exterior normal to ;. Assume
now that 7T, is an interior triangle, i.e., T,, C 2. Assume also that the triangle T},
is adjacent with the triangles 7, T;, and T, as represented in Figure 5.5. Denote by
¢m1 and ¢,; an approximation of ¢, and c,, respectively, at the midpoint of edge £}

and define with an analogous meaning the elements ¢y, ¢r3, ¢z, and c¢ps3.

1, T T,
Cq il Cp
CgQ cg 1

{
Cm2 Cm Cm1

Cm3 E 1
(]

[ ]
Cr3

T,

Figure 5.5: The MUSCL scheme and the notation.

Noting that we also restrict v to the space Vj, we can write the used scheme as

follows,

3
F~ Z |E]|f(CmJ,an) for n € {p7Q7T}7

j=1
with | E;| the measure of the edge and f the Godunov numerical flux function,

Cmj if (R 0,

f(CMJ'> an) =
Cnj if Uj S 0.

The main question now is how to calculate the approximations c¢,,; and c,;. In
the classical first-order upwind scheme, we simply use the values ¢,, and ¢,. This
method is very stable; however, it is a well-known fact that is not very accurate
and introduces excessive numerical diffusion. The main idea behind the MUSCL

technique is to improve the accuracy of the upwind scheme by using higher-order
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approximations. Here, we use a second-order linear reconstruction method. With

this procedure c,,;, for instance, is given by
Cmj = Cm + 0 Ver, (e, — 21,),  Om €[0,1]. (5.31)

where rg; and 27, are the middle point of the edge E; and the centroid of the triangle
T,, respectively, and where Ver,  is an approximate gradient of ¢ on the triangle T,,,.
In this case, we differ from the method proposed by Barth and Jespersen, where the
gradient is given by the plane through the three nearby centroids, ¢,, ¢,, and ¢,, in
the notation of Figure 5.5. Instead, we use the least-squares technique, which is more
robust because it is less sensitive to the triangulation [120]. By 6, we represent the
so-called slope limiter. These limiting functions are essential to avoid the introduction
of non-physical oscillations during this reconstruction step. Here we implemented the

Barth-Jespersen limiter; it is defined by

0, = min(6,,;) for j =1,2,3,

with
( maxr __ Cm
min (1, - ) if ¢,; — ¢m >0,
Croi = Cm
emj - : %zn — Cm ek
min (1, *7> if ¢y — cm <0, (5.32)
mj Cm
|1 if ¢,; — cm = 0.
where cj,; represents the value obtained using the unconstrained version of (5.31),

min
m

max
m

For other options, we refer to [18,97| and also to [20]|, where an improved version
of (5.32) is presented.

ie., fixing 6, = 1, and where ¢/'*" = max(c,, ¢, ¢, ¢) and ' = min(cy,, ¢p, ¢q, Cr)-

The Flow System: Numerical Discretization

As we mention before, the RTj space is also employed in the approximation of the
flow system (5.7)-(5.8). In the space variables, this system can be seen as a particular
case of (5.14)-(5.16). Considering homogeneous boundary conditions, and proceeding

in a similar way as before, one obtains

[ B
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where B is as defined in (5.26) (or (5.27)) with the permeability tensor K in the place

of the tensor D, ¢, and where d is the vector with components

dm:/ q(z,y)dxdy form=1,..., Np.

m

These integrals are evaluated by numerical integration. Next, we briefly discuss the

numerical techniques used to solve the linear systems (5.25) and (5.33).
The Linear Systems

First, we turn our attention to the linear system (5.25). To solve this system we

use the following decomposition,

At =b, (A=E+CT'B'C+aC"B7'0) (5.34)
Bzt = O, (5.35)
Bz = Ot (5.36)

The advantages of this approach are evident; namely, it largely reduces the dimension
of the problem, and only symmetric and positive definite matrices are involved in the
solution process. Furthermore, the matrices B and B are well-conditioned, in the
sense that the spectral condition number is independent of the mesh size when the
triangulation is regular [142], and if the entries of the diagonal matrix E are very
big, like in our case, we expect the matrix A to be also well-conditioned. For this
class of matrices, the conjugate gradient method (CGM) should converge rapidly and
is the one adopted. Simple diagonal preconditioning is used in (5.35) and (5.36) to
speed up the convergence. One may notice in (5.34) that B! is required, and B is
not easily invertible. Moreover, B! is not a sparse matrix. However, since the CGM
only need to calculate the action of B!, we tackle this problem by solving a system
of the form Br = p. This is realized using the CGM with diagonal preconditioning
and a small stopping tolerance. This same observation holds for B~1.

Now, we discuss the linear system (5.33). The matrix involved in this system
is strongly indefinite [35] and it is well-known that iterative methods for indefinite
systems are not so efficient as those for problems with positive definite matrices.
On the other hand, because of the dimension of real problems, direct solvers are
computationally prohibitive. This challenging problem is actually one of the major
drawbacks to MFEMs. Many different approaches have been proposed to address this
issue. Without being exhaustive, we refer to [8,9,30,33, 73| and also to the survey
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article [26], where the focus is on numerical methods for solving this kind of linear
system.
Here, we solve the system (5.33) using again a decoupling method and obtaining

in this way the following system of equations,

Ap=q, (A=CTB7C) (5.37)
Bv = Cp. (5.38)

Now, since B holds the properties of B, we can efficiently solve (5.38) using the same
strategy adopted for (5.35). As for (5.37), the CGM is again employed. This choice
is justified by the fact that A is symmetric and positive definite. Unfortunately,
the spectral condition number of A increases quadratically when the triangulation
is refined [142]. The matrix A is then very ill-conditioned and so the efficiency of
the CGM is strongly dependent on a suitable preconditioning matrix. One option
is to use the matrix M = C’TD;C’, where Dy is the main diagonal of B, a choice
that is optimal from a spectral point of view. Identical or similar diagonalization
procedures for the approximation of B~! have been suggested in the literature |2,
28,72|. However, with this approach, we obtain a matrix that is also ill-conditioned;
therefore, preconditioning is again of high importance. The CGM with diagonal
preconditioning will be used, but the convergence is often very slow, especially when
the medium is very heterogeneous. For a comprehensive survey on preconditioning
techniques, we refer to [25]. Lastly, it should be noted that decoupled strategies, as
the ones presented here, and also the type of decoupling, can decrease the accuracy
of the numerical solution [103].

We finish this section with some more observations. In order to avoid the indefinite
linear system, MFEMs are usually implemented using the so-called mixed-hybrid
method [35]. This formulation reduces to a matrix analogue to B that is easy to
invert and consequently to a symmetric and positive definite system of equations; but,
generally, the dimension of the system increases, the system is still ill-conditioned and
the accuracy can deteriorate. In fact, it has been observed that in the presence of an
irregular triangulation or a high heterogeneity, this formulation is not as accurate as

the one presented here [94].

5.2.2 Code Validation

In this section we present some numerical results to validate the code. First, we test

its accuracy using problems with known analytical solutions. All analytical problems
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are set on the unit square Q = (0,1)%. The tolerance on the relative error for the
CGM was taken to be 10~ for the actions of B, B, and B, 1073 for the actions of M,
and 10710 elsewhere. The numerical error and the convergence rates were obtained
on a sequence of five mesh refinements. The initial mesh, shown in Figure 5.6, was

generated by a conformed Delaunay triangulation.

0 ]
0 0.1 0.2 03 04 05 06 0.7 08 0.9 1

Figure 5.6: Initial Delaunay mesh.

The concentration and pressure errors are measured by the L?(Q) discrete norm

Nr

lw —wallz = Y 1Tl (w(en,) = wi(er,))?, (5.39)

n=1

while the flux error is calculated with the H(div; 2) discrete norm
lu = vl = llw = unllg + llu = uall¥,

where

lu = unllgn = Y ITsl Z((u(in) —un(zE;))  nE,)%, (5.40)

Nt

3
o= unlli = 3 S 1Bl — wilrs) s ), (5.41)
n=1 i=1
with E; € T,,, for 1 = 1,2, 3.
With the first two examples, we pretend to analyze the error of the spatial dis-
cretization of the PIDE (5.6). In Example 5.1, we present a problem that involves

only dispersion, while Example 5.2 is pure advection.
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Example 5.1 In this example we consider 7 = 1, T' = 0.5 and the fixed time step
At =5 x 107%. The parameters for the integro-differential equation (5.6) are

0.25 0.1 0.5 0.1
v=0, Df:{ 0.1 0.2}’ and D"f:[o.l 0.4}‘

The remaining undefined terms are such that it has the solution
c(w,y,t) = e*ay(r — 1)(y — 1) sin(zy).

In Example 5.1, where advection is not present, the convergence rate should be
governed by the mixed method. Therefore, we predict a convergence rate equal to
two for the scalar variable in the norm (5.39) and a convergence rate equal to one for

the flux variable in the norms (5.40) and (5.41). Convergence of, at most, two in the

e — enlln Rate |z — zu|lgiv,  Rate  ||Z — Z,||aiwn  Rate

1.2358%1073 1.6878 3.1111x1072 1.1254 1.9625x1072 9.2069
3.8358x10~* 1.8436 1.4260x10~2 1.1326 1.0367x10"2 1.1035
1.0688x10™* 1.9323 6.5040x1073 1.1193 4.8247x107% 1.2490
2.8002x107° 1.9736 2.9939x10~2 1.0778 2.0300x1073 1.2949
7.1296x1076 - 1.4183 %1073 - 8.2735x10~* -

Table 5.6: Discrete norm errors and numerical convergence rates for Example 5.1.

norm (5.40) can also be expected in some situations. This expectations are based on
known results for second-order elliptic problems [4,8,31,63,89,137]. We observe in

Table 5.6 that the numerical convergence rates are in agreement with our predictions.
Example 5.2 In this example, we consider equation (5.6), with
v=(1,1) and D;=D,r=q=0.
The initial condition is defined as
co(x,y) = sin(2mx)sin(2my)

and periodic boundary conditions are imposed. The solution for this problem is then

given by
c(x,y,t) = sin(2r(z —T))sin(2r(y — T)).

The time step is the maximum allowed by the CFL condition (5.13), and the results
for T = 0.1 are shown n Table 5.7. For comparison, we also present the results

obtained with the upwind method, which we identify with the subscript up.
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In Example 5.2, dispersion is null; therefore, the error is dominated by the MUSCL
method. Depending on the problem, we could expect this numerical scheme to have an

order of accuracy between one and two. However, it is a well-known fact that second-

lc—culln  Rate |c—chuplln  Rate

1.2997x10~"  1.0328 1.9471x10~' 0.65960
6.3523x1072 1.4492 1.2326x10! 0.77846
2.3264x1072 1.4861 7.1861x1072 0.86229
8.3047x1073 1.5206 3.9529x1072 0.90935
2.8946x1073 - 2.1046x1072 -

Table 5.7: Discrete norm errors and numerical convergence rates for Example 5.2.

order MUSCL schemes like the one proposed here rarely, if ever, achieve second-order
convergence rate. Nevertheless, the option for higher-order MUSCL methods over
first-order upwind scheme is justified since they present less numerical dispersion,
smaller error and higher-order of accuracy [37,97,134|. The results exhibit in Table 5.7

confirm these predictions.

||p—ph||h Rate ||U_Uh||div,h Rate HU_UhHO,h Rate

4.0019x107% 1.9822 1.6759x10~" 1.2358 4.7619x10~2 1.7009
1.0129x1073 1.9915 7.1160x1072 1.2850 1.4647x1072 1.7703
2.5473x10~* 1.9966 2.9203x1072 1.3443 4.2939x10~% 1.8367
6.3832x107> 1.9989 1.1502x1072 1.3752 1.2021x10~* 1.8713
1.5971x107° - 4.4340x1073 - 3.2858x 1074 -

Table 5.8: Discrete norm errors and numerical convergence rates for Example 5.3.

In the next example, we test the numerical method for solving the flow prob-
lem (5.7)-(5.8). The numerical results are given in Table 5.8, and they are as expected

(see the discussion following Example 5.1).

Example 5.3 In this example we analyze the flow system (5.7)-(5.8) with a full
tensor, defined by

(x+1)*+y sin(zy)

K= sin(zy) 2

and where q is such that it admits the solution

p(x,y) =z +y + sin(xy)cos(y).

The boundary conditions are of Neumann type on x = 1 and y = 1 and of Dirichlet

type on x =0 and y = 0.
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Next, to illustrate the discussion of the resolution of the linear systems (5.25) and
(5.33), respectively, we present in Table 5.9 the maximum number of iterations of the
CGM observed in the resolution of Examples 5.1 and 5.3. As predicted, the results
show that the numerical strategy is effective except for the matrix M of the flow
system. In fact, the CGM performs well with a low number of iterations in the mesh
refinement for all the other cases. However, for the matrix M, diagonal precondi-
tioning is clearly inefficient, since the number of iterations is high and approximately

doubled when the value of h,,,, 1s halved. We also observe an increase in the number

Concentration Flow
Itery Iterp Iterp Itery Iterpy Itery
5 19 22 17 18 23
7 21 24 19 20 45
11 21 25 22 21 89
20 21 25 24 23 164
38 20 25 26 23 311

Table 5.9: Number of CGM iterations in Example 5.1 and Example 5.3.

of iterations for the matrix A of the concentration system. The explanation is that,
because of the constant «, the ill-conditioning of the matrix CTB~1C can influence
the condition number of A, particularly when the coefficients of D are relatively high,
and in those situations, preconditioning can also be required. In the interpretation of
these results, we should take into account that, in this case, the tensors K, Dy, and

D, s are smooth and the triangulation is regular.

At e — enlln Rate

5.0000x1071  2.7460x107  1.2872
2.5000x107" 1.1251x107" 1.6416
1.2500x10~!  3.6062x102 1.8555
6.2500x107%  9.9650x107% 2.0259
3.1250x107%  2.4470x1073 -

Table 5.10: Discrete norm error and estimated order of accuracy in time.

Finally, we examine the rate of convergence in time. In order to do that, we
consider the problem of Example 5.1, but with v = (1,0.5) and 7' = 3. We succes-
sively solve this problem, for different time steps, in the last refinement level. The
results present in Table 5.10 indicate that the time integration scheme is second-order

accurate.
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5.2.3 Numerical Simulation

To further assess the performance of our method, we conclude the chapter with some
more realistic examples of tracer transport in porous media. A typical porous medium
is characterized by rapid changes in the permeability. Therefore, in the following ex-
amples, we attempted to replicate this situation. In all of the simulations, the compu-
tational domain € = (0, 1)? is discretized using a conforming Delaunay triangulation
with 3200 elements, and the time step is taken in accordance with the CFL restriction
(5.13). Let us note, that physical units are omitted since we are mostly interested in

the numerical behavior of the scheme.

0a

0s

H0.7

H0.6

05

H0.4

0z

0.z

0.1

Figure 5.7: Computed velocity (left) and concentration profile (right).

For the first example, we consider the permeability field shown in Figure 5.7.
The structure of the heterogeneity consists of two zones that differ in six orders of
magnitude. The white zone has a high permeability, K = I, while the green zone has
a very low permeability, K = 107%7. No flow conditions are imposed at the horizontal
boundaries, while in the vertical boundaries the pressure is set p =1 and p = 0.1 at
the left and right boundaries, respectively. The resulting velocity field is also shown
in Figure 5.7 and it seems to represent very well the heterogeneities pattern.

We also consider a tracer transport process that obeys the PIDE (5.6). We define
the tensors Dy = D,y as in (1.21), with the molecular diffusion d,, = 0 and the
dispersivities d; = 5 x 107 and d, = 2 x 107°. We take the porosity ¢ = 0.3,
the parameter 7 = 10, and no source or sink terms ¢ = 0. We impose zero initial
condition for concentration, ¢ = 1 on the left boundary, ¢ = 0 on the right boundary;,

and impermeable conditions on the remaining ones. In Figure 5.7, we observe that
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the concentration profile is in good agreement with that expected from the proposed

permeability field. Note that the low permeability zones are not invaded by the tracer.
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(a) The log-permeability field. (b) Vectors and Euclidean norm of the velocity
field.
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(¢) The concentration at T' = 30. (d) The concentration at T' = 60.

Figure 5.8: Surf plots obtained by interpolation of the simulation results.

For the final simulation (Figure 5.8), we consider a transport problem with a
source and a sink term. The source covers one triangle near the lower-left corner with
a rate of ¢ = 6.4. The injected tracer concentration ¢* is equal to one. The sink
also covers one triangle and is located near the upper-right corner with an opposite
rate to the source. No flow boundary conditions are assumed both for velocity and
concentration. Also, we take 7 = 50, ¢ = 0.3, and Dy = D,,#/10 defined as in (1.21)
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with d,,, = 107%, d; = 4 x 1073, and d;, = 2 x 1073. The random permeability field
is shown in Figure 5.8 (a), and was generated using a Gaussian distribution. As we
can see, there are jumps of about four orders of magnitude throughout the domain.
The computed velocity field and the estimated tracer concentration at T' = 30 and
T = 60 are also presented in Figure 5.8. Again, the numerical results seem consistent
with respect to the permeability field. Finally, with the aim of testing the effect of
the parameter 7, we solved the same problem but with 7 = 0.1. In Figure 5.9, we

display the concentration profiles at T" = 30 for the two different scenarios. For the
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Figure 5.9: Concentration at 7' = 30 for 7 = 50 (left) and 7 = 0.1 (right).

lower value of 7, the transport seems to be more dispersive, the plume of tracer is
less compressed and more widespread.
We remark that the vast majority of the computer code used in this chapter was

written by the author in the programming language Matlab.






Chapter 6

Conclusions and Future Work

In this thesis we mainly focus on parabolic partial integro-differential equations of

the form
t
Oic+ Ac = / B(s,t)e(s)ds+ f in £ x (0,77, (6.1)
0

where A and B(s,t) represents elliptic operators. Semi-discrete approximations by
FEMs were studied and new superconvergence results were established. Real-life
applications were also considered with the introduction of a model to describe non-
Fickian tracer transport in porous media. Below, we give a brief summary and dis-
cussion of our findings and some future work direction.

In Chapter 2, a space discretization of the one-dimensional version of (6.1) by a
piecewise linear FEM with numerical quadrature was presented and analyzed. The
crucial result of this chapter is the supercloseness of the approximation in the H'-

norm with respect to the usual interpolation operator,

/0 | Pre(s) — cn(s)||3n ds < Ch*. (6.2)

Moreover, this supercloseness estimate naturally leads to the supraconvergence of the

equivalent FDM in a discrete H'-norm,

/O le(s) — en(s)[12 0 ds < CHA, (6.3)

These results hold with no restrictions of any kind on the mesh.

In Chapter 3, we extended our spatially discrete method to the two-dimensional
case, and we were able to establish superconvergence results identical to (6.2)-(6.3).
However, in the convergence analysis we introduced a different approach from the

one that is usually followed in the literature. Such a strategy enabled us to assume
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lower regularity on the continuous solution. For polygonal domains, we provided an
error estimate with half-order loss of accuracy due to the interpolation in the oblique
boundary. It would be interesting to try to overcome this defect. We note that in
the two-dimensional case no mesh restrictions are imposed for the supraconvergence
estimate (6.3). In this chapter, we also introduced a fully discrete scheme based on
the method of lines approach, combining the FEM with a first-order time integrator.
The stability and the convergence of method was also discussed. We point out that
the analysis presented here can be followed if we use in the time integration methods
of higher-order such as the Crank-Nicolson method. This remark holds if we replace
the rectangular rule, considered in the approximation of the time integral, by one of
higher-order.

It is important to note that, in these chapters, the results concerning the stability
and convergence of the numerical schemes depend on an exponential that can be
unbounded in time. This means that the results hold only in bounded time intervals.
For particular classes of integro-differential problems, long time stability with respect
to the L?-norm was established, for instance, in [12,153]. Another challenging question
is whether the results presented can be generalized to problems involving non-linear
or other type of integro-differential equations.

In Chapter 4, we presented preliminary results of ongoing work. There, a simplified
version of equation (6.1) was coupled with a elliptic equation. The resulting system,
defined by

V(a(c)Vp) =q in Q x (0,7, (6.4)
and
Oyc + V(b(c, Vp)c) — V(d(c, Vp)Ve) = ¢ in Q x (0,77, (6.5)

can model, e.g., classical Fickian tracer transport in one-dimensional porous media
in the absence of source and sink terms. A piecewise linear FEM with numerical
quadrature for the discretization of (6.4)-(6.5) was proposed. In the error analysis that
followed, we proved superconvergence results like (6.2)-(6.3) for both variables ¢ and p.
These estimates were established for arbitrary non-uniform meshes. The convergence
study for a full discretization with an IMEX scheme was also included. Natural future
work will be to replace the parabolic PDE in (6.4)-(6.5) by a parabolic PIDE of
type (6.1). Some preliminary results on this topic have been published in [83]. Other
directions include the replacement of the Dirichlet boundary conditions by Neumann

boundary conditions, the inclusion of source and sink terms and the generalization to
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other dimensions. Another possible direction for future research would be the study
of stabilized FEMs [87]. The goal would be to extended the superconvergence results
presented in Chapters 2 through 4 to this class of methods. As it is known, these
methods have a wider range of applicability.

In Chapter 5, we proposed and tested an integro-differential model to describe
non-Fickian tracer movement. The results presented for the one-dimensional ver-
sion suggest that this model can overcome the limitations of the traditional Fick-
ian PDE-based model. A numerical scheme for the two-dimensional model, using a
Godunov-mixed method in space and a second-order IMEX integrator in time, was
also developed. Allowing an efficient implementation as a three-time-level scheme, the
numerical procedure avoids a typical problem in the numerical solution of integro-
differential models, namely, the storage required by the quadrature formula. To vali-
date the code, we performed some numerical experiments, including comparisons with
analytical solutions. We saw that the method is accurate and generates numerical
solutions that are stable and physically reasonable. These results prove the com-
putational feasibility of the proposed non-Fickian model. However, the theoretical
analysis of this numerical scheme was left open.

In order to address more complex fluid problems, we plan to further modify the
model and to improve the performance of the numerical method. Future modifica-
tions include reactive and multiphase tracer transport, compressible porous media,
efficient preconditioning of the linear systems, adaptive mesh refinement and time
stepping, higher-order numerical schemes and three-dimensional simulations. An-
other enhancement would be provided by a time marching method, for which the
time step is not severely restricted by a CFL condition, as in (5.13). However, one of
the largest problems regarding the applicability of our model is related to the model
parameters. A better understanding of the physical meaning of 7, Dy, and D,s, and
the development of an automatic estimation of their values are crucial directions of

investigation.
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