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Résumeé

Cette thése présente une contribution aux développements de méthodes numériques
pour la simulation d’écoulements en milieu poreux, en particulier par des méthodes de
décomposition de domaine espace-temps qui permettent I'utilisation de pas de temps
différents dans les différents sous—domaines. Nous étudions deux types de méthodes:
la premiére est basée sur une généralisation de 'opérateur de Steklov—Poincaré au cas
de problemes dépendants du temps, et la seconde est basée sur la méthode de Relax-
ation d’Onde Optimisée de Schwarz (OSWR) dans laquelle des conditions de transmis-
sion plus générales (Robin ou Ventcell) sont utilisées pour accélérer la convergence de
I'algorithme. Ces deux méthodes sont étudiées sur une formulation mixte qui est bien
adaptée a la modélisation de ’écoulement et du transport en milieu poreux.

Nous considérons tout d’abord un probléeme de diffusion et formulons, pour chaque
méthode, un probleme sur I'interface espace-temps entre les sous—domaines. Le car-
actére bien posé de ces problemes, avec des conditions aux limites de Dirichlet ou
de Robin, est démontré. Les preuves de convergence de l'algorithme OSWR et de
sa version semi-discréte sous forme mixte sont également données. Des expériences
numériques sont menées en 2D pour comparer les performances des deux méthodes sur
des problemes fortement hétérogenes, et un préconditionneur de Neumann—-Neumann
dépendant du temps permet d’accélérer la premiére méthode.

Les deux méthodes sont ensuite étendues au cas d’'une équation d’advection—
diffusion, l'advection et la diffusion étant traitées séparément grice une technique
de séparation d’opérateurs, ce qui permet d’utiliser des pas de temps différents pour
les deux phénomeénes dans chaque sous-domaine. Des conditions de transmission
sont proposées séparément pour 'advection et pour la diffusion. La convergence des
méthodes est étudiée sur des exemples numériques, pour des problémes en régime
d’advection dominante ou de diffusion dominante, et leur précision en temps est
étudiée dans le cas de grilles non—conformes en temps. Deux exemples inspirés de
la simulation du stockage de déchets nucléaires sont étudiés, et la simulation sur des
temps longs est réalisée par I'intermédiaire de fenétres en temps.

Nous considérons également la méthode OSWR avec des conditions de transmis-
sion de Ventcell, étendues a la formulation mixte. Nous démontrons que les problémes
de sous—domaine avec des conditions aux limites de Ventcell sont bien posés. Nous
comparons les performances des parametres optimisés pour Ventcell et Robin dans le
cas de problémes hétérogenes pour une décomposition en deux sous—domaines.

Enfin, nous étudions I'extension des deux méthodes au cas ol 'interface représente
une fracture pour un modele réduit d’écoulement dans un milieu poreux fracturé.

Mots-clés: décomposition de domaines espace-temps, formulation mixte, écoulement
et transport en milieu poreux, problemes hétérogeénes, opérateur de Steklov—Poincaré
dépendant du temps, Relaxation d’Onde de Schwarz Optimisée, grilles en temps non-—
conformes, fractures.






Abstract

This thesis contributes to the development of numerical methods for flow and transport
in porous media, in particular, by using space-time domain decomposition methods
that enable the use of different time steps in the subdomains. In this work, we study
two types of methods: one is based on a generalization of the Steklov-Poincaré operator
to time-dependent problems and one is based on the Optimized Schwarz Waveform
Relaxation (OSWR) method in which more general (Robin or Ventcell) transmission
conditions are used to accelerate the convergence of the method. These two methods
are derived in a mixed formulation, which is well-suited to problems arising in the
modeling of flow and transport in porous media.

We first consider the diffusion problem and formulate an interface problem on the
space-time interfaces between the subdomains for each method. The well-posedness of
the subdomain problem with either Dirichlet or Robin boundary conditions is shown.
The convergence proofs of the OSWR algorithm and of the semi-discrete OSWR al-
gorithm in mixed form with nonconforming time discretization are given. Numerical
experiments in 2D comparing the performance of the two methods for strongly hetero-
geneous problems are carried out with a time-dependent Neumann-Neumann precon-
ditioner with weight matrices being used to accelerate the first method.

We then extend both methods to the advection diffusion equation where operator
splitting is used to treat the advection and the diffusion differently. Separate transmis-
sion conditions for the advection equation and for the diffusion equation are derived.
Using numerical results for various test cases, both advection-dominated and diffusion-
dominated problems, we compare the convergence of the two methods and analyze the
accuracy in time given by each when nonconforming time grids are used. Two proto-
types for nuclear waste disposal simulation are considered and time windows are used
for long-term simulation.

We also consider the OSWR method with Ventcell transmission conditions extended
to the mixed formulation. The subdomain problem with Ventcell boundary conditions
is shown to be well-posed. We compare numerically, for a decomposition into two
subdomains, the performance of the optimized Ventcell and Robin parameters for het-
erogeneous problems.

We finally study extensions of the two methods to the case in which the interface
represents a discrete-fracture in a reduced fracture model for flow in a fractured porous
medium.

Keywords: space-time domain decomposition, mixed formulations, flow and transport
in porous media, heterogeneous problems, time-dependent Steklov-Poincaré operator,
optimized Schwarz waveform relaxation, nonconforming time grids, fractures.
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Introduction

Motivation: simulation of a deep geological repository

What can be done with the radioactive waste? In 1957, the National Research Council
of the American National Academy of Sciences introduced the concept of a repository
in a deep geological formation that would effectively isolate wastes from the biosphere
for a time long enough for them to decay. In brief, the waste is first encapsulated in
multiple-metal-barrier, waste packages and then is buried deep underground (about
300m-500m in depth) in a sufficiently stable environment. There are many technical
challenges to deriving a full understanding of the long-term behavior and performance
of such a repository. These are due to the physical characteristics of the flow system, the
interaction of water with waste packages in the repository, the transport of radionu-
clides released from the packages due to corrosion, the chemical reactions that may
occur, the possible presence of undetected or newly developed fractures, etc. This is a
problem that involves scientists from many fields, hydrogeologists, physicists, chemists,
mathematicians, biologists, engineers, etc. and that attracts more and more attention
in many countries that have a sufficiently large amount of nuclear waste.

In France, ANDRA (I’Agence Nationale pour la gestion de Déchets RAdioactifs,
www.andra.fr), who sponsored this thesis and provided data for more realistic numer-
ical experiments, is the national radioactive waste management agency established in
1991 as a public body in charge of the long-term management of all radioactive waste.
One of the purposes of ANDRA is to study the future performance of potential reposi-
tories to demonstrate that it is safe and that it will pose no significant environmental
hazard due to possible leakages of the radioactive waste. Several different physical
phenomena are involved: at the geologic scale, the main phenomena are the flow
of water throughout the region of interest, and the subsequent possible migration of
the radionuclides caused by the leak from the containers over time. At the repository
scale, corrosion will cause formation of gas, so that two phase flow has to be taken into
account. Furthermore, chemical interactions between the engineered barrier and the
waste also play a role, as does the mechanical deformation due to the construction of
the storage. The task can be carried out by modeling and simulating the multiphase,
multicomponent flow and the transport of contaminants in a porous medium. In this
work, we will only be concerned with large scale issues, and only deal with single
phase flow and transport. Mathematically, one works with complex, coupled systems
of (nonlinear) partial differential equations (PDEs) and tries to approximate their so-
lutions as accurately and efficiently as possible. Additionally, the time interval for the
experiment can be very long (about 10° — 10° years due to the slow decay process of
radioactive elements) and simulations may need to be repeated many times to carry
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Figure 1: A possible layout for a deep geological repository provided by ANDRA.

out a sensitivity analysis. Thus there is a need for efficient simulators to deal with this
problem. One is confronted with the following challenges:

* The simulations involve objects with very different length scales, from 1 meter
(or even less if the possibility of fractures is considered) to hundreds or thou-
sands of meters, and with complex geometries (see Figure 1). Consequently,
local refinements in different zones may be required.

* The domain of calculation is actually a union of several subdomains representing
various geological layers involved in the simulation and regions in and around
the repository. These subdomains may have very different hydrogeological prop-
erties, which causes strong heterogeneity in space. In addition, the various phys-
ical or chemical processes involved might occur on very different time scales that
may vary over several orders of magnitude.

One possible way to efficiently carry out such a simulation is to use domain decom-
position methods: the domain of calculation 2 is decomposed into several subdomains
Q;, then instead of solving a problem defined on the whole domain, we solve the sub-
problems defined on the subdomains and couple them through the use of well-chosen
transmission conditions on the interfaces between subdomains. This approach is well-
adapted to our original problem for three reasons: firstly, it reduces the problem on a
very complex and large domain (which may be very expensive or even impossible to
implement) to problems of smaller size; secondly, it makes possible the use of differ-
ent numerical schemes for spatial discretization for different subdomains adapted to
their physical properties (thus the refinements can be handled locally in each subdo-
main); thirdly, the subdomain problems can be solved in parallel on supercomputers
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with many processors so that the computational time may be reduced significantly. For
a dynamic system (i.e. changing with time), a straightforward extension of such an
approach is to first discretize the system in time, then apply domain decomposition to
solve the resulting stationary problem at each time step. Consequently, a single time
step is applied for all subdomains, which is not computationally efficient due to very
different time scales involved in the simulation. Hence we search for a method that
enables different time discretizations in the subdomains as well as different spatial dis-
cretizations. The idea is using an iterative procedure to decouple the dynamic system
into dynamic subsystems defined on the subdomains, to solve the time-dependent prob-
lem independently in each subdomain, and then to exchange information between the
subdomains on the space-time interfaces. This method, namely the space-time domain
decomposition method or global-in-time domain decomposition, may be enhanced by
using time windows, i.e. the long time interval is divided into several smaller sub-
intervals, called time windows, and the problem is then solved in the time windows
sequentially.

In this thesis, we consider the linear transport problem with both advection and
diffusion. Dispersion can be handled in a way similar to what has been done for diffu-
sion, however, we haven’t taken into account the impact of dispersion in our numerical
implementations. The aim of this thesis is to derive and analyze domain decomposition
methods with local time stepping for this type of parabolic equation before moving on
to more complicated models.

The object of the work: Space-time domain decomposition in
mixed formulations

Domain decomposition methods originated from the work of H. A. Schwarz [105] in
1870, in which he proposed an iterative method, now called the Schwarz alternating
method, to prove the existence of harmonic functions on irregular regions (such as a
region consisting of a rectangle and a circle which intersect). Since the mid-1980s,
due to the development of parallel computer architectures and multiprocessor super-
computer designs, one has witnessed a strong development of numerical methods for
partial differential equations (PDEs) based on the concept of domain decomposition,
see, e.g., [55, 15, 4, 20] and the references therein. We cite in particular the work of
P L. Lions [85] (see also [83, 84]) introducing a parallelizable nonoverlapping domain
decomposition method based on Robin transmission conditions, which lays the corner
stone for a school of domain decomposition methods to which one of the two methods
developed in this thesis belongs. We refer to the books [101, 109, 94] and the refer-
ences therein for an overview of this subject and the website of the annual international
domain decomposition method conference, ddm.org, for an increasingly large amount
of research and numerical algorithms using domain decomposition for different types
of linear and nonlinear PDEs. It should be noted that domain decomposition methods
have a close relation with the numerical methods for the solution of linear algebraic
systems.

For parabolic equations, there are three possible classes of domain decomposition
methods (as acknowledged in [45]) :

* Domain decomposition in space: the equation is first discretized in time using
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an implicit scheme and the classical domain decomposition methods is then used
for solving the stationary problems at each time step (see, e.g. [78, 23] and the
references therein). Consequently, the same time discretization must be used in
each subdomain, which restricts the possibility of using numerical approxima-
tions adapted to the physics of the subdomain problem. In the context of using
parallel computing, this approach is costly as information needs to be exchanged
at every time step of the discretization.

* Domain decomposition in time: the equation is first discretized in space to obtain
a large system of ordinary differential equations, then a waveform relaxation
algorithm is used for solving such a system. Multi-splitting algorithm [76], multi-
grid dynamic iteration method [69] and convolution SOR waveform relaxation
algorithm [70] are examples of this class, where the analysis is carried out in an
algebraic view and thus it is difficult to interpret the physical properties such as
information exchange on the interfaces in this case. See the cited papers and the
references therein for more detail about this approach.

* Space-time domain decomposition: a space-time domain decomposition method
is derived at continuous level so that the time-dependent problems are solved
in each subdomain (resulting from a spatial decomposition) and the informa-
tion is then exchanged over space-time interfaces between subdomains. As a
result, different numerical schemes both in space and in time can be used in the
subdomains and less communication cost is needed (in terms of parallel com-
putations) as the data is transferred over the whole time interval. Such an ap-
proach using the waveform relaxation algorithm and the overlapping Schwarz
domain decomposition has been simultaneously and independently introduced
in [51, 54]. However, the resulting iterative algorithm was shown to converge
slowly (with a constant overlap). Then by using the idea of the Optimized
Schwarz method [72, 44], optimal transmission conditions were derived for
parabolic problems [47, 90, 12] and the new method was introduced, namely,
the Optimized Schwarz Waveform Relaxation method (more details about this
method will be given in the following).

Our work concentrates on the last of these classes as it provides a natural and sim-
ple way to efficiently deal with problems with strong heterogeneities. We apply such a
space-time domain decomposition method to model flow and transport in porous me-
dia. In particular, we focus on the use of local time stepping and only treat conforming
spatial discretizations. There are many works on nonconforming grids in space, for ex-
ample: mortar finite elements (see, e.g.[13, 113, 114]), mortar mixed finite elements
(see, e.g. [38, 115]), methods based on Schwarz algorithms with optimized Robin
transmission conditions (see [2, 50, 1]).

In order to handle efficiently the advection-diffusion problem, especially when ad-
vection is dominant, we use operator splitting [68] to treat the advection and the
diffusion separately and differently. It was shown that (see, e.g. [29, 30, 95]) approx-
imating the advection explicitly and the diffusion implicitly can reduce the numerical
diffusion. In [6, Chapter 2, p.14-32], numerical results in 1D comparing the three
schemes - fully implicit, explicit-implicit and operator splitting with sub-time steps for
the advection - show that the operator splitting gives good approximations both for
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homogeneous and for heterogeneous problems and at the same time makes possible
the optimal use of time steps for the advection and the diffusion. In particular, for an
advection-dominated problem, one may take a smaller time step, satisfying the CFL
condition, for the advection while much larger time step can be used for the diffusion.
Throughout the thesis, due to operator splitting, we study first the domain decompo-
sition methods for the pure diffusion equation, then extend the results to the coupled
advection-diffusion problem.

In addition, as the conservation of mass is essential for the application that we
envisage, we use conservative cell-centered techniques for discretization in space such
as mixed finite element methods, mixed hybrid finite element methods or finite vol-
ume methods. In particular we have chosen to use mixed methods. Mixed finite ele-
ment methods are numerical discretization methods first used by engineers in the mid
1960’s for problems in solid mechanics; see [111, 63, 64]. A mathematical analysis
of the basic method was given by E Brezzi in 1974 [21], and the most widely used
approximation spaces associated with the method were introduced by P-A.Raviart and
J.-M. Thomas in 1977 [102]. From the mid 1980’s these methods began to be used for
calculation of the flow field in reservoir simulation problems in particular because they
give an approximation simultaneously, and to the same order, of both the velocity field
and the pressure field [32, 34, 39, 24]. They were also considered to be particularly
appropriate methods for this problem because they are conservative and even locally
conservative. These same properties have made these methods interesting for many
other problems in which flow in a porous medium must be calculated: modeling flow
in and around underground nuclear waste repositories, studying seawater infiltration
into aquifers, evaluating the feasibility of CO2 sequestration, to name a few. If these
discretization methods have still today not become the method of choice for large in-
dustrial codes in the oil industry they are nonetheless much studied with respect to
porous medium applications in both the academic and engineering literature. For a
development from a mathematical point of view see [22] or [104] or from a more en-
gineering point of view see [25] or [26, Chapter 4.5]. The mixed formulation with two
types of variables is very well-suited for using domain decomposition [56], especially
since one has available both Dirichlet and Neumann data on the boundary.

In this work, we develop two space-time domain decomposition methods as fol-
lows:

1. The first method (called Method 1 in this thesis) is a global-in-time substruc-
turing method which uses a Steklov-Poincaré type operator. Steklov-Poincaré
operators are interface operators that enforce the classical transmission condi-
tions on the interfaces between subdomains. They were introduced for stationary
problems [3, 112, 14, 100] as natural mathematical tools for analyzing domain
decomposition algorithms for both homogeneous and heterogeneous problems.
The convergence of an iterative procedure associated with the discrete counter-
part of any Steklov-Poincaré operator (namely, the Schur complement matrix)
is accelerated by a use of the Neumann-Neumann preconditioner [99, 19, 31]
which is a local preconditioner defined by solving Neumann boundary prob-
lems in the subdomains. For a decomposition into many subdomains a technique
called Balancing Domain Decomposition (BDD) preconditioner was introduced
and analyzed in [88, 89], and in [28] for mixed finite elements. In brief, the
method "involves at each iteration the solution of a local problem with Dirich-
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let data, a local problem with Neumann data and a "coarse grid" problem to
propagate information globally and to insure the consistency of the Neumann
problems" [28]. It was shown that the condition number is independent of the
coefficient jumps between the subdomains and of the number of subdomains,
and it grows only as the square of the logarithm of the ratio of the subdomain
size to the element size in both two and three dimensions. Extension of Steklov-
Poincaré operators to parabolic problems was given in [35, 52] in which uniform
time steps are considered and the iterations are then performed at each time
step.

In this work, we extend the method to the case of unsteady problems and in the
context of operator splitting, and construct the time-dependent Steklov-Poincaré
operator. For parabolic problems, we need only the Neumann-Neumann pre-
conditioner [80] as there are no difficulties concerning consistency for time-
dependent Neumann problems. Of course one could make use of the idea of
the "coarse grid" to ensure a convergence rate independent of the number of
subdomains. However, this idea has not been pursued for lack of time.

. The second method (Method 2) uses the Optimized Schwarz Waveform Relax-
ation (OSWR) approach. The OSWR algorithm is an iterative method that com-
putes in the subdomains over the whole time interval, exchanging space-time
boundary data through more general (Robin or Ventcell) transmission operators
in which coefficients can be optimized to improve convergence rates. For sta-
tionary problems, Robin and Ventcell transmission conditions for the alternating
Schwarz method were proposed in [96] and the optimized conditions were intro-
duced in [71, 74]. See [44] for an overview of the Optimized Schwarz methods.
In the context of mixed formulations, the classical Schwarz algorithm with Robin
transmission conditions for stationary problems with mixed finite elements was
analyzed in [33]. In this thesis, we extend the Optimized Schwarz methods with
Ventcell transmission condition to the mixed settings.

The OSWR method was introduced for parabolic and hyperbolic problems in
[47] and was extended to advection-reaction-diffusion problems with constant
coefficients in [90]. The optimization of the Robin or Ventcell parameters was an-
alyzed in [45, 90, 12] and extended to discontinuous coefficients in [46, 16, 60].
Extensions to heterogeneous problems and non-matching time grids were intro-
duced in [46, 17]. More precisely, in [17, 59], discontinuous Galerkin (DG) for
the time discretization of the OSWR was introduced to handle non-conforming
time grids, in one dimension with discontinuous coefficients. This approach was
extended to the two dimensional case in [61, 62]. One of the advantages of
the DG method in time is that a rigorous analysis can be carried out for any
degree of accuracy and local time-stepping, with different time steps in differ-
ent subdomains (see [61, 62]). A suitable time projection between subdomains
was obtained by an optimal projection algorithm without any additional grid, as
in [50] (see also [49] for efficient projection algorithms for higher dimensions).
These papers use Lagrange finite elements. An extension to vertex-centered finite
volume schemes and nonlinear problems is given in [57].

In this thesis, we study an extension of the OSWR method with Robin transmis-
sion conditions to the mixed formulation and in the context of operator splitting.
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In order to improve the convergence of the method, we also consider the Ventcell
transmission conditions in the mixed setting. Moreover, this type of transmission
conditions is concerned when we extend the OSWR method to a reduced fracture
model since the equation in the fracture is also second order.

The well-posedness of the subdomain problems involved in each method is pre-
sented using Galerkin’s method and suitable a priori estimates [81, 18, 65]. In
[106, 107] demonstrations using semigroups are given for nonlinear evolution prob-
lems.

For each method, we transform the multidomain problem into an interface problem
on the space-time interfaces between subdomains. Different time discretizations are
enabled by applying the projection algorithm in [50] to exchange information on the
space-time interfaces, for the lowest order DG method in time. The discrete counterpart
of the interface problem is solved iteratively using a Richardson iteration or can be
accelerated by a Krylov method such as GMRES. Numerical experiments are carried
out for different test cases, including realistic prototypes arising from the simulation of
an underground nuclear waste storage, to investigate and compare the performance of
the two methods and to analyze the accuracy in time of the nonconforming time grids.

We finally extend the two methods to model flow and transport in a porous medium
with fractures. A discrete-fracture model where the fracture is treated as an interface of
co-dimension 1 (see [5, 92] and the references therein) is considered. An extension of
Method 1 is straightforward while for Method 2, a new formulation is derived to adapt
to the coupled system of the reduced fracture model. Existence of a weak solution to
the subdomain problem involved in each method is shown. For the compressible flow
problem, numerical studies are carried out.

Contents of the thesis

This thesis consists of four main parts:

1. For pure diffusion problems: we have formulated the time dependent Steklov-
Poincaré operator and the time dependent Neumann-Neumann preconditioner
with weight matrices to handle heterogeneous problems (the convergence of a
Richardson iteration for the primal formulation of the heat equation was inde-
pendently introduced and analyzed in [79]). The corresponding semi-discrete-
in-time interface problem with the lowest order DG method and nonconforming
time steps is presented; we have extended the OSWR method with optimized
Robin transmission conditions to the mixed formulation and prove the conver-
gence of the OSWR algorithm in mixed form for the continuous problem and for
the semi-discrete problem in time with nonconforming time discretizations. The
well-posedness of the subdomain problems involved in each method (with either
Dirichlet or Robin boundary conditions) is shown. Numerical experiments in 2D
for both homogeneous and heterogeneous problems with a decomposition into
two/multiple subdomains are presented, in which the performance of the two
methods is investigated and the two are compared. The accuracy in time of the
solution is analyzed when nonconforming time grids are used.

The work in this section is the object of the publication [66].
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2. For advection-diffusion problems: using operator splitting, we have introduced
new schemes by extending the two methods derived for pure diffusion problems
to the advection-diffusion couplings, where the transmission conditions consist
of one equation for the advection and two equations for the diffusion (which
are similar to that of the pure diffusion case). For each method, a fully discrete
interface problem is formulated in a way such that it is equivalent to the original
problem defined on the whole domain. We study and compare the numerical
performance of the two methods, and use time windows to perform test cases
arising from the near-field simulation of a nuclear waste repository site and of a
surface waste storage site.

3. For the OSWR method with Ventcell transmission conditions: we have formu-
lated, in mixed form, the multi-domain problem with Ventcell transmission con-
ditions by introducing Lagrange multipliers on the interface; we then obtain a
subdomain problem coupling between a PDE defined in the subdomain and an-
other PDE with one less dimension on the interface. For elliptic problems, such
a subdomain problem is well-posed using an extension of the inf-sup condition
[22, 104]; for parabolic problem, the existence of weak solutions is shown using
Galerkin’s method and a priori estimates. For each case, an interface problem
is derived using the (time-dependent) Ventcell-to-Ventcell operator. We compare
numerically the performance of Ventcell and Robin transmission conditions for
strongly heterogeneous problems and for a decomposition into two symmetric
subdomains in 2D.

4. For reduced fracture models: we have extended the method based on the
Steklov-Poincaré type operator for incompressible flow [92, 7] to the case of
compressible flow, in which different time steps in the fracture and in the sur-
rounding medium can be used. In addition, we have introduced a new method
using the idea of the OSWR approach in which the transmission conditions on
the fracture-interface are rewritten equivalently in the form of Ventcell-to-Robin
type conditions. Extensions of both methods to the advection-diffusion equation
are given.

The rest of the thesis is organised as follows: in Chapter 1, we briefly present the mod-
els for flow and transport in porous media considered in this work. The subject of Chap-
ter 2 is domain decomposition methods for the pure diffusion problem written in mixed
form. Method 1 and Method 2 with Robin transmission conditions are introduced and
analyzed. We extend the results in Chapter 2 to the advection-diffusion equation with
operator splitting, which is presented in Chapter 3. In Chapter 4, Method 2 with Vent-
cell transmission conditions is studied both for elliptic and parabolic equations in a
mixed formulation. An extension of the two methods to the reduced fracture models
is derived and investigated in Chapter 5 for incompressible flow and transport of a
contaminant in a fractured porous medium. This thesis also includes three appendices
where we present successively the 2D convergence factor used to calculate the opti-
mized parameters of the OSWR algorithms (Appendix A), the detailed discretization
in space using the mixed finite element method with the lowest order Raviart-Thomas
spaces on rectangle (Appendix B), and the use of time windows for space-time domain
decomposition methods (Appendix C).
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Major contributions of the thesis

The main contribution of this thesis is the extension of two space-time domain decom-
position methods to mixed finite elements. The first method uses physical transmission
conditions and the second method uses more general (Robin or Ventcell) transmission
conditions which optimize the convergence rate of the algorithm. One of the diffi-
culties was to treat the Ventcell conditions, or more precisely to treat the tangential
derivatives occuring in the Ventcell operators, with mixed finite elements. The meth-
ods are then extended to treat advection and diffusion differently through operator
splitting. The main difficulty was to take into account the different ways of coupling
the unknowns on the interfaces (for the advection and for the diffusion). Two domain
decomposition methods are obtained both of which make possible the use of different
time steps in the different subdomains, both for the diffusion and for the advection. An
extension to the case in which the interface represents a discrete fracture in a reduced
model for flow in a fractured porous medium is also given. Ideas related to those used
to treat the Ventcell conditions for a simple interface make possible the introduction of
an optimization parameter into the transmission conditions on the fracture.






Chapter 1

Modeling flow and transport in
porous media

This chapter presents mathematical models for the single phase fluid flow and the
transport of a component in a fluid phase in porous media. We briefly present the
partial differential equations (PDEs) that govern the physical processes and introduce
the terminology and notation used throughout this thesis. For details of how these
PDEs are derived, we refer to many books on this topic, e.g. [11, 26] and the references
therein.

A porous medium such as the subsurface consists of a solid matrix and a void space,
occupied by one or more fluid phases. In this work, we will only be concerned by the
one phase flow case, that is we assume that the void space is filled by water. When
we study transport, we will additionally assume that the concentration of the dissolved
species is small enough that the "filled with water” assumption is still valid.

In this work, we employ the common approach of modeling the porous medium as
a continuum. This means that all considered quantities, such as pressure, velocity or
species concentration are actually averages of microscopic quantities over a represen-
tative elementary volume, or REV, cf. references above. An REV is usually defined as a
portion of space that is

1. large enough that averages over the REV are meaningful, and do not depend on
the precise size of the region,

2. small enough that making the approximation that the volume is "infinitesimal”
(so that the usual balance equations still make sense).

The averages should then not depend on the precise size of the REV. The description of
the porous medium in terms of quantities averaged over an REV is referred to as the
macroscopic description.

It is only over an REV that the concept of porosity makes sense: it measures how
much of the REV is occupied by the void. Similarly, Darcy’s law (described in the
next section) is the macroscopic law governing flow. It was originally proposed by
H. Darcy in 1856 as an experimental observation. Note that Darcy’s law can also be
obtained by homogenization from the Stokes equations at the microscopic level (see
for instance [67]), but this method is based on a different approach than the REV
approach.
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1.1 Flow equations

Water flow through an aquifer is modeled mathematically by Darcy’s law together with
the equation of conservation of mass.

1.1.1 Darcy’s law

Darcy’s law expresses the linear relationship between a volumetric fluid velocity and
the pressure gradient:

K
u=-—(VP—-pgVsz), (1.1)
,u

where
* u (m/s) is the Darcy velocity,
* P (Pa) is the fluid pressure, recall that

1Pa=1N/m? and 1N=1kg -m/s>.

* k is the absolute permeability tensor of the porous medium: x = (x);; where
Kij (m?) for i,j = 1,2,3, is the intrinsic permeability.

* u (Pa-s) is the dynamic viscosity of the fluid.

« p (kg/m?) is the fluid density.

* g (m/s?) is the magnitude of the gravitational acceleration.
* 2z (m) is the depth.

Note that the density p is a function of fluid pressure, concentration of dissolved con-
taminants and temperature of the fluid: p = p(B,c, T) and the porosity ¢ is a function
of fluid pressure: ¢ = ¢(P). Here and throughout this thesis, we assume that p is
constant as a function of Pc and T. Consequently, equation (1.1) can be rewritten
equivalently in two different ways as follows:

1st interpretation

u=—KVp, (1.2)

where

K
* K = — is called the permeability tensor and its components are measured in
u
m?/(Pa-s).

* p (Pa) is defined by p := P + p gz and we shall refer to p as the pressure in the
following chapters.
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2nd interpretation
u=—KVh, (1.3)
where

K
e K= xpg is called the hydraulic conductivity tensor and its components are
W

measured in m/s.

* h (m) is the hydraulic head defined by
p

h:=—+z3. (1.4
P8

Note that the two equations (1.2) and (1.3) are mathematically equivalent and either
of them can be used depending on the physical description of the problem.

1.1.2 The equation of conservation of mass

The mass conservation equation describing the mass flow in a small element of a satu-
rated porous medium is given by

d(pp)
ot

= —div (pu) +q, (1.5)

where ¢ is the external sources or sinks. As p is constant, equation (1.5) becomes

090 _ v+ (1.6)

5p 7 - dv( >’ .
Due to the slightly compressible fluid is present, it is necessary to introduce the specific
storage S, (m™1):

5= g% _, 0%
s=8 5 =8P,

Then using the definition of h in (1.4) and from (1.6) we obtain

Jh ) q
SSE = —div (U)—I-E (17)
This together with equation (1.7) gives a closed system for a compressible flow with
two unknowns - the scalar h and the vector field u:

u =-KVh, inQx(0,T),
oh 1.
s, ydivaw) =2, in Q x (0,T), (1.8)
ot P
for a porous medium domain £ and some fixed time T > 0. This system is completed
by defining the boundary and initial conditions. There are three most popular types of
boundary conditions as follows:

* Dirichlet boundary condition:

h=h; ondQx(0,T).
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* Neumann boundary condition:
u-n=v ondQx(0,T),
where n is the outward unit vector normal to 9.
* Mixed (or Robin) boundary condition:
—u-n+ah=1y ondQx(0,T),
for a > 0 given.
The initial condition is defined by

h(-,0)=h, inQ.

Incompressible flow or steady state flow equation

In our application, the flow is assumed to be incompressible: S; = 0 and no source nor
sink is present. In this case, system (1.8) becomes

u =-KVh, inQ, (1.9)
div(u) =0, inQ, )
or equivalently
u =-KVp, inQ,
div(u) =0, in Q. (1.10)

In the next section, we will make use of either of these systems for the water flow
involved in the transport process of contaminants dissolved in the water.

1.2 Transport equations

The quantity of a dissolved species in a fluid phase is measured by its (molar) concen-
tration, expressed in moles per litre of solution. The transport of such a component is
governed first by the general balance equation:

dc

¢at

+divj = f, (1.11)

where
* ¢ is the concentration of the dissolved contaminant,

* j is the flux of the species, that is the amount of the species going through a unit
surface per unit time.

* f is a source term.

The complete description needs a specification of the flux j. This involved three main
phenomena: advection, (molecular) diffusion and dispersion. The first two are com-
mon to most flow models, while the third one is specific to porous media. The flux will
then be a sum of three fluxes. We deal briefly with each phenomenon:
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Advection is the species being carried along the flow, without its shape undergoing
any deformation. The corresponding flux is

jadv =uc.

Molecular diffusion is caused by the Brownian motion of the molecules in the fluid.
It is expressed by Fick’s law:
Jait = —D. Ve,

where D, is the effective diffusion coefficient of the medium (m? /s). It is related
to the molecular diffusion coefficient D, by

D, = ¢ Dy,
Since D, includes the porosity in its definition, it is a macroscopic quantity.

Dispersion is a phenomenon specific to porous media: it is a macroscopic way of
taking into the small scale variations of the velocity, due to the microscopic het-
erogeneities in the medium. There exists several theories to write the dispersive
flux, and all of them are phenomenological. The most commonly employed is
Scheidegger model, for which the dispersive flow is written as

jasp = lul (a,E(@) + ar B () Ve, (1.12)

where a; and ar (both in m) are, respectively, the longitudinal and trans-
verse dispersion coefficients, |u| is the Euclidean norm of u = (u;,u,,us),

lu| =4/ u% + u% + u%, E is the orthogonal projection along the velocity,

2
U wu, ujug

Uu; U uyus

usu, usu, u

1

E=—;
Jul?

andE1 =1—E.

Equation (1.12) simply expresses the fact that, in a first approximation, disper-
sion has a tendency to spread the concentration plume, but does more (a; is
usually larger than ay) in the direction of the flow than in the direction trans-
verse to it.

By replacing the flux j in equation (1.11) by the sum of the 3 fluxes jaq,+j gt +J disps
one obtains the general transport equation:

dc
qsa —div (cu —D)Vc) =, (1.13)
where we have denoted by by D(u) the diffusion-dispersion tensor
D(w) = DI + [u| (a,E(w) + arE- (@)

Even though they are different physical phenomena, it will be convenient to treat diffu-
sion and dispersion together, as acting in the same way as diffusion with an anisotropic
tensor.
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This chapter consists of three main parts. In the first part, we consider the
time-dependent diffusion problem written in a mixed formulation and prove its well-
posedness for Dirichlet and Robin boundary conditions by using Galerkin’s method
and a priori estimates. In the second part, two nonoverlapping domain decomposition
methods - the Steklov-Poincaré operator and the Optimized Schwarz waveform relax-
ation (OSWR) - are formulated through an introduction of the space-time interface
problems. We consider the semi-discrete problems in time using different time grids
in the subdomains. Convergence proofs for the continuous and semi-discrete OSWR
algorithms in mixed form are given. In the third part, we present numerical results for
different test cases to study and compare the performance of the two methods.

2.1 A model problem

In this section we define our model problem and show the existence and uniqueness of
its solution. For an open, bounded domain 2 of R (d = 2,3) with Lipschitz boundary
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90 and some fixed time T > 0, we consider the following time-dependent diffusion
problem
¢d,c+div (-DVc)=f, inQx(0,T), 2.1)

with boundary and initial conditions

c=0, ondNx(0,T),
c(-,0) =cyg, inQ. (2.2)

Here c is the concentration of a contaminant dissolved in a fluid, f the source term,
¢ the porosity and D a symmetric time independent diffusion tensor (see Chapter 1
for a detailed description). Here and throughout this chapter, unless explicitly stated
otherwise, we assume that ¢ is bounded above and below by positive constants,
0 < ¢_ < ¢p(x) < ¢, and that there exist positive constants 6_ and &, such that
cI'D7Y(x)c > 6_|c|? and |D(x)¢| < O4lgl, fora.e. x e Qand Vg € RY. For simplicity,
we have imposed a homogeneous Dirichlet boundary condition on 9. In practice,
we may use non-homogeneous Dirichlet and Neumann boundary conditions for which
the analysis remains valid (see Section 2.2 for the extension to Robin boundary condi-
tions).

We now rewrite (2.1) in an equivalent mixed form by introducing the vector field
r := —DVc. This yields

¢po,c+divr =f, inQx(0,T),

2.3
Ve+Dlr =0, inQx(0,T). (23)

To write the variational formulation for (2.3) (see [22, 104]), we introduce the spaces
M =1%(Q) and = =H (div, Q).

We multiply the first and second equations in (2.3) by u € M and v € X respectively,
then integrate over Q and apply Green’s formula to obtain:

For a.e. t €(0,T), find c(t) € M and r(t) € = such that

(¢po,c,u)+(divr,u) =(f,u), YueM,

—(divv,c)+ (D7 'r,v) =0, Yvex, (24)

together with initial condition (2.2).

Here and in the following, we will use the convention that if V is a space of func-
tions, then we write V for a space of vector functions having each component in V. We
also denote by (-,-) the inner product in L2(£2) or L?(2) and || - || the L2(Q)-norm or
L?(Q)-norm.

Remark 2.1. Throughout this manuscript, we will treat various physical problems. Each
will be written in a mixed formulation and for each we will need a space of scalar functions
and a space of vector functions. We use the notation M for the former and % for the latter;
even though the definitions will change somewhat from problem to problem as we will
point out when these changes are made.

The well-posedness of problem (2.4) is shown in [81, 18], with an argument based
on Galerkin’s method and a priori estimates:
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Theorem 2.2. If f is in L*(0,T; L*()) and c, in Hé(ﬂ) then problem (2.4), (2.2) has
a unique solution

(c,r) € H'(0,T; L2(Q)) x (L*(0, T; H(div ,2)) N L®(0, T; L3(Q2))) .
Moreover, if D is in Wb®(R), f in H'(0, T; L%(Q)) and ¢, in H?(£2) mHé(Q), then
(c,r) e WH®(0,T; L3(Q)) x (LOO(O, T;H(div,Q))n H(0, T;LZ(Q))) .

Remark 2.3. We give the proof of Theorem 2.2 in the finite dimensional setting since
some technical points (those involving ,r, or r at time t = Q) can only be defined by their
finite dimensional Galerkin approximation. This is not surprising given the differential-
algebraic structure of system (2.35): the second equation has no time derivative. In DAE
theory it is well known that the algebraic equations have to be differentiated a number
of times (this is what defines the index), and that this imposes compatibility conditions
between the initial data (note that r(0) is not given). The index has been extended to
PDEs, see for instance [93].

The proof of Theorem 2.2 is carried out in several steps: in Lemma 2.4 we first con-
struct solutions of certain finite-dimensional approximations of (2.4), then we derive
suitable energy estimates in Lemma 2.5 and prove the first part of the theorem. The
higher regularity of the solution is obtained from the estimates given in Lemma 2.6.

We need first to introduce some notations: Let {u, | n € N} be a Hilbert basis
of M and {v, | n € N} be a Hilbert basis of . For each pair of positive integers n
and m, we denote by M,, the finite dimensional subspace spanned by {u,}_,, and %,
the finite dimensional subspace spanned by {v;}_,. Now let ¢, : [0,T] — M, and
r,, :[0,T] — %, be the solution of the following problem

(@Orcp,pi) +(divry,u) =(f(0),u), Vi=1,...,n,

—(divvj,c,) + (D_lrm,vj) =0, Vi=1,...,m, (25

with
(ca(0), uy) = (co, p), Vi=1,...,n. (2.6)

Lemma 2.4. (Construction of approximate solutions) For each pair (n,m) € N2,
n,m > 1, there exists a unique solution (c,,r,,) to problem (2.5).

Proof. We introduce the following notations
(Fn(t))i = (f(t)uui)’ (CO)i = (COuu‘i); (Wn)l] = (¢|LLJ, ‘U,i), Vi1 < l,_] < n,
(Am)ij = (D_lvj5vi)s Vi1 S ls.] S m, (Bnm)ij = (diVVj,‘U/i), V1 S i S n, 1 S] S m.

We also denote by C,(t) the vector of degrees of freedom of c,(t) with respect to
the basis {u;};_, and R,,(t) that of r,,(t) with respect to the basis {v;}",. With this
notation, (2.5) may be rewritten as

dc,
Wn?(t) + B, R, (t) =F,(t), (2.7a)

—BT C.(6)+A,R,(t)=0, (2.7b)
C,(0)=C,. (2.7¢)
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As A, is a symmetric and positive definite square matrix of size m (because of the
assumptions concerning D), A,, is invertible. Thus (2.7b) implies

R, (t)=A_'B’ C.(0). (2.8)

Substituting (2.8) into (2.7a) and as W, is invertible, we obtain

dC, -1 —1pT -1
T ()+W_ "B, A ‘B, C,(t)=W_"F,(t), forae.te€[0,T]. 2.9)
This is a system of n linear ODEs of order 1 with initial condition (2.7c). Hence,
dc
there exists a unique function C, € (C([0,T]))" with dtn S (LZ(O,T))H satisfy-

ing (2.9) and (2.7¢) (see [37]). From (2.8) we obtain R,, € (C([0,T]))™ such that

dR,, 5 m Lo . .
T S (L (0, T)) and then (c,,r,,), which is the unique solution to (2.5). O

In the next step, we derive some suitable a priori estimates similar to those given
n [81] but in a more detailed manner.

Lemma 2.5. There exists a constant C independent of n and m such that
||Cn||L°°(O,T;L2(Q)) + ||atCn||L2(o,T;L2(Q)) + ”rm”LOO((),T;LZ(Q)) + ||"m||L2(o,T;H(div Q)
< C(”COHHé(Q) + 1f 20, 15020)))>  V,m = 1.

Proof. We prove this lemma by deriving successively the estimates on c,, d,c, and r,,,
and finally on div r,, for the H(div,Q)-norm.
e Let n,m > 1 and take ¢,(t) € M,, and r,,,(t) € 2, as the test functions in (2.5)

(¢atcn, Cn) + (le L Cn) = (f, Cn),
—(divr,,,c,)+ (D r,,r,) =0.

Adding these two equations, we obtain
(@Becns cn) + (D™, ) = (f, cn).
Using the properties of ¢ and D, and applying the Cauchy-Schwarz inequality, we get

1d ¢_ d ,
($8rcn ) = 5 =(9en(B), ca()) = = —llcu (DI,
(D707 (6) 2 5-lIrn(Ol

(f (), cn(®)) < If (O e, (DI < LIIf(t)IIZJr gllc (0l
>n — n — 2¢_ 2 n *
As ¢_ > 0, we deduce that
%Ilcn(t)ll2 + 2(}55—__|Irm(t)ll2 < éllf(t)ll2 +len (I

Integrating this inequality over (0, t) for t € [0, T], we find

2 26 t 2 2 1 ' 2 ' 2
llen (Ol +—J lIr m(s)lI*ds < ||c(0)]] +—2f I1f ()l dS+J llen(s)lI°ds, (2.10)
¢_ 0 ¢— 0 0
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n o0
since [lc, ()1 = > J(co, )* < Y (co, 4:)* = llco 1>
i=1 i=1
Thus (2.10) implies

1
e

Applying Gronwall’s lemma, there exists C independent of n or m such that

t
eI < Ulcoll® + 5 1F 1220, 1.p200) + f lea(s)112ds.
0

leal?io porziay < CUIEON? + 1 o 1200y 2.11)
e Now we derive the estimate for d,c,: Taking J,c, € M, as the test function in the first
equation of (2.5), we obtain
(¢ ey, Orcy) + (divr,,, 0ic,) = (f, Grcp)- (2.12)
Differentiating the second equation of (2.5) with respect to t, we find
—(divv,d,c,)+ (D7 10,r,,,v)=0, VYvex,. (2.13)
Then we take r,, as the test function in (2.13)
(D~1o,r,,r,) — (divr,, d,c,) = 0. (2.14)
Adding (2.12) and (2.14), we see that
(pd,¢y, 8,cp) +(D710,7 7 1) = (f, 3,6,

As D is symmetric and positive definite, by applying the Cauchy-Schwarz inequality to
the right hand side as well as using the property of ¢, we obtain

d 1
¢ 13, (OII + 21V D lrp (DI < Ellf(t)HZ. (2.15)

Integrating (2.15) over (0,t) for t € [0, T], we find

¢ J [10cca(II*ds + VD r (DI < [V D~ Hr (01 + q% f If ($)IIPds. (2.16)
0 - JO

To bound ||r,,(0)||, we take r,, € %,, as the test function in the second equation of (2.5)
andlett =0

(D77 (0),7,(0)) = (div 1,(0), ¢,(0)). (2.17)

Noting that (2.17) holds for all n,m > 1, we bound the left-hand side as before and let
n — 0o. Since ¢,(0) — ¢o in L2(Q) and ¢, € Hé(Q), we have by Green’s formula

&_|Irm(OII? < (div 11 (0), o) = (r1n(0), = Vo) < [Ir ()l Vol

Thus
lIrm (Ol = Clicoll g1 (- (2.18)
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This along with (2.16) yields

||atcn||%2(0,T;L2(Q)) + ”rm”ioo(O,T;L2(n)) S C(llc()ll]z_[é(ﬂ) + ”fll%Z(O,T;Lz(Q)))’ vn, m Z 1'
(2.19)
There only remains to show that ||div r [l 7.12(qy) is bounded.
e Fixing m > 1, as divr,,(t) € M we can write
w .
divr,,(t) = Z & (D, forae. t €(0,T), (2.20)

i=1

where gin(t). = (div r,(t),u;). Now we fix n > 1 and multiply the first equation
of (2.5) by & (t), sum over i =1,...,n, we see that

LN 1 1 G
D i 2 i 2
(div rp, ;:1 E i) < §(||f|| + Cl[cnl)” + 5” 1221 & isill™ (2.21)

Integrating with respect to time and recalling (2.19), we find

T n T n
. ; 1 .
L (div £, Y €At < CUIF 220 gypa) + llcolls ) + EL 1> &8 willde.
i=1 i=1

Let n — oo and recall (2.20), we obtain

T T
. ("
L vl < CUL s oy + ol ) + 5 L Idiv r |[%dt.

Thus

+lleoll? 1 g))-

”dinm” Hé(ﬂ)

2 2
o) S S i i)

On the other hand, by recalling inequality (2.10) with t = T and by (2.11), we find

2 2 2
||rm”L2(O,T;L2(Q)) S C(”CO” + ”f”LZ(O,T,LZ(Q)))'
Hence,
2 _ 2 . 2
2o, psmacare ) = Imlago ey + 190V Fmllzago ri2ay)
2 2
S C(”f”LZ(O,T;LZ(Q)) + ”CO”Hé(Q))) Vm Z 1)

which ends the proof of Lemma 2.5. O

We now prove the first part of Theorem 2.2: there exists a unique solution (c,r) in
H'(0,T; L3(Q)) x L*(0, T; H(div ,Q)) N L*®(0, T; L%()) of problem (2.3).

Proof. The proof of the first part of Theorem 2.2 follows the following steps:.

e Lemma 2.5 implies that for the sequences {c,}7.; and {r,}._; defined by (2.5) and
(2.6), {c,},—, is bounded in L%(0,T; L%(f), {0,cp}72, is bounded in L%(0,T;L%(Q))
and {r,,}>>_; is bounded in L?(0, T; H(div ,©)) N L®(0, T; L%(£)). Thus, there exist
subsequences, still denoted by {c,}°”; and {r,,}7’_, and functions c € L%(0,T; L%(Q))
with 8,c € L?(0, T; L2(Q)) and r € L2(0, T; H(div , 2)) N L®(0, T; L?(£2)) such that

¢, —cin L%(0,T; L%(Q)),
d,¢, — 8,c in L%(0, T; L3(2)), (2.22)
r,, — rin L2(0, T;H(div,Q)).



2.1. A model problem 23

e Next let n € C([0, T];M,),w € cl([o, T]; %y,,) for ng,my = 1. We choose n > n,
and m > my, take 1) and w as the test functions in (2.5) and then integrate with respect
to time

T T
f (¢0icp,m) + (div rp, m)dt =J (f,m)dt,
20 0

(2.23)
f —(divw,c,)+ (D" tr,,w)dt =0.
0
Because of the weak convergence in (2.22), we also have
T T
f (¢0ic,m) +(divr,n)dt = f (f,m)dt,
20 0 (2.24)

J —(divw,c)+ (D r,w)dt =0.
0

Since the spaces of test functions 7, w are dense in L2(0, T; M) and L2(0, T; X.) respec-
tively, it follows from (2.24) that (2.4) holds for a.e. t € (0, T) (see [37]).

e There remains to show that c(0) = c,. Toward this end, we take n € C}([0, T]; M,,)
with n(T) = 0. It follows from the first equation of (2.24) that

T T
—J (¢3m,0)+(divr,n)dt=J (f,m)dt + (¢c(0),1(0)). (2.25)
0 0

Similarly, from the first equation of (2.23) we deduce

T T
—J (@i, cp) + (divr,, n)dt = J (f,mdt + (¢¢,(0),n(0)).
0 0

Using (2.22), we obtain

T T
—f (¢3m,6)+(divr,n)dt=J (f,mdt + (¢cy,n(0)), (2.26)
0 0

since ¢,(0) — ¢o in L2(Q). As n(0) is arbitrary, by comparing (2.25) and (2.26) we
conclude that ¢(0) = c;.

e For the uniqueness, as the equations are linear, it suffices to check that ¢ = 0 and
r =0 for f =0 and ¢y = 0. To prove this, we set u = c and v =r in (2.4) (for f =0)
and add the two resulting equations:

L (pe,c)+(Drr) =0
VT ¢c,c r,r)=0.

Using the property of ¢ and the fact that (D™ 'r,r) > &_||r||*> > 0, then integrating
with respect to t we see that

t
d_|lc(O)* +25_ J ||r(s)||i2(mds <0, fora.e.te(0,T),
0

where ¢(0) =¢;=0. Thusc=0and r =0 for a.e. t €(0, T). O

We now prove the second part of Theorem 2.2. The higher regularity of the solution
to (2.3) is obtained by using the following lemma.
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Lemma 2.6. (Estimates for improved regularity) Assume that D is in WY®(Q), ¢, in
H*(Q) N Hy(Q) and fin H'(0, T; L*(Q)) then

18ccll (o, 7;12¢0)) + 1T 11000, 7;m1(aiv ,0) + 19eT 1200, 722202
< CUIf Nl o,mse2ay) + llcollpzcay)-

Proof. As f € H'(0, T; L?(£2)), the solutions of the ODE system (2.7) are more regular
in time than before (i.e. up to second-order time derivatives).
Let n,m > 1. First, we differentiate the first equation of (2.5) with respect to t

(PO, i)+ (div o,r, ui) = (0., ), Vi=1,...,n,

then we take J,c, as the test function

(¢0,ccy, 0,cy) + (div 0,1y, 8,¢,) = (O.f, O,cpy)- (2.27)
Similarly, we differentiate the second equation of (2.5) with respect to t

(D718,r,,,v;) — (divv;,8,c,) =0, Vi=1,...,m,
and take d,r,, as the test function
(D716,r, 8,r ) — (div 8,1, 8,c,) = 0. (2.28)

Adding (2.27) and (2.28), we find

(¢0;Cpn> 3pcn) + (D710,1 1, 3,1 1) = (B.f, B,

Bounding (D~18,r,,, 3,r,,) > 6_||8,r,,|%, using the assumption about ¢ and applying
the Cauchy-Schwarz inequality, we obtain

25_ , 1
—— 10l

<
¢ T ¢?

For each t € [0, T], we may integrate over (0, t) to obtain

d
E”atcnllz'i_ 18 117 + 11Becall?.

25_ t 1 t t
18ccn (O + ¢—f 18,7 mll*ds < [18.c,(0)I* + ¢_2J 18:f II*ds +J 19:call*ds. (2.29)
- Jo - Jo 0

In order to bound ||,c,(0)||, we use the first equation of (2.5) (with J,c, as the test
function, at t = 0) to obtain

18, (0]l < C(lldiv r, (Ol + [l f (O)ID.
Using the second equation of (2.5) at t =0, and then let n — oo to get
(D7 'r,,(0)+Vcy,v) =0, Yvexn,.

Thus, using density argument and ¢, € Hé(ﬂ) N H2(£), we obtain D~ !r,,(0) = — V¢,
in H*(2). Then, we bound

18:ca(0I? < CllcolIF2q) + 1 OIIP). (2.30)
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Replacing (2.30) in (2.29), we obtain

t
) 2 E ) 24
18, (O)I1° + 18T ll"ds
d- Jo :
< GO0y 1 2 1o grcay) + fo lGicalPds.  (23D)

It now follows from (2.31) and Gronwall’s lemma that

26_
”atCn”%oo(o’T;LZ(Q)) + ¢_||atrm”i2(0,T;L2(ﬂ)) S C(“CO”IZ_IZ(Q) + ”f”Iz-Il(O,T;LZ(Q)))' (232)

Recalling (2.21) and using (2.32), we obtain
n ) 1 n )
(div r, Y 3 E5b) < Cllcolgqy + I s g gorgan) + 311 D Ebubtil™
i=1 i=1

Then, let n — 0o, we see that

”le rm”%w(O,T;LZ(Q)) S C(”CO”IZ_IZ(Q) + ”f”Iz-Il(O,T;LZ(Q)))'

This along with (2.19) gives

1m0 zosica < CClIcol gy + 15 12 7opzcy ) (2.33)

The lemma now follows from (2.32), (2.33) and (2.22). O

In the sequel, we will consider two domain decomposition methods for solving
(2.4), (2.2). The first one involves local Dirichlet subproblems whose well-posedness
is an extension of Theorem 2.2. In the second approach, the optimized Schwarz wave-
form relaxation method, we shall impose Robin transmission conditions on the inter-
faces. Thus, we extend the well-posedness results above to the case of Robin boundary
conditions.

2.2 A local problem with Robin boundary conditions

In this section, we consider problem (2.1)-(2.2) with Robin boundary conditions on
o0 x(0,T):
—r-n+ac=g, ondNx(0,T), (2.34)
where a defined on 992 is a time independent positive, bounded coefficient and g is a
1
space-time function. We define & := — and suppose that 0 < k; < & < k5 a.e. in 9.
a

We denote by (+,)sq and || - || the inner product and norm in L2(22) respectively.
To derive a variational formulation corresponding to boundary condition (2.34), we
introduce the following Hilbert space

% = (div,Q) ;= {v € H(div,Q)| v -n € L?(3Q)},
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equipped with the norm

V12 e 0y = [V licaiv @y + 11V - 0l2g,
The weak problem with Robin boundary conditions may now be written as follows:

For a.e. t € (0,T), find c(t) € M and r(t) € & such that

(p0ic,u) +(divr,u) =(f,u), YueM,

_(diVV,C)“‘(D_lT‘,V)-I-(CVtr'n,v-n)aﬂ = —(dg’v.n)aﬂ, vvei. (235)

Theorem 2.7. If f is in L2(0, T; L?(2)), g in HY(0,T; L?(8Q)) and ¢, in H' (), then
problem (2.35), (2.2) has a unique solution

(c,r) € H'(0,T; L2(©2)) x (L*(0, T; #(div ,2)) N L®(0, T; L*(2))) .
Moreover, if D is in WY®(€2), f in H'(0, T; L%(Q)) and ¢, in H?(£2) then
(c,r) € Wh(0, T; L*(Q)) x (L®(0, T; #(div, Q) N H' (0, T; LA(12))) .

Proof. The proof of Theorem 2.7 relies on energy estimates and Gronwall’s lemma,
together with a Galerkin method, as for the proof of Theorem 2.2. We only present
here the parts of the proof that are different from those of the proof of Theorem 2.2.
We construct the finite-dimensional approximation problems to (2.35) as follows

(qsatcnuu'i) +(d1V rmuu'i) = (fuu’i)) 1<i< n,

. _ ~ v ~ v . 2.36
—(divi;,c0) + (DM ) + (G o1 ¥; )aq = (—dg,¥; Mg, 1 <j<m, 20

where ¢, € M, r,, € %, and #;,i = 1,...,m is the basis of ¥,,. We then rewrite (2.36)
in matrix form as in (2.7):

Cn 4B R (1) =F
1O+ BRu(0) =Fy(0),

W,
—B! C.(0)+AR, (1) =G(0),
where R, is the vector of degrees of freedom of r,,, with respect to the basis s
A =D, 9)+(av; -n,¥;-n)sq, Y1<i,j<m,
is symmetric and positive-definite,
(Bnm)ij = (div ¥, u;) and (G,,(t)); = (—ag(t),V;-n)sg, V1<i<n1<j<m.

Thus, there exists a unique solution (c,,r,,) to (2.36).
Now to prove the existence of a solution to (2.35), we derive suitable energy esti-
mates in the same manner as in Section 2.1 but with an extra term r-n on the boundary.

Lemma 2.8. Let f € L%(0,T;L%*(Q)), g € H'(0,T;L%(3Q) and ¢, € H}(Q).

The following estimates hold

(@) llell oo, ;020 + 1Pl 200, 7,220y + T - 1l L200,7;22 0000
< C(lleoll 2y + 11 2o, 7502¢0)) + 1181120, m302(202)))>

(ii) ||atC||L2(o,T;L2(Q)) + ”r”LW(O,T;Lz(Q)) +|lr - n||L°<>(0,T;L2(aQ))

< Clllcollgreay + I 20,32y + 8 llH1 0,322 00005

(ii1) ”r”LZ(O,T;%(div,Q)) < C(”Co”Hl(Q) + ||f||L2(0,T;L2(Q)) + ||g||H1(0,T;L2(aQ)))-
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Lemma 2.9. (Estimates with greater regularity) Assume that D is in W»®(£), ¢, in
H2(Q), f in HY(0, T; L?(2)) and g in H*(0, T; L2(25Y)), then
||3tC||L°°(o,T;L2(Q)) + ”r”L"O(O,T;%’(diV ant ||atr||L2(o,T;L2(g))

< CUIf llmco,r:12c)) + llcollmzey + gl c0,7:02¢0)))-

Proof. (of Lemma 2.8). In order to prove (i), as before, we take ¢, and r,, as test
functions in (2.36) and add the two equations:

(¢0icn,cn) + (D‘lrm,rm) +(dry nryn) = (fie) + (—d8,Tm )0
The assumptions concerning ¢, D and & give

9-d

(qsatcn)cn)Z 2 dt

2 -1 2 v 2
”Cn” D (D rm:rm) > 5—”rm” 5 (arm ‘n,r;, ‘n)aa = K1||rm'n||aga

and the Cauchy-Schwarz inequality:

| (focn) IS TIFNlenll < illfll2 + %Ilcnllz- (2.37)

Similarly, for each € > 0,
. Lo o€ 2
| — (&g, 7m n)oq IS Kallgllaq Irm - nllag < xo S l8lGa + Slirm-nli3q |- (2.38)

. K1 .
Choosing e = —, we then obtain
Ko

d K 1 K2 ¢_
2 2 1 2 2 2 2

——l¢ + 5_ r +—llr.. n < + — 4+ —
5 lt” nll 17l D) 7 ”ag =5 _”f” 5 lllg”aﬂ 5

Integrating this inequality over (0, t) for t € (0, T], and using ||c,(0)]|* < ||col|?, we get

2
lleall”.

25_ t t
|kn(t)n2+-———‘f nrm(s)nzds+—13£~f rm () - 12 ds
¢— 0 ¢— 0

t
SC@%W+WﬁmmMmﬁWﬂ§&H%mD+£ﬂh@m%&

2
. Ka
with C = max(1, —,

P> P«

). Then an application of Gronwall’s lemma completes the

proof of (i).

For (ii), we follow the same steps as in (2.12)-(2.15): taking J,c, € L%(0,T; M) as
the test function in the first equation of (2.36), we obtain

(¢0,c,d,c)+(divr,,d.c)=(f,d,c). (2.39)
Differentiating the second equation of (2.36) with respect to t, we obtain

—(divv,d,c) + (D710,r 1, v) + (48,1 -,V - 1) 50 = —(48,8,V -N)gq, Vv € Z.
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Then we take v = r,, in the previous equation and add the resulting equation to (2.39)
to obtain

(¢atcn: aL'Cn) + (D_latrm: rm) + (datrm N,y n)ag = (f: aL'Cn) - (&atg)rm : n)ag .

As D is symmetric and positive definite, by applying the Cauchy-Schwarz inequality to
the right hand side as well as using the property of ¢, we obtain

1d K, d
§-l13,cl?+ 5 IVD Tl 4+ Sl -nlldg <I (£,86) | +1 (688 n)aq |

We then apply the Cauchy-Schwarz inequality for the right-hand side (as

K
in (2.37), (2.38), replacing ¢ and g by d,c and &,g), and take ¢ = —1, C =
K2
2

K5 )
max(—, —=) to obtain

P Ky
d d
G- l13ccall’ + VDTl 4 k1l -nll3g < € (IFIP 4 18:2130) + -l

Integrating over (0, t) for t € [0, T], we find

t
qs_f 18,c, () 1PPds + 11V D17, () 12 + 3l (0 - I2
0
< CUIF 1220 120 + 18120 0 razz o) + 1V D (O) 2 + il (0)-ml2

t
+ K4 J Irm (s)-nll3,ds. (2.40)
0

So there only remains to bound the term (||vV/D~1r,, (0) ||* +x4||r, (0)-n||§Q). Toward
this end, we use the second equation of (2.36) with v =r,, and for t = 0 to obtain:

§_|Irm(O)I? + 1 lIr 1, (0) - nf|? < (div r1,(0),¢,(0)) + (=g (0), 1, (0) 1) 5, -
Let n — 00, as ¢,(0) — ¢, we have

&_|Ir m(0)II? + re1 I (0) - ml|* < (div 1, (0), ¢0) + (—cg(0),71,(0) - 1) 5,
< (=rm(0), Vo) + (o — @g(0),1,(0) - 1) 5

< O e O+ —— Vol + L (0) -l £~ 1o — g(OI2,,
-2 25_ 2 2K, 9%

or
57O + w1l (0) -l < € (lcol2a 0y 1812 200 ) -

This along with (2.40) and Gronwall’s lemma yields (ii). We now estimate ||div r,,||?
as in Section 2.1: we derive (2.21) from (2.20) and the first equation of (2.36) (after
multiplying by gin(t) and summing over i = 1,...,n). Then, using the bound for
18ccll2(0,7:12¢0)) in (1), we obtain

ldiv 7| (2.41)

2 2 2 2
LZ(O,T;LZ(Q)) S C(”COHHI(Q) + ||f||L2(0,T,L2(Q)) + ”g”Hl(O,T,LZ(BQ)))

This along with (i) gives

2 2 2 2
”rm”LZ(O,T;%(diV,Q)) S C(”CO”HI(Q) + ”f”LZ(O,T;LZ(Q)) + ”g”Hl(O,T;LZ(aQ)))’

and the proof of Lemma 2.8 is completed. O
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We now prove Lemma 2.9 for the higher regularity of the solution to (2.3).

Proof. (of Lemma 2.9). Let n,m > 1. Differentiate both equations of (2.36) with
respect to t, take u = J,c,, and v = J,r,, as the test functions, and add the two resulting
equations to obtain

(¢BiCn» 0rcy) + (D710,1 1, 0,7 1) + (48,7 -1, 8,7y - 1) 5
= (atf5 atcn) - (datg5 2 n)ag .
Then, the assumptions concerning ¢, D, &, and the Cauchy-Schwarz inequality give

¢_d 2 2 K1 2 2 2 ¢ 2
— ——10ccpll*+6_|0, Tl +?”atrm'n”ag < ¢ —llo.fII"+ “atg”ag+ |G cnll=

2 dt
Integrating this inequality over (0, t), for t € (0, T], we obtain
, 26 ° 2 K [ 2
9, (OII” + e 10:r m($)II” ds + el 10:71n(s) - mll5q ds
- Jo _

< CUR(OIE + 18ef P2 iy + 1208100 1og2c0y) + f 18, (5) 1% ds, (2.42)
2

1
¢2’¢_ K1

at t = 0 with u = J,c,, and the Cauchy-Schwarz inequality to obtain
18 (0117 < C(IIf O + l|div 1 (01 < C(IIf O + licol o ))-

Here we have used the fact that D™'r,(0) = —Vc,(0) in 2’(Q) given by the second
equation of (2.36), and hence in L?(2) since ¢, € H(Q). From this inequality and
(2.42), we have

with C = max(1, —=—). To bound ||J,c,(0)||, we use the first equation of (2.36)

26_ (' K t
18, ca(OII* + ¢—J 18,7 m($)II* ds + ¢—1J 10,7 m(s) - nll3q ds
- b _

It now follows from (2.43) and Gronwall’s lemma that

18ccrll Lo, msr20)) + 10T mll p2g0,7:12¢y) F 110:T m - Ul 20,7120 02))
< C(”CO”HZ(Q) + ”f”IZ-Il(O,T;LZ(Q)) + ”g||12-11(0,T;L2(5§2)))' (244)

To obtain the estimate in the s (div ,)-norm, we follow the same steps as for (2.41)
to obtain

This along with the 1nequa11ty (i) of Lemma 2.8 gives
2 2
”r”LOO(O T;#(div ,Q2)) — < C(”CO”HZ(Q) + “f”Hl(O,T;LZ(Q)) + ”g”Hl(O,T;LZ(aQ)))' (245)
The lemma now follows from (2.44) and (2.45). O

Thanks to Lemma 2.8, we can finish the proof of Theorem 2.7 using similar argu-
ments as for the proof of Theorem 2.2. O
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2.3 Space-time domain decomposition methods

In this section, we present two nonoverlapping domain decomposition methods for
solving problem (2.3). For simplicity, we consider a decomposition of Q into two non
overlapping subdomains Q; and Q, separated by an interface I" (see Figure 2.1):

Qlﬁﬂzzm, anﬂlﬂaﬂzﬂﬂ, 9291UQZUF.

Also for the sake of simplicity we have assumed throughout this section and the next
that the boundary condition given on J2 is a homogeneous Dirichlet condition. How-
ever, the analysis given below can be generalized to the case of multiple subdomains
and more general boundary conditions (see Section 2.5).

t

Figure 2.1: The decomposition of the domain into two subdomains where the
interface is a plane in space and in time (in 2D).

Fori = 1,2, let n; denote the unit outward pointing vector field on 9;, and for any
scalar, vector or tensor valued function ¢ defined on £, let ¢; denote the restriction
of ¢ to Q;. Using this notation, problem (2.3) can be reformulated as an equivalent
multidomain problem consisting of the following space-time subdomain problems

¢;0;c;+divr; =f inQ; x(0,T),
Ve, +D'r; =0 inQ;x(0,T),
¢ =0 on (0Q;ndQ)x(0,T),
¢(0) =¢ inQ,

fori=1,2, (2.46)

together with the transmission conditions on the space-time interface

C1 =0Coy

r T 2.
ri-ny+ry-n, =0 onI'x(0,1), (2.47)

Alternatively, and equivalently, one may impose the transmission conditions

—rq-n + al’zcl =-Tro'n + a1,2C2

onT x (0,T), 2.48
_r2 . n2 + a2’1C2 = _rl . le + a2’1cl ( ) ( )

where a; , and a,; are a pair of positive parameters. The first method that we con-
sider is based on (2.46) together with the "natural" transmission conditions (2.47)
while the second method is based on (2.46) together with the Robin transmission con-
ditions (2.48). For the latter method the parameters a; ; may be optimized to improve
the convergence rate of the iterative scheme (see [12, 45, 46, 48]). For details of how
this optimization is carried out, see Appendix A.2.

For both methods the multidomain problem is formulated through the use of in-
terface operators as a problem posed on the space-time interface. For the first method
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the interface operators are time-dependent Steklov-Poincaré (Dirichlet-to-Neumann)
operators while for the second they are Robin-to-Robin operators. Associated with
a Jacobi algorithm this latter method is known as the Optimized Schwarz Waveform
Relaxation (OSWR) method. Rewriting the OSWR method as a space-time interface
problem solved by a more general (Krylov) method was done in [57]; here we extend
that work to a problem written in mixed form.

2.3.1 Method 1: Using the time-dependent Steklov-Poincaré operator

To introduce the interface problem for this method we introduce several operators, but
first we define some notation:

1
A=H'(0,T;HZ(T)), and, fori=1,2, M;=L*Q;) and I;=H(div,Q,),

1
where the space H},(I") is the interpolated space of index !/2 between Hé(l“) and L(I")
(see, e.g., [82, p. 72]). We also define

HX(Q) = {v e H(Q;), v=0over 3Q; N 3Q}, fori = 1,2. (2.49)

Next, let 9;,i = 1,2, be the solution operator that associates to the boundary, right-
hand-side, and initial data (A, f, cy) the solution (c;,r;) of the subdomain problem

¢;0ci+divr; =f inQ;x(0,T),
Ve +D'r; =0 inQ;x(0,T),
¢ =0 on (0Q;n90) x(0,T), (2.50)
¢; =A onl'x(0,T),
¢;(0) =cy inQ,.

An extension of Theorem 2.2 (to the case of non-homogeneous Dirichlet boundary
conditions) guarantees that

2; : AxL*0,T;L*()) x H:(Q) — H(0,T;M;) x L%(0,T; ;)
(A,.ﬂCO) = (Ciﬁrl’):(Ci(A’;f,CO),ri(Aof,CO))

is a well defined operator. We also make use of the normal trace operator

1
F;: H'(0,T;M))xL*0,T;%;) — L*(0,T;(HZ(I))
(ci,ry) - r; 'ni|Fx(0,T)

to define the following operators:

S A — L0, T;(Héo(l"))’)
A = -Z:9;(1,0,0)
and 1
2t LXO,T;L2(9Q)) x Hy(Q) — L*(0,T;(Hgy(1))
(f,co) - F:9;(0, f,co).
Now letting & = # + % and y = y; + y, we may rewrite problem (2.46), (2.47) as

the interface problem

FSr=yx(f,co), on T x(0,T). (2.51)
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The weak formulation of this problem is then

Find A € A such that:

T T (2.52)
f (yl,”)) :f <X(fsCO)5n)s VT)EA,
0 0

1 1
where (-, -) denotes the duality pairing between H/,(I") and (HOZO(F))’, and the operator
& is the time-dependent Steklov-Poincaré operator.

Remark 2.10. The interface problem (2.51) is derived in such a way that it is equivalent
to the multidomain problem (2.46) with the physical transmission conditions (2.47).
Thus (2.51) is equivalent to the original problem (2.3), which implies that problem (2.51)
is well-posed.

To investigate the properties of the operator ,i = 1, 2, we write the weak formu-
lation of problem (2.50) for f =0 and ¢, = 0:

For a.e. t €(0,T), find ¢;(t) € M; and r;(t) € X, such that

d .
a(wi,u)gi +(divry,u)g, =0, VueM;, (2.53)

—(diVV,Ci)Qi +(Dl~_1ri,V)Qi = —f A(V'ni), VVEZi.
r
For A € A and for i = 1,2, we will denote by (c;(1),r;(1)) the solution of (2.53) for
the data function A. Then for n, A € A and for almost every t € (0, T), we have

(¢:0:ci(A), ci(M))g, + (divr(A),ci(n))q, =0,

—(div (), c;(M))g, + (D7 'r;(A), (), = —f Ari(n) - ny).
r
Now adding the first equation to the second equation in which the roles of A and 7) are
reversed, integrating over time and summing on i, we obtain

2 T 2 T
> J ((pidrci(A), ciln)g, + D i) i) ==, J J n(ri(A)-ny).
i=1J0 i=1J0 r

Thus we see that

T 2 T 2 T
J (FAm == J f (ri(A)-m)n = Zf ((pi8eci(A), e, + D1 (A), T (g, ) »
0 i=1J0JT i=1J0

from which we conclude that & is a positive definite but non-symmetric, space-time
interface operator. Thus a direct proof of the existence and uniqueness of the solution
of the space-time interface problem (2.52) does not follow in a standard way as for the
elliptic problems (see [101, p. 5]), and we have not pursued this question here.
Nonetheless, we solve a discretized version of problem (2.51) iteratively by using a
Krylov method (here GMRES): the right hand side is computed (only once, it does not
change with the iteration) by solving problem (2.50) in each subdomain with A = 0 and
then calculating the jump of the flux across the space-time interface; then for a given
vector 7) defined on I" X (0, T), the matrix vector product is obtained (at each iteration)
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by solving subdomain problem (2.50) with A = 1 and with f = 0 and, ¢, = 0, then
computing the jump of the flux on " X (0, T). Once the discrete approximation to A is
obtained, we can construct the multidomain solution of the discretized problem.
Following the work in [80, 89] for elliptic problems with strong heterogeneities, we
apply a Neumann-Neumann type preconditioner enhanced with averaging weights:

(o1 +o, ) FA=7, (2.54)

where o; : T' x (0,T) — [0,1] is such that 0, + 0, = 1, and 5’1._1, the Neumann-to-
Dirichlet operator, is the (pseudo)-inverse of &, for i = 1,2, defined as follows

1
S7H 120, T;(Hyp (D)) — A
@ = ci(V)irx,1)
where (c;(¢),r;(p)),i =1,2, is the solution of

¢;0c;+V-r; =0 inQ;x(0,T),
Ve, +D'r; =0 inQ;x(0,T),
¢ =0 on (0Q;n90) x(0,T),
—r;-n; =¢ onI'x(0,T),
¢;(0) =0 inqQ,.

Remark 2.11. There is no analysis on the convergence of the GMRES algorithm for solving
the interface problem (2.51). One can perform Richardson iterations for this problem
and study the convergence of the corresponding algorithm (and hopefully, GMRES may
converge faster). This has been done using detailed properties of the Green’s function for
the case of a homogeneous problem by E Kwok (see [79]); it is difficult to generalize this
analysis to the case of heterogeneous media.

2.3.2 Method 2: Using Optimized Schwarz Waveform Relaxation

The function spaces needed to derive the interface formulation of Method 2 are
2:=HY0,T;L%(")), and, fori=1,2, M;=L*;) and &;=s2(div,Q;).

To define the Robin-to-Robin operator we first define for i = 1, 2, the following solution
operator %; which depends on the parameter a; j; j=3 —1i:

R;: ExL*0,T;L2(Q))xH(Q) — ExHY0,T; M) x L?(0,T; %))
(E}f,CO) — (‘Esciﬁri):(5,Ci(gsf5C0),ri(€5f,CO))

where (c;,r;) = (¢c;(&, f,co),ri(&, f,cp)) is the solution to the problem

¢;0,ci+divr; =f inQ;x(0,T),
Ve;+D;'r; =0 inQ;x(0,T),
¢ =0 on (02;n3Q)x(0,T), (2.55)
—ri-nit+a;;c; =& onlx(0,T),
c;(0) =cy inQ;.
(As stated earlier the parameters a; ; will be chosen is such a way as to optimize the

convergence of the algorithm). The existence and uniqueness of the solution of prob-
lem (2.55) is guaranteed by Theorem 2.7.
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Next, to impose the interface conditions (2.48) we will need the following interface
operators defined fori =1,2,and j =3 —1i:

B; : (E x H'(0,T; M;) x L*(0, T;ij)) NIm(%;) — =

a. .
(&,cj,r)) — (_rj'ni+f(€+rj'nj))|l"><(0,T)
J,1
Remark 2.12. To see that Im( ;) C E (instead of simply L2(0, T; L*(T")), we note that
(2.35) implies that D~ 'r(t) = —Vc(t) in 2'(Q) for ae. t € (0,T). Since r(t) is
in H(div ,9), we have c(t) € HY(Q), for a.e. t € (0,T). Consequently, c;(t) is in
H(0, T;H'(£,)). This along with the fact that & € 2 implies that r; “Nilrxo0,1) € E-

Now, defining

HHp EXE — EXE
(51) ~ (51 - 931922(62,0,0)) (2.56)
€2 €y — By%1(£1,0,0)
and
xr : L2(0,T;L%(9)) xHY(Q) — ExE
‘%1‘%2(05f, CO)
’C 3
U o) (%2%1(0,f, co)
we can write the interface problem as
A (?) = yz(f,co) onT x(0,T). (2.57)
2

We then write (2.57) in weak form as

Find (&, &,) € E X E such that

T T (2.58)
f J%(gl) : (gl) =f fo(f,co)- (Cl), V(¢1,8s) €EXE.
0 r 52 4,2 0 r Z:Z

Remark 2.13. The counterpart to Remark 2.10 is that the interface problem (2.57) is
well-posed due to the fact that it is equivalent to the multidomain problem (2.46) with
Robin transmission conditions (2.48).

In order to study the interface operator %, we proceed as in Section 2.3.1 by giving
the weak formulation of the relevant subdomain problems (here (2.55) fori = 1,2 and
j=3—-1)for f =0andc, =0:

For a.e. t € (0,T), find ¢;(t) € M; and r;(t) € &; such that, Yu € M; and Vv € &,

d
2 Pico Mo, T (divri,plg, =0,
1 1
_(divv’ci)ﬂi+(Di_lri’v)Qi+J —(ri-n)(v-n) :_J —E&(v-ny).
r j r &ij

(2.59)
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Now for any ¢ € E letting ¢;({) € H'(0, T; M;) and r;({) € L*(0, T;f}i) be such that
R;(£,0,0) = (&,c;(0),r;(0)), we have for any pair of elements £ and ¢ in Z and for
a.e. t €(0,T) that

(¢:9:¢i(8),¢i(D))q, + (div ri(£),¢;(£))g, =0,
1
~(div ry(8), ci(E)q, + (D7 'ri(&), (e, +J —(ri(&) -ny)(r;({) - n;)

r %ij
1
=—| —&r(0)-ny).
I 7ij
Next we add the first of these two equations to the second in which the roles of { and
¢ have been interchanged to obtain

1
(9:0:¢i(), ¢i(D)g, + (D7 (&), r()e, +J (&) n)(ri(¢) - my)
I 1 (2.60)
= —f —¢(r(&)-ny),
r ij
and this holds for any pair of elements £ and ¢ in 2. Now we consider the case in which
the parameters a; ;, i = 1,2, j = 3 — i, are constant and apply (2.60) with & = &; and
¢ ={;, to obtain

! &1 4 2 (" Qi j
J J«%{ ( ) : ( )ZZJ {J (& — i&j)§i+(al,2+a2,1){(¢iatci(§j)aCi(gi))ﬂi
0 T 52 Cz i 0 T C‘j,i

i=1

+(D; (), (8D, +J

r

1
@(ri(;)-ni)(ri(ci)-ni)}}

As for Method 1, we obtain a non-symmetric, space-time interface operator, but here it
is also not positive definite. We solve the discretized problem iteratively using Jacobi it-
erations or GMRES: the right hand side is computed (only once) by solving subdomain
problem (2.55) with £ = 0 and then calculating the discrete Robin terms (correspond-
ing to the discrete counterpart of operator %;,i = 1,2) on the space-time interface; for
a given pair of vectors (£, &,), the matrix vector product is obtained (at each itera-
tion) by solving, for i = 1,2, problem (2.55) in ; x (0, T) with £ = &; and with f =0
and, ¢y = 0, then computing the jump of the Robin data on I" x (0, T) (using (2.56)).
Performing Jacobi iterations for problem (2.57) is equivalent to the OSWR algorithm,
and in the next subsection we show that the algorithm (in mixed form) converges.

2.3.2.1 The OSWR algorithm

We consider the general case in which € is decomposed into I non-overlapping subdo-
mains ;. We denote by T'; ; the interface between two neighboring subdomains €2; and
Q;, T ; =0Q;n3Q;NQ. Let A; be the set of indices of the neighbors of the subdomain
Q;,i=1,...,I. The OSWR method may be written as follows: at the kth iteration, we
solve in each subdomain the problem

¢ ck+divrt =, in Q; x (0,T),
Vek+Drk =0, inQ; x (0,T), (2.61)

—rf n; + ai,jcf‘ = —r;‘_l n; + ai,jc’.‘_l, onl;;x(0,T),VjEN,
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where, fori =1,...,1,j €A, a;j>0isa Robin parameter. The initial value is that of

¢o in each subdomain. Moreover, (gi’j) =-r-n;+o; CJO

fori=1,...,I, j € A, in order to start the ﬁrst iterate.

is an initial guess on T’; j,

Remark 2.14. Problem (2.61) results from the application of Jacobi iterations for the
interface problem (2.57) (for the case of two subdomains). This can be seen by writing
the interface problem for (2.61) (following the same steps as in Subsection 2.3.2):

(a’; — B, (EK1,0,0)

&5 - 932921(€’I‘1,0,0)) = 2x(f,c0), on['x(0,1),

or equivalently,

Kk k-1 1
(211) = (511(_1) + 2r(f,c0) — F (E ) , onT x(0,T).
2 2 2

The variational formulation of (2.61) is written as follows:

Fora.e.t € (0,T), find cf (t) € L?(%;) and ri.‘ (t) € #(div,Q;) such that

(¢iatclk,.ui)ﬂ- +(V- Tf,.ui)ﬂi =(f,uida, Vu; € L*(Q),
—(V-v,, l)ﬂ +(D;? vi)ﬂi = Z Clk(_vi ‘n;), Vv;€#(div,Q;), (2.62)
jeM VT,
fori=1,---,1.

Theorem 2.15. Let D € W-®(Q), f e H'(0, T; L2(Q)) and ¢, € H*(Q) ﬂHé(Q) and let
a;; € L®(99;) be such that a;; > ag > 0 for i = 1,...,1, j € . Algorithm (2.62),
initialized by (g; ;) in H! (0, T;L? (Fi’j)), i=1,...,1, j € A, defines a unique sequence
of iterates

(cF,rH e w(0,T; L2()) x (L*(0, T; 2(div ,2:)) N\ H' (0, T; L*(£))) ,
fori=1,...,1, that converges to the weak solution (c,r) of problem (2.3).

Proof. The sequence (cf‘,rf)k is well-defined according to Theorem 2.7 and Re-
mark 2.12. Now, to prove the convergence of algorithm (2.61), as the equations are
linear, we can take f = 0 and ¢y = 0 and show that the sequence (cf,ré‘) . of iterates
converges to zero in suitable norms.

Choosing u; = cf and v; = rf in (2.62), then adding the two resulting equations and
replacing the boundary term by using the equation

( rk.n +a1]cl) —( rk aj,icf)z
=2 (ai,j +aj)ck (=rf-n;) + (al.z’j — ajz.’i) (cf)z, (2.63)

we obtain
ok 2
(Pidcia+ (B I)QJr]eZ/:vJ 2(al]+a]l)( rion - ac)
2
JG(/VJ 2((11]+a]1)( r o +al] l) T2 wai,j (aj’i_ai’j) (Clk) .

]EJV
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We then integrate over (0, t) for a.e. t € (0, T] and apply the Robin boundary condi-
tions. By using the properties of ¢ and D and using the fact that the Robin coefficients
a; ; belong to L™ (Fi’j), iel,---,I, j €A and that cll‘ belongs to H(£;) (see Re-
mark 2.12), we apply the trace theorem and obtain, for some constant C,

t
2
¢_||Cf‘(t)||?2i+25_J Irk ()12 ds+ J f el GUELRLTC)

JEN

t
k— k— 1 k 2
—r. n;+a;c; +CJ llc; (s) 115, ds.
]GJVJ J a +a J ] 0 i

Now we sum over all subdomains and define for k > 1 and for a.e. t € (0, T]

I

Ek(t)—2(¢ ek (012, +26_ ||r’<(s)||ﬂ ds)

Bk(t)—ZZJJ o +a rk n+al]c;‘)2.

i=1 jeH

Then we have, for all k > 0

I t
EX(O)+B*(t) <B () + CZJ llef ()13, ds.
i=1J0

Now sum over the iterates for any given K > 0:

K K I t
ZEk(t)SBO(t)—FCZZJ llek (s) 112, ds, (2.64)
k=1 k=1i=170

where
)3
BY(t) = J J (gij)z,
i=1 jeN @i, + aj,
for g; ; the initial guess on I'; ;. From the definition of E k. since §_ > 0, we have

K 1 K 1 t
PN EAGI SBO(t)+CZZJ llek (s) 113, ds.
k=1i=1J0

k=1i=1

Thus, by applying Gronwall’s lemma, we obtain for any K > 0 and a.e. t € (0, T)

K 1 cr RO
DD N1, < e¢_B¢(T). (2.65)

k=1i=1

This along with (2.64) implies

K I t CT cr
ZZ”—J IIrf(s)IIéids§(1+¢—e¢_—)BO(T), VK > 0. (2.66)
. _

k=11i=1

The inequalities (2.65), (2.66) imply that the sequence cg‘ tends to 0 in

L™ (O,T;L2 (QI)) and rf converges to 0 in L2 (O,T;LZ(Q,-)) foreachi € 1,...,I
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as k — oo.

To show convergence in higher norms, we differentiate the first and the second equa-
tions of (2.62) with respect to t, then take u; = 8tcf and v; = 3tri.‘ and add the
resulting equations together. We see that (after bounding the left hand side using the
assumptions on ¢ and D)

&—nackuﬂ +6_ ||atr’<||Q J 3,k (—=a,rk - ny).

2 dt )G:/V
We proceed as in the previous argument with the use of Robin boundary conditions

after differentiating with respect to t

k=1 ‘n;+a; ack L onl;;x(0,T),Vj€EMN.

k k _
= n;+a;;0c; = atr]

We then obtain, for all k > 0

I t
EX(0)+B* () <B* () + CZJ [18ccf (s) 115, ds.
i=1J0

where
I

B4 (0) =Z(¢_||atcf(r)n5i+25_ f ||atrf<s)||§2ids),

=1
1

BX(t) = JJ ar ‘nita;;0ck) .
;);V al]+ajl ' )

Now, as before, we sum over the iterates for any K > 0 and apply Gronwall’s lemma to
obtain for any K > 0 and a.e. t €(0,T)

K I cr BO(T) ) I
D N8k (013, < et , with B(0)=>">" J J tgw)2
k=1i=1 - i=1 jeN J

(2.67)

This along with (2.65) shows that the sequence cf‘ converges to 0 in W1*°(0, T; L2(Q,)
ask— oo, fori =1, ..., 1.
Now we choose u; = div r{f in the first equation of (2.62) to obtain for a.e. t € (0, T)

Idivrili == (8.ck,divry), < l18ccfllg, Idiv rfllg,.

Q;

or
lldiv r¥llg, < 18,cfllg, Ve (0,T).

Hence, by (2.67) we have

k

This shows that the sequence r; converges to 0 in L? (0, T; H(div,;)). Moreover, it
follows from the definition of £ and (2.67) that

K t CT cr__
Y D25 | lark©) I3 ds <+ reda YBO(T), VK >O0.
o _

k=1i=1

So that the sequence 8trf also converges to 0 in L2(0, T; Lz(Qi)). O
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2.4 Nonconforming time discretizations and projections in
time

One of the main advantages of Method 1 or Method 2 is that because these methods are
global in time, they enable the use of independent time discretizations in the subdo-
mains. At the space-time interface, data is transferred from one space-time subdomain
to a neighboring subdomain by using a suitable projection.

We consider semi-discrete problems in time with nonconforming time grids. Let
7, and 7, be two possibly different partitions of the time interval (0,T) into sub-
intervals (see Figure 2.2). We denote by an the time interval (tin, t:n—l] and by Atﬁn =
(tin — tin_l) for m = 1,...,M; and i = 1,2, where for simplicity of exposition we
have again supposed that we have only two subdomains. We use the lowest order
discontinuous Galerkin method [61, 17, 108], which is a modified backward Euler
method. The same idea can be generalized to higher order methods. We denote by

t

T

1
At}

| ac

O q, Q, x

Figure 2.2: Nonconforming time grids in the subdomains.

Py(F;, W) the space of piecewise constant functions in time on grid &; with values in
1

W, where W = Hgo(l“) for Method 1 and W = L?(T") for Method 2:
Py(T;, W) = {1/) :(0,T) —» W,y is constant on an, Vm=1,... ,Mi}. (2.69)

In order to exchange data on the space-time interface between different time grids, we
define the following L? projection IT;; from Py(F;, W) onto Py(T;, W) (see [48, 61]) :

for ¢ € Po(7;, W), Hﬁq,b|Jj is the average value of ¢ on J{;, form=1,...,M;:

M.
1 1
O () 1= —— Zf . (2.70)
| [ 122 Judn

We use the algorithm described in [50] for effectively performing this projection. With
these tools, we are now able to weakly enforce the transmission conditions over the
time intervals.

We still denote by (c;,r;), for i = 1,2, the solution of the problem semi-discrete in time
corresponding to problem (2.53) or (2.59).

2.4.1 For Method 1

As there is only one unknown A on the interface, we need to choose A piecewise
1

constant in time on one grid, either &; or Z5. For instance, let A € PO(%,HgO(F)) and
take ¢y, = I[155(A) = Id(A). The weak continuity of the concentration in time across the
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interface is fulfilled by letting

¢ =M(A) € Po(ﬂ'l,HOEO(F)),

The semi-discrete (nonconforming in time) counterpart of the flux continuity in the
second equation of (2.47) is weakly enforced by integrating it over each time interval
Ji ofgrid 7, : Vm=1,...,M,,

J (Hm (r1(M12(R), £, o) - ny) + Mgy (ra(TT(A), fco) - nz)) dt=0,onT. (2.71)
Jn

Remark 2.16. Obviously one could choose A to be constant in time on yet another grid
(neither 7, nor 9,), and this can be useful in some applications (e.g. flow in porous media
with fractures).

2.4.2 For Method 2

In Method 2, there are two interface unknowns representing the Robin terms from
each subdomain. Thus we let &; € Py(Z;, L%(T")), for i = 1,2. The semi-discrete in time
counterpart of (2.48) is weakly enforced as follows:

J (51 — Ty, (—12(&a, f,c0) -y + @y 2¢5(Es, f, Co)))dt =0,onl, Vm=1,...,M;,
I

J (_H21 (—r1(&1,f,c0) ng +ag1c1(&7, f,¢0)) + 52)6“ =0,onl, Vm=1,...,M,,
VS

. . . (2.72)
where (¢;(&;, f,¢o), (&, f,c0)), i =1,2, is the solution to (2.59).

Remark 2.17. For conforming time grids, the two schemes defined by applying GMRES
for the two interface problems (2.71) and (2.72) respectively converge to the same mon-
odomain solution. In the nonconforming case, due to the use of different projection opera-
tors, the two schemes yield different solutions at convergence. In Section 2.5, we will study
and compare the errors in time for the two methods.

As in Subsection 2.3.2.1, we consider the semi-discrete OSWR algorithm associ-
ated with (2.72) using Jacobi iterations and prove that this algorithm converges to the
nonconforming solution (see problem (2.74) below).

2.4.2.1 The semi-discrete, nonconforming in time, OSWR algorithm

We consider a decomposition of  into I non-overlapping subdomains ¢; and use the
same notation as in Subsection 2.3.2.1. We denote by &; the time partition in subdo-
main ¢;. Using the DG method of order zero and the projections as well as the notation
introduced above, we write the semi-discrete problem of the OSWR algorithm (2.61)
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as follows: at k™ iteration, we solve, for m=1,... ,M;andi=1,...,1,

¢ (cf’m - cf’m‘l) +Ad divrP™ = J fdt, in
I
At (Ve +D7rem) —0, in Q;,
N m 2.73)
t,\—r; nt+a;c’
k— k— :
= , Hl] (_r] +a1)C] 1) dt, on I—'i,]-,VJEJVi,
S
where ck M= cl‘“l , r]f m.— pk it form=1,...,M; andi=1,...,I. The third equation

of (2.73) is obtained by performmg Jacobi iterations for (2.72).

We show in the following theorem that as k tends to infinity the sequence of problem
(2.73) converges to the solution of

¢i (' —c 1) + Atl divrde :J fdt, ingQ,
Ji
=0

[ -1
At Eva+D ’")
1
At (-1 -ni+a; )

a0
s (2.74)

= 11( r; n+al]c])dt onT;;,VjeEM.
I

Theorem 2.18. Assume that a; j = a;; for i=1,...,1, j € A;. Then

1. Problem (2.74) has a unique solution (c;,r;) € Po(Ti;L%(£y)) X
Po(T;; #(div ,Q,)), where Py(T;; W) is defined as in (2.69) for W = L?(£;)
or W=2x(div,Q;)), Vi=1,...,I.

2. Algorithm (2.73), initialized by (g; ;) in Py ( ( U)) s, JE M,
defines a unique sequence of iterates

(cg‘,rf) € Po(T;; L*()) x Po(T; 7 (div , ),
fori=1,...,1, that converges to the solution of problem (2.74).

Proof. The proof is carried out in several steps: we first derive the enery estimates as in
the proof of Theorem 2.15, then we prove the convergence of algorithm (2.73); finally
the well-posedness of problem (2.74) is shown.

As the equations are linear, we take f = 0 and ¢y = 0. We multiply the first and the
second equations of (2.73) by cf’m and rf’m respectively, integrate over ¢; then add
two resulting equations and use (2.63) to obtain

k, k, k,m—1 k, i -1..k, k,
(¢ici m)Ci m)ﬂi - (¢ici " )Ci m)ﬂi +At;n(Di 1rl' m,ri m)ﬂi

: 1 k kom) 2
ri,j 2 (ai,]--l—aj,i)
‘ 1 2 Atl
<Y At J —(—rk i+ a; ckm) +—mf ~ ( km)
= JJ st lJ
Z " Ty 2(ai,j+aj,i) ' ' 2 ri,j( )

(2.75)
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Note that cg‘ and rf are piecewise constant on each time interval an. Using the assump-

1
tions about ¢ and D and the inequality a® —ab > E(a2 — b?) for the first two terms of
(2.75), we obtain

o (IIcE™Z, = lleP™ 2, ) +26_ f Ik (s) 112, ds

JJ e (e ad)’

]eﬂl

A N AN
je

(2.76)
fori=1,...,I,m=1,...,M,

;-
Because of the global in time projection II;;, we can not use Gronwall’s lemma as in
the continuous case. Thus, we assume that a; ; = a;;, Vi € 1,...,1, j € A; to cancel
the last term. Now summing (2.76) over the sub-intervals J,l1 in (O, t.1, as cf(O) =0
we have

t
k,
¢_||ci'"||§zi+25_f ||rf(s)||éids+ZJ f P - (—rkny = ayck)?

0 JEN

r n;+a 2.77)
]eﬁ/J J” (al]+a]1)( J )

Substituting the third equation of (2.73) into (2.77) and as IT;; is an L? projection we
obtain

ti
k)2 (m k(o) 2 k k)2
d_|lc! ’"||Qi+25_J ||rl.(s)||gl_ds+ZJ J p—— - (=rkemy - ay k)
0 JEN
ti
m 1 2
5[] ot (s )
_.‘/VJO J ai-+a-i(H”( ri n+aUc]
JEN Tij
n
< ( (—r’.‘ n;+a; ik 1)
jen Jo JP a;, +a ’ b

Now we sum over all subdomains and define for k > 1

2
J J ( rk n+al]cj‘) .
ll]GJV &, +a

Then we have, for all k > 0,

o
k,m 12 k 2 k k-1
¢_llc; mllﬂi +25_J [lr (s) ||Qids +B, <B . (2.78)
0
tm
We sum over the iterates k to obtain that ||cf<’m||é and J ||rf (s) ||522,ds converge to 0
1 1
0

ask—ooform = 1,...,M;andi =1 I.

geeey
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Now we multiply the first equation of (2.73) by V- rf’m and integrate over ); to obtain

i kmy2 _ k, k,m—1 k,
AL == (@lcfm =M, v b
1
k, k,m—1 k,
< w—”Ci " ¢; " ”Ql”v T m”ﬂi, (2.79)
which implies that ||V - rf’mllﬂi converges to 0 as k — oo for m = 1,...,M; and

i =1,...,1.

To prove the well-posedness of a solution to problem (2.74), one has to show only
the uniqueness of the solution as (2.74) is a square discrete system. This is obtained
by noting that (2.78) and (2.79) still hold without the superscript k. O

Remark 2.19. The proof can be extended to higher order DG methods (see [62]) using
a technique introduced in [87] to rewrite the DG formulation in another way with a
reconstruction operator. Since only the lowest order DG method is considered here, a
simpler proof without using such a technique was given.

2.5 Numerical results

In this section, we carry out numerical experiments in 2D (using MATLAB) to inves-
tigate the performance of the two methods presented above. We consider D = dI
isotropic and constant on each subdomain, where I is the 2D identity matrix. Conse-
quently, we may denote by d;, the diffusion coefficient in the subdomains. For the spa-
tial discretization, we use mixed finite elements with the lowest order Raviart-Thomas
spaces on rectangles (for details about the subdomain solver, see Appendix B).

We consider in the first test problem (see Section 2.5.1) a homogeneous case with
a decomposition into two subdomains. The convergence and asymptotic behaviors of
the two methods will be studied. In the second test problem (see Section 2.5.2), we
consider the two subdomain case with discontinuous coefficients. We vary the jumps
in the diffusion coefficients and we see how it affects the convergence speed. We also
analyze the behavior of the error versus the time steps in the nonconforming case.
In the last test problem (see Section 2.5.3), suggested by ANDRA ! as a first step
towards repository simulations, we consider several subdomains. We observe how
both methods handle this application with the strong heterogeneity and long time
computations.

Remark 2.20. The numerical results presented for Method 2 are done with optimized
two-sided Robin parameters. We refer to Appendix A.2 for details of how to calculated
these optimized parameters.

Remark 2.21. One iteration of Method 1 with the preconditioner costs twice as much as
one iteration of Method 2 (in terms of number of subdomain solves). Thus to compare
the convergence of the two methods with GMRES, in the sequel we show the error in the
concentration ¢ and the vector field r versus the number of subdomain solves (instead of
the number of iterations).

'The French agency for nuclear waste management
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2.5.1 A test case with a homogeneous medium

The computational domain Q is the unit square, and the final time is T = 1. The
porosity is ¢ = 1 and the diffusion coefficient d = 0.02. We split Q into two nonover-
lapping subdomains €; = (0,0.5) x (0,1) and Q, = (0.5,1) x (0,1). For the spatial
discretization, we use a uniform rectangular mesh with size Ax = 1/200. For the time
discretization, we use conforming time grids with At; = Aty = 1/200.

We consider the error equations, i.e. f = 0, ¢y = 0 and homogeneous boundary
conditions, and use a random initial guess on the space-time interface. We stop the
iteration when the errors (both in ¢ and r) are less than 107% as depicted in Figure 2.3
(left). We observe that the two methods work well and Method 1 converges very fast
compared to Method 2. The errors in ¢ (in red (Method 1) and blue (Method 2)) and
the errors in r (in magenta (Method 1) and green (Method 2)) are in the same order
of magnitude.

0

10

T T T
NG ——Opt. Schwarz - Errorin ¢

\ Opt. Schwarz - Errorin r
=©-Precond. Schur - Errorin c
= = =Precond. Schur — Error in r

Log of Error

10°%

15 20 25 30 35 40
Number of Subdomain Solves

5 10
Figure 2.3: Left: Convergence curves with GMRES. Right: Level curves for the error in
the vector field (in logarithmic scale) for various values of the parameters a; , and
a, 1, where the red star shows the optimized parameters.

To verify the performance of the optimized parameters we vary a; , and a,; and
plot the logarithmic scale of error in the concentration after 24 Jacobi iterations in
Figure 2.3 (right). We see that the pair of optimized two-sided Robin parameters (the
red star), computed by numerically minimizing the continuous convergence factor (see
Appendix A.2.1), is located close to those giving the smallest error after the same
number of iterations.

Table 2.1 shows the number of subdomain solves (for different algorithms) required
to reach a reduction of 107° of the errors in the concentration and in the vector field
(in square brackets) when refining the mesh in space and in time, with 4x*/a¢ = const.
We observe that the convergence of Method 1 is independent of the mesh (due to the
use of the preconditioner), while that of Method 2 is slightly dependent on the mesh.
The latter is obtained because the optimization depends on the mesh size h = maxh;
and the time step At = maxAt; (see Appendix A), i.e. the optimized parameters
serve in some sense as a preconditioner (see [12]). For Method 2, GMRES gives faster
convergence speed than Jacobi but it does not improve the asymptotic results by a
square root as it does in the case of elliptic problems [44]. This has been pointed out
and analyzed in [98] and one should use the convolution Krylov subspace methods
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[86] for dynamic systems to accelerate the convergence at the same degree as in the
case of stationary problems [43] .

Method 1 Method 2

GMRES | GMRES | Jacobi
1/10 | 1/100 4[4] 14[15] | 17[18]
1/20 | 1/400 4[4] [18] [23]
1/40 | 1/800 4[4] 21[22] | 24[27]
1/80 | 1/6400 4[4] [26] [31]

AXx At

Table 2.1: Number of subdomain solves needed to reach a reduction of 107° of the
errors for different algorithms, and for different values of the discretization
parameters Ax and At.

2.5.2 A test case with a heterogeneous medium

The computational domain (Q is again the unit square, and the final time is T = 1. We
decompose Q into 2 nonoverlapping subdomains as in Subsection 2.5.1. The porosity
is ¢; = ¢, = 1, the diffusion coefficients are d; and d, in Q; and , respectively
(d; # dy). We fix dy = 0.2 and vary d; as shown in Table 2.2. We let © denote the
diffusion ratio d,/d;. For the spatial discretization, we use a uniform rectangular mesh
with size Ax; = Ax, = 1/200. For the time discretization, we use nonconforming
time grids with At; and At,, given in Table 2.2, adapted to different diffusion ratios.

D d; 1/Aty | dy | 1/At,
10 0.02 150 0.2 | 200
100 0.002 50 0.2 | 200
1000 | 0.0002 | 20 0.2 | 200

Table 2.2: Diffusion coefficients and corresponding nonconforming time steps.

As in the first test case, we analyze the convergence behavior of each method.
We solve a problem with ¢; = 0 and f = 0 (thus ¢ = 0 and r = 0). We start with
a random initial guess on the space-time interface and plot the error (in logarithmic
scale) in the L2(0, T; L?(2))-norm of the concentration ¢ and the vector field r, versus
the number of subdomain solves. We stop the iteration when the errors (both in c
and r) are less than 107°. In Figure 2.4, the convergence of the two methods (with
GMRES) for different diffusion ratios is shown. We see that both methods work well.
Method 1 (Schur) converges faster than Method 2 (Schwarz) for small diffusion ratios
®. However, when ® is increased, they are comparable. We also observe that the
errors in ¢ and r are nearly the same for Method 2 while the error in r is greater than
the error in ¢ for Method 1. Both methods handle the heterogeneities efficiently. To
obtain such a good performance, we have used the following formula for calculating
the weights in (2.54) (see [89])
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10°
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Figure 2.4: Convergence curves for different diffusion ratios: errors in ¢ for Method 1
(red) and Method 2 (blue); errors in r for Method 1 (magenta) and Method 2 (green)

Consider now the case with © = 10. For Method 2, we vary Robin parameters
a; 5 and a,; and plot the logarithmic scale of the residual after 20 Jacobi iterations in
Figure 2.5. We again see that the pair of optimized Robin parameters (the red star) is
located close to those giving the smallest residual after the same number of iterations.
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Figure 2.5: Level curves for the residual (in logarithmic scale) after 20 Jacobi
iterations for various values of the parameters a, 5 and a, ;. The red star shows the
optimized parameters computed by numerically minimizing the continuous

convergence factor.

As in the first test case, we show in Table 2.3 the number of subdomain solves
needed to reach a reduction of 10~ of the errors in the concentration and in the vector
field (in square brackets) when refining the mesh in space and in time, with 4x*/ar =
const. We observe that for discontinuous coefficients, the convergence of Method 1 is
again independent of the mesh size while that of Method 2 is almost independent of the
discretizations, especially when the diffusion ratio is large. Just as in the homogeneous
case, for Method 2, GMRES does not improve either the convergence speed or the
asymptotic results.

Next, we analyze the accuracy in time of the two methods with nonconforming time

steps. We impose an inital condition ¢, = exp ((x —0.55)240.5(y — 0.5)2) together
with a zero source term f = 0. We consider four initial time grids (for At. and Aty
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D =10 D =100
Ax | At Method 1 Method 2 Method 1 Method 2
GMRES GMRES | Jacobi GMRES GMRES | Jacobi
1/10 | 17100 | 14[14] | 11[11] | 13[12]| 10[10] | 8[9] | 9[10]
1/20 | 1/400 | 14[14] | 13[13] | 14[14] | 10[12] | 9[9] 9[9]
1/40 | 1/800 | 12[14] | 14[14] | 15[16] | 10[10] | 9[9] | 10[10]
1/80 | 1/6400 | 12[14] | 15[16] | 16[16] | 10[10] | 10[10] | 10[10]

Table 2.3: Number of subdomain solves needed to reach a reduction of 10~° of the
errors for different algorithms , and for different values of the discretization
parameters Ax and At.

given), which we then refine several times by a factor of 2:
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Figure 2.6: Errors in ¢ (left) and r (right) in logarithmic scales between the reference
and the multidomain solutions versus the time step for © = 10.
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In space, we fix a conforming rectangular mesh and we compute a reference solution
by solving problem (2.4) directly on a very fine time grid, with At = At/ 2°. The con-
verged multidomain solution is such that the relative residual is smaller than 107!,
We show in Figures 2.6 and 2.7 the errors in the L2(0, T; L2(£2))-norms of the concen-
tration ¢ and the vector field r versus the time step At = max(At., Aty) for different
diffusion ratios. We only give the results for Method 1 because the curves for Method 2
look exactly the same. For ® = 10, we take At. = 1/94 and At; = 1/128; for
D =100, we take At. =1/40 and Aty =1/160 (for ® = 1000, the same results hold
for At =1/16 and Aty = 1/160 but we don’t present them here). We first observe
that first order convergence is preserved in the nonconforming case. Moreover, the
errors obtained in the nonconforming case (Time grid 2, in blue) are nearly the same
as in the finer conforming case (Time grid 1, in red). This means that nonconforming
time grids preserve the accuracy in time of the solution and one should refine the time
step where the solution varies most (i.e. where the diffusion coefficient is larger).

2.5.3 A porous medium test case

In this subsection, we consider a simplified version of a problem simulating contami-
nant transport in and around a nuclear waste repository site. The test case is described
in Figure 2.8, where the repository is shown in red and the clay layer in yellow. The
domain is a 3950m by 140m rectangle and the repository is a centrally located 2950m
by 10m rectangle. The initial condition is ¢, = 0. We impose homogeneous Dirichlet
conditions on top and bottom, and homogeneous Neumann conditions on the left and
right hand sides. We decompose €2 into 9 subdomains as depicted in Figure 2.9 with
Qs representing the repository. The porosity is ¢5 = 0.2 and ¢; = 0.05, i # 5. The dif-
fusion coefficients are ds =210~ m?/s and d; = 510712 m?/s, i # 5. So the diffusion
ratio is © = 400.

2950 m
140 m 10 m

3950 m

Figure 2.8: Geometry of the domain.

27 i Qg i Q9
_______I—__—_—_—_—_——_—_—_—_——_— —_——— e ——
& B Qs RS
| |
Q i Q, i Qs

Figure 2.9: The decomposition into 9 subdomains (blow up in the y-direction).

For the spatial discretization, we use a non-uniform but conforming rectangular
mesh with a finer discretization in the repository (a uniform mesh with 600 points
in the x direction and 30 points in the y direction) and a coarser discretization in
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the clay layer (the mesh size progressively increases with distance from the repository
by a factor of 1.05). For the time discretization, we use nonconforming time grids
with Ats; = 2000 years and At; = 10,000 years, i # 5. For this application, we are
interested in the long-term behavior of the repository, say over one million years. Thus,
we test the performance of the two methods for a "short" time interval (T = 200,000
years) and for a longer time interval (T = 1,000,000 years). The same time steps,
At;, are used for both cases. As in the first test problem, we analyze the convergence
results by solving a problem with f = 0. For Method 2, as we have a small, thin
object embedded in a large area, it has been shown in [60, 75] that it is important to
derive an adapted optimization for Robin parameters. Thus, we consider two different
optimization techniques: the classical one (Opt. 1, see Appendix A.2.1) as used in the
first test problem, and an adapted version (Opt. 2, see Appendix A.2.2) where we take
into account the dimension of the subdomains.

In Figure 2.10 we compare the errors in the concentration ¢ (on the left) and in the
vector field r (on the right) both over a shorter time interval (on top) and over a longer
time interval (on bottom) where GMRES is used in all cases as the iterative solver:
Method 1 (red), Method 2 with Opt. 1 (blue) and Method 2 with Opt. 2 (green). They
are comparable and perform well in the case of multiple subdomains. We also note
that the longer the time interval, the larger the number of subdomain solves needed
to converge to a given tolerance (here 107°). Thus, the use of time windows (see
[17, 62]) could considerably improve the performance of all the algorithms, especially
with an adapted choice of the initial guess on the interface based on the solution on the
previous time window. In Figure 2.11, we plot the errors in the concentration c over
different time intervals for Method 2: GMRES with Opt. 1 (continuous blue), GMRES
with Opt. 2 (continuous green), Jacobi iteration with Opt. 1 (dashed blue) and Jacobi
iteration with Opt. 2 (dashed green) (the errors in the vector field r behave similarly).
We observe that GMRES converges faster than Jacobi iteration, especially for the long
time interval. Further, with Jacobi iteration, unlike with GMRES, only Opt. 2 is able to
handle the long time interval.

Next we consider the problem over the long time interval, T = 1,000,000 years,
and with the source term defined as follows: f = 0 in the clay layer and

107°s7 ift<10°
f= { 5 BE= IV YRS, the repository. (2.80)

N ) if t > 10° years,

The discretizations in space and in time (nonconforming) are the same as above. We
verify the performance of Method 1 and Method 2 (with Opt. 2) using GMRES and
zero initial guess on the space-time interfaces. The tolerance of the iteration is 107°.
In Figure 2.12, the evolution of the solution at different times is depicted (both meth-
ods give similar results). As time goes on and under the effect of diffusion, the con-
taminant slowly migrates from the repository to the surrounding area. Moreover, its
concentration ¢ increases until injection stops (i.e. after 100,000 years) and then de-
creases. In Figure 2.13 the relative residuals for each method versus the number of
subdomain solves are shown, as the monodomain solution with nonconforming grids
is unknown. Both methods work well and we observe that Method 1 converges linearly
while Method 2 initially converges extremely rapidly, the convergence becoming linear
after the first few iterations.
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Figure 2.12: Snapshots of the multidomain solution after 20,000 years (top left), 100

000 years (top right), 200 000 years (bottom left), and 1,000,000 years (bottom
right), with a blow up in the y-direction.
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Figure 2.13: The relative residuals in logarithmic scales using GMRES for Method 1
(on the left) and Method 2 (with Opt. 2) (on the right).
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Conclusion

We have given mixed formulations for two different interface problems for the diffu-
sion equation, one using the time-dependent Steklov-Poincaré operator and the other
using OSWR with Robin transmission conditions on the space-time interfaces between
subdomains. The subdomain problems with Dirichlet and Robin boundary conditions
are proved to be well-posed. Nonconforming time grids are considered and a suitable
projection in time is employed to exchange information between subdomains on the
space-time interface. Convergence proofs of the continuous and semi-discrete OSWR
algorithms in mixed form are given. Numerical results for 2D problems using mixed
finite elements (with the lowest order Raviart-Thomas spaces on rectangles) for dis-
cretization in space and the lowest order discontinuous Galerkin method for discretiza-
tion in time are presented. We have analyzed numerically the performance of the two
methods for three test cases, the first two are academic with two subdomains and the
last one is more realistic with several subdomains. We have observed that Method 1
(with the Neumann-Neumann preconditioner and averaging weights) and Method 2
(with optimized Robin parameters) handle well the heterogeneity and nonconforming
time grids, both efficiently preserving the accuracy in time of the solution. Asymptot-
ically, their convergence is almost independent of the discretizations. The two meth-
ods are also well-adapted for the simulation of diffusive contaminant transport in and
around a repository with a special geometry and long time computations. In particular,
for Method 2 we have shown that an adapted optimization technique to compute the
optimized parameters is necessary if Jacobi iteration is used. We have pointed out the
possible advantage for efficiency of using time windows for problems with long time
intervals. This will be considered in the next chapter.
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In this chapter, we present extensions of the two methods introduced in the previ-
ous chapter to the coupled advection-diffusion problem. We use operator splitting to
treat differently the advection equation and the diffusion equation: the former is ap-
proximated with the explicit Euler method in time and with an upwind, cell-centered
finite volume method in space, while the latter is approximated with the implicit Euler
method in time and with a mixed finite element method in space. This chapter consists
of two main parts. In the first part, we derive the discrete multidomain problem in
operator splitting context and define two discrete, interface problems, extensions of
the methods, Method 1 and Method 2, analyzed in Chapter 2. For Method 1, a gen-
eralized Neumann-Neumann preconditioner is given. We describe how we handle the
nonconforming time grids (for advection and diffusion time steps) using the L? pro-
jection defined in Chapter 2. In the second part, we carry out numerical experiments
for various test cases, both academic and more realistic prototypes for nuclear waste
disposal simulation, to investigate and compare the behavior of the two methods.
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3.1 A model problem and operator splitting

In this section, we define our model problem and the corresponding discrete problem.
For an open, bounded domain Q of R? (d = 2,3) with Lipschitz boundary 89 and
some fixed time T > 0, consider the linear advection-diffusion problem written in
mixed form:
¢poic+div(uc+r) =f inQx(0,T),
Ve+D7'r =0 inQx(0,T),
c =0 ondQx(0,T),
c(-,0) =¢y inQ.

3.1

Recall (see Chapter 1) that c is the concentration of a contaminant dissolved in a fluid,
f the source term, ¢ the porosity, u the Darcy velocity (assumed to be given and time-
independent) and D a symmetric time independent diffusion tensor. For simplicity, we
have imposed homogeneous Dirichlet boundary conditions. The analysis presented in
the following can be generalized to other types of boundary conditions.

One of the advantages of the time splitting approach [68] is that one can use
different numerical time schemes for the advection and diffusion. It has been shown
that treating the advection explicitly can significantly reduce the numerical diffusion
(see, e.g., [27]). In the sequel, we use a first-order in time splitting method for solving
problem (3.1): the advection equation is approximated by the forward Euler method
and the diffusion equation by the backward Euler method. The resulting scheme is first-
order accurate in time, O (At) (see, e.g., [29], [6, Chapter 2, p.14-32]). In the context
of local mass conservative approximations, we consider an upwind, cell-centered finite
volume method for the advection equation, and a mixed finite element method for the
diffusion equation.

In the following, we write the fully discrete problem associated with such discretiza-
tion techniques. For that purpose, we first introduce the discretizations in space and in
time.

Let 4}, be a finite element partition of Q into rectangles for simplicity, we suppose
Q c R?). We use the lowest order Raviart-Thomas (or Nédélec in three dimensions)
mixed finite element spaces M, x &, € L%(Q2) x H(div,Q) (see, e.g., [22, 104] and
Appendix B). For Q € R? and for rectangular elements, these spaces have the form

M, = {,u eL?(Q): Wk = const, K € J{h} s
Zh = {V S H(le,Q) :VlK == (aK + bKX,CK + de) 5 (aK, bK,CK,dK) S ]R4, K e %} .

The degrees of freedom of ¢, € M, correspond to the average values of ¢, on the
elements K € #},, and those of r}, correspond to the values of the flux r;, - ny across the
edges E of K, where nj is a previously chosen unit normal vector to E.

For the time discretization (see Figure 3.1), we consider, for simplicity, a uni-
form partition of (0,T) into N subintervals (t”, t"“) with length At = "1 — "
forn = 0,...,N —1with t® =0 and t" = T (the derivation can be easily generalized
to the case of nonuniform partitions). In order to satisfy the CFL condition required for
the explicit scheme used for the advection equation without imposing that condition
on the diffusion equation, we consider sub-time steps for the advection part:

At, = At/L, for some L>1,
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and
t" =1At, +t", for [ =0,...,L,n=0,...,N — 1.

Note that t™° = ¢" and ™! = ¢"*1,

t
T
tn+1 _________________
el ___]|At=LlA | T=NAt
n
0 9) b

Figure 3.1: A uniform partition in time with different time steps for
advection and diffusion.

The operator splitting algorithm is initialized by defining c}? to be the L? projection
of ¢, onto Mjy,:

1
0
A i=———— | ¢, VK € K,
hIK meas(K)L 0 h

. . .00
(For convenience of notation, we also write ¢,” for cg ).

Using the advection equation, we calculate c;ll’l, the approximation of ¢(t™!), for

n=0,...,.N—1,1=1,...,L and then using the diffusion equation we calculate c}’;H

and r}'*!, approximations of c(¢"*!) and r(t"*') respectively, forn = 0,...,N — 1.

As we use an upwind scheme for the advection equation, to calculate CZ’ZH for

n=0,...,.N—1,1=0,...,L —1, in addition to the value c”’l, we will need an upwind
value é;’l of the concentration on each edge of the grid. This upwind value is defined
by

e the given Dirichlet boundary data (in our case 0) if E is on the
boundary 02 and the average value of u - ng, over E is negative (i.e.,
fluid entering €2 through E), where ng, is the outward normal to 92,

( én,l) —] the value of cg’l on K if E is an edge of K and the average value of
hJiE u - ng over E is nonnegative (fluid exiting K through E), where ny is
the outward normal to K.

(Note that if the average value of u - ng over E is 0, it makes no
difference which of the neighboring value is assigned).

(3.2)
In Figure 3.2, we show some examples where the upwind value is defined specifically.

The operator splitting algorithm is defined by:
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For given ¢, € M, first solve the advection equation, for [ =0,...,L —1:

n,l+1 n,l
C —C
J <I5hA—th+ E JEZ’Z (u-ng) =0, VK€, (3.3)
K E

. ECOK

The solution generated after these L advection steps is CZ’L .

Next, we solve the diffusion equation (recall that the test functions for the first
equation are just linear combinations of the characteristic functions on the elements
K e ):

ol CH,L
J qﬁ% +J divrit! = J F(e"Y), VK € 4,
K K K (3.4)

J D7ty —J itldivy =0, Vv ez,
Q Q

The solution generated at this step is (CZH, rZH).

Thus, we end up with the algorithm as follows:
Forn=0,...,N —1,

1
1. define ¢™® =", where ¢®, := ——— | ¢,, VK € 1,
h h RK " meas(K) [, 0 h

2. forl=0,...,L —1,

(a) define the upwind value é;’l (cf. (3.2)),

n,l+1

(b) solve the advection equation (3.3) with c}';’l and obtain s

n+1

3. solve the diffusion equation (3.4) with CZ’L and obtain ch and rt!

ho

Remark 3.1. Due to the upwind scheme, for the advection equation, we need to impose
Dirichlet conditions only on the inflow boundary of 2 (i.e. where the fluid enters ).

In the next section, we consider the domain decomposition approach for solving
problem (3.3)-(3.4). An equivalent multidomain problem adapted to the splitting ap-
proach will be formulated and from that we will derive two global-in-time domain
decomposition methods.

3.2 Domain decomposition with operator splitting

For simplicity, we consider a conforming decomposition of £ into two non-overlapping
subdomains ©; and £, (the analysis can be generalized to the case of many subdo-
mains). Note that the partition 2}, ; of subdomain Q;, i = 1,2, is a subset of .z}, . We
denote by I' := 9Q; N 9, the interface between the subdomains, and denote by %,
the set of edges (or faces) of elements of ¢}, that lie on I". Fori = 1,2, let n; denote the
unit outward pointing vector field on 9<;, and for any scalar, vector or tensor valued
function ) defined on €, let 1p; denote the restriction of ¢ to ;.
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Figure 3.2: An illustration of the upwind concentration defined in the context of
cell-centered finite volumes, the arrows represent the direction of the normal flux

across the edges, | u-n, withn=(1,0).
E

As noted in Remark 3.1 only the inflow boundary (not the whole boundary) is
important for an upwind scheme, we then define the set of the inflow boundary edges
on the interface for each subdomain:

(gfllnl = {Ee%h:fui-ni<o}, fori=1,2.
E

Thus
9nnyr, =0, and 4" UG, = G,

Since we have split apart advection equation and diffusion equation, and treat
them with different numerical schemes, it is natural to have separate transmission con-
ditions for the advection part and for the diffusion part when domain decomposition is
used. In the following, we will write the advection and diffusion equations associated
with each subdomain ;, and derive the transmission conditions on the space-time
interface which are needed to obtain a formulation equivalent to the monodomain
problem (3.3)-(3.4).

With this aim, we denote by My ; and % ;, i = 1,2, the restrictions of the mixed
finite element spaces My to Q; and X to §; respectively. To define the transmission
conditions, we introduce the following interface space

Ay = {A e L(I): Ag = const, VE € ‘ﬂh}.
Because conforming discretization in space is used, we have
Ah == Zh,i . ni |1'*, l == 1,2.

Now, for i = 1,2, and for given c; ;, the advection equation in Q; is defined for
[=0,...,L—1,by
i

|

nl+1 _ nl

C, . Cyi
A fé;'f’?(u~nK) =0, VK& X, ©:5)
At, g ,

ECOKYJE
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: n0 _ n
with Chi = Chi-

Because of the decomposition, the upwind value of c}'zll on edges on the interface
I" may not depend only on the element values c}':ll inside subdomain ;. In particular,
if %}‘lnl # 0 (i.e. there is fluid flowing in ; through some part of '), then the upwind

concentration é,’llll on the edge E € %}‘lnl is defined by the concentration value of the

element in the neighboring subdomain (see Figure 3.3):

~n,l _ n,l i
(Ch’i)lE - (Ch’j)lKE’ VEe 9P, (3.6)

where Ky necessarily in %}, j, j = 3 — i, is the element has E as an edge.

Equation (3.6) serves as a Dirichlet boundary condition on E € ‘ﬁ,i“l and it defines
the transmission condition for the advection equation.

Figure 3.3: An illustration of the upwind concentration in the context of domain
decomposition, the arrows represent the direction of the normal flux across the edges
(for a fixed normal vector n = (1, 0)).

Now for the diffusion equation, with data CZIL generated by the advection step, we
solve:

cntl _ el
J qbi% +J div rpt! :f FE™Y), VK €

K K K
(3.7)

~1.n+1 n+1 q; n+1 _
f D, ryi v —J Chi divv —f Ah’i (v-n) =0, Vv e Xy,
Q Q r

i i

+1 . . SRT .
where 7‘}111,1‘ € Ay, i =1,2,is the Lagrange multiplier (see, e.g., [22, 104]) representing
}’Zfl on the interface I'. We need to introduce A, ; since
the concentration approximation cj; is defined on the elements only (this is of course

not the case if one considers the continuous problem (see Chapter 2)).

"the trace" of the concentration ¢
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As in the pure diffusion problem (cf. Chapter 2), the transmission conditions for
the diffusion equation consist of the equality between the concentration and the con-
servation of the normal diffusive flux across the interface:

n+1 _ n+1
th,l _J Ah,z >
E E
n+l | n+1 | —
J (rh,l ny+r,, nz) =0,
E

The multidomain problem is defined by

VE € 4, (3.8)

Forn=0,...,N —1,

1
1. fori=1,2, define 0 = c!'., where (co ) =—— | ¢y, VK €5,
h,i h,i h,i K meas(K) « 0 h,i

2. forl=0,...,L —1,

n,l

> L= 1,2, in each subdomain using the

(a) define the upwind concentration ¢
transmission condition (3.6),

(b) solve the advection equation (3.5) in each subdomain with c;’io known and

obtain c}';’iL, i=1,2,

3. solve the diffusion equation (3.7) in each subdomain together with the transmis-

sion conditions (3.8), with c;lllL known and obtain c}’l”l.rl and r;ﬁl fori=1,2.

To show the equivalence between this multidomain problem and the monodomain
problem (3.3)-(3.4) is straightforward.

Alternatively, and equivalently to (3.8), one may impose Robin transmission condi-
tions (for the diffusion equation), for all E € 4, and n=0,...,N —1:

_pntl n+1 — _pntl n+1
| Cramrans) = [ (sristm ),
E E
(3.9
_pntl n+1 — _pntl n+1
J ( rh’2 n2+a2,17th’2 ) —J ( rh’l n2+a2,17th’1 ),
E E

where a, ; and a,; are two positive constants. The first method that we consider is
based on (3.5), (3.7) together with the "natural" transmission conditions (3.6), (3.8)
while the second method is based on (3.5), (3.7) together with Robin transmission
conditions (3.6), (3.9). For both methods the multidomain problem is formulated as a
problem posed on the space-time interface via the use of interface operators.

Remark 3.2. As pointed out above, with the upwind scheme, the solution of the advection
equation in a subdomain depends not only on the information in the subdomain and on
its boundary, but also on information coming from the neighboring subdomain, while
for the diffusion equation the solution is local to the subdomain as in the pure diffusion
case. However, since we use operator splitting, we do not need to be concerned about the
problem of a slow convergence of the OSWR algorithm as has been observed when a fully
implicit scheme and an upwind scheme for the advection are used [57]. With operator
splitting we obtain separate transmission conditions for the advection part and for the
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diffusion part. In fact, we observe numerically (see Section 3.4) that the convergence is
governed by the Robin transmission conditions associated with the diffusion equation and
the optimized Robin parameters significantly improve the convergence of the algorithm
(for both advection-dominated and diffusion-dominated problems). In our observations,
the advection plays no role in the rate of convergence.

Remark 3.3. As the advection and the diffusion equations are treated separately, the
formulations of the diffusion equation corresponding to Method 1 and Method 2 will be
derived just as in Chapter 2. The formulation for the advection equation will be the same
for both methods.

In the multidomain context, the formulation of the advection step can be expressed
more simply by defining an upwind operator %, ;, i = 1, 2, which associates to a set of
concentration values on each element of ¢, ; and on each edge of %, a value on each
edge of an element of K € ¢} ;. These latter values will be the upwind values. So if we
denote by &} ; the set of edges of elements of %}, ; and by N ; the space of functions
on the union of the edges in &, ; that are constant on each edge, we may define %, ; as
follows

Ui+ My X Ap = Ny
0 if E c (0Q;nQ) and the average value of u - n; over E
is negative,
(ch, j)l « FEE %ﬁnl where K is the element in ¢}, ; having E as an
(%h’i)lE =1 edge, for j =3 —1,
(Ch:i)u( otherwise, where K is the element in ¢, ; having E as an

edge and having the average value of u - ny over E is non-
negative.

(3.10)
In the following,using operator splitting we derive discrete, interface problems for the
advection-diffusion equation (3.1), which are extensions of the discrete counterparts
of the interface problems (2.51) and (2.57) derived for the diffusion problem in the
previous chapter.

3.2.1 Method 1: An extension of the time-dependent Steklov-Poincaré
operator approach

To define the interface problem for Method 1, we introduce solution operators
92, i = 1,2, where 9, associates to an L2(0,T;L?(£;)) source term f together
with H!(;) (cf. (2.49)) initial data c, and discrete boundary data (1,,1) given on
I' x (0, T), the solution of the discrete advection-diffusion problem in ; x (0, T) that
we define below (problem (3.11)-(3.12)). In our notation, A, € ANXE and A e AN
represent the Dirichlet boundary data for the advection equation and for the diffusion
equation respectively:

A= (2

) and 2= (A1)
>4 ) n=0,..,.N—1, [=0,...,L—1 n=0

=0,..., N-1°

Using the upwind operator (3.10), the subdomain problem is defined, for given
(A’a) A';f) CO)) by
Forn=0,...,N —1,
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1
1. define ¢™® = ¢" ., where (co.) i=——— | ¢y, VK €4,
h,i h,i h,i K meas(K) « 0 h,i
2. forl=0,...,L —1,

(a) define the upwind values

Anl nl 4n,l
_%hl(hl’k ),

(b) solve the advection equation

nl+1_Cnl
f¢l%+ ZJ Gl ng)=0, VK€,  (3.11)
E

tq EcdK
with ¢;”; ! known and obtain s 1

3. solve the diffusion equation

n+1 nL
K awvas i f divrpt? =f fOEY, VK ey,
K K

J D n+1 vV — f CZjldiVV == f A;IH'_l(v . n[); VV S Zh,l
Q; Q; r

v L

(3.12)

with c known and obtain (c”fl, r;l“:l

The operator Z; is now defined by
NxL N N
P NP X AN X 20, T; L)) x HH () — (M) x (Myg)™ x (Zy)
JALA
(Cartafrce) = (e eptorsy ).

JALAL, ~n,l
where ¢, ; (c;;) and (chA.t,rﬁ.t) = (c}’:.,rz ) .
>t J n=0,...,N—1, 1=0,...,.L -1 > L U L p=1,...N

We remark that as the advection is approximated explicitly, in the definition of Z;
we have extracted the upwind values c for l= ,L—1 (instead of L =1,...,L)
foreachn, n=0,...,N — 1.

For the problem on the interface, we will need as input from the subdomain prob-
lems the first component éAt’At“ of the output of 2; (for the advection step) and the
values of the thlrd component T AL (for the d1ffus1on step). In fact, we need only the

values of ¢ c ‘a associated with edges E in ¢ .5 (j = 3—1) and values of r assoaated
with edges E in ¢,. Thus we define the two pI'OJeCtIOIl operators ¢ and 9 as follows

A (Nh,i)NXL X (Mh,i)N X (Zh,i)N — (A"

0, VE € ‘ﬂhl,

ALAL, At —
Chi o Chi ’rhl (cm At,

N g s .
hi )‘E, VEE%’]-, with j =3 —1,
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and
T (Nh,i)NXL X (Mh,i)N X (Zh,i)N — (A"

JA AL, At LA At
(Ch,i ’Ch,i’rh,i) '_)(rh,i ni)lE,VEe%h.

With these operators, we can rewrite the transmission condition (3.6) for the advection
equation equivalently as
tn,l+1

J A’(1_‘9f1@1(z’a,zof,(:0) :05 VE € }ill,ll,
E

tn,l
n,l+1

t
J J Aa - %2@2(11(1,%,,](, CO) = 05 VE € }ilnz,
el E '

Vn=0,...,.N—1,Vl=0,...,L -1,

or
tn,l+1

JE Ag = H D1 (Ags A, fr o) — H5,D2(Ags A, fr¢0) =0, (3.13)

tn,l
VE€ Y, Yn=0,...,.N—1,VI=0,...,L —1.

Since we have imposed a Dirichlet condition on I' in (3.12) for the diffusion equation,
the first equation of (3.8) is satisfied and (3.8) reduces to the flux equality, which is
equivalent to

tn+1

JE%@l(Aa,A,f,cO)—%@z(/\a,?hf,co):o’ (3.14)

tn
VEE‘gh, VTIZO,...,N—l.

Note that the composite operator &;2;, i = 1,2, is a Steklov-Poincaré (Dirichlet-to-
Robin) type operator. Equation (3.14) together with (3.13) forms an interface problem,
equivalent to problem (3.5) - (3.7) - (3.6) - (3.8):

Find (A4, 2) € (AN x (AN such that

tn,l+1

J Aa - %lgl(la,luf, CO) - %ZQZ(Aa, A;f, CO) = O,
E

tn,l

(3.15)

tn+1
J ‘g:l@l(kayl)f’CO)+92@2(Aa)kaf)(:0) :O,
tn E

VE€Y,, Vn=0,....N—1, VI=0,...,L—1

2

or equivalently
Find (Ag,A) € (AN*E x (AN such that

A [ 7 (3.16)
(5 )-(7)
where

2
f f Ao— Y #9240, 2,0,0)
P ( Aq ) _ ¢l E i=1

—
—
|
Ingl
3
»
S
g
R
=
(@]
—

=1 E€%,, n=0,..,.N—1,[=0,..,L—1
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and

th 1

JZ%@(O 0, f,¢o)
E

J i=1
J JZ?@(OOch)
E

System (3.16) can be solved iteratively by using a Krylov method (e.g. GMRES): the
right hand side is computed only once by solving problem (3.11)-(3.12) in each subdo-
main with A, = 0 and A = 0; then for a pair of vectors (1,,n) given in (A,)N L x (AN,
the matrix vector product is obtained, at each Krylov iteration, by solving subdomain
problem (3.11)-(3.12) with A, =n,, A =7 and with f =0 and ¢y = 0, and extracting
the correct traces on the interface.

VY
R X
v

E€¥%,, n=0,...,.N—-1,1=0,...,.L -1

Following the same idea as in Section 2.3.1 we apply a generalized Neumann-
Neumann preconditioner. With this aim, we define the solution operator A;, i =1,2:

x (A" = (M) x ()" x (zh)"

AAt, At
()La’ 90) - (Ch,i Ch i'Th 1)

NXL

Nt (An)

where

AL AL, (Anl) ( At At) ( n n )
o =(¢&" and (¢ ;,ri: | =\ct., .
h,i hi ) n=0,..,.N-1,1=0,..,L—1 h,i> " hi S

>

are the solution of the subdomain problem that consists of solving, forn = 0,...,N—1,

* the advection equation: for [ =0,...,L —1,

n,l+1

JqSl h,i _Chl+Z

Jé}';ll(u ng) =0, VK € Ay,
ECOKVYE

nl nl 45n,l
Chi = Uni (Chl’lh a)
: n0._ .n 0 ._
with Chi = Ch where Chi = 0,

* and the diffusion equation

el CH,L
h,i h,i n+1
i+ | divrtt =0, VK € A,
K t K
—1l.n+1 ,, n+1 g; — 0
J D; i "V J Chi divv =0, Vv e Z]hl,
Q Q

i i

+1 _ +1
J"Z,i L —J‘Pn , VE€%,
E E

where 20 is introduced to treat the Neumann boundary condition on the inter-
face and 1s defined by

Zg,iz{vezh,i:v-nw:O, VEE%}.
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In order to define a (pseudo-)inverse operator of %;%;, i = 1,2, we need to intro-
duce the trace operator

Tr; : (Nh,i)NXL X (Mh,i)N X (Zhi)N - (A)"

SALAL, At
(Ch,i Chl’rhl) H&

where A = (A ) stands for the trace of the concentration on the interface and
is defined by

J&Z(VE-ni)zf l_lr}’;l VE_J ¢y divvg, VE€ %, n=1,...,N,
E Q Q

for vy € %y, ; such that (vg) =0 for all K € %, ; that do not share the edge E.

The generalized Neumann-Neumann preconditioner for (3.16) is defined as

[ [ -gpren

[ “ [Somncen
E

VE € 9, Vn=0,..., —~1, VI=0,...,L—1.
Here the composite operator Tr;.4;, i = 1,2, is a Neuman-to-Dirichlet type operator
(which is the inverse operator of &;%;, i = 1,2) and o; : Ay, — [0,1],i = 1,2, are
weights such that o + 04 = 1. As in the case of pure diffusion problems (see Chap-
ter 2),if D; =d;I,i = 1,2, then

M 41 M 41

f Sy Z%ﬂ(yla,ym

tn+1 tn+1

(3.17)

J Zo T N (P Ay P A)
E i

yp— di
TUT 1 dy

3.2.2 Method 2: An extension of the Optimized Schwarz Waveform Re-
laxation approach

As in Method 1, we first define several operators needed to define the interface problem
for this method. Let &#;, i = 1,2, be the solution operator which depends on the two
Robin parameters aj,1=12,j=3—1:
N
x (A)" x L2(0, T; L3(Q) x H;V(SLL») y y
N X
= (A" X (M) x (M)~ x (Zny)
JALA
(Aayg)f’co) — (g Chlt fa ChA,it)r}?j))

NXL

R (Ah)

where

.....

e &= (EZ 11y Tepresents the Robin boundary data (instead of Dirichlet data
as in Method 1) on the interface for the diffusion equation. Here we include & in
the output of 2; as in the pure diffusion case (see Subsection 2.3.2) in order to
calculate Robin data transmitted to the neighboring subdomain.
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SALAL Al At noo.n
o - a:(c’_) and(c r)z(c.r»)
hit i ) n=0,..,N~1,1=0,....L -1 hi>"hi hi2Thi )

solution of the subdomain problem, for given (A4, &, f,¢p) :
Forn=0,...,N —1,
1. define ¢™® = ¢ ., where (co.) = ; ¢y, VK € A, ;
. h,i h,i’ h,i K . meaS(K) < 0> h,i>

2. forl=0,...,L —1,

(a) define the upwind values

~n,l nl 4n,l
hl_%h:i(hl’k )’
(b) solve the advection equation

nl+1 nl

J ¢l hl hl + Z J Anl(u nK) , VKE%’D
E

EcOK

with c}':ll known and obtain c}':’ilﬂ,

3. solve the diffusion equation

n+1 HL
h
¢l i f dlvrn+1 :J f(tn+1),
K K

JD;erjl'v—f "Hdlvv-i—— ("n+1 n)v-n;) =

Q Q Qi
o gn-i-l(v n)
a; ;

with ¢ known and obtain (c”*l, ritt

h,l

.....

are the
N

(3.18)

VK € L%h,i)

Yv e Zh,i'
(3.19)

As stated in Remark 3.3, the advection step for Method 1 and Method 2 are the
same. So we define the projection operator 5%, i = 1,2, similar to the operator S in

Method 1, but now take the second component of the output of &;:

A ()N x (M) % (M) (B) " = (A

a 0, VEe‘ﬁhl,
JALAL, At At)
, seotorst — .
(g hl >“hi?" hji (CAt At) 5 VEe(gh N ]:3_1’
E ]

h,i

Next, for the Robin transmission conditions (3.9) of the diffusion equation, we need

the following interface operators defined for i = 1,2, with j =3 — 1,

B+ ()" x (Nh,i)NXL X (Mhi)N X (Zh,i)N — ()"

LALA
(g,ch’; fa chA;,rhj) — ( ‘n; + (§+th j)) ,VE€ ¥,.
IE
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The transmission condition (3.6) for the advection part leads to
n,l+1

t
J J A'a _%‘%1(A’ai gl:f)CO)_%‘%Z(Aa’ gZ:f)CO):O)
¢l E

(3.20)
VE€Y, Yn=0,....N—1,Vl=0,...,L —1.

The transmission conditions (3.9) for the diffusion equation lead to
tn+1

J J &1 — B1Ry(Ag,E2,f,¢c0) =0,
th E

el VEE‘ﬁh, Yn=0,...,N—1.
t
J J &y — BoR1(Ag, 81, f,¢0) =0,
¢ E

Note that the composite operator %;%;, i = 1,2, is a discrete Robin-to-Robin type

operator. Equation (3.21) together with (3.20) forms an interface problem, equivalent
to problem (3.5) - (3.7) - (3.6) - (3.9), as follows

(3.21)

Find (Mg, &1,&5) € (ADN*E x (AN x (AN such that

n,l+1
r t

J J Aa_%%l(lmgbf,(‘b)_%QZ(Ang,JC’CO) _05
¢l E

f‘tn+1
) J &1— B1R2(Ag, &2, f,Co)
tn E

(3.22)
rtn+1

J Eo— BoR1(Ag, &1, f,c0)
Jt" E

VE€Y,, Yn=0,...,N

-1,Vl=0,...,L -1
or equivalently,

3

>

ZR

—_

= XR>

AN AN
N

(3.23)

( (tn,l+l 2 \
J Aa _Z%%i(la; 51'3050)
. Jnl E i=1
A, tn+1
% 51 = ( f €1 - %1%2(2'(15 52,050)
52 J tn E

( tn+1
t

J &y — ByR1(14,81,0,0) }
n JE

\ J

E€%,, n=0

..... N-1,1=0,...,.L-1
( f‘ tn,l+1 2 . \
J J > #7,(0,0, f,¢0)
end E

i=1
n+1
r t

f ‘%1‘%2(05 O,f, CO)
Joo JE

n+1
r t

Bo?1(0,0, £, o)
L, oo

b4:

J

E€%,, n=0
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System (3.23) can be solved iteratively using Jacobi iterations, which corresponds
to the discrete "splitting” OSWR algorithm) or a Krylov method such as GMRES: the
right hand side is computed by solving subdomain problem (3.18)-(3.19) with A, = 0
and £ = 0; then for a given vector (1, &1, E5) in (AN *E x (AN x (AR, the matrix
vector product is obtained (at each iteration) by solving problem (3.18)-(3.19) in Q; x
(0,T), i=1,2,with A, =n,, £ =&, and with f =0 and ¢, = 0.

Remark 3.4. Due to the use of the splitting method, we have formulated a generalization
of the OSWR method in which the Robin parameters only act on the diffusion equation as
in the case of pure diffusion problems. The advection term is now like a source term for
the diffusion equation. Thus the optimized Robin parameters a; j,1 = 1,2,j = 3 — 1,
are calculated in the same way as for the pure diffusion case (see Appendix A.2.1). Con-
sequently, the advection coefficient is not taken into account in the computation of the
optimized parameters. This may be an advantage of using operator splitting because we
don’t need to handle variable coefficients due to the velocity field, as one does for a fully
implicit scheme (see, e.g, [61, 62]. In Section 3.4, we study numerically the impact of
the optimized parameters on the convergence behavior, especially for advection-dominated
problems.

As the interface problem derived above for each method is global in time, one
may use different time steps for different subdomains as in the case of pure diffusion
problems (see Section 2.4). In the next section, we describe how we enforce the trans-
mission conditions over such nonconforming time grids.

3.3 Nonconforming time discretizations

Let 77 and &, be two different uniform partitions of the time interval (0, T') into N; and
N, sub-intervals respectively with lengths At; and At,, respectively (see Figure 3.4).
The sub-time step for the advection in each subdomain is defined by

Ati = LiAti,a, i= 1,2,

and we denote by 7, i = 1,2, the corresponding partition in time for the advection.
We denote by Py(7;, Ay) the space of piecewise constant functions in time on grid J;
with values in A,. Then define II;; the average-valued projection from Py(Z;, Ap) to
Py(Z;, Ay) (see (2.70)), and H?j from Po(gja,Ah) to Po(Z%, Ap).

t

T

LAty =Aty| Looooooooofooooos imz = LAty | T =NAt =N,At

Ql QZ X

Figure 3.4: Nonconforming time grids in the subdomains.
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As pointed out earlier, due to the use of the splitting method the interface problem
for either Method 1 or Method 2 consists of an equation imposing the transmission
condition for the advection problem and one or more imposing the transmission con-
ditions for the diffusion problem. The latter can be enforced in time in a way similar
to that of the pure diffusion problem (see Section 2.4). For the advection transmission
condition, as there is only one unknown A, on the interface, one needs to choose A,
to be piecewise constant in time on either the grid Z," or Z,". This is the case for both
methods.

For Method 1 We choose A, and A to be piecewise constant in time on the ad-
vection and diffusion time grids respectively. For instance, let A, € Py(Z,',A;) and
A € Py(F5, Ay). Then the interface problem (3.15) is rewritten as

Find (A4, 2) € (A)N2"2 x (A)" such that

n,l+1
t2’
J . f A'(1 - H;]_ (“71’01@1(H§_l2(}'a))1—[12(}'))f’ CO)) - %ZQZ(Aayl)f’ CO) = 0)
ty E

tn+1

Jz
n
t2

for VE€ ¢, and Yn=0,...,N,—1, VI=0,...,L, — 1.

J HZI (91@1(1_[?2(}'(1), HlZ(A’),f5 CO)) - 92@2(2'(15A,f5 CO) = 0;
E
(3.24)

For Method 2 We choose A, to be piecewise constant in time on one grid, for in-
stance, 7,'. For the two Robin terms &; and &,, we use the same technique as in
Subsection 2.4.2. The interface problem (3.22) is then rewritten as

Find (Aq,&1,&5) € (AR)2*E2 x (A x (AR)M2 such that

n,l+1

t2

( l J Ag — Hg1 (3301«%1(116112(1&, &1, f,¢c0) — #oRo(Ag, s f Co)) =0,

Jity E

(fi"“ (3.25)
f &1 — My (B1%2(A4, 82, f,¢0)) =0,

J e E

(‘tg‘*'l
f €y — My (%2%1(H(112(7La), &1, f, Co)) =0,

Jil E

for VE€ %, VYm=0,...,N;—1,and Vn=0,...,N,—1, VI=0,...,L, — 1.

For conforming time grids, the two schemes defined by performing GMRES on
the two interface problems (3.24) and (3.25) respectively converge to the same mon-
odomain solution; while for the nonconforming case, these two schemes yield different
solutions at convergence due to the use of different projection operators (this is also
the case for pure diffusion problems studied in Chapter 2). In the next section we will
carry out numerical experiments to investigate and compare the errors in time of the
two methods.
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3.4 Numerical results

We present 2D, numerical experiments (carried out using MATLAB) to illustrate the
performance of the two methods formulated in the previous sections. We consider
an isotropic diffusion matrix D; = d;I, where I is the 2D identity matrix. In Subsec-
tion 3.4.1, a simple test case with two subdomains is studied. The coefficients are
constant in the subdomains and can be continuous or discontinuous across the in-
terface. We verify the convergence behavior of the two methods for different Péclet
numbers and check that the nonconforming time grids preserve the accuracy in time
of the solution. Then in Subsection 3.4.2, we consider a test case with a rotating ve-
locity and discontinuous diffusion coefficients (and also with two subdomains). We
investigate how the two methods handle the variable coefficients, especially when the
advection is dominant. Different time steps for the advection equation and for the
diffusion equation are considered in this case.

In Subsection 3.4.3 we consider a test case that is a prototype for a nuclear waste
repository simulation, in which the subdomains involved have different length scales
(from 1m to 100m) and different physical properties. In particular, the advection field
is governed by Darcy’s law (and thus is variable), and the diffusion coefficients are
discontinuous. The convergence of the two methods for a decomposition into 9 subdo-
mains is studied, and we analyze numerically the error in time when nonconforming
grids are used. Time windows are employed to approximate the solution over long time
intervals. In Subsection 3.4.4, a test case for the simulation of the transport around a
surface nuclear waste storage site is considered. In this case, the geometry of the do-
main is quite complex and layers with highly different physical properties are present.
The domain is decomposed into 6 subdomains and time windows are also used.

As in the pure diffusion problem (see Remark 2.21), to compare the convergence
of Method 1 and Method 2 with GMRES, we show the error in ¢ and in r versus the
number of subdomain solves (instead of the number of iterations as one iteration of
Method 1 with the preconditioner costs twice as much as one iteration of Method 2).

3.4.1 Test case 1: Piecewise constant coefficients

The computational domain € is the unit square, and the final time is T = 1. We split
into two nonoverlapping subdomains Q; = (0,0.5) x (0,1) and £, = (0.5,1) x (0, 1).
Homogeneous Dirichlet boundary conditions are imposed on 912, the initial condition
is

co(x, y) = xy(x = 1)(y — 1) exp(~100((x — 0.2)* + (y — 0.2)*)), (3.26)

and the source term is
f(x,y,t) = exp(—100((x — 0.2)% + (y — 0.2)?)). (3.27)

The porosity is ¢; = ¢, = ¢ = 1. The diffusion and advection coefficients, d; and u;
fori = 1,2, are constant in each subdomain. These coefficients can be continuous or
discontinuous across the interface. In the following we consider each of the two cases.

3.4.1.1 A case with continuous coefficients

The advection field is u; =u, =u = (1, 1), and the diffusion coefficient is d, =d, =d,
where d is successively 1 then 0.1 and then 0.01. The corresponding global Péclet
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numbers,
Hlu]|

a4
where H is the size of the domain (in this case H = 1), are V2 then 10v/2 and then
100V/2 respectively. This range of the Péclet numbers covers most common cases one
may deal with in practice. For the spatial discretization, we use a uniform rectangu-
lar mesh with size Ax; = Ax, = Ax = 1/100. For the time discretization, we use
conforming time grids with At; = Aty = At = 1/100. The advection time step is
equal to the diffusion time step, At,; = At, i = 1,2. The CFL condition in this case is
At < 0.01.

PeG =

We first check that for the two methods, the multidomain solution computed at
each iteration of GMRES converges to the monodomain solution on the same mesh in
space and in time. We start with a zero initial guess on the space-time interface and
compute the error in the L2(0, T; L2(£2))-norm of the difference between the multido-
main solution and the monodomain solution at each iteration. For d = 0.01, we show
in Figure 3.5 the error in the concentration ¢ (left) and in the diffusive velocity r (right)
versus the number of subdomain solves for Method 1 with the generalized Neumann-
Neumann preconditioner (red, triangle) and Method 2 (blue, x-mark). We observe that
the error tends to zero as the iteration increases, which implies that the two methods
work well and confirms the theoretical equivalence between the multidomain formula-
tion and the monodomain formulation. Furthermore, we see that Method 2 converges
much faster than Method 1.

0 0
T T T T
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=
o
Log of error in vector field
=
o
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Number of subdomain solves Number of subdomain solves

Figure 3.5: L? — L2 error in ¢ (left) and in r (right) in logarithmic scale of the
difference between the multidomain and the monodomain solutions versus the
number of subdomain solves for Peg = 100v/2.

We now analyze the convergence behavior of each method and study the ef-
fect of the preconditioner on the convergence of Method 1. We solve a problem
with ¢g = 0 and f = O (thus ¢ = 0 and r = 0). We start with a random initial
guess on the space-time interface. We compute the errors in the L2(0, T; L%(Q))-
norm of the concentration ¢ and the diffusive velocity r, and stop the iteration (of
GMRES) when the errors are less than 107°. We show in Figures 3.6, 3.7 and
A2Fig:Test1ContConvergencePel00 the convergence of different algorithms for differ-
ent Péclet numbers Peg = v/'2, Peg = 10v2 and Peg = 1002 respectively. Three algo-
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rithms are considered: Method 1 with no preconditioner (magenta, circle), Method 1
with the preconditioner (red, triangle) and Method 2 (blue, x-mark). We observe that
for Method 1, the preconditioner works well in the case of small Pe;. The larger Peg,
the slower the convergence of Method 1 with the preconditioner while inversely, the
faster the convergence of Method 1 with no preconditioner. For Method 2, the con-
vergence speed does not significantly change with the Péclet number. Method 1 with
the preconditioner is comparable with Method 2 when diffusion is dominant. When
advection is dominant, Method 2 converges faster than Method 1 (at least by about a
factor of 2). The errors in ¢ and in r behaves quite similarly.
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Figure 3.6: Convergence curves with GMRES for Pe; = V2: L% — L? error in the
concentration ¢ (left) and in the vector field r (right).
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Figure 3.7: Convergence curves with GMRES for Pe; = 10v2: L2 — L2 error in the
concentration ¢ (left) and in the vector field r (right).
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Figure 3.8: Convergence curves with GMRES for Pe; = 1000v/2: L2 — L2 error in the
concentration ¢ (left) and in the vector field r (right).

We now fix d = 0.01 so that Pe; = 100v2. In order to check the performance
of the optimized parameters, we show in Figure 3.9 the error in the concentration (in
logarithmic scale) for various values of the parameters a; , and a,; after 20 Jacobi
iterations. We see that the pair of optimized Robin parameters (red star), computed
by numerically minimizing the continuous convergence factor, is located close to those
giving the smallest error after the same number of iterations.
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Figure 3.9: For Peg = 100 V2: Level curves for the error in the concentration (in
logarithmic scale) after 20 Jacobi iterations for various values of the parameters a; 5
and a, ;, where the red star shows the optimized two-sided Robin parameters.

In the sense of efficiency; it is important for a domain decomposition algorithm to be
weakly dependent on the mesh size (space and time), i.e. the number of iterations (or
subdomain solves) does not increase considerably when the mesh size decreases. Thus,
in Table 3.1, we count the number of subdomain solves required to reach a reduction
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of 107% in the error in the concentration ¢ and in the diffusive velocity r (in square
brackets) of the different algorithms when refining the mesh in space and in time with
Ax/ar = const. We see that the convergence of Method 1 with the preconditioner is
independent of the mesh size, while that with no preconditioner increases significantly.
This is a well-known result for elliptic problems [88, 89, 28], but we haven’t developed
an analysis of the generalized Neumann- Neumann preconditioner for time-dependent
problems. For Method 2, the convergence has a very weak dependence on the mesh
size, which is obtained by the fact that the optimized parameters plays a role of a
preconditioner (as it does for the pure diffusion equation, see Chapter 2). We also
observe that for Method 2, GMRES does not improve the convergence speed compared
to Jacobi iterations. This is also the case for pure diffusion problems (see Chapter 2),
and thus the convolution Krylov subspace method [86], adapted to time-dependent
systems, is an alternative that one could use in order to obtain the same acceleration
in the convergence speed as in the case of stationary problems.

Ax No Precond. | Precond. Opt. Schwarz
Schur Schur | GMRES | Jacobi
1/50 26 [27] 52[54] | 18[18] | 20[20]
1/100 33[33] 52[52] | 18[20] | 18[21]
1/200 43[43] 54[52] | 18[20] | 20[22]
1/400 61 [59] 54[52] | 20[22] | 20[25]

Table 3.1: For Peg = 100v/2: Number of subdomain solves needed to reach a
reduction of 107° in the error for the different algorithms , and for different values of
the discretization parameters.

With the aim of analyzing the accuracy in time of the various methods when non-
conforming time steps are used, we consider now ¢, # 0 and f # 0 defined in (3.26)
and (3.27) respectively. We consider four initial time grids, which we then refine four
times by a factor of 2,

* Time grid 1 (fine-fine): conforming with At; = At, = T/125.

* Time grid 2 (fine-coarse): nonconforming with At; = T /125 and At, = T /100.
* Time grid 3 (coarse-fine): nonconforming with At; = T/100 and At, = T /125.
* Time grid 4 (coarse-coarse): conforming with At; = At, = T /100.

The advection time step in each subdomain is such that At; = At,;,i = 1,2. In
space, we fix a conforming rectangular mesh and we compute a reference solution
by solving problem (3.3)-(3.4) directly on a very fine time grid, with At = At, =
T /(125 x 2%). The converged multidomain solution is such that the relative residual
is smaller than 107!, We show in Figure 3.10 the error in the L2(0, T; L2(2))-norm
of the concentration ¢ and of the vector field r versus the length of the maximum time
step, max At;. We only give the results for Method 2 because the curves for Method 1
L

look exactly the same. We observe that first order convergence is preserved in the
nonconforming case and the errors obtained in the nonconforming cases (Time grid
2, in blue and Time grid 3, in green) lie in between the errors in the fine and coarse
conforming cases (Time grid 1, in red and Time grid 4, in magenta). Furthermore, the
error in the concentration obtained in the nonconforming case (Time grid 2, in blue)
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are very close to the errors in the finer conforming case (Time grid 1, in red). So for the
continuous coefficient case, depending on the physics of the problem, nonconforming
time grids may preserve the accuracy in time of the solution in the concentration (not
in the diffusive velocity).

Error in concentration
Error in vector field

—e—Time grid 1 (F-F) +T?me gr?d 1(F-F)

-v-Time grid 2 (F-C) *V'T!me gr!d 2 (F-C)
Time grid 3 (C-F) T!me gr!d 3(C-F)

—+—Time grid 4 (C-C) —+=Time grid 4 (C-C)
Slope 1 Slope 1

4 ) ‘ B ‘ ‘
05 10° 10 10" 05 10° 107 10"
At At

Figure 3.10: For Pe; = 100 V2: L? — L? error in ¢ (left) and in r (right) in logarithmic
scale of the difference between the reference and the multidomain solutions versus
the size of the time step.

3.4.1.2 A case with discontinuous coefficients

The advection and diffusion coefficients, u; and d;,i = 1, 2, given in Table 3.2, are con-
stant in each subdomain but discontinuous across the interface. The global Péclet num-
ber and the CFL condition in each subdomain are also shown. We use nonconforming
time grids At, # At,, but equal advection and diffusion time steps, At,; = At;,i =
1, 2. In space, we use a uniform rectangular mesh with size Ax; = Ax, = Ax =1/100.
As in the continuous coefficient case, we analyze the convergence behavior of each

u; di PeG Atl' d tCFL Ata,i
0, | (05,1) | 0.02 10 | 1/100 | 1/100 | 1/100
Q, | (0.5,0.1) | 0.002 100 | 1/75 1/50 1/75

Q| &

Table 3.2: Data for the discontinuous test case.

method with ¢; = 0 and f = 0. Figure 3.11 shows the error (in logarithmic scale)
in the L2(0, T; L?(2))-norm of the concentration ¢ and of the vector field r, versus
the number of subdomain solves using GMRES with a random initial guess. Again we
see that for advection-dominated problems, the preconditioner for Method 1 does not
work well and Method 2 converges much faster than Method 1, by about a factor of 2.6
(with no preconditioner) and a factor of 3.3 (with the preconditioner) for both errors
incandr.

Figure 3.12 shows the error in the diffusive flux r (in logarithmic scale) for various
values of the parameters a; , and a, ; after 15 Jacobi iterations. We observe that, for
discontinuous coefficients, the pair of optimized parameters (red star) is also located
close to the optimal numerical values after the same number of iterations.
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Figure 3.12: For discontinuous coefficients: Level curves for the error in r after 15
Jacobi iterations for various values of a; , and a5 ;.

In Table 3.3, the number of subdomain solves needed to reach a reduction of 107°
in the error in the concentration ¢ and in the vector field r (in square brackets) when
refining the mesh in space and in time with the ratio of Ax to At constant is shown. We
see that for discontinuous coefficients and nonconforming time grids, the convergence
of Method 1 with the Neumann-Neumann preconditioner is slightly dependent on the
mesh size, while that with no preconditioner increases fairly rapidly with decreasing
mesh size. For Method 2, the convergence is almost independent of the mesh size and
again, the use of GMRES, instead of Jacobi iterations, does not improve significantly
the convergence speed. We see that the convergence of Method 2 is very fast.

For the analysis of the accuracy in time of the multidomain solution when noncon-
forming time grids are used, we consider ¢, 7 0 and f # 0 defined in (3.26) and (3.27)
respectively. We consider four initial time grids which are then refined four times by a
factor of 2,

* Time grid 1 (fine-fine): conforming with At; = Aty =T /136.
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Ax No Precond. | Precond. Opt. Schwarz
Schur Schur | GMRES | Jacobi
1/50 25[25] 40[40] | 13[13] | 14[14]
1/100 36[36] 48[46] | 15[14] | 16[15]
1/200 52[50] 54[52] | 15[15] | 17[16]
1/400 76[72] 58[54] | 16[15] | 18[17]

Table 3.3: For discontinuous coefficients: Number of subdomain solves required to
reach a reduction of 107 in the error for the different algorithms , and for different
values of the discretization parameters.

* Time grid 2 (fine-coarse): nonconforming with At; = T /136 and At, = T /100.
* Time grid 3 (coarse-fine): nonconforming with At; = T/100 and At, =T /136.

* Time grid 4 (coarse-coarse): conforming with At; = At, = T/100.

As in the case with continuous coefficients, we take the same time step for the advection
and the diffusion: At; = At,;,i = 1,2, and a reference solution is computed on a very
fine time grid, with At = At, = T /(136 x 2%) (note that in space, the conforming mesh
is fixed). In Figure 3.13 the error in the concentration ¢ and of the vector field r versus
the length of the maximum time step, miax At; is shown. Here we give the results for

Method 1 (instead of Method 2 as for the continuous test case) since the error in time
given by the two methods can’t be distinguished on the figure. We observe that: firstly,
first order convergence in time is preserved in the nonconforming cases; secondly, the
errors obtained in the nonconforming cases are in between the errors obtained in the
conforming coarse and conforming fine grids (which is reasonable); thirdly, the errors
obtained in the nonconforming case (Time grid 2, in blue, with a finer time step in Q;,
where the advection and diffusion coefficients are larger) are very close to the errors in
the finer conforming case (Time grid 1, in red). Thus using nonconforming grids can
adapt the time steps in the subdomains and limit the computational cost locally, while
preserving almost the same accuracy as in the finer conforming case.
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Figure 3.13: For discontinuous coefficients: L? — L% error in ¢ (left) and in r (right) in
logarithmic scale of the difference between the reference and the multidomain
solutions versus the size of the time step.
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3.4.2 Test case 2: Rotating velocity

The computational domain € is (0,2)? and the final time is T = 1. We split Q into
two nonoverlapping subdomains Q; = (0,0.7) x (0,2) and £, = (0.7,2) x (0,2). The
porosity is constant in each subdomain and discontinuous across the interface, ¢; =
1, ¢, = 0.1, and the advection coefficient is the rotating velocity field (see Figure 3.14)

u = (—sin(nt/2(y — 1)) cos(rt/2(x — 1)), cos(n/2(y — 1)) sin(r/2(x — 1))).

The diffusion coefficient is constant in each subdomain. We consider the two cases
shown in Table 3.14 . For the spatial discretization, we use a uniform rectangular mesh
with size Ax; = Ax, = Ax = 1/100. The maximum local Péclet number in each
subdomain is shown in Table 3.14. For the time discretization, we use nonconforming
time grids

At; =1/100 and At,=1/75,

and the advection time steps are such that
At; =10At,;, fori=1,2,

(which satisfies the CFL condition in each subdomain, AtéFL <0.02in Q; and AtéFL <
0.002 in Q).

d1 PeL,l d2 PeL,Z
Advection-dominated | 0.01 | 1.9995 0.007 | 2.8564
Diffusion-dominated | 0.1 0.19995 | 0.07 0.28564

Figure 3.14: Left: Diffusion coefficient and corresponding maximum local Péclet
number in each subdomain; Right: The rotating velocity field.

—=—No Precond. Schur —=—No Precond. Schur
-¥-Precond. Schur 10° -¥-Precond. Schur
——Opt. Schwarz ) ——Opt. Schwarz

10°

!
N
T
!
N
T

i
o
P
o

!
&
T
!
&
T

i
o
=
o

Log of error in concentration
Log of error in concentration

10 b 10 b

J:O 2‘0 Sb 4‘0 56 66 70 J:O 2‘0 Sb 4‘0 56 66 ~ 70
Number of subdomain solves Number of subdomain solves
Figure 3.15: For rotating velocity: L? — L? error in the concentration ¢ for the
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As in the first test problem, we first analyze the convergence behavior by solving
a problem with ¢y = 0 and f = 0 (thus ¢ = 0 and r = 0). We start with a random
initial guess on the space-time interface and compute the errors (in logarithmic scale)
in the L?(0, T; L?(Q))-norm of the concentration ¢ and the vector field r, versus the
number of subdomain solves. We stop the iteration when the errors are less than 107°.
In Figure 3.15 we show the errors in the concentration c of the different algorithms
for the advection-dominated (left) and diffusion-dominated (right) cases (the errors
in the vector field r behave in a same way as the errors in the concentration). We
observe results similar to those obtained for the previous test cases: for Method 1,
the Neumann-Neumann preconditioner considerably improves the convergence speed
when the diffusion is dominant but deteriorates it when the advection is dominant;
Method 2 converges much faster than Method 1 with or without the preconditioner,
it is at least by a factor of 2 (for the advection-dominated case) and of 2.5 (for the
diffusion-dominated case). In Figure 3.16, we show the error in the concentration (in
logarithmic scale) for various values of the parameters a; , and a,; after 15 Jacobi
iterations for the advection-dominated case. We see again that the pair of optimized
parameters (red star) is located close to the small error zone.
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Figure 3.16: For rotating velocity: Level curves for the error in the concentration (in

logarithmic scale) after 15 Jacobi iterations for various values of the parameters a, 5
and a, ;, where the red star the optimized Robin parameters.

Next, we analyze the accuracy in time when nonconforming time grids are used.
Toward this end, we consider the advection-dominated case and impose an initial con-
dition

co(x,y) = 0.5xy(x —2)(y — 2)exp(—100((x — 0.2)2 + (y — 0.5)?)).
Four initial time grids, which are then refined 4 times by a factor of 2, are considered
e Time grid 1 (fine-fine): conforming with At; = Aty =T /128.
* Time grid 2 (fine-coarse): nonconforming with At; = T /128 and At, = T /94.

* Time grid 3 (coarse-fine): nonconforming with At; =T /94 and At, = T /128.

* Time grid 4 (coarse-coarse): conforming with At; = At, = T /94.
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Unlike the first test case, here we consider different time steps for the advection and
the diffusion: At; = 10At,;, i = 1,2. A reference solution is again computed on a
very fine time grid, with At = 10At, = T /(128 x 2°) (the mesh in space is fixed for
the monodomain and multidomain problems). We consider the multidomain solution
to have converged when the relative residual is smaller than 10~ *!. Figure 3.17 shows
the error in ¢ and in r versus the size of the time step, mlaXAti. We observe that

for this case with variable coefficients, first order convergence is also preserved in the
nonconforming case and the nonconforming time grids preserve the accuracy in time
of the solution.
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Figure 3.17: For rotating velocity: L? — L2 error in ¢ (left) and in r (right) in
logarithmic scale of the difference between the reference and the multidomain
solutions versus the size of the time step for the advection-dominated case.

3.4.3 Test case 3: A near-field simulation

We consider a simplified test case [53] for the simulation of the transport of a contam-
inant in a near field around a nuclear waste repository site. The domain of calculation
is a 10m by 100m rectangle and the repository is a centrally located unit square (see
Figure 3.18 with a blow-up in the x— direction for visualization purpose). The reposi-
tory consists of the EDZ (Excavation Damaged Zone) and the vitrified waste. The final
time is Ty = 2 10'%s (~ 20000 years). The coefficients for the simulation are given
in Table 3.4. The advection field is governed by the (time-independent) Darcy flow
equation together with the law of mass conservation

u =—KVp inQ,
divu =0 in Q,

No flow boundary is imposed horizontally and a pressure gradient is imposed vertically
with p = 100 Pa on bottom and p = 0 on top.

The source term is f = 0 and an initial condition ¢ is defined by

1, intheredb taining the vitrified t
C0={ , in the red box (containing the vitrified waste), (3.28)

0, elsewhere.
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Boundary conditions of the tranport problem are homogeneous Dirichlet conditions on
top and bottom, and homogeneous Neumann conditions on the left and right hand
sides.

Material Permeability K (m/s) | Porosity ¢ | Diffusion coefficient d (m?/s)
Host rock 10713 0.06 610713

EDZ 5101 0.20 2101

Vitrified waste | 1078 0.10 1071

Table 3.4: Data for flow and transport problems.
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Figure 3.18: The domain of calculation and its decomposition.

For the spatial discretization (for both the flow and transport equations), we use a
non-uniform but conforming rectangular mesh with a finer discretization in the repos-
itory (a uniform mesh with 10 points in each direction) and a coarser discretization in
the host rock (the mesh size progressively increases with distance from the repository
by a factor of 1.05). The Darcy flow is approximated by using mixed finite elements.
Figure 3.19 shows a zoom of the velocity field around the repository. The maximum
local Péclet number in this test case is 0.0513, thus it is a diffusion-dominated prob-
lem. The time step due to the CFL condition is large as the velocity field is very small
(of order of 107 m/s), Atcp = 0.075 T¢ in the repository and Atcp, = 0.125 Ty
elsewhere. We decompose 2 into 9 subdomains as depicted in Figure 3.18 with Qg
representing the repository. For the time discretization, we use nonconforming time
grids (with a finer time step in the repository) and equal diffusion and advection time
steps At; = Aty ;, Vi.

As observed in the second test case of Chapter 2, the longer the time interval the
slower the convergence. In addition, for a fixed time step At, it is more costly to
approximate the solution for a longer time interval than for a shorter time interval.
Thus we use time windows (see Appendix for this test case. We divide (0, Tf) into
200 time windows with size T = 10s. We will first analyze the convergence behavior
as well as the accuracy in time of the multidomain solution with nonconforming grids
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for the first time window, (0, T). The time steps are Ats = At, s = T /500, and At; =
Atg;=T/100, i #5.
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To analyze the convergence behavior of each method, as in the previous test cases,
we solve a problem with ¢y = 0 (thus ¢ = 0 and r = 0). We start with a random initial
guess on the space-time interface and stop the iteration when the errors both in the
concentration ¢ and in the vector field r are less than 10~ (Figure 3.20). We see that
Method 1 with the preconditioner significantly improves the convergence speed com-
pared to the case with no preconditioner, which makes it and Method 2 comparable.
This is because the diffusion is dominant in this case. The errors in ¢ and r behave
quite similarly.
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Figure 3.20: Convergence curves using GMRES: errors in c (on the left) and error in r
(on the right).

Consider now the initial condition ¢y # 0 defined in (3.28). We check if the non-
conforming time grids preserve the accuracy in time. We consider four initial time
grids, which we then refine 4 times by a factor of 2,

* Time grid 1 (conforming fine): At; = T /250, Vi.
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Time grid 2 (nonconforming, fine in the repository): Ats = T /250 and
At; = T/50, Vi #5.

Time grid 3 (nonconforming, coarse in the repository): Ats = T /50 and
At; = T/250,Vi #5.

Time grid 4 (conforming coarse): At; = T /50, Vi.

Note that the advection time steps are equal to the diffusion time steps. The time

steps are then refined several times by a factor of 2. In space, we fix a conforming

rectangular mesh and we compute a reference solution on a very fine time grid, with

At = At, = T /(250 x 2°). Figure 3.21 shows the error in the L?(0, T; L%(Q))-norm

of the concentration ¢ and of the vector field r versus the length of the maximum time

step, max At;. We observe that first order convergence is preserved in the noncon-
L

forming case and the errors obtained in the nonconforming case with a fine time step
in the repository (Time grid 2, in blue) are nearly the same as in the finer conforming
case (Time grid 1, in red). Thus the use of nonconforming grids (where the ratio of
the fine time step to the coarse time step is 5) preserves the accuracy in time of the
monodomain scheme.

10 T 10
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¥ Nonconforming, fine in repository
X Nonconforming, coarse in repository
) ——Conforming coarse )
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k<] =]
3 &
< 5
o S .
S 107 S 107
o >
= c
E =
i}
107 107
-4 -4
10 - 10
10° 2 10 10° 10

10 107
At At
Figure 3.21: Errors in ¢ (left) and r (right) in logarithmic scales between the
reference and the multidomain solutions versus the time step.

Next we test how the two methods work in practice, where the exact solution is
unknown and one can only rely on the relative residual at each iteration of GMRES
to know whether he should stop the iterations and compute the corresponding mul-
tidomain solution. Consider the time grid defined at the beginning, Ats = T /500,
At; = T/100, i # 5 and At; = At,; for T = 10%s. We use GMRES for Method 1
(with the Neumann-Neumann preconditioner) and Method 2, and then compute the
L%(0, T; L%()) error of the difference between the multidomain solution and a refer-
ence solution computed on a very fine time grid, At = At, = T /(500 x 22). We show
in Figure 3.22 the relative residuals for each method versus the number of subdomain
solves, and in Figure 3.23 the corresponding errors in ¢ (left) and r (right) . We see
that Method 2 converges faster than Method 1 and that the scheme errors in ¢ and r
are obtained for both methods when the relative residual is less than 1073; typically
after 10 subdomain solves for Method 1 and 6 subdomain solves for Method 2.
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Figure 3.22: Relative residuals of GMRES for Method 1 (with the Neumann-Neumann
preconditioner) and Method 2.
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reference and the multidomain solutions.

We now use time windows where the initial guess of the (N + 1) time window
is calculated from the information at the final time of the N time window (see Ap-
pendix C), which helps reduce considerably the number of iterations required to reach
the same tolerance compared with an arbitrary initial guess. Since the size of the time
windows is uniform, we can use the same optimized parameters for all time windows
for Method 2. In each time window, we stop the iterations when the relative residual is
less than 10™2. From the observation above, the maximum number of iterations in each
time window is not greater than 5 (equivalent to 10 subdomain solves) for Method 1
(with the Neumann-Neumann preconditioner) and is not greater than 5 (equivalent to
5 subdomain solves) for Method 2. Figure 3.24 show the concentration in the reposi-
tory (left) and in the host rock (right) after 1 (& 100 years), 50 (&~ 5000 years), 100
(~ 10000 years) and 200 (~ 20000 years) time windows respectively. We use different
color scales for the solution in the repository to see clearly the effect of the advection
field, while we use same color scales for the solution in the host rock to see the spread-
ing of the contaminant in time. The concentration field behaves as expected and the
migration of the radionuclide from the repository to the surrounding medium takes
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rock (right) after approximately 100 years, 5000 years, 10000 years and 20000 years
respectively
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3.4.4 Test case 4: A simulation for a surface, nuclear waste storage

We consider a test case designed by ANDRA for a surface storage of short half-life
nuclear waste. The computational domain is depicted in Figure 3.25 with different
physical zones, where the waste is stored in square boxes ("dechet" zone). The prop-
erties of these zones are given in Table 3.5. Note that in our calculation, we use the
effective diffusion, defined by d.4 = ¢ x d,. The advection field is governed by Darcy’s
law together with the law of mass conservation

u =—-KVh inQQ,
divu =0 in Q.

Dirichlet conditions are imposed on top, h = 10m and on bottom h = 9.998m of the
domain and no flow boundary on the left and right sides.

The final time is Ty = 500 years. The source term is f = 0 and the initial condition
is such that

o= 1, in "dechetl" and "dechet2",
71 0, elsewhere.

Boundary conditions of the transport problem are homogeneous Dirichlet conditions
on top and bottom, and homogeneous Neumann conditions on the left and right hand
sides.

terrain voile

dalleprotec

remplissage

conteneur2

w96

conteneurl

dechetl

dechet2
drainant

drain 2m

N.B. The underlying mesh appears in blue

Figure 3.25: The geometry of the test case.

For the spatial discretization (for both the flow and transport equations), we use
a non-uniform rectangular mesh, shown in Figure 3.25 in blue, with 171 cells in the
x —direction and 158 cells in the y—direction (see Appendix D for more details about
the discretization). The mesh size is Ax ~ 0.42m. The hydraulic head is approximated
by mixed finite elements and is shown in Figure 3.26 (left). We decompose the domain
into 6 rectangular subdomains in a way such that the black zone ("terrain") is separated
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Zone Hydraulic conductivity | Porosity | Molecular diffusion
K (m/year) ¢ d,, (m?/year)

terrain 94608 0.30 1

radier 3.153610* 0.15 6.31107°
forme 3.1536107° 0.20 1.581073
drainant 94608 0.30 5.3610 72
voile 3.1536107° 0.20 1.581073
remplissage 5045.76 0.30 5.3610 72
dalleprotec 3.1536107° 0.20 1.58107°
dalleobtur 3.1536107° 0.20 1.5810°°
drain 94608 0.30 1
conteneurl/conteneur2 | 3.1536 1074 0.12 4.471074
dechet1/dechet2 3.153610°% 0.30 1.371073

Table 3.5: Data for flow and transport problems.
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Figure 3.26: The hydraulic head field and the decomposition of the domain.

nn

from the rest and subdomain Q3 includes the "dallerobtur”, "voile", "radier" and a part
of "drain" zones (see Figure 3.26 (right)). The transport is dominated by diffusion
in subdomain €23 (the maximum of the local Péclet number Pe; ~ 0.0032) and is
dominated by advection (with Pe; ~ 2.75). The time steps due to the CFL condition
are At, 3 < 0.6551 year and very small elsewhere, At,; < 6.0874 107° year, Vi # 3.

As in test case 3, we use time windows with size T = 10 years. We consider the
first time window, (0, T) and use nonconforming time grids with At; 3 = 0.1 (year)
and Aty; = 0.5 year, Vi # 3. The advection steps, satisfying the CFL conditions,
are At,3 = Aty 3 and At,; = 825At,;, Vi # 3. We use a zero initial guess on the
space-time interface, and perform GMRES for Method 1 (with Neumann-Neumann
preconditioner) and Method 2. We compute the errors of the difference between the
multidomain solution and a reference solution computed with a very fine, conforming
time grid. We show in Figure 3.27 the relative residuals for each method versus the
number of subdomain solves, and in Figure 3.28 the corresponding errors in ¢ and r
(note that the scales between the errors in ¢ and r are different). We observe that the
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convergence of Method 2 is much faster than Method 1. The error due to the schemes
in ¢ and r are obtained for both methods when the relative residual is less than 1072,
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Figure 3.27: Relative residuals of GMRES for Method 1 (with the Neumann-Neumann
preconditioner) and Method 2.
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Figure 3.28: L? —L? errorin ¢ (left) and in r (right) in logarithmic scales between the
reference and the multidomain solutions.

Next, we run the two methods for 50 time windows and stop the iterations in each
time window when the relative residual is less than 10~2. From the observation above,
the maximum number of iterations in each time window is not greater than 10 (equiv-
alent to 20 subdomain solves) for Method 1 (with the Neumann-Neumann precondi-
tioner) and is not greater than 8 (equivalent to 8 subdomain solves) for Method 2. Fig-
ures 3.29 shows the concentration field after 2 (20 years), 5 (50 years), 35 (350 years)
and 50 (500 years) time windows respectively. We see that the radionuclide escapes
from the waste packages and slowly migrates into the surrounding area. Due to the
specific design of the storage and under the effect of advection, the radionuclide tends
to move toward the bottom right corner.
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Figure 3.29: Snapshots of the concentration after 20 years, 50 years, 350 years and
500 years respectively.

Conclusion

In the context of operator splitting, we have extended the two methods derived in
the previous section for the pure diffusion problem to the heterogeneous advection-
diffusion problem. Two discrete interface problems corresponding to the generalized
time-dependent Steklov-Poincaré operator and OSWR approach have been formulated
in a way such that they are equivalent to the discrete monodomain problem and
that they enable different advection and diffusion time steps in the subdomains. For
Method 1, a generalized Neumann-Neumann preconditioner is considered and is vali-
dated for different test cases in 2D experiments. Numerical results show that Method 2
outperforms Method 1 (with or without preconditioner) in terms of subdomain solves
needed to reach a fixed error reduction in the solution (by a factor of 2 to 2.5 in our
test cases). Due to the use of the optimized Robin parameters, Method 2 is robust
in the sense that it handles well and consistently both the advection-dominated and
diffusion-dominated problems. Method 1 with the Neumann-Neumann preconditioner
works well and converges faster than without preconditioner when the diffusion is
dominant and it also efficiently deals with the case with large jumps in the diffusion
coefficients. When the advection is dominant, the Neumann-Neumann preconditioner
converges slower than when there is no preconditioner. However, asymptotically the
convergence of the Neumann-Neumann preconditioned Method 1 has a weak depen-
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dence on the mesh size of the discretizations while that of Method 1 with no precondi-
tioner significantly depends on the mesh size. For Method 2, because of the optimized
parameters, which play in some sense the role of a preconditioner, the convergence
is weakly dependent on the discretization parameters. In addition, both methods pre-
serve the accuracy in time when nonconforming time steps are used, both for two
subdomains and for multiple subdomains: the error of the nonconforming time grid
(with finer time steps in the zones where the solution varies most, i.e. with larger
advection and diffusion coefficients) is close to that of the conforming fine grid.

Two test cases for the simulation of nuclear waste disposal are implemented using
nonconforming time grids and time windows. As the geometry of the computational
domain is complex and the physical coefficients are highly variable, we consider mul-
tiple subdomains. For this application where the diffusion is dominant, the Neumann-
Neumann preconditioned Method 1 and Method 2 work well but Method 2 converges
faster than Method 1. We also observe that with an adapted initial guess calculated
from the previous time window, one performs only a few iterations in each time win-
dow to reach the scheme error.
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In the previous chapters, we have studied the Optimized Schwarz Waveform Re-
laxation (OSWR) method with optimized Robin transmission conditions in a mixed
formulation. Robin transmission conditions result from approximations by zero order
polynomials of the optimal interface operators (here "optimal" means that these opera-
tors lead to convergence of the algorithm in a number of iterations equal to the number
of subdomains (see, e.g., [97, 72, 44, 48] and Appendix A.2). The convergence of the
OSWR algorithm can be improved by using higher order approximations, such as Vent-
cell transmission conditions [62, 73]. The optimized transmission conditions were
originally introduced for stationary problems in [97, 72] and analyzed in [44], namely
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Optimized Schwarz methods, and were considered in the primal formulation only. In
this chapter, we study the Optimized Schwarz and OSWR methods with Ventcell trans-
mission conditions in the context of mixed formulations. The chapter consists of three
sections treating the stationary problem, the time-dependent diffusion problem and the
advection-diffusion problem, respectively. For each of these three problems, the mul-
tidomain formulation with Ventcell transmission conditions in mixed form is derived;
the equivalence between the multidomain problem and the original problem is proved
and an interface problem is formulated and solved iteratively using Jacobi iterations
or GMRES. For the stationary and time-dependent diffusion problems, the proofs of
the well-posedness of the subdomain problems with Ventcell boundary conditions are
given. For the advection-diffusion problem, we use operator splitting to treat the ad-
vection and the diffusion separately as was done in Chapter 3. For time-dependent
problems, we consider nonconforming time grids to take advantage of this global-in-
time method. Numerical experiments (for two subdomains) for different test cases
are presented for the stationary problem and the time-dependent diffusion problem to
study the performance of the Optimized Schwarz and OSWR methods with Ventcell
transmission conditions and (for the diffusion problem) to compare it with the two
methods analyzed in Chapter 2.

4.1 Stationary problems

For an open, bounded domain Q C RY(d = 2,3) with Lipschitz boundary 92, consider
a model for single phase flow in porous media written in mixed form:

divu =f inQ,
K'u+Vvp =0 inQ, 4.1)
p =0 ondQ.

Recall (see Chapter 1) that p is the pressure, u the Darcy velocity, f the source term
and K a symmetric, positive definite, time independent hydraulic conductivity (or per-
meability) tensor. For the sake of simplicity, we have imposed homogeneous Dirichlet
condition on the boundary, other types of boundary conditions can be treated similarly.
The well-posedness of problem (4.1) is well-known (see, e.g., [21, 22, 104]).

Theorem 4.1. Assume that there exist positive constants K_ and K, such that
'K ()e > K_[¢]? and |K(-)¢| < K,lg| a.e. in Q and V¢ € RY.If f is in L2(Q),
problem (4.1) has a unique weak solution

(p,u) € L2(Q) x H(div, Q).

In the following, we consider a nonoverlapping decomposition of Q and formulate
a multidomain problem equivalent to problem (4.1), in which Ventcell transmission
conditions are used. This type of transmission conditions involves not only the normal
flux and the pressure trace on the interface (as in zero order (Robin) transmission
conditions), but also the tangential divergence of the flux on the interface.
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4.1.1 Multidomain formulation with Ventcell transmission conditions

For simplicity, we consider a decomposition of Q into two nonoverlapping subdomains,
Q, and 2,, separated by an interface T':

01092:0; anﬂlﬂaﬁzﬂﬂ, Q:Q:lugzur.

The same analysis can be extended to the case of many subdomains in bands. For
i = 1,2, let n; denote the unit, outward pointing, vector field on 9<;, and for any
scalar, vector or tensor valued function v defined on €, let ¢; denote the restriction of
1 to ;. We use the notation V, and div, for the tangential gradient and divergence
respectively, where 7 is the tangential unit vector. We denote by K,  the tangential
component of K;, i = 1,2, restricted to I'. A multidomain formulation equivalent to
problem (4.1) is obtained by solving in each subdomain the following problem

diVui :f in Qi,
Kl-_lui + Vpl =0 in Qi’
p; =0 on (0Q;n9Q),

together with the transmission conditions

P1 =P,
Uy ny ity ny =0, onT. 4.2)
Under sufficient regularity, one may replace (4.2) by the Ventcell transmission condi-
tions, which were introduced and analyzed for primal formulations in [96, 71, 74]:

—u; Ny +agpr+Piadive (K3 rVepr) =—uy-ny+ag;paet

B12div. (=K, rV.py), onT,
—Uy "Ny +ayq Pyt Poq dive (=K rVi.py) =-—uy-ny+as;pi+

Boq div. (=K1 rV.p;), onT,

(4.3)
where a;; and B;;, i = 1,2, j = 3 — i, are positive constants. The transmission
conditions (4.3) are derived in such a way that they are equivalent to the original
ones given in (4.2) (see Subsection 4.1.2 for the proof). However, the convergence
rate of the iterative algorithm used to solve the multidomain problem depends on the
parameter «; ; and f3; ; used in the transmission conditions (4.3). These parameters
then may be chosen to optimize the convergence factor. See [72, 71] and Appendix A.1
for details of the derivation of Ventcell transmission conditions and of how to compute
the optimized parameters a; ; and f3; ;.

In order to handle Ventcell transmission conditions in mixed form (where higher
regularity required for the second order term), we introduce Lagrange multipliers on
the interface I': p; 1,1 = 1,2, representing the pressure trace p; on I' and a vector field
ur; :=K;rV.p;r,i=1,2,j =3 —i. We use the notation ur; instead of u; - to insist
that ur; is NOT the tangential component of a trace of u; on the interface. In fact
ur; is used as an artificial tool for convergence purposes (it does not have a particular
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physical meaning). We rewrite (4.3) defined on I" as follows

—u;-ny+ajppirt+Piadiveur, =—uy-ny+ay,par+ B divy Kz,rKl_,ll—ur,z s
—Uy Ny +agq Par+Poydiveury =—Uy-ny+asg prr+ Py divy Kl,FKg’ll“ul“,l )
K£11~ ur;+Vepir =0,
Kituro+V.pyr =0.
4.4)
The corresponding multidomain problem consists of solving in the subdomains the
problem, fori =1,2, j =3 —1i:

div u, = f in Qi’

K 'u;+Vp; =0 in Q;,

Di =0 on (anﬁaQ),

~u;-n;+a;;pir+ By diveur; =—u;-n;+ag;pir+p;;dive (K; K pur;) onT,
K]_ll ur;+V.pir =0 onTl,

pir =0 on dr.

(4.5)

This can be seen as a coupling problem between a d —dimensional PDE in the subdo-
main ; and a (d — 1)—dimensional PDE on the interface I', and both PDEs are written
in mixed form. In the following, we prove that under a suitable regularity hypothesis
the multidomain formulation (4.5) is equivalent to the monodomain formulation (4.1)
and that the subdomain problem of (4.5) is well-posed. Then we derive an interface
problem associated with this multidomain formulation.

4.1.2 Equivalence between the multidomain and the monodomain prob-
lems

To prove the equivalence between monodomain problem (4.1) and multidomain prob-
lem (4.5), we need to write their variational formulations. With this aim, we introduce
the following space (as was used in the Robin case, see Subsection 2.2):

Hr(div, Q) := {v € H(div,2;) : v -y € L*(D)}, i =1,2.

Then variational forms of the monodomain and multidomain problems are respectively
as follows:
Find (p,u) € L?(2) x H(div,Q) such that

(divu, g = (f, u)q Vu e L3(Q), (4.62)
(K u,v)q — (divv,p)q =0 Vv € H(div, ). (4.6b)
Find (p;,u;, pirour,) € L(Q;) x #4:(div, ;) x L*(T) x H(div, ,T") such that
(divu;, wo, = (f, W, Vu € L*(Q), (4.7a)
(Ki_lui’v)ﬂi - (divv)pi)ﬂi + (V : nl':pi,l")l" = 0) Vv e L%’01"((11‘7 5 Qi)) (47b)
(—u; ny, up)r + (@ j pir> urdr + (B j dive up;, ur)r =
(—u;-ng,ur)r+(ay; pjrurdr + (ﬁi,j div; (Kj,l"Ki_}ul",j),.uF)r Nur € L*(T), (4.70)
(Kjpurvr)r — (dive vr, pirr =0, Vvr € H(div, ,T), (4.7d)

fori=1,2,j=3—1i.
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The multidomain problem (4.7) is equivalent to the monodomain problem (4.6) in
a sense made explicitly in the following two theorems:

Theorem 4.2. Let (p,u) be the solution of problem (4.6). If p and u are sufficiently
regular, then (p;,u;, p; r,ur,;), defined by

bi‘= P, U = Ug, fori=
: : ori=1,2,
pir:= P> Uur; ‘= Kpr;jVipir,
is the solution of (4.7).
Proof. The proof of this theorem is obvious. O

Theorem 4.3. Assume that
(pi>us, pirsur,) € LA(9) x 54:(div, ;) x L*(T) x H(div, ,T)
is the solution to (4.7), for i = 1,2. Define p € L*(Q) and u € L*(2) by
Plo, i=DPi» Ujg, :=1U;, fori=1,2, (4.8)
then u € H(div ,Q) and (p,u) is the solution to (4.6).

Proof. We first sum (4.7a);,—; and (4.7a)|;—, for a test function u € L?(©2) and sum
(4.7b)};=1 and (4.7b));—, for a test function v € C*(R2) to obtain

2 2
D (v, po =) (fide,  VHEL(Q),  (49a)
i=1 i=1

(K 'u,v)q—(divv,p)g+ (v-ny, [prDr =0, Yv € C*(9), (4.9b)

where [pr] := p; — par is the jump of p across I'. Then there remains to show that
u € H(div ,Q) and thus (4.6a) holds, and that the third term on the left hand side of
(4.9b) vanishes and thus (4.6b) holds for test functions v € C*(£2). That (4.6b) holds
for test functions v € H(div , Q) then follows from the density of C*°(Q2) in H(div , Q)
(see [103, p. 209]). Hence it suffices to show that (i) [u-n] :=u; -nyr +uy -nyr =0,
which together with the fact that u; € H(div,$;), i = 1,2, implies that u € H(div,Q);
and that (ii) [pr] =0.

Toward this end, we rewrite equation (4.7c), for i = 1,2, and for test functions
ur € LA(T), as

—([u-n],ur)r + (a2 [prl, urr + (ﬂl,z div,; (Ko r[ur] ),Mr))r =0, (4.10a)
—([u-n],pr)r = (az1 [prl urdr = (Bay dive (Kyp[ur]),ur)) =0,  (4.10b)

-1 -1
Where [l:ul"]] = Kz’l—ul"’l - Kl’l—ul"’z.

We then subtract (4.10b) from (4.10a) for test functions ur € L%(I") and subtract
(4.7d) ;=3 from (4.7d)|;=; for test functions vi € H(div, ,T) to obtain

(a12+ az1)([pr), urdr + (dive (B2 Ko + B2 Ky [url),ur)), =0, Yur € LA(T),
([Lurl,ve)r = (dive vr, [prDr =0, Vvp€H(div,,D).
4.11)
We seek the pair ([pr], [ur]) € L?(I") x H(div, ,T') as the unique solution (see [22,
104]) of the problem (4.11), which is necessarily the solution [pr] = 0, [ur] = 0.
That [u - n] = 0 now follows from either equation of (4.10). O
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Next we prove the well-posedness of the subdomain problem with Ventcell bound-
ary conditions.

4.1.3 Well-posedness of the Ventcell boundary value problem

For an open, bounded domain ¢ c R¢ (d = 2, 3) with Lipschitz boundary 8 @, consider
the following elliptic problem written in mixed form with Ventcell boundary conditions

divu, =f, inao,

K'u,+Vp, =0 inao,
—Ugy-n+apyy+Pdiv. iy, =f onoao,
I?;;,ﬂaﬁ+vfpaﬁ =0 ondo,

(4.12)

where n is the unit, outward pointing, normal vector on 8@, K(-) € R? and
K;,(1) € RE-D” are given, and a and f3 are positive constants.

In order to write the weak formulation of problem (4.12), we need to define the
following Hilbert spaces (see Remark 2.1)

M = {u = (ug,ua0) € L(0) x 1*(20)},
T={v=4,V50) € L%(0) x L?(80) : divv, € L%(0) and
Bdiv, Vag —vg-nge € L1*(00)},

equipped with the norms

2 2 2
lully = lluolly + luaells 4
IVIIE = volly + ldivvolly + 1¥20l5, + 18V Va0 —vo - ma6li3,,

where |||/, and ||+ ||, are the L2(€) and L%(d 0)— norms, respectively. We denote by
(-,)o and (-,-)5, the inner products of L2(&@) and L2(2 ).
Next, define the following bilinear forms (recall that 8 is a positive constant)
a: xx — R
_ o
wv) - awv)=(K'ugvy),+ (ﬁKaﬁUaa,Vaa)
b: “xM — R

wu) = b= (divug,pue),+ (Bdiv: dag — g Magsta0) 5y
c: MxM — R

a0’

;) = clp,u) = (apsg:Ha0)s0
and the linear form
Lyt M — R
p = L= (fo.tbe) o+ (fa0.M30) 50 -
With these spaces and forms, the weak form of (4.12) can be written as follows:
Find (p,u) € M x % such that

a(u,v)—b(v,p) =0 Vv ey,

.13
bl ) —c(p.p) = -Li(p) VpeM. *13)
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Theorem 4.4. Assume that there exist positive constants K_ and K, such that
TK1(e > K_|¢|% and [K(-)¢| < K,|c| ae. in 0 and V¢ € RY; and that nTIN(;;(-)n >
K_|n|% and |K34(-)n| <K,|n| a.e. in 86 and Vn RI1,

If (fg,f5¢) is in M then there exists a unique solution (p,u) € M x X of problem (4.13).

Proof. The existence and uniqueness of the solution of (4.13) is a generalization of the
classical case (see [22, pp. 47 — 50], [104, pp. 572 — 573]). To prove Theorem 4.4,
one has to show that:

* a(-,-), b(-,-) and c(+,-) are continuous on X X ¥, on ¥ X M and on M x M respec-
tively, which is straightforward.

* a(-,-) is positive definite
a(v,v)>0,Vvex v#0,

and is V-elliptic

. a(v,v)
inf 3
vev |v]|

whereV={veX:b(v,u)=0, Yue M}.

>C,>0,

* b(-,-) satisfies the inf-sup condition:

b(v,
inf sup& > Cy > 0.
ueM yey vl lully

* ¢(+,-) is symmetric and positive definite

c(u,u) >0, VueM, u#0.

Firstly we have c(u, u) = alluaﬁllgﬁ >0, Vu € M as a > 0. Using the assumptions on
the permeability and the coefficient 3, one finds

_ ~—1 . ~
a(V,V) = (K 1vﬁ,vﬁ)ﬁ+ (ﬁKaﬁVaﬁ,Vaﬁ)

>K_|lvoll% + BK_I¥54l15, = 0.

a0

To check that a(-,-) is V—elliptic, note that forv € V:
divv, = 0, and Bdiv; V50 = V4 -nj50-

Hence
2 2 ~ 2
vlls =velly +1Vs6ll5,, YV EV.

Using the assumptions on K,K 5, and 8 we obtain
_ R
Cl(V,V): (K 1vﬁ5vﬁ)ﬁ+ (ﬁKaﬁVaﬁ,Vaﬁ)

>K_|lvoll2 + BK_I756l3,
> Collvl2, Vv eV, whereC, =inf{(1,)K_}.

a0
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To check that b(-, -) satisfies the inf-sup condition, for any given u € M we construct
a vector v € % such that b(v,u) = ||H||12\4 and ||[v|ly, < Cpllully;. Toward this end, we
consider the following problem

_Ad) =Ue in 0,

8¢ (4.14)
Fn —BA;d =use ondo,

where f > 0 is a constant and A, is the Laplace-Beltrami operator. To write the
variational formulation of problem (4.14), we introduce the following Hilbert space

HY'(0)={$p €H'(0): ¢j90 €H'(00)}, (4.15)
equipped with the norm

We define the bilinear form A and the linear form B as follows

A: HYWo)xHY(0) — R

(¢,¢9) = a(d,9)=(V, V) g+ (BV:0,V:0) 50,
B: HY'Y(o9) — R
¥ = B(@)=(ug,9) g+ (oo, ¥) 50 -

The weak formulation of (4.14) is written as
Find ¢ € H!(0) such that A(¢,¢) =B(y), Vo € H1(0). (4.16)

Lemma 4.5. Assume that yu = (Ug,Uzs) € M, then problem (4.16) has a unique solu-
tion.

Proof. As B > 0, one can easily prove that A is coercive. Thus, by applying the Lax-
Milgram theorem, we prove the existence and uniqueness of a weak solution ¢ to
(4.14). Moreover, there exists a constant C* > 0 such that

1@1l512¢0) < Cllitllpg-

Now, for u = (g, Uss) € M let ¢ be the weak solution of (4.14). We define
Vo=—V¢ and V55 ==V 950,

then
diVVﬁ =Ug S Lz(ﬁ) and ﬁdiVT f’aﬁ —Vg- n|aﬁ = Usge (S Lz(a ﬁ).

Hence, v = (v,,V5,) € ¥ and b(v,u) = ||,u||]2\4. Moreover, we have

VI = el + 1IVollE +11Vpli3, < (1 +Cull,-

This completes the proof of Theorem 4.4. O
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4.1.4 An interface problem

In this subsection, we derive an interface problem associated with the multidomain
problem (4.5). With this aim, we define the Ventcell-to-Ventcell operators 5’1.“\’ which
depend on the parameters «; ; and f§; ;, for i = 1,2, and j = 3 — i, as follows

SV LA(T) x L2() — LA(T)
@,f) — SVG,f) =y ‘njr+a;; pir+ B dive (Ki,l"Kj_’llul",iL

where (p;,u;, p;r,ur;), i = 1,2, is the solution of

div u, = f in Qi,
K7'u;+Vp; =0 in®;
. =0 on (dQ;NdNQ),
. pl B ( 4 ) (4.17)
—u;-n;+a;;pir+pfijdiveur; =9 onT,
K]_,ll ul'*,i + vai,F =0 on F,
pi,r == O on al—'.

The well-posedness of problem (4.17) is given by an extension of Theorem 4.4. The in-
terface problem, corresponding to the Ventcell transmission conditions (4.4), is defined
by

0 =AYV D, f)

5, = ylwv(ﬁl’f) onT, (4.18)
or equivalently,
Ch
H|g | =2v(f), onl, (4.19)
2
where
Sy LA x LA(T) — L3(I) x L*(I)
ﬁl — ﬁl - %Vtv(ﬁ25 O)
U Ty — «%Vtv(ﬂl,o) ’
and

xv:L*(T) — LX) x LX)
(0, f)
f — (;VtV(O f)) .
1 >

One can solve problem (4.19) iteratively using Jacobi iteration or GMRES: the right
hand side is computed (only once) by solving problem (4.17) in each subdomain with
# = 0; then for a given pair of vectors (1#;,%,), the matrix vector product is obtained
(at each iteration) by solving, for i = 1, 2, subdomain problem (4.17) in 2; with ¢ = ¥;
and with f = 0. If one uses Jacobi iteration for solving (4.19), the resulting algorithm is
equivalent to the optimized Schwarz algorithm with Ventcell transmission conditions

and is written as follows: starting with a given initial guess g? jonT for the first
iteration,

0 0 N
—u; ni+ag;p; et By dive (ur ) = g 5
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then at the k" iteration, k =1,..., solve in each subdomain the problem
div uf =f in Q;,
-1,k ko _ .
K, 'u; +Vp; =0 in Q;,
pF =0 on (39;n3Q),
—uf n+a;; pﬁ‘,r + 3, div; (ulli,i) = —uj.‘_l ‘n; + ai,)l-(p;?,;1+
. -1, k-1
ﬁi,j leT (Kj,rKi,rur,j ) on F,
-1,k k —
Kj’rur,i +Vepir =0 onl,
pfr =0 on JT,

(4.20)
fori=1,2,and j =3 —1i.
In the next subsection, we will carry out numerical experiments to study the per-
formance of two algorithms corresponding to Jacobi iterations and GMRES applied to
the interface problem (4.19).

4.1.5 Numerical results

We consider a domain © = (0,7)? and its decomposition into two nonoverlapping
T T

subdomains ©; = (O, E) x (0,7) and Q, = (E’ﬂ) x (0, 7). The permeability is

K = AI isotropic and constant on each subdomain, where I is the 2D identity matrix.

We take 8; = 1/4 and K, = 1, where £ = 1,10 or 100. The exact solution is

p(x,y) =cos(mtx) sin(my).

For the spatial discretization, we use mixed finite elements (with interface Lagrange
multipliers) with the lowest order Raviart-Thomas spaces on rectangles (see Ap-
pendix B.5).

Remark 4.6. In order to handle the discontinuous coefficients, we use the optimized,
weighted Ventcell parameters defined by

al,z = .ﬁza, aZ,]_ = .ﬁla,

/51,2 = Ryf3, /52,1 = f16.
Details of how these optimized parameters are calculated are presented in Appendix A.1.

We first verify that the multidomain solution (obtained by solving the interface
problem (4.19) with Jacobi iterations or GMRES) converges to the monodomain so-
lution. We start with a zero initial guess and compute the error in the L?(Q)-norm
of the difference between the multidomain solution and the monodomain solution at
each iteration. In Figure 4.1, we show the error in the pressure p (cyan, diamond)
and in the velocity u (red, dot) using Jacobi iterations (left) and GMRES (right). We
observe that the error tends to zero as the number of iterations increases, which im-
plies that both algorithms work well and the numerical results confirm the theoretical
equivalence between the multidomain problem and the monodomain problem.

In order to study the convergence behavior of the optimized Schwarz method with
the optimized weighted Ventcell parameters, we consider the error equation, i.e. with
f = 0 and homogeneous Dirichlet boundary conditions. We start with a random ini-
tial guess on the interface and compute the error in the L?(2)-norm of the pressure
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~o-Errorin p ~o-Errorin p
——Errorinu ——Errorinu

Relative errors
Relative errors

30 0 5 iO 1‘5 26 2‘5 30
Number of iterations Number of iterations
Figure 4.1: L? error of the difference between the multidomain solution and the
monodomain solution: with Jacobi iterations (left) and GMRES (right).

p and of the velocity u. Table 4.1 gives the number of iterations needed to reach an
error reduction of 107° first in p and then in u (in square brackets) when one refines
the mesh. Both GMRES and Jacobi iterations are considered. For homogeneous case
(A = 1), GMRES significantly improves the convergence speed (by a factor of 2) and
also the asymptotic results compared to the Jacobi iteration. These results are con-
sistent with those obtained with primal formulations [44] (where a finite difference
scheme is used). As the ratio . increases, the number of iterations is smaller and GM-
RES does not greatly accelerate the convergence speed compared to Jacobi iterations.
Also for large ., the convergence rate of the algorithms with GMRES or Jacobi are
almost independent of the mesh size. This is also the case where a primal formulation
and a finite volume method are used [36].

B H =1 =10 2 =100
Jacobi | GMRES Jacobi GMRES | Jacobi | GMRES
/50 15[15] | 10[11] | 11[10] 91[9] 7[6] 717]
7/100 | 17[18] | 11[12] | 11107 | 9191 | 7[6]1 | 7[7]
/200 | 21[21] 3[13] | 11[10] 91[9] 7[6] 717]
7/400 | 25[25] | 14[14] | 11[10] | 10[9] | 7[6] | 8[8]
7/800 | 29[29] | 15[16] | 13[12] | 10[10] | 7[6] | 8[8]

Table 4.1: Number of iterations required to reach an error reduction of 107® in p and
in u (in square brackets) for different permeability ratios, and for different values of
the discretization parameter h.

Next we verify the performance of the optimized parameters, computed by nu-
merically minimizing the continuous convergence factor (see Appendix A.1). We take
h = /100, vary a and 8, and compute the error in the velocity u after a fixed number of
Jacobi iterations for different permeability ratios. The results are shown in Figure 4.2
for & = 1 (#iter = 20 iterations), & = 10 (#iter = 12 iterations) and £ = 100
(#iter = 8 iterations) respectively. We see that, in all cases, the optimized weighted
Ventcell parameters (the red star) are located close to those giving the smallest error
after the same number of iterations.
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Figure 4.2: Level curves for the error in the velocity (in logarithmic scale) after some
fixed number of Jacobi iterations for various values of the parameters a and 8 and for
different permeability ratios 2#". The red start shows the optimized parameters.

Finally, we compare the performance of the optimized Schwarz method with
Ventcell transmission conditions with that with Robin transmission conditions (i.e.
3 = 0). We consider the optimized 2-sided Robin parameters with a; 5 # a5; and
12 = B2,1 = 0 (see Appendix A.1 for the calculation of these parameters). Figures 4.3,
4.4 and 4.5 show the error in the pressure versus the number of iterations using Jacobi
(on the left) and GMRES (on the right) for different diffusion ratios, ¢ =1, ¢ = 10
and ¢ = 100 respectively. We see that for the homogeneous case (£ = 1), with Ja-
cobi iterations the optimized weighted Ventcell converges significantly faster than the
optimized 2-sided Robin (by a factor of 2). As % increases, the optimized weighted
Ventcell and the optimized 2-sided Robin are comparable. With GMRES, the difference
in the convergence of the two types of optimized parameters becomes less significant,
especially for high diffusion ratios. These results are for a symmetric two subdomain
case with a conforming mesh, Ventcell transmission conditions may have a more impor-
tant effect on the convergence (compared with Robin transmission conditions) when
many subdomains and nonmatching grids are considered [73].

10 &
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Log of error in pressure
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-6-Opt. weighted Ventcell
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0 5 10 15 20 250 85 40 45 0 5 10 15 20 25 30 35 40 45
Number of iterations

Figure 4.3: L? error in the pressure p for 2 = 1: Jacobi (left) and GMRES (right).
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Figure 4.4: L? error in the pressure p for 2 = 10: Jacobi (left) and GMRES (right).
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Figure 4.5: L2 error in the pressure p for 2¢ = 100: Jacobi (left) and GMRES (right).

4.2 Time-dependent diffusion problems

We extend the results in the previous section to the case of time-dependent problems.
We consider the transient problem for compressible flow of a single phase fluid (cf.
Chapter 1) written in mixed form:

so,p+divu =f
Klu+vp =0
p =0

p(-,0) =po

inQx(0,T),
inQx(0,T),
on dQ % (0,T),
in Q,

(4.21)

where s > 0 is the storage coefficient, p is the pressure, u the velocity, K a symmetric
time independent hydraulic conductivity (or permeability) tensor, f the source term
and p, an initial condition. As usual, we have imposed homogeneous Dirichlet condi-
tion on the boundary for the sake of simplicity.

Remark 4.7. Problem (4.21) can be interpreted as a model problem for diffusion process
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(see Chapter 2):
¢po,c+divr =f inQx(0,T),
Dlr+ve =0 inQx(0,7T),
c =0 ondQx(0,T),
c(-,0) =¢y inQ,
(recall that c is the concentration of a contaminant dissolved in a fluid, f the source term,
¢ the porosity and D a symmetric time independent diffusion tensor).
To give a coherent representation of the analysis of this section with that of Section 4.1,
we will use the notation (4.21) for the analysis while we present numerical experiments
in context of the formulation (4.22) to compare with the results in Chapter 2.

(4.22)

The well-posedness of problem (4.21) follows from Theorem 2.2 (see Chapter 2).
We recall a result concerning the regularity of the solution in the following theorem:

Theorem 4.8. Assume that s is bounded above and below by positive constants, 0 <s_ <
s(x) < sy, and that there exist positive constants K_ and K, such that ¢"K~(x)¢ >
K_|c|? and |[K(x)¢| < K.|g|, a.e. x €eQand Vg e RY, If f is in L2(0, T; L?(£)) and py
in Hé(ﬂ) then problem (4.21) has a unique solution

(p,u) € H'(0,T; L2()) x (L*(0, T; H(div ,2)) N L®(0, T; L3(Q2))) .

In the following, we derive a multidomain formulation associated with prob-
lem (4.21) where Ventcell transmission conditions are used on the space-time interface.
The difference between this case and the elliptic case is that now these transmission
conditions also involve the time derivative of the trace of the pressure on the interface.

4.2.1 Multidomain formulation with Ventcell transmission conditions

For simplicity, we consider a decomposition of 2 into two nonoverlapping subdomains
and we use the same notation as introduced in Subsection 4.1.1. Proceeding as in
Section 4.1.1, we can reformulate problem (4.21) as a multidomain problem consisting
of the subdomain problems, fori =1,2, j =3 —1,

Si atpi —+ div u, = f in Qi X (O’ T)’
K 'u;+Vp, =0 inQ; x(0,T),
p;i =0 on (801089) x (0,T),

—u;-n;+a;; pir+PBi; (Sjatpi,l" +div,; ul",i) =
—u;-n;+a;;pjr+Pi; (sjatpj’l— +div, (Kj’erllur’j)) onl x (0,T),

KJ_I]—: ur; +V.pir =0 onT x(0,T),
pir =0 on dT x (0,T),
pi(,0) =po in Q; x (0,T),

pir(-,0) =por onT.
(4.23)

where a; ; and f3;;, i = 1,2, j = 3 — i, are positive constants (see Appendix A.2 for
details concerning how these constants are used to optimize the convergence factor).

Remark 4.9. As in the elliptic case, under suitable regularity hypotheses the multidomain
problem (4.23) with Ventcell transmission conditions is equivalent to the monodomain
problem (4.21). It is simple to extend the demonstration of Theorem 4.3 to the case of the
problem considered here.
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In the following, we prove the well-posedness of the subdomain problem (4.23)
with Ventcell boundary conditions. We then reformulate the multidomain problem as a
space-time interface problem, which is used in the numerical experiments to investigate
the performance of the OSWR method with Ventcell transmission conditions.

4.2.2 Well-posedness of the Ventcell boundary value problem

For an open, bounded domain ¢ c R¢(d = 2, 3) with Lipschitz boundary 8 @ and for
some T > 0, consider the following time-dependent problem in mixed form

sOipg +divu, =f in? x(0,T),
K u,+Vp, =0 in @ x(0,T),
~Ug -n+apso+ B (50pgp +div. (B50)) =fse ondox(0,T), (4.24)
R, pfioo+Vipog =0 on 90 x (0,T), '
po(-,0) =py ino x(0,T),
Pao(,0) =Dpojse ondo,

. . .. 2 5
where n is the unit, outward pointing, normal vector on d@; K(-) € R® , K;,(-) €
R@-D* and s,§ > 0 are given functions defined on & and d @ respectively; a and £ are
positive constants.
To write the variational formulation of (4.24), we use the Hilbert spaces M and X as
well as the bilinear forms a, b and c, and the linear form L defined in Subsection 4.1.3.
Furthermore, we define

¢G: MxM — R
() = c(p,uw)=(sPg-1o) o+ (BPaostao) e -

The weak form of (4.24) can be written as follows:

For a.e. t €(0,T), find (p(t),u(t)) € M x = such that
a(u,v)—b(v,p) =0 Vv ey,

(4.25)
b(u,u) +c(p,u) +¢(dp,u) =Lp(n) VueM.
together with the initial conditions
po(-,0) =py ino, (4.26)

Pao(,0) =poae nd0O.

Theorem 4.10. Assume that s and § are bounded above and below by positive constants,
0<s_<s(-)<s; ae.in0and 0 <s_ <35(x) <s, a.e. in d0, and that there exist
positive constants K_ and K, such that K™Y ()e > K_[¢|? and |K(-)¢| < K, lg| a.e. in
0 and V¢ € RY; and that nTIN(;;(-)n > K_|n|? and |K34,()n| < K,|n| a.e. in 30 and
VneRIL

If (fg,fs¢0) is in L?(0,T; M) and po in H-1(0) (¢f (4.15)) then there exists a unique
solution (p,u) € M x X of problem (4.25).

As in the Dirichlet and Robin boundary condition case (see Chapter 2), we use
Galerkin’s method and a priori estimates to prove Theorem 4.10. These estimates are
given by the following lemma:
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Lemma 4.11. Assume that f is in L*(0,T;M) and p, in HY1(&) then the following
estimate holds

lpllLeoqo,7;m) + 18eP 20,7300y + el 200,755 < € (||f||L2(o,T;M) + ||P0||H1’1(0’)) .

Remark 4.12. The proof of Lemma 4.11 is given in the infinite dimensional setting but
some technical points (those involving r at time t = 0) can only be defined by their
finite dimensional Galerkin approximations (as was done in detail for Dirichlet and Robin
boundary conditions in Sections 2.1 and 2.2 respectively). The results presented below
have to be understood in that sense.

Proof. We prove this lemma by deriving successively the estimates on p, J,p and u.

* In order to obtain an estimate on p, we take p(t) € M and u(t) € X as the test
functions in (4.25) and add

a(u,u) + c(p,p) +¢(d:p,p) = L¢(p).

Using the definitions of a, ¢ and ¢, and the assumptions on the storage coefficient
and the permeability tensor as well as the Cauchy-Schwarz inequality, we obtain

s_d

1
Eallpllfw +alpaoll3, +K_lully < > (IF I3, +1Ip13,) (4.27)

where M :={v = (v4,¥5,) € L*(0) x L*(80)} and ||}, = VoI + 706113 5-
Integrate (4.27) over (0, t) for t € (0, T], we find

t t t
S—||p(t)||12v[+2aJ ||paﬁ||§ﬁ+2f<_f ety < 5P I3+ 15 12 goany J IpII%,.
0 0 0
Using Gronwall’s lemma, we obtain

1120y = € (1Pl + 1 1Paq 0y ) (4.28)

and consequently,
el 700y < € (P01 + 1 W22 0 ) - (4.29)

* Now to derive an estimate on J,p, we differentiate the first equation of (4.25)
with respect to t and take u as a test function:

a(d,u,u) — b(u,d,p) =0. (4.30)
Next, take J,p as a test function in the second equation of (4.25), we have
c(6p,p) + ¢5(6,p, 0,p) + b(u, 3:p) = L (J;p). (4.31)
Now adding (4.30) and (4.31), we obtain

a(G,u,u) + c(:p,p) +¢(3:p, dp) = Lf(atp):
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IA

thus
, a d 5 K_d 5 1 , 1 5
s_|18:pll3, + Ea”paﬁ”aﬁ + 75”11”1\4 =< §||f||M + §||3tp||M~

Integrating this inequality over (0, t) for t € (0, T]

t
S_J 18Pl +etllpa o (OIIF o +K-llu(Ollyy < NF 17200 7,00y FPoja oI5 o +K- (O]l
0

(4.32)
There only remains to bound the term K_ ”“(0)”12\4- Toward this end, we use the
first equation of (4.25) withv =u and for t =0

K_[lu(0)Il3; < (divug(0),po) o + (Bdiv, i54(0) —ue(0) -1, p0) 5 »
< —(uy(0),Vpg) g — B (li5(0),V:Po) 50 »

<X @2, + L lpol
=7 u MT op Pollg1r1(o)-

Substituting this into (4.32), we obtain

t
5 J 16:p12, + allpoo (D13, + K_luCOZ < € (I 1220 1.0py + Dol -
0

Thus
181200 1.0y < € (1120 700y + IP0llirtac0)) - (4.33)

Finally, to obtain an estimate for u € X, because of (4.29) there only remains to
estimate the terms ||div uﬁllé and ||Bdiv, iy —ugy- nlléﬁ. For that purpose, take
(90,950) = (divuﬁ, Bdiv iigp —u,- n|aﬁ) as the test function in the second
equation of (4.25), we have

. 2 . ~ 2
ldivugllg +11Bdiv: G50 —ug - nli3,

=(fo —56ipg,divuy)g + (fao — aPso —30Poe,Bdive ligg —Ug M) g,
1 2 1 2 1 = 2 1 . 2
E”fﬁ _Satpﬁ”ﬁ + EHle uﬁ”ﬁ +§||faﬁ—apaﬁ—55tpaﬁ||aﬁ+§||/5d1VT uaﬁ_uﬁ'n”aﬁ5
then
ldivugll? +11Bdiv, @5 —ug - nll3, < If I3, + allpll, +s.118.pl1%,.

Using (4.28) and (4.33), we obtain

T
fo (ldivug |2 + 1Bdiv. fiog — g -nl3,) < € (I P2 1.0p) + P01y -

This along with (4.29) gives the estimate for [[u|| 2 .5, Which completes the
proof of the lemma.

The proof of Theorem 4.10 is then completed as was done for Theorem 2.2 (see Chap-
ter 2). O
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4.2.3 A space-time interface problem

In this subsection, we derive an interface formulation associated with the multidomain
problem (4.23). With this aim, we introduce the spaces

0 :=1L*(0, T; L*(I),
and
Hi’l(ﬂi) = {q eHY(Q): qan,nen =0and qr € Hl(l")} ,1=1,2. (4.34)

The time-dependent Ventcell-to-Ventcell operator 5’1.“\/, which depends on the param-
eters a; ; and f3;;, 1 = 1,2, j =3 — 1, is defined as

SV e x L2(0,T; LA(Q)) x HP' () — ©

(0, f,po) — «%Vtv("l?,f,Po) =—u;-nr+a;;pir+PBj; (siatpi,l" + div, (Ki,l"Kj_,llul“,i)) ,
(4.35)
where (p;,u;, p;r,ur,;),i = 1,2, is the solution of

siatpi + div u, = f in Qi X (O, T),
K;'u;+Vp; =0  in@;x(0,T),
pi =0 on (0Q;n3Q) x(0,T),
—U;-n;+a;;pir+ Py (Sj oipir +div; Ur,i) =% onT x(0,T),
KJ_% ur;+V.pir =0 onT x (0,T),
pi,l“ = on a [' x (O) T))
pi('no) =Po in Qi X (O, T))
pir(+,0) =por onT.
(4.36)
The well-posedness of problem (4.36) is guaranteed by an extension of Theorem 4.10.
The space-time interface problem, corresponding to the Ventcell transmission condi-
tions, is defined by

= «%Vtv(ﬂz,fapo)

8 =S, f po) onT x (0,T), (4.37)
or equivalently,
v
H (ﬁl) =xv(f,po), onT x(0,T), (4.38)
2
where
yv :Ox0 — O X0
9, % — 'V (1,,0,0)
9, 9y — S V(9,,0,0) )’
and
xv : L2(0,T; L% (Q) x HY Q) — ©x©
Sﬂz\/tv((),f,pO)
(f-po) (thV<o,f,po) '

Problem (4.38) can be solved iteratively using Jacobi iteration or GMRES. The former
choice yields an algorithm equivalent to the OSWR algorithm with Ventcell transmis-
sion conditions and is written as follows: starting with a given initial guess g? ; on
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I" x (0, T) for the first iteration,
—u)-n; + a;j p?,r + i (sjatpgr +div, (Kj,erlluIQ,i)) = gg].,

then at the k" iteration, k = 1,..., solve in each subdomain the problem, for i =
1,2, j=3—1i:

siatpf + div uf =f inQ; x (0,T),
—1,.k ko _ .
K u{+Vp; =0 inQ; x (0,T),
pF =0 on (39;n3Q) x(0,T),

k k k ok
—u;-n;+oa;;pirt B (sjatpi,r +div, ur,i)

k— k— k— . -1 k-
—u; 1 N+ a; p].,r1 + Bi; (sjatpjjl +div, (Kj’l—Ki}ur,].l)) onTl x(0,T),

K]_ll u’li,i + prf,r =0 onT x(0,T),
pfr =0 on T x (0,T),
plc(ao) =Do in Qi X (Oa T))
Pﬁp(',o) = Pojr onl.

(4.39)

Remark 4.13. The proof of the convergence of algorithm (4.39) is more complicated than
in the Robin case (see Subsection 2.3.2.1). The counterpart of algorithm (4.39) in primal
form was proved to converge in [62] and one should be able to obtain the same results
with mixed formulations. However, we haven’t had time to pursue that here.

As in the case with Robin transmission conditions (see Chapter 2), the interface
problem with Ventcell transmission conditions, problem (4.38), is defined on the whole
time interval (0, T), where its left and right hand sides are computed by solving the
subdomain problems in each subdomain over (0, T). Thus one may use different time
steps in the subdomains and then exchange the interface data over the whole time
interval using the projections introduced in Section 2.4.

4.2.4 Nonconforming discretization in time

We consider semi-discrete problems in time with nonconforming time grids. Let &; and
T, be two possibly different partitions of the time interval (0, T') into sub-intervals (see
Figure 4.6). We denote by JTZ the time interval (t;'n, tﬁn_l] and by Atin = (tfn — tin_l)
form=1,...,M; and i = 1, 2. For the approximation in time, we use the lowest order
discontinuous Galerkin method as in Chapter 2. We denote by Py(Z;, L2(T')), i = 1,2,
the space of piecewise constant functions in time on grid J; with values in L2(T"):

Py(T;, L)) := {9 :(0,T)— W, 6 is constant on an, Vm= 1,...,Mi}.

1
v

| ac,

0

0 Q, X
Figure 4.6: Nonconforming time grids in the subdomains.
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The semi-discrete-in-time counterpart of the Ventcell-to-Ventcell operator (4.35),
which is still denoted by ", is defined by

SV Py(F;, L2(1) x L0, T; L2(2)) x HXY(Q)  — Po(F;, LA(D)
(0, f,po) — LYV, f,po)s

with

L At
Vm= 15“‘,Mi‘

pm _pm—l
i,r ~ Pir . -
%Vtv(ﬁ,ﬂpo) = —ul - nyr + g pl A+ B (si; +div, (Ki’rKj,%u?,i ) )

To exchange the interface data on nonconforming time grids, we use the L? pro-
jection IT;; from the space Py(7;, L%(I")) onto Po(ﬁj,Lz(F)) (see Chapter 2), defined

by

1 &
EJ 0, Ym=1,..,M,. (4.40)
Tl

15 () |,y = —
| J m | =1
With this projection, the semi-discrete in time counterpart of (4.37) is weakly enforced
over each time sub-interval, in the same way as was done for the Robin transmission
conditions (Subsection 2.4.2):

f J ﬁl - HIZ (‘%Vtv(ﬁ25fsp0)) dt = 05 vm = 1;--'sM15
rJJjl

f J ﬁZ_HZI (*%Vtv('ﬂl)fap0)) dt:o) vm:l;“"MZ'
rJjz

In the next subsection, we study the numerical behavior of the method with Ventcell
transmission conditions with nonconforming time grids. We compare it with the two
algorithms introduced and analyzed in Chapter 2.

4.2.5 Numerical results

As stated in Remark 4.7, we now change the notation and consider the diffusion prob-
lem as follows:
¢poc+divr =f, inQx(0,T),
Ve+D'r =0, inQx(0,T),
c(-,0) =c¢y, inQ,
c =0, 290x(0,T).

(4.41)

We consider the first two test cases of Section 2.5 for homogeneous and heterogeneous
media respectively. Recall that the computational domain Q is a unit square which
is decomposed into two nonoverlapping subdomains €; = (0,0.5) x (0,1) and Q, =
(0.5,1) x (0,1), and the final time is T = 1. The porosity is ¢; = ¢, = 1 and the
diffusion is an isotropic tensor, D; = d;I,i = 1,2, where I is the 2D identity matrix.
The diffusion coefficient d;,i = 1,2, is assumed to be constant in each subdomain. The
source term is f = 0, and an initial condition is

co=exp ((x —0.55)*+0.5(y — 0.5)%). (4.42)
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Just as in the stationary case (see Subsection 4.1.5), for the discretization in space
we use mixed finite elements (with Lagrange multipliers on the space-time interface)
with the lowest Raviart-Thomas spaces on rectangles (cf. Appendix B.5). We refer
to Appendix A.2.1 for the calculation of the optimized two-sided Robin and weighted
Ventcell parameters used for the numerical results in this section.

Remark 4.14. To compare the convergence behavior of Ventcell transmission conditions
with the two methods presented in Chapter 2, we will use GMRES and plot the error in the
concentration ¢ and in the vector field r versus the number of subdomain solves (instead
of the number of iterations) (see Remark 2.21). However, a more appropriate comparison
would be considered after (such as using CPU time) since the cost per subdomain solve
corresponding to Ventcell boundary conditions is more costly than that of Robin conditions
(due to the introduction of Lagrange multipliers on the interface).

4.2.5.1 A test case with a homogeneous medium

The diffusion coefficient is continuous across the interface, d; = d, = 0.02. The mesh
and the time grids are conforming in the subdomains, and Ax; = Ax, = Ax =1/200
and At; = At, = At = 1/200. We first verify that the multidomain solution converges
to the monodomain solution as the number of iterations increases. We start with a zero
initial guess on the interface and compute, at each iteration of GMRES, the error in
the L2(0, T; L2(£2))-norm of the difference between the multidomain solution and the
monodomain solution. Figure 4.7 shows that the error goes to zero when the number
of iterations goes to infinity, which confirms the theoretical equivalence between the
multidomain problem and the monodomain problem.

10
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Figure 4.7: L? — L? error in the concentration ¢ and in the vector field r of the
difference between the multidomain solution and the monodomain solution, using
optimized Ventcell parameters.

Next, we analyze the convergence behavior of the method with Ventcell transmis-
sion conditions and compare it with the two methods analyzed in Chapter 2. We con-
sider the error equation, i.e. ¢y = 0, and use a random initial guess on the space-time
interface. In Figure 4.8, we plot the error in the concentration ¢ and the vector field
r versus the number of subdomain solves for the different algorithms (using GMRES):
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Method 1 with Neumann-Neumann preconditioner, Method 2 with optimized 2-sided
Robin parameters and Method 2 with optimized weighted Ventcell. We see that the op-
timized weighted Ventcell improves the convergence of the optimized two-sided, but it
is still slower than that of the preconditioned Method 1. For pure diffusion problems
and with continuous coefficients, it seems that the preconditioned Method 1 is the best
choice.

10
\\\ ——Opt. 2-sided Robin - Errorinc
' Opt. 2-sided Robin - Errorin r
\‘ ——Precond. Schur - Error in ¢
w02 N —=—Precond. Schur - Errorinr
K - - -Opt. weighted Ventcell — Error in ¢
" Opt. weighted Ventcell - Error in r
2107 N
L A\
5 \
[=2)
o
-
10°%
10°

10 20 30 40 50
Number of Subdomain Solves

Figure 4.8: L2 — L2 error in the concentration ¢ and in the vector field r with GMRES
for the different algorithms.

To check the performance of the optimized parameters, we plot the error in the
concentration after 14 Jacobi iterations for various values of a and 8 as depicted in
Figure 4.9. We see that optimized weighted Ventcell parameters (the red star), which
are calculated by numerically minimizing the convergence factor (see Appendix A.2),
are not far from the zone giving the small errors after the same number of iterations .
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Figure 4.9: Level curves for the error in the vector field for various values of a and f3,
where the red star shows the optimized Ventcell parameters.
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To study the asymptotic behavior of the algorithm with Ventcell transmission con-
ditions, we show in Table 4.2 the number of subdomain solves needed to reach an
error reduction of 107° first in ¢ and then in r (in square brackets) when refining
the mesh in space and in time, with the ratio of Ax? to At constant. We observe
that the convergence has a weak dependence on the mesh size of the spatial and time
discretizations. In contrast to the stationary case, GMRES does not improve the con-
vergence speed compared to Jacobi iterations, which is similar to the case of optimized
Robin parameters (see Subsection 2.5.1). This is explained by the fact that GMRES
is not well-adapted to dynamic systems and, as mentioned in Chapters 2 and 3, a
convolution-based approach (see, e.g., [98, 86]) should be considered instead.

Ax At Jacobi | GMRES
1/10 | 1/100 14[19] | 14[17]
1/20 | 1/400 22] 20]

14[ 15[
1/40 | 1/1600 | 15[25] | 16[24]
1/80 | 1/6400 | 16[29] | 17[27]

Table 4.2: Number of subdomain solves needed to reach an error reduction of 107°
for continuous coefficients, using optimized Ventcell parameters.

4.2.5.2 A test case with a heterogeneous medium

We consider the case in which the diffusion coefficients are discontinuous across the
interface: d; # d,. These coefficients are shown in Table 4.3, together with the non-
conforming time discretizations in the subdomains adapted to different diffusion ratios
® =d,/d,. For the spatial discretization, we use a conforming rectangular mesh with
Ax; = Ax, =Ax =1/200.

D d; 1/At; | dy | 1/Aty
10 0.02 150 0.2 | 200
100 0.002 50 0.2 | 200
1000 | 0.0002 | 20 0.2 | 200

Table 4.3: Diffusion coefficients and corresponding nonconforming time steps.

As in the first test case, we compare the convergence behavior of the different algo-
rithms by solving the error equation, i.e. ¢, = 0. We start with a random initial guess
and compute the error in ¢ and in r at each iteration of GMRES. The results are depicted
in Figure 4.10 for © = 10, ® = 100 and ® = 1000 respectively. We observe results sim-
ilar to those obtained in the stationary case with discontinuous coefficients: the larger
the diffusion ratio, the smaller the difference between the optimized weighted Ventcell
and optimized 2-sided Robin. Consequently, for large ® the convergence of three al-
gorithms - the preconditioned Method 1, Method 2 with optimized Robin parameters
and Method 2 with optimized weighted Ventcell parameters - are comparable.

In order to check the performance of the optimized parameter, in Figure 4.11 we
plot the error in the vector field after 12 Jacobi iterations for various values of a and
p for ratio ® = 10. We observe that with discontinuous coefficients, the optimization
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Figure 4.10: L? — L2 error in the concentration ¢ and in the vector field r with GMRES
for the different algorithms and different diffusion ratios (the same legend applies to
all three subfigures).

works well since the optimized parameters are located very close to the zone with
smallest errors.

To verify the asymptotic behavior of Method 2 with optimized weighted Ventcell
parameters, we show in Table 4.4 the number of subdomain solves required to reach a
reduction of 107° of the errors in the concentration and in the vector field (in square
brackets) when refining the mesh in space and in time, with 4x*/ar = const. We observe
that the convergence of the optimized weighted Ventcell is almost independent of the
discretizations for different diffusion ratios and as in the stationary case, GMRES does
not improve either the convergence speed or the asymptotic results compared to Jacobi
iterations.

Next, we check that Ventcell transmission conditions with nonconforming time
grids preserve the accuracy in time. We use the initial condition ¢, # 0 defined in
(4.42). We consider four initial time grids (for At, and Aty given), which we then
refine several times by a factor of 2:

* Time grid 1 (fine-fine): conforming with At; = At, = Aty.

* Time grid 2 (coarse-fine): nonconforming with At; = At. and At, = Aty.
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30 ‘ ‘ ‘ s -

25r

Figure 4.11: Level curves for the error in r after 12 Jacobi iterations for various values
of the parameters a and [3. The red star shows the optimized parameters.

D=10 D =100
Jacobi | GMRES | Jacobi | GMRES
1/10 | 1/100 | 11[10] | 9[9] 8[8] 7171

AXx At

1/20 | 1/400 | 12[12] | 10[10] | 98] 9[9]
1/40 | 1/1600 | 12712] | 11[11] | 98] 9[9]
1/80 | 1/6400 | 12[12] | 11[12] | 10[10] | 9[9]

Table 4.4: Number of subdomain solves needed to reach an error reduction of 107°
for different diffusion ratios, using optimized weighted Ventcell parameters.

* Time grid 3 (fine-coarse): nonconforming with Aty = Aty and Aty = At,.

* Time grid 4 (coarse-coarse): conforming with At; = At, = At,.

For ® =10, we take At =1/94 and Aty = 1/128; for © = 100, we take At. =1/40
and Aty = 1/160. In space, we fix a conforming rectangular mesh and we compute
a reference solution by solving problem (4.41) directly on a very fine time grid, with
At = Atg/ 2. The converged multidomain solution is such that the relative residual is
smaller than 1071,

Figure 4.12 shows the error in the L?(0, T;L?(£2))-norm of the concentration c
versus the maximum length of the time steps, max At;, for © = 10 (left) and © =
1

100 (right). We see that for both cases Method 2 with optimized Ventcell parameters
with nonconforming grids preserves the accuracy in time of the solution: firstly, the
error with nonconforming time steps is in between that of the conforming coarse and
conforming fine time steps; secondly, first-order convergence of the scheme is obtained
for nonconforming grids; thirdly, the error for Time grid 2 (nonconforming with a finer
time step in Q5 where the diffusion coefficient is larger) is close to that of Time grid 1
(conforming fine).
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Figure 4.12: L? — L? error in ¢ of the difference between the reference and the
multidomain solutions versus the time step size for ® = 10 (left) and ® = 100 (right),
using Ventcell transmission conditions.

4.3 Time-dependent advection-diffusion problems

As in the Robin case, we extend the OSWR method with Ventcell transmission condi-
tions (derived in the previous section) to the advection-diffusion problem (cf. (3.1))
written in mixed form:

¢poic+div(uc+r) =f inQx(0,T),
D'r+ve =0 inQx(0,7T),
c =0 ondQx(0,T),
c(-,0) =¢y inQ.

(4.43)

We use operator splitting as in the previous chapter to treat differently the advection
and the diffusion equations. Details about the discretizations in space and in time, the
derivation of the monodomain problem and its associated multidomain problem in the
operator splitting context, and the corresponding notation can be found in Sections 3.1
and 3.2. Here we only point out the differences when Ventcell transmission conditions
are used and then formulate the interface problem for this case.

4.3.1 An extension of the OSWR with Ventcell transmission conditions
and operator splitting

Recall that due to operator splitting, the transmission conditions consists of one equa-
tion (cf. (3.6)) for the advection steps and two equations (cf. (3.8)) for the diffusion
step. The Ventcell transmission conditions can be used only for the latter (as for the
Robin case, see Section 3.2) and the former will be treated in the same way as in Chap-
ter 3. Thus we just replace the transmission conditions (3.8) for the diffusion equation
by Ventcell transmission conditions (under a suitable regularity hypothesis). To write
the discrete Ventcell transmission conditions, we first introduce the following notation:
Let
My, X Ty € L2(;) x H(div, Q;)

be the usual mixed finite element approximation made of Raviart-Thomas (and Nédélec
in three dimensions) spaces of lowest order (see, e.g., [22, 104] and Appendix B), and
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let
Ap X Tpr € L3(T) x H(div,,T)

be the lowest order Raviart-Thomas mixed finite element space defined on the inter-
face T'.

The discrete Ventcell transmission conditions, equivalent to (3.8), for the diffusion
equation is defined by: forn=0,...,N — 1,

Cn+1__c
n+1 n+1 Lr Lr n+l | _
J —rp7 M+ agpc + P12 | P2 v +div, rey | =
E
n+1 n

f —rzgl n, + al,zcg}l + [7)1,2 (¢2—t + le (Dz FD1 Frl'l‘gl ) , VE (gh,
E

n+1 Cn
n+1 n+1 2T . n+1 | _
J —Tho ‘M2t agicp + B2 ¢1—t + div, rro | =
E
n+1 n
n+1 n+1 ar 4 1,.n+1
Ty cMatagicp + B2 ¢1—A +div, (D, Doy )|, VE€ %,
E

—-1_.n+1 n+1 —
J D,priy -vr— f ¢ divevp =0, VvpEZr,
r r

-1_.n+1 n+1 —
J D,rriy -vr— f ¢yr divevp =0, VvpEZr,
r r

(4.44)
where a; ; and f3; j, i = 1,2, j = 3 — i, are positive constants, ¢;r, i = 1,2, (which
is equal to A"H in (3.8)) represents the trace of the subdomain concentration on the
interface. Note that (4.44) is the discrete counterpart of the Ventcell transmission
conditions in derived Section 4.2 for pure diffusion problems (cf. (4.23)).

In order to define the interface problem of the method, we introduce the solution
operators ¥, i = 1,2, which associate to an L2(0, T; L?(£);)) source term f together
with H*(€;) initial data c, and discrete boundary data (14,0) given on T" x (0, T),
the solution of the discrete advection-diffusion problem in £; x (0, T) which is defined
below (problem (4.45)-(4.46)). Input

Aa= (Anl)n 0,...N—1, =0,..,L—1 and 6 = (9 ) -----

are Dirichlet data for the advection equation and Ventcell data for the diffusion equa-
tion respectively.

The initial data ¢y € Hi’l(ﬂi) is discretized by L? projections onto Mjp; and onto
AhI

1 1
0 0
C . = ¢y, VK € A4 ; and (c) = Cy, VE € %,..
(h:l)lk’ meas(K)JK 0 hi L) \E meas(E)L 0 h

Then for given (A, 6, f,co), the discrete subdomain problem is defined by:
Forn=0,...,N —1,

1. initialize Cgr by projecte
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: n0 _ n
2. define Chi = Chis

3. forl=0,...,L—1,

(a) define the upwind values

Anl . %hl ( }rllll,knl)
(b) solve the advection equation

n,l+1 n,l

—C
Jqﬁl—hl S JAnl(u ng) =0, VK€,  (4.45)
tq E

ECOK

n,l+1

! and obtain i s

with initial data ch

4. solve the diffusion equation

n+1 TlL
n+l1 _ n+1
J o ———— J dlvrh —f f("), VK€ A,
K K
f Di_lr;lljl v — J cﬂldivv +J ciflv-n) =0, Vv ey,
o o r
n+1 Cn
f —rittong +ag et + B ¢J—+d1v ritt :Jﬁ’ VYE € 4,
E E
+1 +1 4 _
f D] rfr; vr— J cr; divevp =0, Yvr € Zpr,
r r

(4.46)

: n+1 _.n+1 .n+1 _.n+1
with initial datac L and cl r» and obtain (ch’i Thi sCir Ty )

The solution operator ¥;, i = 1,2, is now defined by
Vs (AN x (AN x L2(0, T; L2(9,)) x HE(9;)
N NxL N N
— (Nhi) X (Mhi) X X (Zhi) x (A x (Zh,r)
(Aa?.fr0) = (ChAlt e ChAlt’rf?lt’Clélt’rl—'l)

where
AAt At, (En l

Chii hﬂ)nzO,...,N—l, 1=0,...,.L—1

b

and
At At At _ n n n n
(Chl’rhl’cl“l’rrl) = (Ch,i’rh,i’cr,i’rr,i)
As in the Robin case, to impose the transmission condition for the advection equa-

tion, we define the projection operators ;, i = 1,2, which extract the first component
of the output of ¥;:

2% (Nh’i)NXL X (Mh’i)N X (Zh’i)N X (Ah)N X (Zh’r)N — (Ah)NXL

ALA 0, VE € %h 0>
SALAL, At At At
(Ch,i ChisThisCrisTr, 1) - (éAt,Ata

h,i

n=1,...,.N )

)|E, VEe 9", withj=3-1i.
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Now for the diffusion equation, we define the interface operators to transmit Vent-
cell data between the subdomains

B : (Nh,i)NXL X (Mh,i)N X (Zh,i)N x (A" x (Zh,r)N - ()"

SALAt, At At At AL
(Ch,i »ChioThisCri-Tri )™

A A A . ~1,.A
(—rh,]f, ‘n; + ai’jcj’lf + B (quatcj,; +div, (Dj,l"Di,Frl“,; ))lE,VE €Y,

where

n+1 n
C. —C.
a CAt e J,r J,r
irT\ T A :
At
n=0,...,N—1

With these operators, the interface problem corresponding to the transmission con-
dition for the advection quation and Ventcell transmission conditions for the diffusion
equation is:

Find (Aq,71,75) € (AN E x (AN x (AR)N such that

tn,l+1
( J Aa — 1N (gD, fr¢0) — H o Vo(Ag, B, fr00) =0,
Jnl E
ttn+1
( f ﬁl - gl%(la)ﬂZ’f) CO) = 0, (447)
Jtn E
tn+1
( J ﬁz—gﬂﬁ(laﬂ?bﬂco) =0,
Jn E

VE€Y, VYn=0,....N—1,Vl=0,...,L —1.

Note that the composite operator %;¥;, i = 1,2, is a discrete Ventcell-to-Ventcell type
operator and the last two equations of (4.47) are an extension of the discrete counter-
part of the interface problem (4.37) for pure diffusion equations. As usual, we solve
(4.47) iteratively using Jacobi iterations or GMRES.

As in all the time-dependent considered, the domain decomposition method is de-
rived globally in time so that different time steps in the subdomains, At; # At,, can
be used. In the next subsection, we briefly describe the weakly enforcement of the
Ventcell transmission conditions over the time interval with nonconforming time grids
in the operator splitting context. In fact, it is done just as in Chapter 3 for Robin
transmission conditions.
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4.3.2 Nonconforming time discretizations

LiAtyq=At| b---------[IIIICC Aty =LyAt,, | T =NiAt; = NAty

Ql QZ X

Figure 4.13: Nonconforming time grids in the subdomains.

We first recall notation which was defined earlier in Section 3.3. Let &; and J, be
two different uniform partitions of the time interval (0, T) into N; and N, sub-intervals
respectively with lengths At; and At,, respectively (see Figure 4.13). The sub-time
step for the advection in each subdomain is defined by

At;=LiAty,, i=1,2,
and we denote by 7, i = 1,2, the corresponding partition in time for the advection.
We denote by Py(Z;, Ay) the space of piecewise constant functions in time on grid J;
with values in A,. Then define II;; the average-valued projection from Py(Z;, Ap) to
Po(Z:, Ap) (see (4.40)), and ITj; the projection from Py(J, Ay) to Po(Z%, Ay) as in
Section 3.3.

The transmission condition for the advection is weakly enforced in time in a same
way as it was done in Section 3.3 and that for the diffusion is handled like in the pure
diffusion case (see the previous section, Subsection 4.2.4). In particular, we choose
A, to be piecewise constant in time on one grid, for instance, 7, and choose ¥; to be
piecewise constant on grid Z;, problem (4.47) then becomes

Find (Aq,01,75) € (AR)2*E2 x (A x (AR)M2 such that

t;l,l+l
Jinl . Ag — 103 (ﬁlaj/l(n(llz(la))ﬂlyf) Co)) — H#yYy(Aas 03, fr¢0) =0,
o
J G — Iy, (gff/z(la,ﬁz,f, Co)) =0,
Jt’ln E
o
] J Ty — gy (de/l(n(llz(la),ﬁbf, Co)) =0,
t5 E

2

VEE%h, szo,...,Nl —1, and Vn=0,...,N2—1, Vi :0,...,L2—1.
4.3.3 Some comments on the approach with Ventcell transmission condi-
tions and operator splitting

Due to operator splitting, on the space-time interface Dirichlet conditions are imposed
on the inflow boundary for the advection equation and Ventcell conditions are used
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for the diffusion equation only. In some way, we do not completely take advantage
of the optimized Ventcell transmission conditions as one could do with a fully implicit
scheme (see, e.g. [62]) in which the tangential component of the advection on the
interface is also taken into account and thus the optimized parameters depend on the
advection field as well. As a result, information exchange is significantly enhanced,
especially when advection is dominant. On the other hand, we observe in Section 4.2
that for pure diffusion equations and for a symmetric two subdomains, the convergence
of optimized weighted Ventcell and optimized 2-sided Robin is comparable when the
diffusion ratio is sufficiently large. Because of the operator splitting, such a result
might be true here for the advection-diffusion equation andfor a decomposition into
two subdomains (when many subdomains are considered, the Ventcell transmission
conditions may significantly improve the convergence compared with the Robin ones
[73]) . We thus have not carried out numerical experiments for the algorithm derived
this section. However, it could be interesting to compare the performance of such an
algorithm with the fully implicit one with Ventcell transmission conditions.

Conclusion

We have formulated in mixed formulations the multidomain problems with Ventcell
transmission conditions for three different types of PDEs. For the stationary and the
time-dependent diffusion problems, the associated subdomain problems with Ventcell
boundary conditions are proved to be well-posed. For each case, an interface problem
with two Lagrange multipliers is derived through an introduction of what’s called (time
dependent) Ventcell-to-Ventcell operators. For time-dependent problems, such an in-
terface problem is defined over the time interval and thus different time steps can be
used in the subdomains. Numerical experiments in 2D for the two subdomain case for
the elliptic and the time-dependent diffusion equations are shown. For homogeneous
problems, the optimized Ventcell parameters improve significantly the convergence
speed compared to the optimized 2-sided Robin parameters (by a factor of 2 with Ja-
cobi iterations). For heterogeneous problems, we use the optimized weighted Ventcell
parameters adapted to the jumps in the coefficients and we observe that the stronger
the heterogeneity the smaller the difference between the convergence of the optimized
weight Ventcell and of optimized 2-sided Robin. The results are valid for both station-
ary and time-dependent diffusion problems, and for conforming spatial discretizations
of two symmetric subdomains. We verify for different diffusion ratios that the Ventcell
transmission conditions with nonconforming time grids preserve the accuracy in time
of the solution. For the advection-diffusion problems, we derive the discrete multido-
main formulation in the context of operator splitting and obtain an interface problem
in which the Ventcell transmission conditions are used for the diffusion only. The nu-
merical results have not been implemented yet due to a question as to the efficiency of
the algorithm (cf. Subsection 4.3.3) as well as for lack of time.
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An ideal place to apply the domain decomposition methods derived in the previous
chapters is where there exist fractures and faults-"fast paths". In such a case, the water
flow rapidly through these paths while it moves much more slowly through the rock
matrix. As a result, the contaminants present in the porous medium may follow the
water and they are transported faster than in the case with no fracture. Thus the time
scales in the fractures and in the surrounding medium are very different and in the
context of simulation, one should use much smaller time steps in the fractures than
in the rock matrix. Here we consider the case in which the domain is separated into
two matrix subdomains by a fracture. The permeability in the fracture can be larger
or smaller than that in the surrounding medium. The former corresponds to a fast
pathway and the latter corresponds to a geological barrier. Here we are interested in
the "fast path" fracture and we aim to use space-time domain decomposition methods to
model flow and transport problems in a porous medium containing such a fracture. A
straightforward application of what has been presented in the previous chapters would
be then to consider the fracture as a third subdomain and to take smaller time steps
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there. We consider instead however a reduced model in which the fracture is treated
as an interface between the two subdomains. We first consider the compressible flow
for the reduced model and prove its well-posedness using Galerkin’s method, then we
extend the two methods, the one using the Steklov-Poincaré type operator and the
one using the Optimized Schwarz waveform relaxation (OSWR) approach, to handle
this model problem. Extension of the former is straightforward while for the latter a
new idea is needed. A linear combination between the pressure continuity equation
and the fracture problem is used as a transmission condition, and a free parameter is
used to accelerate the convergence rate. We write the space-time interface problem
for each method and consider the corresponding semi-discrete problem in time where
different time discretizations are used. Numerical experiments are carried out to verify
the performance of the two methods. We then extend these results to the advection-
diffusion problem where we use operator splitting as considered in Chapter 3. We
formulate the fully discrete interface problem for each method and discuss the use of
nonconforming time grids in this case.

5.1 The compressible flow model of a single-phase fluid
For an open, bounded domain Q of R? (d = 2,3) with Lipschitz boundary 89 and

some fixed time T > 0, we consider the compressible flow problem written in mixed
form as follows

so,p+divu =q inQx(0,T),
u =—KVp inQx(0,T), G.1)
p =0 ondN x(0,T), ’
p(-,0) = Do in €.

Recall (see Chapter 1) that p is the pressure, u the velocity, g the source term, s the
storage coefficient and K a symmetric time independent hydraulic conductivity (or
permeability) tensor. As in the earlier chapters, for simplicity we have imposed the
homogeneous Dirichlet condition on the boundary.

We suppose that the fracture Qf, with variable thickness 6(+), is a subdomain of
Q and separates 2 into two connected subdomains (see Figure 5.1, left where for
visualization purposes the size of § is shown as being much larger than it is in reality),

Q\Qp=Q,UQ,, QNQ,=0.

Also for simplicity we assume that Q consists of the intersection with Q of a line or
plane y (depending on whether d = 2 or 3), together with the points x = x, +sn,
6(x,) 6(xy)
2 T2
by y; the part of the boundary of Q; shared with the boundary of the fracture Q:

where x, €y,s € | — and n, is a unit vector normal to y. We denote

ri=(09n09;)nQ, i=1,2,

and we denote by n; the unit, outward pointing, normal vector field on 9Q;. We use
the convention that for any scalar, vector or tensor valued function ¢ defined on €, ¢;
denotes the restriction of ¢ to Q;,i = 1,2, f. We rewrite problem (5.1) as the following
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19)
nl nl
Y1 Y2 ¥
Q Qf Q, Q Q,
n, ]
2

Figure 5.1: Left: The domain Q with the fracture Q. Right: The domain Q with the
interface-fracture y.

transmission problem:

siop; +divu; =gq; inQ; x (0,T), i=1,2,f,
u; =—-K;Vp; inQ;x(0,T), i=1,2,f,
pi =0 on (0Q;ndQ) x(0,T), i=1,2,f, 5.2)
Di =ps ony; x(0,T), i=1,2, )
u;-n; =Us - n; ony; x(0,T), i=1,2,
pi(-,0) = Do, in £2;, i=1,2,f.

Modeling flow in porous media with fractures is challenging and requires a multi-
scale approach: firstly, the fractures represent strong heterogeneities as they have much
higher or much lower permeability than that in the surrounding medium; secondly, the
fracture width is much smaller than any reasonable parameter of spatial discretization.
Thus one might need to refine the mesh locally around the fractures to tackle the prob-
lem, which is well-known to be very computationally costly and is not useful at the
macroscopic scale (i.e. when the fractures can be modeled individually). One possible
approach is to treat the fractures as (d — 1)—dimensional interfaces between subdo-
mains (see [10, 5, 40, 92, 8, 110, 42] and the references therein) so that one can avoid
refining locally around the fractures. We pointed out that in these reduced fracture
models, unlike in some discrete fracture models, the interactions between the frac-
tures and the surrounding porous medium are taken into account. In the next section,
we consider a reduced model with a highly permeable fracture, which results in the
continuity of the pressure and discontinuity of the normal component of the velocity
across the fracture-interface. Then in Section 5.3 we consider a domain decomposition
approach for solving the resulting problem. Note that more general reduced models
that can handle both large and small permeability fractures [92] introduce more com-
plicated transmission conditions on the fracture-interface (in the form of Robin type
conditions), and it is not yet clear how to formulate an associated domain decomposi-
tion problem with a parameter that can be optimized.

5.2 A reduced fracture model

In the reduced fracture model, the fracture is treated as an interface y between subdo-
mains ; and 2, (see Figure 5.1, right). We use the notation V, (respectively div, )
for the tangential gradient (respectively tangential divergence) operators along the
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fracture y. We denote by s, and K, the storage coefficient and the permeability tensor
in the fracture. A reduced model [5, 92] consists of the equations in the subdomains

s;0p; +divy; =gq; inQ; x (0,T),
u; =—-K;Vp; inQ; x(0,T),
Di =0 on (0Q;naQ) x(0,T), fori=1,2, (5.3)
pi =Dy ony x (0,T),
pi(-,0) = Do,i in Q;,

and in the fracture

sy0py +diveu, =q,+ (ul My t+Uy- nm) iny x (0,T),

u, =-K, 6V p, iny x(0,T), (5.4)
py =0 ondy x (0,T),
Py(',O) :po,y in Y.

This model may be derived by averaging across the transversal cross sections of the
fracture. It consists of the mass conservation equation and the Darcy equation in the
subdomain together with the lower dimensional mass conservation and Darcy equa-
tions in the fracture of co-dimension 1. These two systems are coupled: the fracture
sees the subdomain through the additional source term in the conservation equation in
the fracture (the second term on the right hand side) which represents the difference
of the fluid entering the fracture from the subdomain and that exiting through the sub-
domain. Each subdomain sees the fracture through the Dirichlet boundary condition
imposed on the common part of its boundary with the fracture.

In order to prove the well-posedness of problem (5.3)-(5.4) we first write its weak
formulation. As before, we use the convention that if V is a space of functions, then we
write V for a space of vector functions having each component in V. For an arbitrary
domain @, we denote by (-,-), the inner product in L2(&) or L?(€) and by and || - ||,
the L?(0)—norm or Lz(ﬁ)-norm. To write the weak formulation of (5.3)-(5.4), we
define the following Hilbert spaces (see Remark 2.1):

M = {u = (u1, iz, 1) € L2(2)) x LH(9) x LA(1)},
% ={v=(v1,vy,v,) €L3(Q) x L}(Q) x L3(y) : divv; € L*(Q,),i=1,2,

2
and diVT V}, - Zvi * nih/ S LZ(Y)})
i=1

equipped with the norms

2
2 2 2
el = ld, + ey 112,
i=1
2 2
2 2 : 2 2 : 2
W12 =" (Ivili2, + divvil3, ) + v 12+ dive v, = > v; - |12
i=1 i=1
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We define the following bilinear forms
a: XXxxX — R

2
wv) ~— awv)= Z (Ki_lui,vi)gi + ((K,ﬁ)‘luy,vy)y ,
i=1

b: ¥TxM — R

2 2
(w,u) = bup) = Z (divug, pi) g, + (diVT u, —Zui-nuy,uy) ,
i=1 i=1 y
MxXM — R

2
(nuw - cs(n,u)=2(smi,ui)gi+(syny,.uy)y,
i=1

and the linear form

L .

g M — R

2
w0 =) (@ k), + (4 k) -
i=1

With these spaces and forms, the weak form of (5.3)-(5.4) can be written as follows:

For a.e. t €(0,T), find p(t) € M and u(t) € % such that
a(u,v)—b(v,p) =0 Vv ey,

(5.5)
¢ (Op, ) +b(u,u) =Ly(u) YueM,
together with the initial conditions
pi(0) =po; InQ;, i=1,2, (5.6)

py(,0) =po, iny.

5.2.1 Existence and uniqueness of the solution
We first define the space
H:,G(Q) = {M = (U1, pg, uy) € H'(Q) x H'(Qy) x Hy(y) : 4 =00n 89; N 39} ,
equipped with the norm
2
112y oy = Nl + D NZ0l3, + 192, 12
’ i=1
The well-posedness of problem (5.5)-(5.6) is given by the following theorem:

Theorem 5.1. Assume that there exists four positive constants s_ and s, K_ and K
such that

* s_<s;{(x)<s, forae xe€Q;,i=1,2,
* s_<s/(x)<syforae xe€v,
« 'K7'(x)s = K_|¢|* and |K;(x)c| < Klgl, forae. x €Q, Ve R, i=1,2,

. nT(KY(x)5)_1’n > K_|n|? and I(Ky(x)5)_1n| <K,|n|forae x ey, VneR" L
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If qisin L(0, T; M) and p, in Hia(ﬂ) then problem (5.5)-(5.6) has a unique solution
(p,u) € H'(0,T; M) x L*(0, T; ¥).

The proof of Theorem 5.1 is quite similar to that of Theorem 4.10. However, we
include it here for completeness. We again use Galerkin’s method and derive energy
estimates to prove the existence and uniqueness of the solution. The energy estimates
are given by the following lemma:

Lemma 5.2. Assume that q is in L2(0,T; M) and p, in Hia(ﬂ) then the following esti-
mate holds

el Leogo,m;m) + 18eP 20,700y + Il 200,75 < C (||CI||L2(0,T;M) + ”pO”Hi’a(Q)) .
Proof. As usual we proceed by estimating successively p, J,p and u.

* Firstly, to derive an estimate for p, we take p(t) € M and u(t) € % as the test
functions in (5.5) and add

a(u,u) +c;(0,p,p) = Ly(p).

Using the definitions of a and c,, and the hypotheses concerning the storage
coefficient and the permeability tensor in the subdomains and in the fracture as
well as the Cauchy-Schwarz inequality, we obtain

s_ d

1
= — I, + Kl < 5 (llal, + lpI,) - 5.7)

Now integrate (5.7) over (0, t) for t € (0, T], we find

t t
s_llp(OIZ, + 2K f lalZy < 1polZ, + 19112206 .01 +f IpI,-
0 0
Then we apply Gronwall’s lemma to obtain

PO oo 71y < C (IPollys + a5 7apy ) »
0,T;M) L2(0,T;M)

and consequently,
122,700y < € (W0l + lal2 701, ) - (5.8)

* Next, we estimate J,p. For this, we differentiate the first equation of (5.5) with
respect to t and take u as a test function. This yields

a(d,u,u) — b(u, d,p) =0. (5.9)
Then take J,p as a test function in the second equation of (5.5)
cs(0¢p, 0:p) + b(u, 3:p) = Ly(3;p). (5.10)
Now adding (5.9) and (5.10), we obtain

a(u,u) +¢,(6,p, 0,p) = Ly(J;p),
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or

K_
2
s_19plly + —- 2 dt” IIM_—IIqIIM —||3tp||M-

Integrating this inequality over (0, t) for t € (0, T], we have

s f 180113, + K- (O3 < N1g122q 7.0y, K- (O3 (5.11)
0

There only remains to bound the term K_ ||u(0)||12v1. Toward this end, we use the
first equation of (5.5) with v = u and for t = 0 (as usual, we assume that the
equation is valid at time t = O in a sense that the analysis is carried out through
the construction of finite dimensional approximations of the continuous problem
(see Chapter 2)):

i=1

2 2
K_[lu(Il; < D (divui(0),po ), + (divT u,(0) - Zuim)-niw,po,y) :
i=1 Y

2
<- Z (ui(O), VPo,i)Qi - (uY(O), vaO,Y)Y ,

N

1
< IO, + 52— lpolin, o

Substituting this into (5.11), we obtain

f 16012, + K_lluCOZ; < € (allZ2(q 1.0y, + IR0l (o) -

Thus
180122701y < € (10120 7.0gy + D0l @) - (5.12)

* From (5.8), we only need to derive an estimate for div u;, i = 1,2, and for
2

dive u, — E u; -n;), to complete the proof. With this aim, we take (,ul, U, uY) =
i=1
2

divu,,divu,,div, u, — Zui . niw) as the test function in the second equation
i=1
of (5.5), we have

2 2
. 2 . 2
D divagll? + lldive w, = -y |2
i=1 i=1

2 2
= Z(qi - siatpi) div ui)ﬂi + (q}, - syatpy) diVT uy - Zui ’ ni|y)y;
i=1 i=1

2 2
1 1 1 1
<>’ (Enqi ~s:8pilly, + 5 lldiv uinél_)+5||qy—syatpy||$+5||dwf =y iy, |2,
i=1

i=1

2 2
: 2 : 2 2 2
D divagll? + lldive w, — > u-ng |2 < llgl, + s, 112:plI%;-
= i=1
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Using (5.12), we obtain

T 2 2
L (anivuina +Ildive u, — Y ~nl~|y||$) < € (191207 + Do) -
i= i=1

i=1
This along with (5.8) gives the estimate for ||ul;2(g r,5), Which completes the
proof of the lemma.

O

5.3 Two space-time domain decomposition methods

It is natural to apply domain decomposition methods for solving problem (5.2) or prob-
lem (5.3) - (5.4), especially since these allow different time steps in the subdomains
and in the fracture. For problem (5.2), it is a straightforward application of the meth-
ods derived in Chapter 2 while for problem (5.3) - (5.4), we need to derive a different
formulation. In the following, we present two global-in-time domain decomposition
methods for solving (5.3) - (5.4) based on different transmission conditions. A space-
time interface problem is derived for each approach, and it will be solved iteratively
using, for instance, GMRES as the system is nonsymmetric.

5.3.1 Method 1: Using the time-dependent Steklov-Poincaré operator

This method is directly derived from the formulation of problem (5.3) - (5.4). To obtain
the interface problem for this method, we define the space

Hpl(9) = {q € H'(Q)) : qjan,nan =0and qj, € Hl(}’)} ,1=1,2,
which was also used in the Ventcell transmission conditions case (4.34). Then we
define the following Dirichlet to Neumann operators (S/l.DtN, i=1,2:
FPNHY(0,T; L2(y)) x L*(0, T; L*(Q)) x H} () — L* (0, T; L2(y))
‘%DtN(A’) q)pO) :ui 'nih/)

where, (p;,u;), i = 1,2, is the solution of the problem

s;0,p; +divuy; =gq inQ; x (0,T),
u; =-K;Vp, inQ;x(0,T),
p;i =0 on (8Q;N Q) x(0,T), (5.13)
p;i =A ony x (0,T),
pi(-,0) =po in ;.

Remark 5.3. Subdomain problem (5.17) with Dirichlet boundary conditions is well-posed
(see Chapter 2).

Problem (5.4) is reduced to an interface problem with one unknown A

2
s oA +diveu, =q,+ Y FPN(Aq,po) iny x(0,T),
i=1
u, =-K,6V A iny x (0,T), (5.14)
A =0 ondy x(0,T),
A(,0) = Po,y invy.
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or equivalently

2 2
s)/al’}' + div’l’ u}/ - Z ‘%DtN(A) 0) O) = q}/ + Z ‘SpiDtN(O’ qi) pO,i) in Y X (O) T))
i=1

i i=1

u, =-K,6V: A iny x(0,T),
A =0 ondy x (0,T),
A(-,0) =poy iny.
(5.15)

The discrete counterpart of this problem using the discontinuous Galerkin method of
order zero for time discretization and mixed finite elements for spatial discretization is
of the form

T +1 - -
B' A U% 0 O U%

tn+1 2 tn+1 2
DtN DtN
ﬁn ;‘%l,it (Ah) O’ 0) _ Jtn (QY +;‘%1,it (Oa qi’pO,i)) ) (516)
0 0

forn=0,...,N, (where N is the number of time intervals of a partition of (0, T)), or
in compact form (space-time),
?Ah =X-

This problem is solved iteratively as was done in the previous chapters.

To improve the convergence of the iterative algorithm, we will use a precondi-
tioner. We remark that the interface problem is dominated by the second order oper-
ator (diVT (K,6 VT)) since the permeability is larger in the fracture and the Steklov-

Poincaré is of lower order (first order). Thus the first choice of a preconditioner is Plgi

-1
defined by taking the discrete counterpart of the operator (diVT (K,6 VT)) . With
the notation in (5.16), we have
—1 _ pa—1pT

P .=BA"'B.
For elliptic problems, it was shown numerically [ 7] that this local preconditioner signif-
icantly improves the convergence compared with that without preconditioner. Another
possibility is to use the Neumann-Neumann preconditioner as employed in Chapter 2
for normal domain decomposition (i.e. without fractures). The preconditioning system
is then

with
P = (01(F2N 1+ oy ),
where

e 0,:T'x(0,T)— [0,1] is such that 0; + 05 = 1. If K; = &I and &; is constant

in each subdomain then
i

TRt R

o
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. (5‘?3“)_1, i =1,2, is the discrete counterpart of the inverse of the operator
(S/ZDIN = (SpiDtN(_’ 0, O).
The continuous (Neumann-to-Dirichlet) operator (ythN)_1 is defined by

(PN L2 (0,7;1(r)) —H' (0, T;L%(y))
(") @) =pys

where, (p;,u;), i = 1,2, is the solution of the problem

s;0:p; +divy; =0 inQ; x(0,T),
u; =-K;Vp, inQ;x(0,T),
p;i =0 on (89;n2Q) x (0,T), (5.17)
—u;-n; = ony x (0,T),
pi(-,0) =0 in ;.

In Section 5.4, we will carry out numerical experiments and compare the performance
of these two preconditioners.

5.3.2 Method 2: Using Optimized Schwarz waveform relaxation

Instead of imposing Dirichlet boundary conditions on y X (0, T') and solving the fracture
problem in y x (0, T) as was done for Method 1, we introduce new transmission con-
ditions which combine the equation for continuity of the pressure across the fracture
with the flow equations (5.4) in the fracture. These new transmission conditions con-
tain a free parameter which is used to accelerate the convergence. This is an extension
of the OSWR method with optimized Robin parameters studied in Chapter 2 in which
Robin-to-Robin transmission conditions are considered. Here however, because of the
fracture problem, we end up with what we will call Ventcell-to-Robin transmission
conditions as presented below.

5.3.2.1 Ventcell-to-Robin transmission conditions

The new transmission conditions are derived by introducing Lagrange multipliers
Piy, I = 1,2, representing the trace on the interface y of the pressure p; in each
subdomain. As the pressure is continuous across the interface, one finds

P1y = P2y =Py onyx(0,T), (5.18)
We then rewrite the Darcy equation in the fracture associated with each p; , as

=K, 6V.p,,, onyx(0,T),i=12

Y

We have used the notation u, ;, i = 1,2, instead of u; , to insist on the fact that u, ; is
NOT the tangential component of a trace of u; on y. In fact, u,;, i = 1,2, represents
the tangential velocity in the fracture:

u,=u,,=u, onyx(0,T)i=12.
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With the notation introduced above, the flow equation(5.4) in the fracture can be
rewritten, fori = 1,2, and j = (3 — 1), as

—u;-n;+s,0p;, +diveu,; =q,—u;-n;, onyx(0,T),

u,; =-K,5V.p,, onyx(0,T), (5.19)
pi’}/ =0 on a}/ X (0) T)’
pi,y("o) :po’}’ in &

In the context of domain decomposition, (5.18) and (5.19) are the coupling conditions
between the subdomains. Thus, as in the case without a fracture one may take a linear
combination of these conditions to obtain equivalent Ventcell-to-Robin transmission
conditions:

—u;-n;+apy, +5,0p1y+diveu,; =-uy-n;+apy,+q,
ony x (0,T),
u},,l = —K},5VTp1,Y
. 5.20)
—Uu,-n,+a +s.,.0 +div, u =—u;'n,+a + (
2 "My P2y TSy 0Py T Uy 2 1Mo P1,y T4y ony x (0,T),
u},,z = —K},5VTp2,Y
(5.21)
together with boundary and initial conditions

p1,(0) =py,(-,0) =pg, iny.

Using these transmission conditions, the subdomain problem is obtained by imposing
Ventcell boundary conditionsony x (0,T),i=1,2, j=3 —1i:

s;0;,p; +divy; =gq inQ; x(0,T),
u; =-K;Vp; inQ; x(0,T),
—u; -n; +ap;, +s,6,pjy +diveu,; =-u;-n;+apj,+q, onyx(0,T),
u,; =-K,6V.p;, iny x(0,T),
pi =0 on (09;naQ) x(0,T),
piy =0 ondy x (0,T),
pi(,0) =po in €2;,
Piy(0) =poy iny,
(5.23)

where the quatity on the right hand side of the third equation is supposed to be known.
In the next subsection we prove that problem (5.27) is well-posed.

Remark 5.4. The subdomain problem of Method 2 corresponding to Ventcell boundary
conditions is somewhat more complicated than that of Method 1 (problem (5.17)). Con-
sequently, for solving problem (5.27), one needs to introduce Lagrange multipliers on the
interface to handle the Ventcell conditions (representing the fracture problem).

5.3.2.2 Well-posedness of the subdomain problem with Ventcell boundary con-
ditions

For an open, bounded domain & R4 (d = 2,3) with Lipschitz boundary 9 @, con-
sider the following time-dependent problem written in mixed form with Dirichlet and
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Ventcell boundary conditions

S¢0ipg +divu, =q in @ x (0,T),
u;, =-K4sVp, ino@ x(0,T),
—ug-n+ap,+s,0p, +div,u, =6+gq, ondy x (0,T),
u, =-K, 6V iny x(0,T),
p; =0 oy ony(a o\y) x(0,T), (5.24)
py = ondy x (0,T),
po(+,0) =po in Q;,
p,(,0) =po, invy,

where 0 is a given function defined on yx(0, T). In order to write the weak formulation
of (5.24), we need to define the following Hilbert spaces (see Remark 2.1):

M = {u = (ug, 1) € L*(0) x L3 (1)},
= {v =g,v,) € L?(0) x L*(y) : divv, € H(div, @) and (divT v, —Vg- nw) € Lz(y)} ,
equipped with the norms

Nl = luell?, + Il 112,
IVIZ =1volle + ldivv,li2 + IIVylli + ldiv; v, — v, 'n\ylli
Then we define the bilinear forms
a: 2x2x — R
@v) = awv)=(K'upve),+(K,8) Tu,v,)
b: “xM — R
(u,u) +—  blu,u)= (divuﬁ,ug)ﬁ + (divT u, —ug -nh,,,uY)Y ,
c: MxM — R
() = cln.p=(an,.u,), .
¢G: MxM — R
) = )= (sono.tio) o+ (s,mp18) s
and the linear form

L .

q.M—>R

uoo= L= (qho)g+ (0 +a0y), -
With these spaces and forms, the weak form of (5.24) can be written as follows:
For a.e. t €(0,T), find p(t) € M and u(t) € % such that
a(u,v)—b(v,p) =0 Yvey,

¢(0p, ) +c(p, ) + b(u,u) =Lg(u) VuUEM,
together with the initial conditions

(5.25)

p(')o) :pO in 0)

. (5.26)
p,(,0) =poy, iny.

Next, we define the space

HYN(0) = {u= (g, ) € H'(Q) X H'(y) : g =0 on (80 \7) and p, = 0on dy},

then the well-posedness of problem (5.26) is given by the following theorem:
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Theorem 5.5. Assume that there exist four positive constants s_ and s, K_ and K.

* 5. <sg(x)<s, forae x€0,

* s_<s/(x)<syforae xe€v,

* 'K, (x)s = K_|¢|% and |K;(x)s| < K¢, for a.e. x € 0, V5 € R,

. nTK;l(x)&n > K_|n|* and |(KY(x)5)_1n| <K, forae xe€y, VneR" L.
Ifqisin L?(0,T; M), p, in H:’;(ﬁ) and 6 in L*(0, T; L?(y)) then problem (5.25)-(5.26)
has a unique solution 1 5
(p,u)e H'(0,T; M) x L“(0, T; X2).

Proof. The proof of Theorem 5.5 is a simple extension of that of Theorem 4.10. O

5.3.2.3 The interface problem and the convergence factor formula for comput-
ing the optimized parameter

As for Method 1, we derive in this subsection the interface problem associated with
Ventcell-to-Robin transmission conditions (5.20)-(5.21)-(5.22). With this aim, we de-
fine the following Ventcell-to-Robin operator thR, which depends on the parameter
a,fori=1,2,j=(3—1):

VR L2(0,T; L2 (y)) x L*(0, T; LA(Q;)) x H} () x L*(0, T; L2(y)) X Hy ()
— L2(0,T; L*(y))
fsintR(95 d,Po> q}upO,}/) = —Ui-nyy + APiy>

where, (p;,u;, p;y,Uy,;) is the solution of the subdomain problem with Ventcell bound-
ary conditions

s;0;p; +divy; =gq inQ; x (0,T),
u; =-K;Vp; inQ; x (0,T),
—u;-n;+ap;, +s,0p;, +diveu,; =6+gq, ony x (0,T),
u; =-K,6V.p;, inyx(0,T),
pi =0 on (0Q;naQ) x(0,T),
Piy = ondy x (0,T),
pi(-0) =po inQ;,
piy(,0) =poy iny.
(5.27)
The interface problem with two Lagrange multipliers is then
6, = ""(62,92,P02,9y>Poy) +dy oy x (0.T), (5.28)

6, = 5”1VtR(91,Q1,P0,1,qY’p0,Y) tay
or equivalently

61 - ‘sz\/tR(eb 05 O, 05 O) = %VtR(Oﬁ q25p0,2, q}upO,}/) + q}/

ony x (0,T), (5.29)
6, — #V®(6,,0,0,0,0) = #""(0,q1,P0,1,45Po,) +dy

The discrete counterpart of this problem can be solved iteratively using Jacobi it-
erations or GMRES. The former choice yields an algorithm equivalent to the OSWR
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algorithm for the reduced fracture model (5.3) - (5.4) and is written as follows: start-
ing with a given initial guess gg jony X (0, T) for the first iteration,

0 0 0 . 0 _ 0
—u; ‘n;+a Piy +5Y8tpl.’y + div, U =4y =8

then at the k" iteration, k = 1,..., solve in each subdomain the time-dependent
problem, fori =1,2, j =(3—1),

siatpf +div uf =gq; inQ; x (0,T),
uf =-K,Vpf inQ; x (0,T),
—uf-n; + apf."y + syatpf."y + div, u’i’i = —u;‘_l ‘n; + ap;.";l +q, onyx(0,T),
u,; = —Kf’T5VTpl]f’Y ony x (0,T),

pf.‘ =0 on (0Q;ndQ) x(0,T),

pg‘,y =0 ondy x (0, T),
pf(,0) =pq; in Q,
pf,(0) =po, iny.
(5.30)

The convergence of algorithm (5.30) depends on the choice of the parameter a. Thus

we extend the analysis for the convergence factor of the OSWR algorithm derived in
the case without fractures [12, 44] to this algorithm and from that, one can calculate
the optimized parameter a. Details about such an analysis and the way to compute a
are presented in Appendix A.3.

In our applications, the fracture is assumed to have much larger permeability than
the surrounding, which implies that the time step inside the fracture should be very
small compared with that of the surrounding matrix subdomains. As either method
derived in Subsections 5.3.1 and 5.3.2 is global in time, i.e. the subdomain problem
is solved over the whole time interval before the information is exchanged on the
space-time interface, we can use different time steps in the fracture and in the rock
matrix. In the next subsection, we consider the semi-discrete problem in time with
nonconforming time grids.

5.3.3 Nonconforming discretizations in time

Let 71,7, and 7, be three different partitions of the time interval (0, T) into sub-
intervals (¢t, ,t; ;]1form=1,...,M; andi= 1,2,y (see Figure 5.2). For simplicity, we
consider the uniform partitions only, and denote by At;, i = 1,2, the corresponding
time steps. Assume that At, < At;, i = 1,2. We use the lowest order discontinuous
Galerkin method [61, 17, 108], which is a modified backward Euler method. The same
idea can be generalized to higher order methods. We denote by Py(;, L%(y)) the space
of piecewise constant functions in time on grid Z; with values in L%(y):

Py(T:, L2 (7)) = {1/; :(0,T) — L%(y),%) is constant on an, Vm=1,... ,Mi}.

In order to exchange data on the space-time interface between different time grids, we
use L? projection IT, ; from Py(7;, L?(y)) onto Py(Z,, L?(y)) as defined in Chapter 2 (see

(2.70)): for ¢ € Py(F;, W), 0 |ng is the average value of ¢ on JTJ;I, form=1,...,M;.
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t

Atl Atz T :MlAtl :MzAtz :M},Aty

2 Y 2y

Figure 5.2: Nonconforming time grids in the rock matrix and in the fracture.

For Method 1

The unknown A on the interface represents the fracture pressure, thus A is piecewise
constant in time on grid Z,. In order to obtain Dirichlet boundary data for solving
subdomain problem (5.17), we project A onto the &;, fori =1,2:

pbi = Hiy(kl ony, = 152

The semi-discrete counterpart of the interface problem (5.14) is obtained by weakly
enforcing the fracture problem over each time sub-interval of 7, as follows

tm+1 tm+1 2
Y
s (Am—i—l Am) J le um+1 = f (qY + Z H}/i (cspiDtN(Hi}/(A)’ qi, pO,i)) )’
tm i=1

invy,
utl =K, 6V A" iny,

Al _ on dy,
7(.0 = p(),}/ in Y

(5.31)
form=0,...,M, — 1.
For a piecewise constant function ¢ on the fine grid 7, the semi-discrete Neumann-
Neumann preconditioner (still denoted by P;”lv) is defined by:

Pyn® —Z‘T My ((yDtN) (1, (LP))) (5.32)

where we have solved the subdomain problem with Neumann-Neumann data projected
from 7, onto 7, i = 1,2, then extract the pressure trace on the interface and project
backward from Z; onto Z,. Thus the interface problem is defined on the fracture’s time
grid.

Remark 5.6. From (5.32) we see that the Neumann-Neumann preconditioner defined by
solving the subdomain problems on the coarse grid, thus we indeed enforce the transmis-
sion conditions on the coarse grid only. The projection from the coarse to the fine grid does
not improve the accuracy in time of the solution in the fracture.

For Method 2

In Method 2, there are two interface unknowns representing the linear combination
of the fracture pressure and some terms from the fracture problem. Thus we let
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0, € PO(Z,LZ(F)), for i = 1,2. In order to obtain Ventcell boundary data for solv-
ing subdomain problem (5.24), we project 8; onto the &;, fori =1,2:

—u;-n; +ap; +s,0,p; +div, u, =1;,(6;) +q,, ony,i=1,2.

Remark 5.7. This setting is different from the case of usual domain decomposition (with-
out fractures) analyzed in Chapter 2 (see Subsection 2.4.2) where the two interface un-
knowns represent the Robin data in each subdomain and thus they are chosen to be con-
stant on the associated subdomain’s time grid, i.e. &; € Py(7;, L2(T)), for i = 1,2.

The semi-discrete in time counterpart of (5.28) is weakly enforced over each time
sub-interval of the fracture’s time grid as follows:

m+1
tY

J 0, = J I 2 (‘%VtR(HZY(%)’qz’po’l’qV’po’V)) Tp
t t

m m
Y Y

m+1
tY

ony, (5.33)

m+1
tY

J 0, = J Iy (‘%VIR(HiY(Gl)’ql’po’l’qY’pO’V)) Tap
tm t

m

for Vm=0,...,M, — 1.

Remark 5.8. We point out that with Method 2 as with Method 1 preconditioned by a
Neumann-Neumann preconditioner (cf. Remark 5.6), we can not hope to gain in accuracy
in the fracture by using a finer grid there since the fracture problem is actually solved on
the coarser time grids of the two subdomains. We will see this in the numerical experi-
ments. Projection onto the fracture grid is only useful for the case when the time grids on
Q, and Q4 are different and there one could use a master grid and a slave grid.

5.4 Numerical results

We carry out some preliminary experiments to investigate the numerical performance
of the two methods proposed above. We consider the test case pictured in Figure 5.3
where the domain is a rectangle of dimension 2 x 1 and is divided into two equally sized
subdomains by a fracture of width 6 = 0.001 parallel to the y axis. The permeability
tensor in the subdomains and in the fracture is isotropic: K = &1, i = 1,2, f, and
£; is assumed to be constant. Here we choose £; = R, = 1 and & = 10° (so that
£R76 =1). A pressure drop of 1 from the bottom to the top of the fracture is imposed:
p = 1 on bottom and p = 0 on top. On the external boundaries of the subdomains a
no flow (homogeneous Neumann) boundary condition is imposed except on the lower
fiftth (Iength 0.2) of both lateral boundaries where a Dirichlet condition is imposed:
p =1 on the right and p = 0 on the left. See Figure 5.3.

As in the previous chapter, we consider a uniform rectangular mesh with size
h = 1/100 and use the lowest order Raviart-Thomas mixed finite element spaces
(see Appendix B.5). In time, we fix T = 0.5 and use uniform time partitions in
the subdomains with time step At;,i = 1,2, and in the fracture with varying time
step At,. We first consider the case with the same time step throughout the domain,
Aty = Aty = At, = At = T/300.

In Figure 5.4 the snapshots of the pressure field and flow field (on a coarse grid for
visualization) at different times are shown. The length of the arrows is proportional to
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p=0 || 02)| p=1
0 p=1 2
Figure 5.3: Geometry of the test case where the fracture is considered as an interface.
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Figure 5.4: Snapshots of the pressure field (left) and flow field (right) at t = T /300,
t=T/4,t=T/2and t = T respectively (from top to bottom).
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the magnitude of the velocity and the red arrows represent the flow in the fracture.
We see that the flow field is a combination of flow in the fracture and flow going
from right to left in the rest of the porous medium and there is actually interaction
between them as some fluid is coming out of the fracture and then re-enters it. Since
R > R;,1 = 1,2, the velocity is much larger in the fracture than in the surrounding
medium.

Next, in order to analyze the convergence behavior of Method 1 and Method 2,
we consider the problem with homogeneous Dirichlet boundary conditions (i.e., the
solution converges to zero). We start with a random initial guess on the space-time
interface-fracture and use GMRES as an iterative solver and compute the error in the
L?(0, T; L%(£2))-norm for the pressure p and for the velocity u. We stop the iteration
when the respective error is less than 107%. We consider four algorithms: Method 1
with no preconditioner, Method 1 with the local preconditioner, Method 1 with the
Neumann-Neumann preconditioner and Method 2 with the optimized Robin parame-
ter. As the cost of a subdomain solve for each method is different (see Remark 5.4),
in the following we first compare the convergence behavior of these four algorithms in
terms of the number of iterations only (though a more appropriate way of comparison
should be considered, in particular, using CPU time).

In Figure 5.5, the error curves versus the number of iterations are shown: the error
in p (on the left) and in u (on the right). We see that Method 1 with no preconditioner
(the blue curves) converges extremely slowly (after 500 iterations, the error, both in p
and in u, is about 1071). The performance of Method 1 with the local preconditioner
(the green curves) is much improved but still very slow- it requires about 350 iterations
to reach an error reduction of 107°. The Neumann-Neumann preconditioner (the cyan
curves) further improves the convergence and one needs about 150 iterations to obtain
a similar error reduction. Now Method 2 needs only 6 iterations to reduce the error to
107% and thus the convergence of Method 2 is much faster than the other algorithms
(at least by a factor of 25). This comes from the use of the optimized parameter a. In
Figure 5.6, we show the error in u (in logarithmic scale) after 10 Jacobi iterations for
various values of a. We see that the optimized Robin parameter (the red star) is located
close to those giving the smallest error after the same number of iterations. Also we
observe that the convergence can be significantly slower if a is not chosen well.

Next, we study we study the behavior of three of the algorithms when noncon-
forming time grids are used. For this we use nonhomogeneous boundary conditions as
depicted in Figure 5.3. In all cases, we consider equal time steps for the subdomains
as they have the same permeability: At; = At, = At,,. We look at three time grids as
follows:

* Time grid 1 (conforming coarse): At,, = Atp =T /100.

* Time grid 2 (nonconforming): At,, = T /100 and Aty = T /500.

* Time grid 3 (conforming fine): At,, = Aty = T /500.
We start with a zero initial guess on the space-time interface and stop GMRES itera-
tions when the relative residual is less than 10~°. In Figure 5.7 we show the relative
residual versus the number of iterations for three schemes: Method 1 with the local

preconditioner, Method 1 with the Neumann-Neumann preconditioner and Method
2 with an optimized Robin parameter. We see that Method 2 still performs better
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Figure 5.5: Convergence curves for the compressible flow: errors in p (on the left)
and in u (on the right) - Method 1 with no preconditioner (blue), Method 1 with local
preconditioner (green), Method 1 with Neumann-Neumann preconditioner (cyan)
and Method 2 (red).
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Figure 5.6: L? velocity error (in logarithmic scale) after 10 Jacobi iterations for
various values of the Robin parameter. The red star shows the optimized parameters
computed by numerically minimizing the continuous convergence factor.

than Method 1, and Method 1 with the Neumann-Neumann preconditioner still con-
verges faster than with the local preconditioner. Importantly, both Method 1 with the
Neumann-Neumann preconditioner and Method 2 are almost independent of the time
grid (the number of iterations does not change with the time grid) while the local pre-
conditioner significantly depends on the time grid. We also notice that the behavior of
the three methods in the cases of nonconforming and conforming fine grids are very
similar.

Now we analyze the error in time of the three algorithms for each of the three
time grids. A reference solution (in time) is obtained by solving problem (5.3) - (5.4)
directly on a very fine time grid At = T/2000. The L? — L? error of the difference
between the multi-domain and the reference solutions at each iteration are computed.
We distinguish two different errors: error in the rock matrix L2(0, T; Lz(ﬂi)),i =1,2,
and error in the fracture L2(0, T; L(y)). Figures 5.8 and 5.9 show the pressure error
in the subdomains and in the fracture respectively. We first observe that the error in
the subdomains after convergence (Figure 5.8) in the nonconforming case (Time grid
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Figure 5.7: Relative residual with GMRES for different time grids: Method 1 with the
local preconditioner (green), Method 1 with the Neumann-Neumann preconditioner
(cyan) and Method 2 (red).

2) is equal to that in the conforming coarse case (Time grid 1) for all three algorithms.
This is as expected as we use the same time step At,, = T /100 in the matrix for both
of these grids. However, as already pointed out in Remark 5.8, if one might hope that
the error in the fracture (Figure 5.9) in the nonconforming case is close to that in the
conforming fine grid case (Time grid 3), this can only be the case for Method 1 with the
local preconditioner. Only for this case do we actually solve the fracture problem on
the fine grid. For the other algorithms,the fracture error of the nonconforming case is
equal to that of the conforming coarse grid instead. None of the methods deteriorates
the accuracy because of nonconforming time grids.

10° 10° 10
1] ~1|
10 10 107y
a o a
5 5 5
i} ] i}
107 107 107 X
107 107 107
0 100 200 300 400 500 0 20 40 60 80 100 1 2 4 5
Number of iterations Number of iterations Number of iterations
Method 1 - local precond. = Method 1 - NN precond. Method 2

Figure 5.8: L? pressure error in the rock matrix: Time grid 1 (blue), Time grid 2
(magenta), Time grid 3 (black).

Remark 5.9. While Method 2 does not make it particularly useful to use a finer time grid
in the fracture, it does give a rather remarkable convergence speed. For the advection-
diffusion problem of the next subsection with an explicit time scheme for advection, one of
if not the main advantage of using smaller time steps in the fracture is to avoid imposing
a time step in the two subdomains dictated by the CFL number of the equation in the
fracture. Thus we are hopeful that this algorithm will be useful when coupled with the
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Figure 5.9: L? pressure error in the fracture: Time grid 1 (blue), Time grid 2
(magenta), Time grid 3 (black).

advection equation simply for the convergence speed that it gives. We add however that we
are still pursuing some ideas for modifying this scheme to obtain an algorithm that can
take advantage of smaller time steps in the fracture for the diffusion equation.

5.5 Extension to transport problems

We first introduce the model problem and its discretizations using operator splitting.
Then we derive extensions of the two methods studied in the previous sections to the
advection-diffusion couplings and discuss the use of nonconforming time discretiza-

tions in this case.

5.5.1 A model problem and operator splitting

Consider now the linear advection-diffusion problem

¢o,c+div(uc+r) =q, inQx(0,T),
r =—DVc inQx(0,T),
c =0 ondQ x(0,T), (5.34)
c(-,0) =g in Q.

Here c is the concentration of a contaminant dissolved in a fluid, g, the source term,
¢ the porosity, u the Darcy velocity (given and time-independent) and D a symmetric
time independent diffusion tensor.

Following the same idea as in the previous section, we obtain two models for a frac-
tured porous medium:
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* An n—dimensional fracture model consists of the following equations

¢;0cc; +div (ujc; +1r;) =q,; inQ; x(0,T), i=1,2,f,
r; =-D;Vg inQ; x(0,T), i=1,2,f,
¢ =0 on (0Q;NdQ) x(0,T), i=1,2f,

¢ =¢f ony; x(0,T), i=1,2,

—r;-n;—u;-nic; =-rg-n;—ug-nic, ony; x(0,T), i=1,2,
¢i(1,0) =cp; in Q;, i=1,2,f.
(5.35)

* A co-dimension 1 fracture model consists of the equations in the subdomains

$i0,c; +div (uie; +r;) =4q.; inQ; x(0,T),
r;, =—-D;V¢; inQ; x(0,T),
¢ =0 on (0Q;naQ) x(0,T), fori=1,2,
¢ =¢ ony x (0,T),
¢i(£,0) =co; in Q,
(5.36)
coupled with the following equation in the (n — 1)—dimensional fracture
2
¢,0c, +div, (u,c,+r,) =q.,+ Z(ri ‘n;+u;-nic;), iny x(0,T),
i=1
r, =-D,V_c, iny x(0,T),
¢, =0 ondy x (0,T),
¢, (,0) =coy iny.

(5.37)

As in Chapter 3, we use operator splitting to separate the advection and the diffusion
terms and treat them with different numerical schemes. Recall that for the time dis-
cretization, the advection is approximated with the explicit Euler method (where the
sub-time steps are used) and the diffusion with the implicit Euler method. For the
spatial discretization, both are approximated with locally mass conservative schemes:
the advection with an upwind, cell-center finite volume scheme and the diffusion with
a mixed finite element method. In order to write the fully discrete problem corre-
sponding to (5.36), we consider again a uniform partition of (0, T) into N subintervals
(", t"1) of length At = t""! — " forn = 0,...,N — 1, and sub-time steps for the
advection equation
At,=At/L, for L>1,

and
t" =1At, +t", for [ =0,...,L,n=0,...,N — 1.

In space, let .} ; be a finite element partition of ;, i = 1,2, such that %, ; N %),
forms a finite element partition of €, i.e. such that the two partitions match up at
the interface y. Denote by ¥, the set of edges/faces of elements of ¢} ; lying on the
interface y. To perform the upwind scheme for the advection equation, since only the
inflow boundary (not the whole boundary) is important, as in Chapter 3 we define

‘ﬁﬁnl = {Ee‘ﬁh:Jui-ni<O}, fori=1,2.
E
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For an element K € .}, ; (respectively an edge E of K), we denote by ny (respec-
tively ng) the unit, outward normal vector on JK (respectively JE).

Remark 5.10. For simplicity, we have used matching grids. This is not necessary, see
[41].

Let
Mh,i X Zh,i C LZ(QJ X H(le, Ql)

be the usual mixed finite element approximation made of Raviart-Thomas (and Nédélec
in three dimensions) spaces of lowest order (see, e.g., [22, 104] and Appendix B), and
let

Ap X Ty, C L?(y) x H(div,, )

be the lowest order Raviart-Thomas mixed finite element space defined on the
(d — 1) —dimensional interface y. Then we define

Mh = @ Mh,i &® Ahs Zh = @Zh,i &® Zh,}/-
i=1,2

With operator splitting, we use the advection equations in the subdomains and
in the fracture to calculate c;:”l.l, i = 1,2, and c;ll”;, approximations of ci(t"’l) and

cY(t"’Z) respectively, for n = 0,...,N —1, [ = 1,...,L, and then use the diffusion

U hyi
(c}’f}rl,rz;l), approximations of (ci(t”H),ri(t”H)) and (cy(t”H),rY(t”H)) respec-
tively, forn = 0,...,N — 1.

As in all of the advection-diffusion problems we have considered, we use an upwind
scheme for the advection equation. Thus, we need to compute the upwind value é,’llll
on each edge of the grid £} ;. Due to the presence of the fracture, which serves as an
interface, we make use of the same upwind operator %, ;, i = 1,2, defined in (3.10)
(see Chapter 3) in the context of domain decomposition. Recall that %4, ; : Mj,; X A, —
Nyp; where Ny ; is the space of functions on the union of the edges of elements of ¢} ;

that are constant on each edge. We have

equations in the subdomain and in the fracture to calculate (c;ﬁl r”*l) ,1=1,2,and

~nl nl _n,l _ _
et =y (cplepl), forn=0,...,N=1,1=0,...,.L -1,

so that if an edge E lies on y, i.e. E € ¥, and if the average value of u -n; on E is
negative (fluid entering Q; through E) then

nl _nl _ n,l
Ui (Ch,i’ch,Y)w - (Ch,Y)us’
otherwise % ; is defined as before (cf. (3.10)).
Because of the dynamic problem in the fracture, in addition to the upwind values

é}':ll on the edges of the grid, we need to calculate also the upwind value ¢, on each
end point P of the edges on the fracture:

e the given Dirichlet boundary data (here 0) if P € dy and the fluid
enters y through P,

~n l)

C =

( hrJip o the value of c;:; on E if P is an end point of E and the value of u - ng
at P is nonnegative (i.e. fluid exiting E through P).

(5.38)
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The operator splitting algorithm for problem (5.36)-(5.37) is initialized by defining
cgi, i=1,2, and c}?Y to be the L? projections of cgi onto Mp; and of c}?Y onto Ay
respectively:

1 1
0 - 0
) Coi» VK € 45, 1=1,2, and (c ) i=——— | coy, VEE %,
(h’l)w meas(K)L 01 it ) g Ineas(E)L o "

As before, we also write c for chl and Cy 9.9 for ch g

The algorithm is written as: for n =0,...,N,

0

n,0
1. deﬁnechl —chl, i=1,2, andchy—chy,

2. forl=0,...,L —1,

e define the upwind values ¢;*;, i = 1,2, and & A”l

h >
* solve the advection equations in the subdomams and in the fracture

nl+l _ nl

c ;
h,i h,i nl )
S A T 2. J G Wi ng) =0,VK €Ay, i=1,2,
K a ECOKVE
C}r:,l-&—l _ }Tll,l l 5 l
Y Y ., o,
by AL +J &, (uy -ng) Zui -niey;, VEE Y,
E a E i=1
(5.39)
with c}’:’,l, i =1,2, known and ™ and obtain ¢™*!, i =1,2, and ™.
51 h,'}/ h,l h’,},
3. solve the diffusion equations in the subdomains and in the fracture
n+1 n L
hi n+1 n+1
¢l ler = qc’i(t ), VK e ‘){h,is
K K
Q v

n+1 HL 2
,Y . +1 +1 _ +1
J Py f div rZ’Y —J rZ’i -n; —f Qe ("), VE € %,
E E E

i=1
J(D 5t ”+1 vY—J c}’f}rldivvy =0, Vv, €%y,
! ! (5.40)
with c"’.L, i = 1,2, known and CZYL and obtain (cﬁl,r}’;fl), i = 1,2, and

n+l _.n+l1
(Ch v > Thy )
In the next subsection, we extend the two domain decomposition methods introduced
in the previous section to problem (5.39)-(5.40). Since the advection and diffusion
equations are split, the interface problem consists of the transmission conditions due

to advection and due to diffusion. The latter can be rewritten equivalently as Ventcell
transmission conditions as derived in Subsection 5.3.2.

Remark 5.11. Solving problem (5.35) using domain decomposition and operator split-
ting is a straightforward application of the methods derived in Chapter 3.
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5.5.2 Domain decomposition formulations

Here we derive discrete, interface problems for the advection-diffusion problem (5.36)-
(5.37) corresponding to extensions of the discrete counterpart of the interface prob-
lems (5.15) and (5.29) derived for the pure diffusion problem (5.3)-(5.4) in the pre-
vious section. These extensions are carried out in the context of operator splitting as
before. However, unlike in Chapter 3 (cf. Remark 3.3), in this case because of the frac-
ture problem, the formulations for the two methods are different from one another, not
only for the diffusion part but also for the advection part.

5.5.2.1 Method 1: an extension of the time-dependent Steklov-Poincaré operator

To define the interface problem for Method 1, we introduce solution operators 2;, i =
1,2, where 9; associates to initial data ¢, on ;, an source term g, on £2; x (0,T) and
discrete boundary data A, given on the discrete counter part of y x (0, T') the solution of
the discrete advection-diffusion subdomain problem on ; x (0, T) that will be defined

below (problem ). In our notation, 7Lf IS AhNX(HD; that is A, = (AZ’Z) 0 N1 l—01
n=0,...,.N—1, [=0,...,

and for each n, n=1,...,N, we identify A} with lZ’O
A= 2p°.
Then for given (l £5C05 qc), the subdomain problem is defined by:
Forn=0,...,N —1,

1
1. define ¢™® = c., where (co.) =——— | ¢y;, VKE XA
h,i h,i’ h,i K meas(K) < 0,i> h,i>

2. forl=0,...,L —1,

* define the upwind values
~n,l n,l
G = YUn,i (ch Ay )

* solve the advection equation

n,l+1 n,l

c —c

J d)l%'i_ Z f Anl(u nK) —O VKGJ{}“, (5 41)
ta EcCOKVE

with c known and obtain c}': I+

3. solve the diffusion equations in the subdomain

Cn—l—l C
h hl n+1 n+1
J o, ————— J d1vr :J qc,i(t ), VK € A,
K K

1.n+1 +1 3; — +1
J D r; v—f cp; divy ——J AT (veny), Vvely;,
Q Q Y

i

(5.42)

i

with CZlL known and obtain (c}’f{l, rZJ{l)
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The operator 2;, i = 1,2, is now defined by
Nx(L+1 NXL N N
@i : Ah x(1+1) X LZ(O, T, LZ(QI)) X H:(QI) — (Nh,i) X (Mh i) X (Zh,i)

JALAL, At
(Af’qc’CO) - (Ch,i Chl’rhl)

JAL AL, ~n,l At n n
where ¢ (c ) and (c r ) = (c T ) .
h,i hi ) n=o,.,N-1,1=0,...L -1 hi>" hi h*"hi )1, N

For the problem on the fracture interface, the input needed from the subdomain
problem consists of the first and the third components of the output of 2; restricted to
the edges on the fracture, i.e. E € 4,. So we define the two projection operator J,
and Z; as follows:

NxL N N
e ()" ()" ¢ ()" ()
(éhAf’N ChAlt’rhl) — (éhA,it’Ata)w’ VE S G
and NxL N N N
gi . (Nh,i) X (Mh,i) X (Zhi) — (Ah)
(enireitorit) = O me, VE € 9

With these operators, we can write the interface problem, which is the system in the
fracture y, consists of solving, forn=0,...,N —1:

* the advection equation: for[ =0,...,L — 1,

An,l-&—l _ An,l i+
h h sn,l
J ¢YA—+J 247y ) f 2 M g
E tq OF
VE € “ns
(5.43)
1
0 0._
where AZ = 7(,;11, and A’h = m JE Co,y> VE € “ns
* then the diffusion equation
tn+1

Antl _gnl
f ¢YT+J leTZ;l _J qCY(tn+1)+_J J Zgg(lm,qc l,COl)
E E Ei

VEe %, (5.44)
J(D 5)” 1r}’$1 ; J Atldivy, =0, Vv, €%y,
Y

Note that the composite operator %;%;, i = 1,2, is a Steklov-Poincaré (Dirichlet-to-
Robin) type operator. The interface problem (5.43)-(5.44) can be written in the form

FAp =2, (5.45)

where & : ANX(LH) A]:X(LH) is defined by
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J ¢ AZ’I-H _ Az,l J~ An l( ) J
—_—+ u,-ng)———
e At o

AH'H _ AH’L tn+1
J qSY—h N 2 +J divr”+1 - J
E E

in which r”Jrl is defined by

th JI+1

f Zu n;#,9;,(A,0,0)

J(D &)yt JAZ“diva:O, Vv, €%y, Vn=0,...,N - 1.
Y

5 ),
f qc,y(tn+l) +—— f
E

5.5.2.2 Method 2: an extension of the Optimized Schwarz Waveform Relaxation
approach

s 41

f Zu - .9;(0,qc 1, Co.0)
tn+1
JZg@(O qu’COI.) Ec¥,

n=0,...,.N—1
[=0,...,L—1

As in the pure diffusion problem (cf. Subsection 5.3.2), for Method 2 the fracture
problem is included in the subdomain solves. However, in addition to the diffusion
equation in the fracture, here we need to solve also the advection equation in the
fracture for each subdomain solve. The formulation associated with the diffusion step
is just like in the previous section: we still denote by 6 & AI}Y the space-time discrete
Robin data transmitted from one subdomain to the neighboring subdomain at each
diffusion time step,
6=(67), n=1,...,N.

For the advection step, to solve the advection equation in the fracture we need an
input data as a source term corresponding to the discrete advective flux from the two
subdomains entering or exiting the fracture (the right hand side of the second equation
in (5.39)). Thus we introduce an discrete interface unknown A € Ag *L defined by

A=A, n=0,..,N=1,1=0,...,L-1,

2
(izi)lE = ;J u; nlchl, VE € 4.

Now to derive the interface problem for this method, we first define the solution
operators %;, i = 1,2, by

R;: (An)

where

ML s (AN x L2(0, T; L2(9,)) xHL(9;) x L2(0, T; L2(y)) x H}(y) —

J Zgﬁ(xf,o 0) reo

(Nh’l-)NXL X (Mh’i)N X (Zh’i)N x (AN x (Zh’Y)N

o SALAt, At LAt At LAt
(A; G)q(:)c05qc,]/)c0,y) e (Ch,i Chl’rhl’cl}/’rYl) 5
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JAt,At, -
where ¢é Crui (c;ll’.l)
>l J n=0,..,.N—1,1=0,..,L—1

At At At LJAt) _ n n n n : :
and (chl,rhl, Yl,rYl) = (ch’i,rh’l.,ci’y,ry’i)n:1 are the solution of the subdomain

problem:
For given (i, 0,4c>C0,9c,y>Coy), thenforn=0,...,N:
1. deﬁnechlo—chl, i=1,2, andch —cgy,

2. forl=0,...,L —1,

* define the upwind values in the subdomain
~n,l nl n,l
Cri = Ui ( hi’ci,y)’

and in the fracture é A}'Z L(ef. (5.38)),

* solve the advection equations in the subdomains and in the fracture

nl+1 nl
J‘Pl by ZJéZ’f(ui'nK) =0, VK € Ay, 1=1,2,
E

EcdK
o l+1 e l
qu Cir +J Anl(u ng) =J iZ’l, VE € %,
OE E (5.46)
with c"l i=1,2,and c”l known, and obtain c;: 1 =1,2, and c"YZH,
3. solve the diffusion equations in the subdomains and in the fracture

n+1 n L

¢l i f divrit! =J qe ("), VK € A,

K K

—-1..n+1 n+1 : n+1 —
J D/ ry: -V—J d1vv+Jci’Y (v-n;)) =0, Vvex,,,
2 Y

i

n+1
n+1 n+1
J Thi T +af J ¢Y
E

J(D 5t ”+1 —J cf’;rldiv v, =0, Vv, €%,
Y

nL

f div r;}*l = f (9;*1 + qc’y(t"H)) ,VE€ %,
E E

(5.47)
; nL . __ n,L ; n+l pntl ntl Ln+tl
with i 1=12, known and ¢y and obtain (chl i Ciy 5Ty )

As in Method 1, to impose the transmission condition for the advection equation,

A
we define the projection operator to extract the first component Chs LA of the output

of By #,i=1,2:

A (Nh,i)NXL X (Mh,i)N X (Zh,i)N x (AN x (Zh,Y)N — (AN

( e AR )‘E, VE € 9,

(AAt,At At LAt At At)
Chi

Ch,i Chl’rhl’ 1}/’ry,
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Now for the Ventcell-to-Robin transmission conditions, we need the following in-
terface operators 9%3;, i = 1,2, which depend on the Robin parameter a:

NXL N N N
B; (Nh,i) % (Mh,i) X (Zh,i) x (AN x (Zh,y) — (AN
(ehAf’At i Thes ?;,rff) = (rit o+ act)jg, VE € %,

With these operators, we can write the interface problem for Method 2 as follows

f‘ tn,l+1 f‘ th 41
A= Zu -, AR (A, 0i,9c,i>C0,i>9c,y> Co,)>
Jini E Jt"l
tn+1 n+1
( 0 = (82254, 60,4 5. co)+4c, ("),
1 272 2>9c,25€0,259c,y>C0,y) T e,y (5.48)
Jth E Jt” E
tn+1 rtn+1
( 0, = B (A, 6 )+ g, (t"Th)
2 121\A,5 U1,4¢,1,€0,159c,y>Co,y ) T ey >
Jtn E Jt” E

VE€ %, VYn=0,...,N—1,¥l=0,...,L —1.

J

Note that the composite operator %B;%;, i = 1,2, is the discrete Ventcell-to-Robin op-
erator. As usual, we solve (5.48) using Jacobi iterations or GMRES. The former choice
yields an algorithm equivalent to the OSWR algorithm, extended to the reduced frac-
ture model and operator splitting.

As stated in Remark 5.9, we are interested in the case where different advection
time steps (maybe also different diffusion time steps for Method 1) are used. In the
next step, we explain how to handle these nonconforming grids in this case, using the
L? projections as in the previous chapters.

5.5.3 Nonconforming discretizations in time

As in Subsection 5.3.3, we consider &;, i = 1,2, v, three different uniform partitions of
the time interval (0, T) with into N; subintervals with size At;, i = 1,2,y respectively
(see Figure 5.10). The sub-time step for the advection in the subdomain and in the
fracture is defined by

At; =LAt ,, i=1,2,7,

and we denote by 7%, i = 1,2,y the corresponding partition in time for the advection.
We denote by Py(7;, Ay) the space of piecewise constant functions in time on grid J;
with values in Aj,. Then define II;, the average-valued projection from Py(7,,Ap) to
Py(Z:, Ay), and H?Y the projection from Po(ﬂ;a,Ah) to Po( 7%, Ap).

For Method 1

As the interface unknown is the concentration in the fracture, we choose it to be piece-
wise constant on the fracture time grid 9;’:

A’f e (Ah)NYX(LY+1).

Because Dirichlet data at each diffusion time step A is identified with AZ’O, Dirichlet
data of the associated advection step, we only need to project A, onto the advection
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LlAtl,a = Atl —————— — Atz — LZAtZ,a T = MYAtY - MYLYAta:Y

2 Y 2y

Figure 5.10: Nonconforming advection and diffusion time grids in the rock matrix and
in the fracture.

time grid 7;* of each subdomain. After the subdomain problem is solved, information
corresponding to the transmission condition of the advection equation is projected back
to 9;’ and information corresponding to the transmission condition of the diffusion
equation is projected to 7.

The interface problem (5.45) becomes:

zlf =X
where
An,H—l_ n,l
o=+ | A, ng)
JE At O
— A.H-H _ AH’L
(‘ qﬁ},h— J div rztl EcY,
JE At}’ E n=0,...,N,~1
[=0,....L,~1
( tnl+1
. (%@(H“ (2),0 0))
tn+1
a
e J an 9@ (12 (A,),0 0)) rea,
\ n=0,...,N,~1
[=0,...,L,~1
and
1 t;z,Hl 2
f f D luin 8 (H9,(0,qc,.00,))
_ Aty,a t;l,l Eim1
l_ 1 t;‘“
+1
J Qe () + A—tJ J ZHYl Fi2(0,006:%00) | yeq
E Y t)r,l n=0,...,N,—1
[=0,...,L,~1
For Method 2

We recall that one advantage of operator splitting in this case is that one may efficiently
make use of small time step for the advection in the fracture. Thus A is piecewise
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constant on grid 9),“ and is used for solving the advection equation in the fracture
(without projecting on the advection time grid of the subdomain, Z;%). As in the pure
diffusion case, 0; is piecewise on grid 7. The interface problem (5.48) of Method 2 is

rt;"l“ rt;l,Hl 9
J i f A= ). J D w1 (AR08, 46,0000 QeyCoy))
t E ty E i=1
N | H
9]_ == J (HYZ (%2%2(20 HZY(GZ), qC,Z, CO,Z’qC,}H CO,Y)) + qy(t; )) ,
Jr E tn E
4 Y
e [ v
0, = ] (H}/l (%1%1(7@ Hly(Gl), dc,15€0,154c,y» CO’},)) + q}’(ty )) ,
Jin E o £
L4 Y

VE€ %, Yn=0,...,N,—1,Vl=0,...,L, — 1.

5.5.4 Some remarks on numerical implementation

Because of the time availability, we haven’t carried out numerical experiments to verify
the performance of the two methods derived in this section. Otherwise we have two
remarks concerning the use of preconditioners for Method 1 and of the optimized
parameters for Method 2:

* For Method 1, the local and Neumann-Neumann preconditioners derived in Sub-
section 5.3.1 can be extended to this problem of advection-diffusion equation and
with operator splitting. The extension of the local preconditioner is straightfor-
ward, while for the Neumann-Neumann preconditioner, we use an idea similar to
that used in the case of domain decomposition without fracture (Chapter 3): the
preconditioning system is obtained by solving in the subdomain the advection
equation with inflow Dirichlet data and the diffusion equation with Neumann
data on the space-time fracture-interface.

* For Method 2, the Robin optimized parameters are computed by solving the same
min-max problem as in the pure diffusion case since the optimized transmission
conditions are derived for the diffusion equation only (see Chapter 3 for a related
result).

Conclusion

We apply two domain decomposition methods for modeling the compressible flow in
fractured porous media in which the fractures are assumed to be much more perme-
able than the surrounding medium. Two space-time interface problems are formulated
using the time-dependent Dirichlet-to-Neumann and the Ventcell-to-Robin operators
respectively, so that different time discretizations in the subdomains and in the frac-
ture can be adapted. For Method 1, two different preconditioners - the local and the
Neumann-Neumann preconditioners- are considered and are first validated for a sim-
ple test case with one fracture. For Method 2, the optimized parameter is used to
accelerate the convergence of the associated iterative algorithm. Preliminary numer-
ical experiments show that Method 2 converges much faster than Method 1 (with ei-
ther the preconditioner) in terms of the number of iterations. The Neumann-Neumann
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preconditioner works better than the local preconditioner in the sense that its conver-
gence is faster and is only weakly dependent on the mesh size of the discretizations.
Method 2 also has a weak dependence on the mesh size. When nonconforming time
steps are used, only the local preconditioner preserves the accuracy in time: the L2
error in the fracture of the nonconforming time grid is close to that of the conforming
fine grid. For the other algorithms, the L? error in the fracture of the nonconforming
time grid is close to that of the conforming coarse grid instead. There are several possi-
bilities to overcome this problem as mention in Subsection 5.4, and this work is still in
progress. The two methods are then extended to the transport problem with advection
and diffusion, where operator splitting is used. Two discrete interface problems are
formulated in which the advection and the diffusion transmission conditions are taken
into account. Numerical results have not yet completed due to lack of time.



Conclusion and future work

In this thesis, we have developed two different types of space-time domain decom-
position methods for diffusion and advection-diffusion problems in the mixed formu-
lations: one method (Method 1) is based on the Steklov-Poincaré operator and one
method (Method 2) is based on the OSWR method with Robin or Ventcell transmis-
sion conditions. For all problems considered, each method is formulated as a problem
defined on the space-time interfaces between the subdomains, which facilitates the
use of a matrix-free iterative method to solve such an interface problem (in our case,
we use GMRES for Method 1 and Jacobi iterations or GMRES for Method 2). This
unified presentation also helps to understand the similarities and differences between
the formulations of the two methods, and between their formulations for different
model problems. As the main interest of this work is to use different time steps in
the subdomains, we have formulated the semi-discrete-in-time interface problem with
nonconforming time grids in which the transmission conditions are enforced by using
L? projections in time. In the advection-diffusion problems, with the use of operator
splitting, both the advection and the diffusion time steps can be different from one
subdomain to another, and they can be different in each subdomain as well. Thus,
depending on the physical properties of the problem, we can choose the time steps
efficiently in the sense that the multi-domain solution with a nonconforming time grid
preserves the accuracy in time of the solution compared with a monodomain solution
computed with a conforming fine grid. This has been observed for different test cases
in 2D, both academic and realistic , with two subdomains or many subdomains, with
constant and discontinuous coefficients or variable coefficients.

Another objective of this work was to compare the convergence performance of
the two methods. From our numerical experiments, we observe that for pure diffusion
problems with piecewise constant and continuous coefficients, Method 1 outperforms
Method 2, while with piecewise constant and discontinuous coefficients, the conver-
gence speed (in terms of subdomain solves) of Method 1 and Method 2 are comparable.
These results are obtained for Method 1 enhanced with a time dependent Neumann-
Neumann preconditioner and weight matrices to deal with heterogeneous problems,
and for Method 2 with optimized Robin or Ventcell parameters. Asymptotically, both
methods have been observed depend weakly on the discretization parameters.

For advection-diffusion problems in the operator splitting context: Method 2 is
more robust than Method 1 since Method 2 can efficiently handle both advection-
dominated (high Péclet number) and diffusion-dominated (low Péclet number) prob-
lems and the convergence of Method 2 is almost independent of the Péclet number.
Method 1 with a generalized Neumann-Neumann preconditioner works well when the
diffusion is dominant, but it becomes slow when the advection is dominant - even
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slower than Method 1 without preconditioner. In terms of accuracy in time, both meth-
ods are good since the multidomain solution with the nonconforming time grid has the
same accuracy as that with a conforming fine grid. Of course, one need to choose the
time steps adapted to the physics of the problem - smaller time steps are chosen where
the coefficient is large (i.e. where the solution varies most).

Since a fracture in a porous medium seems to provide an ideal setting in which the
use of different time steps could be useful, we have extended the two methods to the
modeling of flow and transport in fractured porous medium. In particular, we consider
a reduced fracture model in which the fracture is treated as an interface and there
is a dynamic system in the fracture that is coupled with the dynamic system in the
surrounding medium. Preliminary results show that in terms of convergence Method 2
is very efficient and converges very fast compared with Method 1 using different types
of preconditioner.

Because the purpose of using domain decomposition is to take advantage of using
different numerical schemes, in both spatial and time discretizations, we would like to
extend the work for the advection-diffusion equation to nonmatching grids in space as
well, using a mortar mixed finite element method. Dispersion might also be taken into
account for better modeling the physical processes in the porous medium.

For the fracture applications, we will first complete the numerical results for the
transport problem and then improve Method 2 so that it can actually take advantage
of the smaller diffusion time step in the fracture.

Since another reason for using domain decomposition methods is to solve the sub-
domain problems in parallel and to obtain a significant gain in terms of computational
time, we would like to perform parallel computing on a supercomputer.

From a more long-term perspective, a possible direction for extension is to do nu-
merical experiments in 3D for modeling more realistic environmental phenomena.



Appendix A

Convergence factor and optimized
parameters

We present the formulas for the convergence factor of the Optimized Schwarz and
Optimized Schwarz Waveform Relaxation (OSWR) algorithms for problems with dis-
continuous coefficients. These formulas are used to calculate the optimized parameters
associated with the zero-order (Robin) or second-order (Ventcell) transmission condi-
tions. We derive such formulas for three different problems involved in the thesis: the
stationary problem (in Chapter 4), the time-dependent diffusion problem (in Chap-
ter 2) and the reduced fracture model for compressible flow (in Chapter 5).

The derivation of the convergence factor is carried out using Fourier transform,
where the solution is assumed to be indefinitely differentiable (actually it is in the
Schwarz space). In such a context, the mixed formulation is equivalent to the primal
formulation and since finding the convergence factor (not the solution) is what we are
interested here, in the sequel we will write the problems in primal form.

For simplicity, we consider 2D problems and note that the results presented below
can be extended to higher dimensions.

In the following, we recall the formula for convergence factor for stationary prob-
lems (Section A.1) and for time-dependent problems (Section A.2). Then in Sec-
tion A.3, we extend the analysis to the OSWR algorithm associated with the formu-
lation derived in Chapter 5 for a reduced fracture model.

A.1 Stationary problems
We consider the following elliptic problem

Lp :=—div(ARVp)=f, onQ=R2? (A.1)

where & > 0 is assumed to be constant on each half space R* x R and R~ x R, but may
be discontinuous at x =0,

fo 8y (x,y)ER+XR,
1 AL (x,y)ER xR.

In addition, the solution of (A.1) is assumed to decay at infinity. We decompose €2 into
two nonoverlapping subdomains, 2_ = R~ x Rand 2, = RT x R with an interface
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I'=0Q,NJQ_ = {x =0}. In order to write the multi-domain problem of (A.1), we
denote by
Lip:=—div(8:Vp), (x,y)€Qy,

and introduce the normal trace operators on the interface as follows

3 D+ 3p
Bip =R Ri—,

D =R on. =FRs ox

where n_ and n, are the unit outward normal vectors on 9Q2_ and 9, respectively.
The multi-domain problem equivalent to (A.1) consists of the subdomain problems:

L p=f, onQ_, and L,p=f, onQ,,
together with the transmission conditions

p-= p+)

r. A2
e%_p_ + e%+p+ =0 on ( )

These conditions can be replaced equivalently by

(B-+S-)p-=(-RB++S_)ps
(B +S81)p-=(-B-+5,)p-

where S, is some positive linear operators defined along the y direction. We will
see in the following that the choice of S, has an important effect on the convergence
of the Jacobi algorithm applied to solve the multi-domain problem with transmission
conditions (A.3). Such an algorithm is called the Optimal Schwarz algorithm (see [44]
and references therein) and is defined by: starting with an initial guess

onT, (A.3)

(B +Sy) pi gi,

at the k" iteration, k =1, .. ., solving
L_pli = inQ_,
(B_+5)p* =(-8B,+S)pt' onT, A

(B +S)ph =(-8_+5)p" onT.

Because the problem is linear, we only consider f = 0 and analyse the convergence of
the algorithm to the zero solution. Using a Fourier transform in the y direction with
parameter 1), we obtain the Fourier functions pft in y of pft, are solutions to an ODE in
the x variable

—R_a + R_ n =0, x <0, n€ER,
2 _
(ﬁ__“_ ) = R+£+G—)pi 1) x:O’ T)GR)
and
~k

—ﬁ+i+a+ pk = —ﬁ_iJra+ Pl x=0,neER,
dx + dx -
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where o are the symbols of the operators S, respectively:

Sic(n) = o(n)p(n).

The subdomain solutions in the Fourier transformed domain are of the form

pCx,m) = A(m)e!™ + B(n)e™ ",
As the solution decays at infinity, we obtain

sk ak [nlx

p— _A (T))e )

-~ _ (A.5)
Pt =B (et

Substitute these into the transmission conditions on the interface we find

(8_|nl+o_)pk(0,n

filnl+o_) pE(0,m),
(R4Inl+04) p5(0,m

) =(-
) =(-&_Inl+o,)p" 10, n).

Then by induction we obtain

—Rilnl+o_ —R_[nl+o,
A_Inl+o_-  Kilnl+o,

=...p5p°(0,7m),

p*72(0,n)

p%(0,m) =

where

—R4nl+o_ —-RA_|In|+o
p(R_, Ry,1) = — : * <1 (A.6)
Rnl+o_  Kinl+oy,

Similarly, we deduce
-2k _ k=0
p1(0,m) = p"p (0, 7).

On the other hand, from (A.5) we have

pr(o,m) =A%),
ph(o,mn) =B*(n).

Thus
p*(x,m) =p*p° (x,n),
pA*Ge,m) = p*pdx,m),

which implies that p(R_, R,,n) is the convergence factor of algorithm (A.4). An obvi-
ous choice made by

o =8,Inl, and o =R_In|,

leads to p(8_,8,,m) = 0, which makes the algorithm converges in 2 iterations in-
dependently of the coefficient & and the intial guess. However, this choice results in
nonlocal operator S, as aoipt contains the absolute value of the frequency. One pos-
sibility is to approximate in " by polynomials. In the following, we consider the zero
order and the second order polynomials since the operator of the underlying problem

is second order.
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A.1.1 Zero order (Robin) transmission conditions

We approximate the optimal symbol o*?* by

Robin

Robin _ —
oM =R,a_, and 07" = R_ay,

where a, are positive constants.
The convergence factor (A.6) becomes

_ .ﬁ+|n| +.ﬁ+a_ . _.ﬁ_lnl +.ﬁ_a+
A_nl+Rea.  Kin|+8_ay

pRObin(ﬁ—) R+) a_, a+, T))

The parameters ay are calculated in a way such that they minimize the convergence
factor over some range of frequencies relevant to the problem:

min

Robin
ma lp (R_,Ry,a_,a,,m)| |-
a4,0- \ [N <Nmax,| 0| SWmax

For numerical computations in a finite domain, denoting by h the mesh size over the
interface with length L, it is sufficient to search for the minimum value of |p| over a
bounded range of frequencies:

@t \ el 5]

min ( max |pR°bin(ﬁ_,ﬁ+,a_,a+,n)| . (A.7)
One can choose a, and a_ to be equal or different. The former is called weighted
Robin parameters, and the latter is referred as two-sided Robin parameters:

* Weighted Robin parameters:

a_:=R,a, and a, :=RK_aq,
hence the optimization problem (A.7) is defined for only one free parameter a.
* Two-sided Robin parameters:
a_:=Rfya_ and a, :=KR_a,, wherea_#a,.

The optimized parameters are obtained by solving the min-max problem for two
free parameters.

Obviously, the convergence given by the optimized two-sided Robin parameters can not
be worse than the weighted Robin ones. Thus for numerical results of the Optimized
Schwarz methods with Robin transmission conditions, we show the performance of
two-sided Robin parameters only (unless otherwise specified).

A.1.2 Second order (Ventcell) transmission conditions

In this case, we approximate the optimal symbol o°*" by second order polynomials:
gYenteell — g (a_ + b_R+n2) , and o¥rell =g (a+ + b, R nz) ,

where a, and b, are positive constants. The first order term is not considered because
the operator of the model problem is self-adjoint.
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The convergence factor (A.6) is now

Ventcell(ﬁ_,§+,a_’ b_,a,,b,,m)=

(ﬁ+|n| + 8, (e + b_R+n2)) (—R_Inl +8 (a4 + b+ﬁ_n2))

f_|nl+ &4 (a_+b_KR,n?) fenl+ & (ay +byin?)

Jel

The parameters a, and b, are computed by solving the following min-max problem:

min ( max |pvemceu(ﬁ_,ﬁ+,a_,b_,a+,b+,n)|). (A.8)

asbom \ e[ 5.5]

As in the Robin case, one can choose a, and a_, and b_ and b, to be equal or differ-
ent. However, in practice it’s difficult to solve numerically an optimization with four
parameters. Thus we consider only the case where a_ =a, =a and b, = b, =D,
namely weighted Ventcell parameters:

a_=RK,a, B_=AK,D,
a+ :ﬁ_a, ﬁ+ :R_b.

Note that with such a choice of oYl we have accordingly

S\_fentcellp =a_p + /5— diV'r (ﬁ-i-vrp)’ and SXentcellp =ayp + ﬁ+ diVT (R—v’rp)’

where div, and V. are the tangential divergence and gradient with respect to the
interface I.

A.2 Time-dependent diffusion problems

In this section, we consider the OSWR method for the time-dependent diffusion prob-
lems. This method is an extension of the Optimized Schwarz method to evolution
problems using waveform relaxation algorithms, in which time-dependent subdomain
problems are solved and information is exchanged on the space-time interface. Op-
timized transmission conditions are derived in an analogous was as in the stationary
case using Fourier transform, but now in time direction also. In the following, we
briefly recall the convergence factor of the OSWR method and the calculation of the
optimized Robin and Ventcell parameters for a two-half space decomposition [12, 44]
(as considered in Section A.1). However, it was shown in [60, 75] that for some ap-
plications where the subdomains has different lengths, one might need to take into
account the size of the subdomain of small scale to efficiently improve the convergence
of the algorithm. Thus we consider additionally the three domain decomposition and
show in detail the derivation of the convergence factor obtained in this case.

A.2.1 Two half-space analysis

The model problem is the two dimensional time-dependent diffusion equation:

Yc:=¢c—div(dVe) =f inQxR,

c(-,0) =¢y inQ, (A-9)



162 Appendix A. Convergence factor and optimized parameters

where Q = R?, the porosity ¢ and the diffusion coefficient d > 0 are assumed constant
on each half space R™ x R and R~ x R, but may be discontinuous at x = 0,

¢:{¢+ (x,y) eR* xR, :{d+ (x,y) eRT xR,
¢_ (x,y)eR™ xR, d_ (x,y)eR™ xR.

In addition, the solution to (A.9) is required to decay at infinity. We decompose € into
two half-spaces
Q_=R xR, Q,=R"xR,

with an interface I' = {x = 0}. In order to define the multi-domain problem of (A.9),
we introduce the notation

Loci=¢L0,c —diAc, (x,y,t) €O xR,
Boe=d,2S =24, 2% (x.y.0eTxR
:: — _5 B ,t E X $l
+€ tonE + 55 X,y

where n_ and n, are the unit outward normal vectors on dQ2_ and d€2, respectively.
It is well-known that (A.9) is equivalent to the decomposed problem

Y c. =f inQ_xR, Lte, =f inQ, xR,
c_(,0) =¢y inQ_, c (+,0) =cg inQy,

together with the transmission conditions which are defined on the space-time interface
(not only in space as in the stationary problem)

C_:C+

onI" X R.
%_C_ + %+C+ == 0

As for the Optimized Schwarz method, we again replace these physical conditions
by new transmission conditions, which results in the optimal Schwarz waveform relax-
ation algorithm defined by: starting with an initial guess on the space-time interface

(By + yi)ci = gi,

at the k™ Jacobi iteration, k = 1, hdots, solve

Lk =7 inQ_ xR,
CE('; O) =Cp in Q—,
(B_+F )k =(-B,+5 )" onT xR,
. (A.10)
Lk =f inQ, xR,
ci(-,O) = inQ,,

(B, + 5”+)c_k|r =(—%B_+ §”+)cf_1 onT xR,

where &_ and #, are linear pseudo-differential operators.

Because the problem is linear, we only consider f = 0 and ¢y = 0, and analyze the
convergence of (A.10) to the zero solution. Using a Fourier transform in time with
parameter  and in the y direction with parameter 7, we obtain the Fourier transforms

Ei in time t and in y of c:kIE are solutions to the following ODE in the x variable:

24

—d—c +(piw +dn?)e =0.
dx?
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Hence, the Fourier transforms of the subdomain solutions are of the form
e(x,m, @) =A(n, w)e” PEnOX 4 By, @) (Pdnw),

where r(¢,d,n, w) are the roots (with positive and negative real parts) of the char-
acteristic equation

—dr?+ ¢iew +dn*=0.
Thus we have

+ A ) 9
r*=4+——, where A =d(¢iw+dn*). (A.11)

As the solution decays at infinity, we deduce that

e (x,mw) =Ap(n, w)e @-donekx

_ A.12
é_’f_(x"r), w) :Bk(q/), w)e’ (¢+,d+,n,w)x. ( )
We also note that
Bk =d_rt(¢_,d_,nw)k,
o - 0 (A.13)
B = —d,r (¢4,dy,m, w)c+.

Substituting (A.12) and (A.13) into the transmission conditions (the 3rd and 6th equa-
tions of (A.10)) and denoting by o* the symbols of the operators &=, i.e.

FEc(n, w) =0 (n, w)é(n, w),
we obtain the transmission conditions in the Fourier domain

(d—r+(¢—)d—’ n, C()) + O-—) 65(0’ n, C()) = (d+r_(¢+) d+’ n, C()) + G—) éf__l(oy n, C()),
(—d+r_(q5+,d+, n,w)+ a+) éf_(O, n,w)= (—d_r+(qb_, d_,n,w)+ a+) 65_1(0, n,w).

By induction, we have on the space-time interface I' X R

d+r_(¢+, d+s mn, CL)) +o_

&= (0 — ~2k—1 0
5 (0,7m, w) L (pdnw) o o (0,n, w)
_ d+r_(¢+,d+"n, CO)+O'_ _d—r+(¢—)d—”ny CO)+O'+ ézk_z(o (O)
d—r+(¢—,d—,7), CL))+O'_ _d+r_(¢+,d+,7), CL))+O'+ B ,n,
= ...pkég(O,n,w).
Similarly,

&2(0,m, w) = p*e3(0,n, w),
where p = p(¢,,d,,¢_,d_,0,,0_,n,w) is the convergence factor, defined by:

_ (d+r_(¢+,d+,n, w)+o_ ) (—d‘r+(¢_,d_,n, w)+ O'+)

A.14
d_r+(¢—’d—”r)) C())‘l‘O'_ _d+r_(¢+’d+,"7’ Cl))+0'+ ( )

Hence, the optimal convergence (i.e. in two iterations and independently of the coeffi-
cients and the initial guess) is obtained by choosing for the symbols

o® = —dyr (¢g,dy,m,0) = \/A(qb+,d+,7), ),
O-ipt :d_r+(¢—)d_)n’ Cl)) = \/A(¢_’d_’n, C())-
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This choice leads to non-local operators & as the symbol aoipt contains a square root
of the frequencies. As in the Optimized Schwarz method, we will approximate the
optimal choice of o* by polynomials. We consider again the zero order and the second
order approximations though one may use higher order approximations (see, e.g., [96,
72, 71,12, 62]. In fact, this approach is originally introduced for absorbing boundary
conditions where higher order approximations are very useful (see, e.g.,[58, 9]).

A.2.1.1 Robin transmission conditions

We approximate the optimal transmission conditions by Robin type conditions:
fora, anda_ > 0.

Note that the weights d, and d_ comes from the fact that there is a factor d in the def-
inition of A. In fact, this choice is well-adapted to problems with highly discontinuous
coefficients.

Consequently, the convergence factor (A.14) becomes

pRobin(¢+’ di,¢_,d_,a_,a;,n,w)=

(_ \/A(q5+,d+, n,w)+ d_a+) (_ \/A(qs_, d_,mn,w)+d,a_ ) (A15)
\/A(¢—5d—: 7),0))+d—a+ \/A(¢+’d+) 77’60)+d+a—

To accelerate the convergence, the parameters a, and a_ in (A.2.1.1) are chosen to
minimize the convergence factor (A.15) over low and high frequencies. Thus, we end
up with a min-max problem as follows:

min ( max |pR0bin(¢+:d+) ¢—)d—)a—’a+) n, Cl))|) .

50—\ 1] <N maxs | 0| SOmax

In practice, for At the time step of a uniform partition of [0, T] and h the mesh size
over the interface with length L, it is sufficient to search for the minimum value of
|pR°"| over a bounded range of frequencies

min max |pR°bin(¢+,d+,¢_,d_,a_,a+,n,co)| . (A.16)
nle[£.5 ]

- Jlele[$.5
As in the stationary case, we distinguish two types of Robin parameters:

* Weighted Robin parameters: with one free parameter a and
a_:=dya, and a, :=d_a.
* Two-sided Robin parameters: with two parameters a; and
a_:=d,a_ and a, :=d_a,, wherea_#a,.

Again for numerical experiments presented in the thesis, we consider only the opti-
mized two-sided Robin parameters when the OSWR method with Robin transmission
conditions is considered.
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A.2.1.2 Ventcell transmission conditions

. . t
We use second-order polynomials to approximate in :

foray and by > 0.

3

glenteell g Ea_ +b_ (i o+ dwz)g ,

O_\_«Centcell =d_(a,+b(ip_w+ d_nZ)

Consequently, we obtain

d_rt(s_,d_,n,w)+d; (a_+b_(i pyw+d;n?))
(—d_r+(s_,d_, nyw)+d_(a; +b(i¢p_w+d_n") )

prenteell = (d+r_(s+’d+’ nw)+d, (a_+b_(i¢,0+d,n?) ) _

—d,r (s;,dy,myw)+d_(ay +b (i¢_w+d n))

The optimized parameters a, and b, are then computed by solving the min-max prob-
lem

avbs \ [nle[ 2,5 lole[£,Z]

For the same reasons as in the stationary case (see Section A.1), we consider the
weighted Ventcell parameters and optimize the convergence factor for two free pa-
rameters a and b:

min ( max |pVenteell(p d,, ¢_,d_,a_,b_,a,, b+,n,a>)|) . (A17)

a_ :d+a, [3_ :d+b,
a,=d_a, PB,=d_b.

Note that with this choice, we have accordingly

y_\/entcellc =a_c+p_ (¢+atc +div, (d+VTC)) , and
(S@/entcellc =a,c+f, (qﬁ_atc +div, (d_VTC)) >

where div, and V. are the tangential divergence and gradient with respect to the
interface I.

Remark A.1. Since the optimization depends on the mesh size h = maxh; and the time
step At = max At;, the optimized parameters serve in some sense as a preconditioner.
See [12] and the numerical results in Chapters 2, 3 and Chapter 4 where the asymptotic
behaviours of the Optimized Schwarz or OSWR methods with either Robin or Ventcell
transmission conditions are studied.

A.2.2 Three domain analysis

It has been shown in [60, 75] that for a domain consisting of layers with highly differ-
ent sizes and physical properties, the classical optimization, based on two half-space
analysis presented above, is not well-adapted to the problem. Thus another optimiza-
tion that takes into account the size of the domain of small scale has been derived
in these papers and it has good numerical performance compared to the classical opti-
mization (see Subsection 2.5.3 where we consider a realistic test case inspired from the
nuclear waste repository simulations). In this subsection, we will recall the formulation
for this adapted optimization.
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Consider a decomposition into three domains
Q]_ = (—O0,0) X R, Qz = (O,L) X R and Qg = (L,OO) xR with L <« 1.

As in the previous subsection, we assume that the porosity and the diffusion are piece-
wise constant in each subdomain (but may be discontinuous across the interface)

¢:¢i, d:dl V(x,y)EQi,i=1,2,3.

The new transmission conditions, equivalent to the physical ones, are

k k—1
dcy k dey k-1
dl&’_ + A= dy 5 +Aac, ,  on{x=0}xR,
ook . a)cc’;—l 1
_dza_ + 15 —d, 3 +Hqc; 7, on{x =0} xR,
6’c)gc ck_)f
d2_+§ﬂzgclz< d3 3 +(5p23(:§_1, on {X:L} XR,
ox ’ ox ’
dck 9ck-1
—d3—3+5ﬂ32ck = —dy,—2 + Fockl on{x =L} xR.
dx 73 dx 72
Proceeding as in Subsection A.2.1, the solutions of (A.9) are
é’l‘(x, 7, ) =A1{(n, co)eﬁ(dl’d’l’”"")x, x <0,
ke, w) = A5, w)e 2mex 4 BE(y, Yo @P2ne) o< x <,
&(x,m,w) =BE(n, w)e” Wadanel x>1L,

where r* are defined in (A.11). We further denote by
rijE = ri(di, oM, w).

The transmission conditions in the Fourier domain can be written, for a.e. t € R, as
follows

(dlr‘;_ + 0'1,2) Ali = (dzr;Ag_l + dzrz_B;(_l) + 0'1,2 (Ag_l + Bé_l) N
on {x = 0}, (A.18)
(—dzr;Ag — dzrz_Blzc) + 0'2’1 (Ag +BIZC) = (—dlr;— + 0'2’1)AI;_1,
on {x = 0}, (A.19)
(dzr;er;LAg + dzrz_ergLBé) +0,3 (er;LAS + ergLBlg) = (d3r3_ + 02,3) e LBETL,
on{x=L}, (A.20)
(—d3r3_ + 03’2) er?TLBlg = (—dzr;er;LAg_l - dzrz_erz_LBlzc_l) +
032 (er;LAg_l + erz—LB;‘_l) , on{x=L} (A.21)
e From (A.18), we have
(dlrf_ + 0'1,2)A]; = (dzr; + 0'1,2)A]§_1 + (dzrz_ + 0'1,2) Bé_l.
Thus
Ak =5 A1+ 5,BK71, on {x =0} x R, (A.22)

where
. dzr;_"‘o'l’z' . d2r2_+0'1’2

$1 = 5 Sy = .
dlrii—"‘o']_,z d]_rf_"‘o'l,z
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e From (A.21), we have
(—d3r3_ + 0'3,2) B§ = (—dzr; + 0'3,2) er;LAS_l + (_dzrz_ + 0'3,2) ergLBé_l.

Thus
BY =s,A5"1 +5gBE1, on{x=L} xR, (A.23)

where

_dzr +O'32 (r —r; )L —d2r2_+0'3,26(r2__r3_)L

Sg = -
—d3r3 +O'32 —d37‘3 +O'3,2

S7 =
e Rewrite (A.19) as
(< +2.) 45+ (~dar + 700 BE = (—dr +3) A, on fx =0},

Thus, we can deduce

A’; = 54A1{_1 — 55312‘, on{x =0} xR, (A.24)
where
—dlr;_ + 0'2’1 —dzrz_ + 0'2’1
4=, Ss= T
— 21"2 +O'2,1 —d2r2 +O'2,1

Similarly, rewrite (A.20) as

(dzr;— + 0'2’3) er;LAlé + (dzrz_ + 0'2’3) erZ_LBIZC = (d3r3_ + 0'2’3) ergLBlg_l, on {X = L},

and obtain
B’2< = —53A]§ +36B’3<_1, on{x =L} xR, (A.25)
where
5 = dorg + 023 12 -l g = 33 + 923 (ryorpy1
d2r2 +O'23 d2r2 +O'23

To obtain a representation of A’; depending only on the terms at the (k — 1)®
iteration, we substitute (A.25) into (A.24) and have

S4 — S556 _1—
24 pk—1 k-1

k _
AZ_D 1~ B (A.26)
where D = 1 —s5s3. Then substituting this into (A.25), we obtain
k_ 5354 k- 1, %6pk-1
B, = D —A] DBS . (A.27)

Finally denoting by Ek = [Ali;AS;BS;Blg‘], from (A.22), (A.23), (A.26) and (A.27),
we have
Ek — Mgk—l
where
0 S1 So 0
s4/D 0 0 —sss¢/D
—s354/D 0 0 s¢/D
0 s; sg O

M=
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Thus, the convergence factor p is the spectral radius of the matrix M.
If we choose the symbols

opt _
1,2

—dyr;, ng’lt = d1r1+, ag,p; = —dsry and ag,pzt = dzr;,

thenAg = 0 for k > 1,A]§ =B’3< =0 for k > 2 and B]2< = 0 for k > 3. This gives
the optimal convergence of the algorithm, i.e. in three iterations and independently of
the initial guess. As in Subsection A.2.1, we approximate this optimal choice o; ; by
zero-order polynomials (the second order case can be considered, but we do not treat
such a case here):

app  _ app __
o1, =-—dyayy, 0, =diayy,
af af (A.28)
PP _ —d PP _ d
23 — —d3dz3, O35 = dadszps.

Then parameters q; ; can be computed by solving the min-max problem

min ( max |PR0 (¢1,d1, P2, dy, $3,d3,0a1,2,051,d23,d32, 7, w)l) .

ai,j [ <Nmax| O S@max

Remark A.2. In practice, the optimization for four parameters is complicated (for in-
stance, using "fminsearch" of Matlab may give you local minimum value which can be
much larger than the global minimum value). We propose two possible choices to handle
this problem:

* If subdomains 2, and Q3 have the same physical properties, i.e.

¢1 = ¢3 = ¢13’ dl = d3 = d13,

then (A.28) reduces to

app  _ app  _

O12 = —dyay3, Oy1 = disay,
app  _ app  _

0'2,3 = —d13a2, 0'3,2 = dzalg.

The associated min-max problem is then for only two parameters

min max lp($13,d13, P2, da, a13,a21m, W) | .
(113,612 |T)|Snmax;|w|5wmax

* Otherwise, i.e. if each subdomain has different physical properties, one could opti-
migze on two parameters by letting

app  _ app  _

O, = —dyay, Oy, = dya,
app _ app _

Oys = —dsa,, O3, = d,a,.

A.3 Reduced fracture model of the incompressible flow

In this section, we extend the two domain analysis above (Subsection A.2) to derive
the convergence factor associated with the OSWR type method which we have intro-
duced in Chapter 5 for a reduced fracture model of the incompressible flow. With this
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aim, we consider the two half-space decomposition and write the fractured OSWR al-
gorithm (obtained by performing Jacobi iterations on the interface problem (5.28), see
Chapter 5) in the primal formulation: at the k™ Jacobi iteration, solve

s_0,p* +div(=K_vp*) =g¢q inQ_x(0,T),
opk k ko 4 k opi™ k-1
~5, To-PZ 8,0 +dive (=Kp6Vopl) =Ki——+a_pi +qs
ony x(0,T),
pE(';O) :pO in Q—;
(A.29)
and
. s+8tpi+div (—K_Vpi) =q inQ, x(0,T),
ap+ k k . k apli—l k-1
KJ’W +a,py +s,0,py +div, (K 6V.pl) =K_ I +a,p= " +qy
+ +
ony X (0,T),
p5(,0) =p, in 0,
(A.30)
where

Q_=R xR, Q,=R"xR,

and v = {x = 0} is the fracture. We assume that the permeability is isotropic:
Kpm = ﬁil, andKf,T = ﬁf’

where I is the 2D identity matrix. In addition, the solution of the problem is assumed to
decay at infinity. As the problem is linear, we only consider ¢ =0, qf = 0 and p, =0,
and analyse the convergence of (A.29)-(A.30) to the zero solution. As in previous
sections, we use Fourier transform in time with parameter w and in y direction with
parameter 7) to obtain the Fourier functions p in time t and y of pi, are solutions to
the Ordinary Differential Equation (ODE) in the x variable

2
—ﬁ% + (siw + £in?) p =0.

Thus
p=A(n,w)e” * +B(n, w)e’ %,

where r* are the roots of the characteristic equation
—fr? + (siw + fin?) =0,

SO

r¥= ﬂ:z—\/g, A =481 (sico + ﬁnz) .

As the solution decays at infinity, we obtain

pli :Ak(n’w)er+(s_,ﬁ_,n,w)x’
plj_ — Bk("% w)er’(s_,_,ﬁ_,_,n,w)x.
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Substitute these into the transmission conditions on the interface I' X (0, T) (i.e. the
second equations of (A.29) and (A.30)), we find

[ﬁ_rJ’(s_,R_, n,w)+a_ +s,iw+ Rf&nz] (0,1, w)
= I:R+r_(5+,ﬁ+, n, C()) + a—] pi—l(o’ n, C()),
(81 (54, KoM, @) + @y +5,iw+ 8607 pE(0,1, )

=[-8 6 R @) tay | 0, @),
(A.31)
Denote by

0=siw+ ﬁfénz,
then from (A.31) and by induction we obtain

Ryr (s, R,nw)+a_

~ 2k ~2k—1
0, s = O, )
p= (0., ) A_rt(s_,R_,m,w)+a_+0 Py (0., )
Ror (54, Ry,m ) +a_ —R_rt(s_, A, w)+a, ok
= T — p=7(0,n, w)
A_rt(s_,A_,n,w)+a_+06 —Rir (s, Ry,nw)+a, +6
= ...pé‘pg(o,n,w).
Similarly,
p3(0,m, ) = p§p(0,m, ),
where

B Ror (54, Ry,m o) +a_ —R_rf(s_,A_,n,w)+a,
pr= A_rt(s_,A_,n,w)+a_+06 —Rir (s, 8, w)+a,+0) )’

is the convergence factor of the algorithm (A.29)-(A.30). Thus, we can calculate the
parameters a, such that it minimizes this continuous convergence factor:

min ( max :| |pf($+,ﬁ+,$_,ﬁ_,a_,a+, 7), (O)|) > (A32)

A=\ Inle[ L, 2] |wle[ £, £

where L is the length of the fracture, h is the spatial mesh size, T is the final time and
At is the maximum time step of the discretization in time.

Note that a_ and a, can be equal or different. In the numerical results of Chap-
ter 5, as the first step we have used the optimized one-sided Robin parameters:

a_=a;=a.

Of course one may make use of the two-sided Robin as in the previous section. In
Chapter 5, the optimized one-sided Robin parameter works well since in the test case
we considered, the two subdomains 2; and Q, (representing the rock matrix) have
similar physical properties (though a comparison of the performance of the one-sided
and two-sided parameters might be considered).



Appendix B

Discretizations in space using
mixed finite element methods

We present the mixed finite element method for a 2D parabolic equation - which can
be a model for compressible flow in porous media or for contaminant transport with
an effect of diffusion only (see Chapter 1). Different boundary conditions (Dirichlet,
Neumann and Robin types) are treated.

We first give the variational formulation of the model problem, then discretize the
problem in space using the lowest order Raviart-Thomas spaces on rectangles. In time,
the discontinuous Galerkin method of zero order (or the modified backward Euler
method) is considered. Details of the calculation of the basis functions and the matrices
of the resulting algebraic system is shown.

In addition, a type of mixed-hybrid mixed finite element method, where Lagrange
multipliers for the scalar unknown are introduced on some part of the boundary, is
considered. This is the case when one uses the OSWR method with Ventcell trans-
mission conditions in the context of mixed formulations (see Chapter 4) or when the
OSWR method is used for modeling flow and transport in fractured porous media (see
Chapter 5).

Note that the discretization in space for an elliptic problem can be easily obtained
from the results presented in this appendix.

Remark B.1. Our purpose here is to formulate the discrete problem and show how to
calculate the terms of the matrices of the algebraic system for implementation purposes.

B.1 A model problem and its mixed variational formulation

For a polygonal domain Q2 < R? and some fixed T > 0, consider a model problem
written in mixed form as follows:
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K 'u+vp =0 inQ % (0,T),
0
sa—i-l—divu =f inQx(0,T),
P =8&p onlp x(0,T),
op (B.1)
-K— = Ty x (0,T),
on &N onTy x ( )
op
<pp+K% = &g onI'g x(0,T),

p(x,0) =po(x) inQ,

where I';, i = D,N,R, is a subset of 0Q such that T'; NT; =0, i # j and THUTyUTR =
99, n is the outward unit normal vector on 9%, s is a strictly positive function on 2,
K is a symmetric, positive definite tensor, ¢ is a strictly positive function on Ty, f, gp,
gy and gg are given.
In order to write the variational formulation of (B.1), we need to introduce the

following spaces (for the Robin boundary conditions)

M = L*(Q),

%= #(div,Q) = {ve H(div,Q) :v-ne L2(30)}.

To handle Neumann boundary conditions, we need also the space
v ={vex:v-n=gyonly}Cx.

Consequently,
W={vexn:v-n=00nTy}CX.

Note that ° is a vector space whereas £8¥ is not.

Remark B.2. If there is no Robin boundary condition, we take ¥ = H(div ,)). How-
ever, the mixed finite element subspace of % does not change whether the Robin boundary
condition is present or not.

We now derive the variational formulation of (B.1): we multiply the first equation

of (B.1) by a test function v € =° and integrate over §2. Then using Green’s formula as
well as boundary conditions we obtain

J(K_lu)"’—fpv'le w‘l(u-n)(v-n)=—J gDv-n—f ¢ 'grv-n,
Q Q T'x Ip Tx

Yy e 20,

Next multiplying the second equation of (B.1) by a test function u € M and integrating

over 2, we have
ap :
s—u+ | divuu=1| fu, VYueM.
q 9t Q Q
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Before writing the variational problem, we introduce the following bilinear forms
a, b and r and the linear forms L and Ly:

a: LX) xL*(Q) —R, awv)= J (K‘lu) v,

Q
b: XM — R, b(v,u)=| uv-v,
Q
re PHNDH — R, r(u,v)zf e tu-n)(v-n),
Iy
Lp: 2 —R, LD(V):_J gpv-n,
I'p
Lp: z — R, LR(v)z—J 0 lgpv-n.
I'r

We denote by (-, -)q the scalar product in M = L?(Q):

(f,u)sz:ffu, for f,u € M. (B.2)
Q

The variational formulation of problem (B.1) is written as follows:
Findu:(0,T) - X8 and p : (0,T) — M such that

aw,v)—b(v,p) +rwv) =Lp,w)+Lz(v), Vv ex® te(o,T),
ap
(sa,u)ﬂﬁ%(u,u) =(f.u)q> VueM, t€(0,T), (B.3)
(p(0),u)q = (Po,t)q; VueM.

In the next section, we formulate the semi-discrete-in-space problem of (B.3) using
mixed finite element spaces. In particular, we use the lowest order Raviart-Thomas
spaces on rectangles.

B.2 Semi-discrete approximations in space

We denote by
* h a positive number,

* ., a conforming triangulation of Q into rectangles of diameters no greater than
h, with card (#;,) = nc = number of the cells in the mesh,

* &, the set of all edges of rectangles in ¢}, with card (&,) = ne = number of the
edges,

o &, the subset of &, containing the edge in &, that are not contained in I'y, with
card (&,) = ne — nne, where nne is the number of edges not in T'y.

Now we come to the definition of the finite dimensional subspaces M, C M and &, C &
and the approximations p;,(t) € M and uy(t) € &y, of p(t) and u(t) respectively.

* M, is the space of functions u; € M which are constant over each cell:
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- dim Mj, = card (#},) = nc = number of the cells in the mesh },.

— Abasis of My is { ¥k} e, Where:

(x) 1 ifx ek,
xX)=
K 0 otherwise.

— The degrees of freedom are {pg (t)}xc Ay px (t) is the average value of
p (t) over the cell K for K € 45,

The approximate scalar solution py, : (0, T) — M, has a unique representation as
follows

pr(ot)= D pe(®) xx(x),  (x,0)€2x(0,T).
Kexy,

* 33, is the lowest order Raviart-Thomas on ¢, (see [22, 104]), i.e. the space of
vector functions v;, € ¥ such that the restriction of v}, to each element K € %5,
Vyk is in Zg

- B _ _
ZK:{vheZI:vh|K= ( @+ 2 ) (a,b,é,d)eR“},Kexh.

The properties of 33, are as follows

- dim %, = card (&,) = ne = the number of edges in the mesh.

— Abasis of 2, is {Wg} e, defined by:

JWE'nF :6E,F’ VF Egh.
F

where ny is a chosen unit normal to the edge E € &,:

* for E C dQ, ng is the outward unit normal to 9Q;

* for E = 0K; N 0K for K;, K; € Ay, ng is either unit vector orthogonal
to the edge E. However, after choosing ny (which may be an outward
normal to JK; or 8Kj ) we will fix and record its direction for further
computations.

— The degrees of freedom are {uE(t)}Eegh, where ug (t) is the flow rate of
u(t) across E € &:
Ugp = f u- nE.
E

Hence the approximate vector solution uy, : (0, T) — % has a unique representa-
tion as follows

wp (e, )= Y up (Owg(x),  (x,0)€Qx(0,T).
E€&,

We define the corresponding finite dimensional spaces of %¢¥ and £° by

S ={v, ey :vp-n=gyonTy}, and 3) ={v, €y :vy-n=00nTy}.
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Using the notation introduced above, one can write the semi-discrete problem of (B.3)
as follows
Finduy :(0,T) — Zfl and py, : (0, T) — My, such that

a (uh,vh) —-b (Vh,ph) +r (uh,vh) = LD (Vh) + LR (Vh) 5 ‘v’vh S ZO, t e (0, T),

9pn
SE,,U;I +b(uh,,uh) = (f,‘U,h)Q, V,uhEMh, tE(O,T),
Q
(ph('50),uh)ﬂ = (po’lu’h)ﬂ’ v'uhEMh'
(B.4)
Since vy, = Z Ypwg (x) and yy, = Z Ng Xk (x), the system (B.4) is equivalent
Eegh KGJ{,’h
to
Z a(wp,wg) up (t) — Z b (wg, xx) P (£) +Z r(we,wg)up (0)=Lp (Wg) + Lg (i),
Fe&, Kext, Fegy

VEc€ &, EZTy, t€(0,T),

d
Z (sxs> xx) p;t(t) + Z b(we, xi)ug (1) = (f,2x)a, VK €A, t €(0,T),

Sexty, Eeéy

Z (xss 2x)aPs (0) = (po, xx)q> VK € H,
Sexy,

ug (t) =J 8n> VEc€ &,ECTy, teld.
E

This is a linear system of (ne + nc) equations in (ne + nc) unknowns {ug (¢)}zc, and
{Pk ()} ke, - It can be rewritten in matrix form

Au(t)+Bp(t) =Gpnr(t), t€(0,T),

BTu(t)—Mdz—(tt) =—F(t), te(0,T), (B.5)
Mp(0) =po,

where u = (ug) g is a vector of size ne, p= (px) e is a vector of size nc, and

e Ais an ne X ne matrix:

a(WE,WF)+r(WF,WE), 1fE¢1"N,
A(E,F)=1 1, ifECTyandF =E,
0, ifECcT'yandF #E,

* Bis an ne X nc matrix:
B= (—b (Wg, xx)) ges, ke,
* M is an nc x nc diagonal matrix:
M= ((SXS’ XK)Q)K’SG% >
* Gpnr is a vector of size ne:

Ly (wg)+Lg(wg), ifEZTy,

G E)=
E
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* Fis a vector of size nc:
F= ((f’XK)Q)Ke%h'

* po is a vector of size nc:

Po = ((pO,XK)Q)KE% :

B.3 Fully discrete problem with an implicit scheme in time

Now we solve the system of ordinary differential equations (B.5) by discretizing the
time derivative using the discontinuous Galerkin method of order zero (which is equiv-
alent to a modified Euler method). Let 0=t° < t! <--- < tN =T be a partition of J
into N subintervals (t”, t”“) of length At" = t"™"1 — t". For a generic function v of
time, we denote by v" = v (t™").

The fully discrete variational formulation of (B.3) is

Findu, € Z}gl and py € My, forn=1,2,---,N such that

tn+1
a (uzﬂ,vh) ~b (vh,p}’;*l) —r (uzﬂ,vh) = (Lp (vi) +Lr (v)), Vvyexl,
tr;n-%—l
(Pt —pjloun) + A"D (uf,uy) = f (fun)qs Yy, € My,
tTl
(ppun) = (Posn) » Yup € My,
or equivalently in matrix form
tn+1

Aun+1 +Bpn+1 :J GDNR,
t

n
tn+1

B.
AtnBTun+1 _ Mpn—H — _Mpn _ f Fn+1 (B.6)
tYl
Mp(0) = po,
where u" = (uE)Eegh and p" = (pl’})l(ej(h with
pro= > pha
n Kexhn forn=1,2,---,N.
uh = Z uEWE,
Eeé”h

B.4 Detailed calculation of the matrices in the linear system

We present detailed calculation of the matrices in (B.6) for a rectangular mesh %,
whose horizontal and vertical edges are parallel to the x;— and x,—coordinate axes,
respectively (see Figure B.1). We assume that s and K are piecewise constant on each
element K;; € ¢}, and write

Sij:'s\Kij’ K:KlKij’ VKUE%

In order to compute the basis functions wj of ¥, we fix the normal vector ny in a way
that ny =n; = (1,0) if E is vertical, and ny = n, = (0, 1) if E is horizontal. We give the
explicit formula for w for a vertical edge E and for a horizontal edge E.
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hli
-
A
i,j4+1
j+1/2
hsz ij i+1,5 j
Jj—1/2
n
i—1/2 i i+1)2 _

Figure B.1: A conforming triangulation into rectangles.

Remark B.3. By the definition of the basis function wg of ¥y, the restriction of wy to the
cells which are not adjacent to E is equal to zero.

* IfEisavertical edge (not on the boundary 9Q): E = E;; 1/, ;. Due to Remark B.3,
we only consider the restriction of w to two adjacent cells T;; and Ty, ; of the
edge E;. 1/, ;. By definition, we have

[ ax;+b
Wit1/2, |Tl-j_ cxy+d |’

for some a, b,c,d € R and

J Wii1/2j Niy1/2; = 1, J Wit1/2j " Mi-1/2,; =0,
Eit1/2,5 Ei1/2,)

J Wii12,j " Njy12 =0, J Wit1/2j Nij-1/2=0,
Eijs1/2 Eijj-1/2

or equivalently,

1 1 1
a - = = 5
axiyi2+b =1/hy; (xi+1/2 - xi—l/Z) hy; hijhaj | Ty |
axi_j2tb =0 SS9y = _ Xi-1/2
c=d =0 | Ty |
c =d=0
Thus
X1 = Xi-1/2
Wit1/2,j |Tij= | Tij |
0
Similarly, we have
—X1+ Xiy3/2
Wis1/2,j |1, ,= | Tita; |
0

From these two equations, we obtain an explicit formula for the basis function

Wit1/2j°

V; x
Wit1/2,j (x1,x3) = ( H‘1/26 (x1) ) ,
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where v; 1/, ; (1) is the hat function (see Figure B.2 ):

X1 —Xi—172 .
T - ifx; € [xi—l/Z:xi+1/2] >
| T;; |
— —X1 + X
Vi lXxq) = 1 i+3/2 .
i+1/2,j (x1) T ifx; € [xi+1/2,xi+3/2] ,
| Ty |
0 otherwise.
| /07—
0
Ti—1/2  Tiyl/2  Tigz/2 1

Figure B.2: The hat function v; 1/, ; (x1).

* E is a horizontal edge (not on the boundary dQ): E = E, j,1/. Proceeding as
above, we obtain the corresponding basis

0
Wiit1/2 (x1,%5) = ( ) )

Viji+1/2 (xz)

where
Xo = Xj_1/2 r
— 7 UxE€ [Xj—l/z,xjﬂ/z] s
| Tj; |
— —Xy+ X;
Vi x5) = 2 +3/2 .
i,j+1/2 (x2) _ T2 Ts2 if x, € [Xj+1/2,xj+3/2] ,
| Ty |
0 otherwise .

Remark B.4. If the edge E is on the boundary, then E has only one adjacent cell. The
corresponding basis function wy, is defined using its the restriction to that cell only. For
example, If E is on the left boundary (i = 0), then

w (x
W1/2’j (xl,xz) = ( 1/2,6( 1) ) ,

where
—X1+X3/2
! Tt if x; € [Xl/z,xs/z] s
wiya,j (1) = | Ty |
0 otherwise.

We now compute explicitly the coefficients in the system (B.6). We begin with the
2nd equation: since the basis functions yx of M} are characteristic functions , we have

Zu%f kv -wg = Z ugJ V- -wg.
Q K

E<6, E€dK
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Using the explicit formulas derived above for the basis function wy, we deduce

1
v'W'+12'=J =1,
JT,. HH/2) T.. | Tij |

1 1

1
V'Wi_]_/Z,j :J —_ = —1.
JT-- T.. |Tij|

1 1

Then the i, j row (corresponding to K; ]-) of the second matrix equation of (B.6) can be

rewritten as

From this we see that M is a diagonal matrix with entries s;; and BT is a matrix having
4 nonzero entries per row.

Now to calculate the coefficients of A, we use the first equation of (B.6) and first
consider a row corresponding to an interior edge E or to wy. Since E is an interior
edge, the boundary terms on the right hand side vanish, and thus is K constant on

each element, we may write K} X, in the form
ij

al. al?
K—l _ ij ij
|KU alz az

1 1

tn+1

_ n n+1 n+1 n+1 _ n+l _
At (ui—l—l/z,j U 1/2,]+uj+1/2 Ui- 1/2) | Tijlsi5p55 Tijlpj; = J

Using the definition of the basis function wg, we rewrite the rows of the first equation
of (B.6) as

* For an interior vertical edge E = E; 15 ;:

12 1
l] hai L n+l U hll untl +a_ ( n+1 +un+1 ) Fiv1,j hl’H"l s S
3 h2 1+1/2,] 6 h Ui 172, 4 i,j+1/2 i,j—1/2 3 h2j i+1/2,j
al ol2
1) 7Lt ntl l+1,J ( n+1 4+l ) ppul _prtl—g
6 hy; i+3/2,j 4 i+1,j+1/2 T Wiy j-1/2 i+1,j — Pij .

* For an interior horizontal edge E = E; j,1/5:

2 12 2
iy h2] ntl 4 %ij h2} ntl U (un-H 4+t )+ i,j+1 h2,J+1 n+1
3 hy iLji+1/2" ¢ hy b 127 4 i+1/2,j i-1/2,j 3 hy; i,j+1/2
2 12
as. . a4
i,j+1 h2:1+1 n+1 L+ n1 n+1 n+1 n+1 _
— Ty o utt )+ -t =o.
6 hl ; i,j+3/2 4 i+1/2,j+1 i—1/2,j+1 i,j+1 1]

Now if E lies on I'p, for instance, on the left boundary E = E;, j, as there is only
one adjacent cell, the first equation of (B.6) corresponding to E or wy =w, ; becomes

a12 n+1

1J hllun+1 4+ 1J hllun+1 + 1j (un—l—l + ! ) n+1

3 h2 1/2,j 6 h 3/2j° 4 1,j+1/2 1,j-1/2 h2] E1/2
Jj
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If E lies on I'g, the first equation of (B.6) corresponding to E or wy = Wy ; is
written as

12
oss 1
11 hia n+1 1J hia n+1 1j ( n+1 n+1 ) n+1 —1,,n+1
—1u —u — | u;" +u + +— u
3 hy V20T 6 Ry 320 4 Mz e Py, w2 s, Y Wy
Jj

tn+1

h J‘
2j Ei/a;

If E lies on I'y, the first equation of (B.6) corresponding to E or wy = w5 ; is

n+1
U/2,j J J 8N
E1/2,5

Thus on a row that corresponds to an interior edge E: the matrix A has 7 nonzero
entries associated with the degrees of freedom of u; on the edges of the two cells
adjacent to E while the matrix B has 2 nonzero entries associated with the degrees of
freedom of p; on the two adjacent cells; on a row corresponding to a boundary edge
of Dirichlet or Robin conditions: the matrix A has 4 nonzero entries while the matrix
B has only 1 nonzero entry. Recall that in the mixed setting, the Neumann boundary
condition is explicitly imposed in the finite dimensional space, Zlle .

tn+1

B.5 Mixed finite elements for Ventcell type boundary condi-
tions

In Chapter 4, we have formulated the OSWR method with Ventcell transmission con-
ditions for a problem in mixed formulation. This requires the solution of the subdo-
main problems with Ventcell boundary conditions. These subdomain problems take the

form:
K'u+vp =0 inQx(0,T),

op | .. .
saerlvu =f inQx(0,T),

K lar+V.pr =0, onIx(0,T), ®.7)

0
—u-n+apr +s}% +div. (@) =g onTx(0,T),
p(-0) =po inQ,
pr(0) =pg, inT,
where we have imposed pure Ventcell boundary conditions on I' = 9 for simplicity.
Recall that pr represent the trace of p on I while #i- is not the tangential trace of

u on I'. Similarly, § and K do not necessarily have any connection with s and K
respectively.

Remark B.5. Problem (B.7) can be seen as a coupling between a 2D (in ) and a 1D
(in T') problems, both are written in mixed form. This remark will be useful later for the
mixed approximations of the 2D and 1D unknowns.

In this section, we explain how to discretize problem (B.7) using the lowest order
Raviart-Thomas spaces on rectangles. We first write the variational formulation of
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(B.7). Toward this end, we introduce the spaces

M=1*Q), A=L*T),
¥ =(div,Q), Xr=H(div,,TI).

We define the bilinear forms a and b as in Section B.1 and their 1D counterparts defined
on I as follows

ar: AxA —R, ar(ur,vr) :f (k_lur) vr,
r
br: ErxA —R, br(vpur)= JFAU’FVT "Vr,.
We also make use of the following bilinear form:
d: AxE —R, d(up,v) =J ur(v-n).
r
Finally we denote by (-,-) the scalar product in L2 (I").

The variational formulation of (B.7) is written as:

For a.e. t €(0,T), find (p,u, pr,itp) such that

a(w,v)—b(v,p) +d(pr,v) =0, Vv ez,
ap
(sz,u) +b(wp) =(fu)q, VueM,
0
Cll'* (ﬁr,vl'*) — bl'* (Vr,pr) = O, er (S 21’*,

. 9p 3
—d(ur,u)+ (apr, ur)r + (Sra—tr,.ur) + br (dr,ur) = (g ur)r, Vur €A,
r

(p(0),1)q =(Posu)q,  VHEM,
(pr(50),ur)p = (po|r’.ur)r , VureA.
(B.8)
Using the conforming triangulation ¢} of Q into rectangles and the nonuniform
partition in time defined in previous sections, we obtain the fully discrete problem of
(B.9) (with zero order discontinuous Galerkin method in time and mixed finite ele-
ments in space):
Forn=1,...,N, find (PZ’UZ’PZ,F”N‘Z,F) such that

a (uzﬂ"’h) —b (Vh:pZH) + d(p;':}l,vh) =0, Vv, € Ty,

tn+1

(Sp,fﬂ,uh)n + At"b (UZH,Mh) = (sp;ll,uh)g + J (f,un)g, Yuy €My,

t

ar (ﬁZ}l,Vh,r) —br (Vh,r,p;r:j:l) =0, VYV € Zrp,
—ae (et + A (apit )+ (Spi )+ A (@ )
tn+1
= (gl—‘p}rll’[w Mh,r)r +J (g, Hh,l“)r, v.uh,l“ € Ah,
tYl
(1) g = (Postn)q> Viuy, € My,
(P;?,F,Mh,r ro (Po|r,.uh,r)r, Vi € Ap,

(B.9)
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where %, X My and X, X Ay are 2D and 1D respectively mixed finite elements of
Raviart-Thomas type of lowest order. Proceeding as in the previous sections, we obtain
a matrix form of (B.9) as follows:

A B 0 D u"t 0

BT _M 0 0 pn+1 _Mpn _FTI+1

0 0 Ar Br artt | 0 ’ (B.10)
p" 0 Bl -M,-M; prt! —Mp}. - G"!

where

e u",p",iy and pr. are vectors of the degrees of freedom of uy, py, i, r and pj r in
their associated finite dimensional spaces.

* A,B and M are defined as in Section B.2, but now for the interior edges E C Q
only (as there is the 1D problem defined on the boundary).

* Ar,Br and M can be seen as the 1D counterparts of A,B and M respectively and
one can easily calculate the coefficients of these matrices following steps similar
to those of Section B.4.

* D represents the coupling term between the normal flux and the pressure trace
on the boundary,

D= d(XE,WE)Eeghmr,

where yp is a basis function of A;, and wy is a basis function of Zj,.

* M, is a diagonal matrix defined by
M, = (aXE:XF)E,Feé’hmP

* F and G are vectors representing the source term and the Ventcell data,

tn+1

Fn+1 — (J J f) ,
¢ K ke

tn+1

Gn+1 — (J J g) .
e E J Eegnr
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Space-time domain decomposition
with time windows

In many applications, such as the simulation of contaminant transport around a nu-
clear waste repository site, the simulation of radioactive transport for a CO2 geological
storage, etc. one has to deal with a dynamic system for a very long time interval (0, T).
In this case, the discretization on the whole time interval may be very expensive for im-
plementation. In addition, if a waveform relaxation algorithm or a space-time domain
decomposition method is used for a large T, it will lead to a slow convergence rate (see,
e.g. [116] and Chapter 2). A technique called windowing waveform relaxation was
introduced to handle this problem, in which one decomposes (0, T) into subintervals,
namely time windows and perform the iteration on each time window successively.
Such a technique was incorporated in the context of Optimized Schwarz Waveform Re-
laxation (OSWR) methods, such as for the 1D wave equation [48], the viscous shallow
water equation [91], the 1D or 2D convection-diffusion equation involved in ocean-
atmostphere coupling [17, 62], the advection-diffusion-reaction equation in porous
media [60], etc. The question of how to choose an efficient window length in practical
computation was addressed in [116, 77] for waveform relaxation methods and in [48]
for OSWR methods.

In this appendix, we explain in detail how time windows are used in the context of
the two space-time domain decomposition methods presented in Chapters 2 and 4. The
formulations are derived through a space-time interface problem, which facilitates the
use of different iterative solvers, such as Jacobi iterations, GMRES, etc. An important
point is that an adapted initial guess for the (m+1)™ time window calculated from the
m™ time window can be used to improve the convergence in the time windows, which
enhances the global performance on the whole time interval (see [62]).

We first recall the model problem and briefly describe the two methods involved.
Consider the time-dependent diffusion equation in mixed form:

¢poic+divr =f, inQx(0,T),
Ve+D'r =0, inQx(0,7T), (C.1)
c(-,0) =c_, inQ.

(we have omitted the boundary conditions as it is not the main interest here). For
simplicity, we decompose 2 into two nonoverlapping subdomains Q; and £, with an
interface I' = 9Q; N 90, N Q. Problem (C.1) can be formulated as an equivalent
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multidomain problem:

¢i5tci+divri :f in Qi X (0, T),
Ve +D'r; =0 inQ;x(0,T), fori=1,2,
Ci(o) =Cp in Qi’

coupled with the transmission conditions on the interface

€1 =Cy, onTI x(0,T),

C.2
ry-ny+ry-ny,=0, onI x(0,T), €2)

where n;, i = 1,2, is the unit outward normal on 99;.
In the OSWR methods, one replaces (C.2) by equivalent transmission conditions:

%?SWR — %?SWR

P1
P2

P2

onT x (0,T), (C.3)

%(Z)SWR — %(2)SWR

1
where %?SWR, i = 1,2, are optimized operators representing Robin or Ventcell trans-
mission conditions (cf. Appendix A).

We now give a short description of the two space-time domain decomposition meth-
ods that are studied in Chapters 2 and 4.

Method 1: using the time-dependent Steklov-Poincaré operator

In the first method, we impose Dirichlet boundary conditions, representing the equality
of the concentration trace, on the interface to solve the time-dependent subdomain
problem. Then we calculate the resulting flux and enforce it to be continue across the
space-time interface. This leads to an interface problem in a form:

S (A)=x(f,co), onTx(0,T), (C4)

where A representing the concentration trace on the interface, ¥ = & + % is the
time-dependent Steklov-Poincaré operator and is linear in A, and y is an operator
affine in each component ¢, and f (for precise definitions of & and y, see Chapter 2).
Importantly, &#(A) is the jump of the flux across the interface, obtained by solving the
subdomain problems with interface Dirichlet data A and with a zero source term and a
zero initial condition; while y (f, ¢y) is also the jump of the flux but obtained by solving
the subdomain problems with zero Dirichlet data on the interface and with a source
term f and an initial data c.

The discrete counterpart of the interface problem is solved by using an iterative
method: one start with an initial guess A;, which is a vector representing the approx-
imation in space and in time of the concentration trace, and solve the time-dependent
subdomain problems to calculate #,(A,), then iterate until convergence. Note that the
right-hand side is computed once as it does not depend on A;,.

Method 2: using the OSWR method with Robin or Ventcell transmission
conditions

In the second method, we impose Robin or Ventcell boundary conditions on the inter-
face
BOSWRp. =&, on (8Q;NT) x(0,T),i=1,2,
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and solve the corresponding time-dependent subdomain problem. The resulting solu-
tions are enforced to verify the transmission conditions (C.3), which leads to a space-
time interface problem with two Lagrange multipliers (see Chapters 2 and 4):

SOSWR ( 2 ) = xoswr(f>¢p), onT x(0,T). (C.5)

Here Sswr is the Robin-to-Robin or Ventcell-to-Ventcell operators, calculating by first
solving the subdomain problem with Robin/Ventcell boundary data &; (for Q,),i =1, 2,
and with a zero source term and a zero intial condition, then computing the jumps
of the Robin/Ventcell terms for each subdomain. A similar calculation is applied for
xoswr(f, o) but now with zero Robin/Ventcell boundary data, a source term f and an
initial data cj.

As in Method 1, we solve iteratively by starting with a space-time initial guess as a
pair of vectors (&, 1, &} 2), then iterating until the algorithm converges.

Time windows for the space-time interface problem

Both methods presented above can be formulated as a space-time interface problem in
a form:

zﬁ = l(f} C0)5 onl" X (O, T); (C6)

where the left and right hand sides are computed by solving the associated subdomain
problems with Dirichlet/Robin/Ventcell boundary conditions on the interface.

We now use time windows for solving the interface problem (C.6). Toward this
end, we divide (0, T) into M sub-intervals

M
©,7)=J (T 1), with T°=0and TV =T.

m=1

Instead of solving (C.6) on the whole time interval (0, T), now we solve it successively
in each time window with an updated initial condition given by the solution of the

previous time window. In particular, the interface problem solved on the (m+1)™ time
window is defined by
S 1= x (f,c(,T™), onTx(T™,T™), m=0,...,M -1, (C.7)

where c(-, T™) is the converged solution (i.e. corresponding to a relative residual of a
iterative solver (GMRES) less than a fixed tolerance) at the final time of the m™ time
window (T™ 1, T™):

c(, T%) = Co>

and
Cl(': Tm) in Ql)

Vm=1,.... M —1.
&, T™) inQ,

C('5 Tm) = {

Importantly, instead of using a random initial guess for ¥,,,;, we compute an
adapted value obtained from the solution at the previous time window. Such an
adapted initial guess is closer to the converged ¥,,,; than a random. In order to
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explain how to construct this adapted initial guess, we consider the fully discrete inter-
face problem and denote by ¥ ,, the discrete counterpart of ¥, ,,. In particular, 9y, ,, is
a vector corresponding to discretizations in space and in time on the interface:
_ m,1 m,Np,
O = (OO0,

where N,, is the number of time subintervals corresponding to the partition in time of
the m™ time window (Tm_l, Tm):

N,
(rmt,1m) = U (emn=temn), form=1,...,M.
n=1

Assume now we have solved the interface problem (C.7) on the m™ time window
and obtained the converged interface solution ¥, ,,,. An adapted initial guess 0,,; for
the (m + 1)™ time window, (T™, T™*1), is defined by using values of U, at its final
time T™ and duplicating them N,,,; times:

Omyr = (O, 0 ).

-

Np41 times

Thus 6,,,, incorporates the information of the solution at the initial time T™ of the
(m +1)™ time window and obviously, such a choice is better than a zero initial guess
for the convergence of the associated iterative algorithm.
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