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Preface

The aim of this monograph is to describe the main concepts and recent ad-
vances in multiscale finite element methods. This monograph is intended for
the broader audience including engineers, applied scientists, and for those who
are interested in multiscale simulations. The book is intended for graduate
students in applied mathematics and those interested in multiscale computa-
tions. It combines a practical introduction, numerical results, and analysis of
multiscale finite element methods. Due to the page limitation, the material
has been condensed.

Each chapter of the book starts with an introduction and description of
the proposed methods and motivating examples. Some new techniques are
introduced using formal arguments that are justified later in the last chapter.
Numerical examples demonstrating the significance of the proposed methods
are presented in each chapter following the description of the methods. In
the last chapter, we analyze a few representative cases with the objective of
demonstrating the main error sources and the convergence of the proposed
methods.

A brief outline of the book is as follows. The first chapter gives a general
introduction to multiscale methods and an outline of each chapter. The second
chapter discusses the main idea of the multiscale finite element method and
its extensions. This chapter also gives an overview of multiscale finite element
methods and other related methods. The third chapter discusses the exten-
sion of multiscale finite element methods to nonlinear problems. The fourth
chapter focuses on multiscale methods that use limited global information.
This is motivated by porous media applications where some type of nonlocal
information is needed in upscaling as well as multiscale simulations. The fifth
chapter of the book is devoted to applications of these methods. Finally, in the
last chapter, we present analyses of some representative multiscale methods
from Chapters 2, 3, and 4.
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1

Introduction

1.1 Challenges and motivation

A broad range of scientific and engineering problems involve multiple scales.
Traditional approaches have been known to be valid for limited spatial and
temporal scales. Multiple scales dominate simulation efforts wherever large
disparities in spatial and temporal scales are encountered. Such disparities
appear in virtually all areas of modern science and engineering, for exam-
ple, composite materials, porous media, turbulent transport in high Reynolds
number flows, and so on. A complete analysis of these problems is extremely
difficult. For example, the difficulty in analyzing groundwater transport is
mainly caused by the heterogeneity of subsurface formations spanning over
many scales. This heterogeneity is often represented by the multiscale fluctua-
tions in the permeability (hydraulic conductivity) of the media. For composite
materials, the dispersed phases (particles or fibers), which may be randomly
distributed in the matrix, give rise to fluctuations in the thermal or elec-
trical conductivity or elastic property; moreover, the conductivity is usually
discontinuous across the phase boundaries. In turbulent transport problems,
the convective velocity field fluctuates randomly and contains many scales
depending on the Reynolds number of the flow.

The direct numerical solution of multiple scale problems is difficult even
with the advent of supercomputers. The major difficulty of direct solutions
is the size of the computation. A tremendous amount of computer memory
and CPU time are required, and this can easily exceed the limit of today’s
computing resources. The situation can be relieved to some degree by parallel
computing; however, the size of the discrete problem is not reduced. Whenever
one can afford to resolve all the small-scale features of a physical problem, di-
rect solutions provide quantitative information of the physical processes at all
scales. On the other hand, from an application perspective, it is often sufficient
to predict the macroscopic properties of the multiscale systems. Therefore, it
is desirable to develop a method that captures the small-scale effect on the
large scales, but does not require resolving all the small-scale features.

Y. Efendiev, T.Y. Hou, Multiscale Finite Element Methods: Theory and Applications, 1
Surveys and Tutorials in the Applied Mathematical Sciences 4,
DOI 10.1007/978-0-387-09496-0_1, (© Springer Science+Business Media LLC 2009



2 1 Introduction

Representative Volume Element; ------- Macroscopic region boundaries

Fig. 1.1. Schematic description of Representative Volume Element and macroscopic
elements.

The methods discussed in this book attempt to capture the multiscale
structure of the solution via localized basis functions. These basis functions
contain essential multiscale information embedded in the solution and are cou-
pled through a global formulation to provide a faithful approximation of the
solution. Typically, we distinguish between two types of multiscale processes
in this book. The first type has scale separation. In this case, the small-scale
information is captured via local multiscale basis functions computed based
only on the information within local regions (coarse-scale grid blocks). The
other types of multiscale processes do not have apparent scale separation.
For these processes, the information at different scales (e.g., nonlocal infor-
mation) is used for constructing effective properties, such as multiscale basis
functions. Next, we present a more in-depth discussion of scale issues that
arise in multiscale simulations.

When dealing with multiscale processes, it is often the case that input in-
formation about processes or material properties is not available everywhere.
For example, if one would like to study the fluid flows in a subsurface, then
the subsurface properties at the pore scale are not available everywhere in
the reservoir. Similarly, material properties of fine-grained composites are not
often available everywhere. In this case, one can use Representative Volume El-
ement (RVE) which contains essential information about the heterogeneities.
For example, pore scale distribution in an extracted rock core can be re-
garded as representative information about the pore scale distribution over
some macroscale region. Assuming that such information is available over the
entire domain in macroscopic regions (see Figure 1.1 for illustration), one can
perform upscaling (or averaging) and simulate a process over the entire region.
Multiscale methods discussed in this book can easily handle such cases with
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scale separation, and the proposed basis functions can be computed only in
RVE.

We would like to note that there are many methods (see next subsection)
that can solve macroscopic equations given the information in RVE. These
approaches can be divided into two groups: fine-to-coarse approaches and
coarse-to-fine approaches. In fine-to-coarse approaches, the coarse-scale equa-
tions are not formulated explicitly and representative fine-scale information
is carried out throughout the simulations. On the other hand, coarse-to-fine
approaches assume the form of coarse-scale equations and the coarse-scale pa-
rameters are computed based on the calculations in RVE. These approaches
share similarities. The methods discussed in this book belong to the class of
fine-to-coarse approaches.

To illustrate the above discussion in a simple case, we consider a classical
example of steady-state heterogeneous diffusion

div(k(z)Vp) = f(x). (1.1)

Here k(z) is a spatial field varying over multiple scales. It is possible that the
full description (details) of k(x) at the finest resolution is not available, and we
can only access it in small portions of the domain. These small regions are RVE
(see Figure 1.1), and one can attempt to simulate the macroscopic behavior
of the material or subsurface processes based on RVE information. However,
the latter assumes that the material has some type of scale separation because
RVE information is sufficient to determine the macroscopic properties of the
material.

In many other applications, the fine-scale description of the media is given
or can be obtained everywhere based on prior information. This information
is usually not precise and contains uncertainties. However, this information
often contains some important features of the media. For example, in porous
media applications, the subsurface properties typically contain some large-
scale (nonlocal) features such as connected high-conductivity regions. In the
example (1.1), k(z) represents the permeability (or hydraulic conductivity).
Modern geostatistical tools allow us to prescribe k(z) at every grid block which
is usually called the fine-scale grid block. Usually, the detailed subsurface
model is built based on prior information. This information is a combination
of fine-scale information coming from core samples and large-scale information
coming from seismic data and macroscopic inversion techniques. The large-
scale features typically provide the information about the connectivity of the
porous media and can be quite complex, for example, tortuous long channels
with small varying width or multiple connectivity information embedded to
each other.

In Figure 1.2, we illustrate the multiscale nature of the conductivity in
typical subsurface problems. Here, we illustrate that pore scale information is
needed for understanding the conductivity of the core sample. However, it is
also essential to understand the large-scale features of the media in order to
build a comprehensive model of porous media. More complicated situations



4 1 Introduction

N

AN,
DR
AN,
\\\iii\\\\\\
DAY

ERERRRANRN
NN

NURRRRRAN
AREERRERRRRRN

AR
AN

ARARANRAANN
\&Ni\\\\\\\\\\

NN
ARARRANN

NN
. \‘\\&i\\&5\\\\\\\\\\\\\\\\\\

ALY

N

e,

W
NN

Pore scale

N

N

N
N

Core scale

T,
AN
ARRRRNR

Geological scale

Fig. 1.2. Schematic description of various scales in porous media.

in geomodeling can occur. In Figure 1.3, geological variation over multiple
scales is shown. Here one can observe faults (red lines in Figure 1.3(e)) with
complicated geometry, thin but laterally extensive compaction bands that
represent low-conductivity regions (blue lines in Figure 1.3(e); see also 1.3(d))
as well as other features at different scales. A blowup of the fault zone is
shown in Figure 1.3(c). The fault rock is of low conductivity and the slip
band sets consist of fractures that are filled (fully or partially) with cement.
Pore-scale views of portions of a slip band set are shown in Figures 1.3(a)
and 1.3(b)!. When simulating based only on RVE information as discussed
before, the large-scale nonlocal information is disregarded, and this can lead
to large errors. Thus, it is crucial to incorporate the multiscale structure of
the solution at all scales that are important for simulations.

Materials with multiscale properties occur in many other applications. For
example, composite material properties, similar to subsurface properties, can
vary over many length scales. In Figure 1.4%, fiber materials are depicted.
Materials such as papers, filtration materials, and other engineered materials
can have fibers of various sizes and geometry. As we see from Figure 1.4,
the fibers can have complicated geometry and connectivity patterns. As in
subsurface processes, the multiscale features of these materials at different
scales are needed to perform reliable simulations.

Although small-scale features of the media are important, the large-scale
connectivity can play a crucial role. When both fine- and coarse-scale infor-
mation are combined, the resulting media properties have scale disparity and
vary over many scales. In these problems, one cannot simply use RVE because
there is no apparent scale separation. Moreover, the solution of (1.1) can be
prohibitively expensive or unaffordable to compute.This situation is further

! We are grateful to L. Durlofsky for providing us the figures and the explanations.
We would like to thank the authors (see the caption of Figure 1.3) for allowing
us to use the figures in the book.

2 Published with permission of Engineered Fibers Technology, LLC
(www.EFTfibers.com).
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Diasformad host rock

Fig. 1.3. Schematic description of hierarchy of heterogeneities in subsurface forma-
tions ((a) and (b) are from [20], (c) is from [19], (d) and (e) are courtesy of Kurt
Sternlof).

complicated because of the fact that the flow equations (e.g., (1.1)) need to
be solved many times for different source terms (f(x) in (1.1)), mobilities
(Mx) in (1.2)), and so on. For example, in a simplest situation, two-phase
immiscible flow in heterogeneous porous media is described by

div(A(2)k(x)Vp) = f(2), (1.2)

where A(z), f(x) are coarse-scale functions that vary dynamically (in time). As
the physical processes become complicated due to additional physics arising
in multiphase flows, it becomes impossible to simulate these processes without
coarsening model equations. When performing simulations on a coarse grid, it
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Fig. 1.4. Schematic description of fiber materials.

is important to preserve important multiscale features of physical processes.
The multiscale methods considered in this book are intended for these pur-
poses. Our multiscale methods compute effective properties of the media in
the form of basis functions which are used, as in classical upscaling methods,
to solve the processes on the coarse grid (see discussions in Section 1.2 and
Figure 1.5 for an illustration).

As we mentioned earlier, the media properties often contain uncertainties.
These uncertainties are usually parameterized and one deals with a large set
of permeability fields (realizations) with a multiscale nature. This brings an
additional challenge to the fine-scale simulations and necessitates the use of
coarse-scale models. The multiscale methods are important for such prob-
lems. For these problems, one can look for multiscale basis functions that
contain both spatio-temporal scale information and the uncertainties. These
basis functions allow us to reduce the dimension of the problem and simu-
late realistic stochastic processes. We show that the multiscale finite element
methods studied in this book can easily be generalized to take into account
both multiscale features of the solution and the associated uncertainties.

1.2 Literature review

Many multiscale numerical methods have been developed and studied in
the literature. In particular, many numerical methods have been developed
with goals similar to ours. These include generalized finite element methods
[33, 31, 30], wavelet-based numerical homogenization methods [56, 87, 84, 168],
methods based on the homogenization theory (cf. [49, 95, 80]), equation-free
computations (e.g., [166, 238, 224, 176, 242, 241]), variational multiscale meth-
ods [154, 59, 155, 209, 165], heterogeneous multiscale methods [97], matrix-
dependent multigrid-based homogenization [168, 84], generalized p-FEM in
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homogenization [197, 198], mortar multiscale methods [228, 27, 226], upscal-
ing methods (cf. [91, 199]), network methods [48, 44, 45, 46] and other meth-
ods [181, 180, 222, 223, 210, 81, 65, 63, 62, 124, 195]. The methods based on
the homogenization theory have been successfully applied to determine the
effective properties of heterogeneous materials. However, their range of ap-
plications is usually limited by restrictive assumptions on the media, such as
scale separation and periodicity [43, 164].

Before we present a brief discussion about various multiscale methods,
we would like to mention that multiscale finite element methods (MsFEMS)
share similarities with upscaling methods. Upscaling procedures have been
commonly applied and are effective in many cases. The main idea of upscal-
ing techniques is to form coarse-scale equations with a prescribed analytical
form that may differ from the underlying fine-scale equations. In multiscale
methods, the fine-scale information is carried throughout the simulation and
the coarse-scale equations are generally not expressed analytically but rather
formed and solved numerically. For problems with scale separation, one can
establish the equivalence between upscaling and multiscale methods (see Sec-
tion 2.8).

The MsFEMs discussed in this book take their origin from a pioneering
work of Babugka and Osborn [33, 31]. In this paper, the authors propose the
use of multiscale basis functions for elliptic equations with a special multiscale
coefficient which is the product of one-dimensional fields. This approach is
extended in the work of Hou and Wu [145] to general heterogeneities. Hou and
Wu [145] showed that boundary conditions for constructing basis functions
are important for the accuracy of the method. They further proposed an
oversampling technique to improve the subgrid capturing errors. Later on, the
MSFEM of Hou and Wu were generalized to nonlinear problems in [104, 112].
In these papers, various global coupling approaches and subgrid capturing
mechanisms are discussed.

There are a number of approaches with the purpose of forming a general
framework for multiscale simulations. Among them are equation-free [166] and
heterogeneous multiscale method (HMM) [97]. These approaches are intended
for solving macroscopic equations based on the information in RVE and cover
a wide range of applications. When applied to partial differential equations,
MsFEMs are similar to these approaches. For such problems, multiscale basis
functions presented in the book are approximated using the solutions in RVE.
We note that for MsFEMs the local problems can be described by the set of
equations different from the global equations. An important step in multiscale
simulations is often to determine the form of the macroscopic equations and
the variables upon which the basis functions depend. In many linear problems
and problems with scale separation, these issues are well understood. Many
general numerical approaches for multiscale simulations do not address the
issues related to determining the variables on which the macroscopic quantities
(e.g., multiscale basis functions) depend (see [176] where some of these issues
are discussed).
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pre—computation
of
multiscale (or coarse—scale)

quantities
External Coupfhng
parameters o . . .
. multiscale Simulation
(forcing, boundary
conditions, parameters results
mobilities,....) (coarse—scale problem)

Fig. 1.5. A schematic illustration of upscaling concept.

MsFEMs also share similarities with variational multiscale methods [59,
154, 155]. In this approach, the solution of the multiscale problem is divided
into resolved (coarse) and unresolved parts. The objective is to compute the
resolved part via the unresolved part of the solution and then approximate
the unresolved part of the solution. This is shown in the framework of linear
equations. Typically, the approximation of the unresolved part of the solution
requires some type of localization (e.g., [154, 24]). The localization leads to
methods similar to the MsFEM. This is discussed in detail in Section 2.8.

There are also many other multiscale techniques with goals similar to
ours. In particular, many methods share similarities in approximating the
subgrid effects (the effects of the scales smaller than the coarse grid block
size). There are a number of approaches that rely on techniques derived from
homogenization theory (e.g., [198]). These methods are often restricted in
terms of structure of multiscale coefficients. However, these approaches are
more robust and accurate when the underlying multiscale structure satisfies
the necessary constraints.

The multiscale methods considered in this book pre-compute the effective
parameters that are repeatedly used for different sources and boundary con-
ditions. In this regard, these methods can be classified as upscaling methods
where upscaled parameters are pre-computed. An illustration for the concept
of upscaling is presented in Figure 1.5. In multiscale approaches discussed in
this book, one can re-use pre-computed quantities to form coarse-scale equa-
tions for different source terms, boundary conditions and so on. Moreover,
adaptive and parallel computations can be carried out with these methods
where one can downscale the computed coarse-scale solution in the regions of
interest. These features of upscaling methods and MsFEMs are exploited in
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subsurface applications. The multiscale methods considered in this book differ
from domain decomposition methods (e.g., [257]) where the local problems are
solved many times. Domain decomposition methods are powerful techniques
for solving multiphysics problems; however, the cost of iterations can be high,
in particular, for multiscale problems. These iterations guarantee the conver-
gence of domain decomposition methods under suitable assumptions. Multi-
scale methods with upscaling concepts in mind, on the other hand, attempt
to find accurate subgrid capturing resolution and avoid the iterations. This
may not be always possible, and for that reason, some type of hybrid methods
with accurate subgrid modeling can be considered in the future (e.g., [93]).

One of the recent directions in multiscale simulations has been the use of
some type of limited global information. The use of limited global informa-
tion is not new in upscaling methods. The main idea of these approaches is to
use some simplified surrogate models to extract important information about
non-local multiscale behavior of physical processes. The surrogate models are
typically solved off-line in a pre-computation step and their computations can
be expensive. However, they allow us to compute effective parameters that will
render a more accurate description of dynamic problems with varying source
terms, boundary conditions, and so on. An example is two-phase immiscible
flow in highly heterogeneous media. In [69, 103], single-phase flow information
is used for accurate upscaling of two-phase flow and transport. In particular,
the global single-phase flow equation is solved several times to compute up-
scaled permeabilities (conductivities) which are then used in the simulations of
two-phase flow and transport on a coarse grid. These upscaling computations
are performed off-line. Similar to upscaling methods using global information,
multiscale finite element methods using limited global information are intro-
duced in [1, 103, 218]. The work of [218] provides a theoretical foundation for
upscaling using limited global information. These methods use limited global
information to construct multiscale basis functions. Finally, we would like to
mention that multiscale methods with limited global information share some
similarities with reduced model techniques (e.g., [234]) where snapshots of
the solution at previous times can be used to construct a reduced basis for
approximating the solution.

There are many other multiscale methods in the literature that discuss
bridging scales in various applications. In this book, we mostly focus on
methods that are most relevant to MsFEMs. We note that a main feature
of MsFEMs is the use of variational formulation at the coarse scale which
allows us to couple multiscale basis functions. Fine-scale formulation of the
problem that allows computing multiscale basis functions is not necessarily
based on partial differential equations and can have a discrete formulation.
In this regard, MsFEMs share conceptual similarities with some approaches
that couple atomistic (discrete) and continuum effects. These approaches use
a variational formulation at the coarse scale, but use a discrete atomistic de-
scription at finest scales (e.g., quasi-continuum method ([251, 252])). This
method has been widely used in material science applications.
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1.3 Overview of the content of the book

The purpose of this book is to review some recent advances in multiscale finite
element methods and their applications. Here, the notion “multiscale finite
element methods” refers to a number of methods, such as multiscale finite
volume, mixed multiscale finite element method, and the like. The concept
that unifies these methods is the coupling of oscillatory basis functions via
various variational formulations. One of the main aspects of this coupling is
the subgrid capturing errors that are extensively discussed in this book.

The book is laid out in a way that it is accessible to a broader audience.
Each chapter is divided into the description of the numerical method and the
computational results. At the end of each chapter, the section “Discussions” is
presented. This section discusses extensions, existing methods, and other rel-
evant research in this area. The analysis of the proposed methods is discussed
in the last chapter. We have attempted to keep the book concise and therefore
present convergence analysis only for a few representative cases. Some of the
results are referred to earlier in the chapter to convey the convergence of the
proposed methods.

The book is organized in the following way. In the second chapter, we
review MsFEM for solving partial differential equations with multiscale solu-
tions; see [145, 147, 146, 107, 71, 260, 14, 103]. The central goal of this ap-
proach is to obtain the large-scale solutions accurately and efficiently without
resolving the small-scale details. The main idea is to construct finite element
basis functions that capture the small-scale information within each element.
The small-scale information is then brought to the large scales through the
coupling of the global stiffness matrix. The basis functions are constructed
from the leading-order homogeneous elliptic equation in each element. As a
consequence, the basis functions are adapted to the local microstructure of the
differential operator. We discuss various global coupling techniques and the
computational issues associated with multiscale methods. Simple examples
and pseudo-codes are presented. Issues such as performance and implemen-
tation of MsFEMs are discussed in Section 2.9. We present the comparison
between the MsSFEM and some other multiscale methods in Section 2.8. Some
comments on generalizations of MsFEMs are presented in Section 2.4.

In Chapter 3, we discuss the extension of MsFEMs to nonlinear problems.
Our aim is to show that one can naturally extend the multiscale methods to
nonlinear problems by replacing the multiscale basis functions with multiscale
maps. Indeed, because the underlying equations are nonlinear, the small-scale
features of the problem do not form a linear space. We show that with this
modification MSFEMs can be used for solving nonlinear partial differential
equations. After presenting the methodology, some numerical examples are
presented for solving nonlinear elliptic equations. The chapter also includes
discussions on the extension of the method to nonlinear parabolic equations
and multiphysics problems.
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Multiscale methods discussed in Chapter 2 and Chapter 3 apply lo-
cal calculations to determine basis functions. Although effective in many
cases, global effects can be important for some problems. The importance
of global information has been illustrated within the context of upscaling
procedures as well as multiscale computations in recent investigations (e.g.,
[69, 143, 1, 103, 218]). These studies have shown that the use of limited global
information in the calculation of the coarse-scale parameters (such as basis
functions) can significantly improve the accuracy of the resulting coarse model.
In the fourth chapter of the book, we describe the use of limited global infor-
mation in multiscale simulations. The chapter starts with a motivation and
a motivating numerical example which show that the accuracy of multiscale
methods deteriorates for problems with strong nonlocal effects. We introduce
the basic idea of multiscale methods using limited global information. These
approaches are used if the problem is solved repeatedly for varying parameters
but keeping the source of heterogeneities fixed. Typical problems of this type
arise, for example, in porous media applications. Numerical examples both
for structured and unstructured grids for mixed MsFEM and MsFVEM are
presented in this chapter. In general, one can use simplified global informa-
tion combined with local multiscale basis functions for accurate simulation
purposes which is discussed in Section 4.4.

Chapter 5 is devoted to the applications of multiscale methods to mul-
tiphase flow and transport in highly heterogeneous porous media. We limit
ourselves to a few applications. For two-phase flow and transport simulations,
we consider the applications of multiscale methods to hyperbolic equations de-
scribing the dynamics of the phases and their coupling to multiscale methods
for pressure equations in Section 5.2. In this section, the applications of non-
linear multiscale methods to hyperbolic equations are presented along with
various subgrid treatment techniques for hyperbolic equations. We present
an application of nonlinear MsFEMs to Richards’ equation and fluid flows
in highly deformable porous media in Sections 5.3 and 5.4. We include two
short sections (contributed by J.E. Aarnes and S.H. Lee et al.) summarizing
the applications of mixed MSFEM and multiscale finite volume (MsFV) to
reservoir modeling and simulation in Sections 5.5 and 5.6. These sections dis-
cuss the use of MsFEMs in the simulations of multiphase flow and transport
which include various additional physics arising in more realistic petroleum
applications. The extension of MsFEMs to stochastic differential equations is
described in Section 5.7. To handle the uncertainties in heterogeneous coef-
ficients, we propose to use a few realizations of the permeability to generate
multiscale basis functions for the ensemble. Uncertainty quantification in in-
verse problems using multiscale methods is also discussed in this section. The
alm is to speedup uncertainty quantification in inverse problems using fast
multiscale finite element methods as surrogate models. We finish the chapter
with a discussion on other applications of multiscale finite element methods.

In Chapter 6, we present an analysis of MsFEMs discussed in Chapters 2,
3, and 4. Only some representative cases are studied in the book with the aim
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to demonstrate the main ideas and techniques used in the analysis of MsFEMs.
We try to keep the presentation accessible to a broader audience and avoid
some technical details in the presentation. Some basic analysis of MsFEMs
for linear problems in a homogenization setting is presented in Section 6.1.
We study the convergence of MsFEMs for problems with scale separation.
Our analysis reveals sources of the resonance errors. Next, the convergence of
MsFEM with oversampling is studied. We also present analysis of the mixed
MsFEM for problems with scale separation in Section 6.1. In Section 6.2, we
present the analyses of nonlinear MsFEMs. We restrict ourselves to a periodic
case and refer to [113, 112] where the analysis for more general cases are
studied. In Section 6.3, we study the convergence of MsFEMs with limited
global information. The analysis is performed under the assumption that the
solution can be smoothly approximated via known global fields.

Finally, the brief overview of linear and nonlinear homogenization theory is
presented in Appendix B. We present the formal asymptotic expansion as well
as some partial results on the convergence of these expansions. These results
are used in the convergence analysis of MsFEMs presented in Chapter 6.



2

Multiscale finite element methods for linear
problems and overview

2.1 Summary

In this section, the main concept of multiscale finite element methods (Ms-
FEM) is presented. We keep the presentation simple to make it accessible to
a broader audience. Two main ingredients of MsFEMs are the global formula-
tion of the method and the construction of basis functions. We discuss global
formulations using various finite element, finite volume, and mixed finite ele-
ment methods. As for multiscale basis functions, the subgrid capturing errors
are discussed. We present simplified computations of basis functions for cases
with scale separation. We also discuss the improvement of subgrid capturing
errors via oversampling techniques. Finally, we present some representative
numerical examples and discuss the computational cost of MsSFEMs. Analysis
of some representative cases is presented in Chapter 6.

2.2 Introduction to multiscale finite element methods

We start our discussion with the MsFEM for linear elliptic equations
Lp=f in {2, (2.1)

where (2 is a domain in R? (d = 2,3), Lp := —div(k(x)Vp), and k(z) is a
heterogeneous field varying over multiple scales. We note that MsFEM can be
easily extended to systems such as elasticity equations, as well as to nonlinear
problems (see Section 2.4 and Chapter 3). The choice of the notations k(x)
and p(z) in (2.1) is used because of the applications of the method to porous
media flows later in the book. We note that the tensor k(z) = (ki;(x)) is
assumed to be symmetric and satisfies a|¢|? < k6,6 < BIE[%, for all € € RY
and with 0 < a < . We omit = dependence when there is no ambiguity and
assume the summation over repeated indices (Einstein summation convention)
unless otherwise stated.

Y. Efendiev, T.Y. Hou, Multiscale Finite Element Methods: Theory and Applications, 13
Surveys and Tutorials in the Applied Mathematical Sciences 4,
DOI 10.1007/978-0-387-09496-0_2, (© Springer Science+Business Media LLC 2009



14 2 MsFEMs for linear problems and overview

MsFEMs consist of two major ingredients: multiscale basis functions and
a global numerical formulation that couples these multiscale basis functions.
Basis functions are designed to capture the multiscale features of the solu-
tion. Important multiscale features of the solution are incorporated into these
localized basis functions which contain information about the scales that are
smaller (as well as larger) than the local numerical scale defined by the basis
functions. A global formulation couples these basis functions to provide an
accurate approximation of the solution. Next, we discuss some basic choices
for multiscale basis functions and global formulations.

Basis functions. First, we discuss the basis function construction. Let 7,
be a usual partition of {2 into finite elements (triangles, quadrilaterals, and
so on). We call this partition the coarse grid and assume that the coarse grid
can be resolved via a finer resolution called the fine grid. For clarity of this
exposition, we plot rectangular coarse and fine grids in Figure 2.1 (left figure).
Let z; be the interior nodes of the mesh 7, and ¢! be the nodal basis of the
standard finite element space W}, = span{¢}}. For simplicity, one can assume
that W}, consists of piecewise linear functions if 7, is a triangular partition.
Denote by S; = supp(¢?) (the support of ¢?) and define ¢; with support in
S; as follows

Lpi=0inK, ¢=¢) ondK, VKcT, KCS; (2.2)

that is multiscale basis functions coincide with standard finite element basis
functions on the boundaries of a coarse-grid block K, and are oscillatory in
the interior of each coarse-grid block. Throughout, K denotes a coarse-grid
block. Note that even though the choice of ¢? can be quite arbitrary, our
main assumption is that the basis functions satisfy the leading-order homo-
geneous equations when the right-hand side f is a smooth function (e.g., L?
integrable). We would like to remark that MsFEM formulation allows one
to take advantage of scale separation which is discussed later in the book.
In particular, K can be chosen to be a domain smaller than the coarse grid
as illustrated in Figure 2.1 (right figure) if the small region can be used to
represent the heterogeneities within the coarse-grid block. In this case, the
basis function has the formulation (2.2), except K is replaced by a smaller
region, Kioe, L(¢;) = 0 in Kipe, ¢ = ¢ on 0K)oc, where the values of ¢!
inside K are used in imposing boundary conditions on dK).. In general, one
solves (2.2) on the fine grid to compute basis functions. In some cases, the
computations of basis functions can be performed analytically. To illustrate
the basis functions, we depict them in Figure 2.2. On the left, the basis func-
tion is constructed when K is a coarse partition element, and on the right,
the basis function is constructed by taking K to be an element smaller than
the coarse-grid block size. Note that a bilinear function in Figure 2.2 (right
figure) is used to demonstrate boundary conditions on a small computational
domain and this bilinear function is not a part of the basis function. In this
case, the assembly of the stiffness matrix uses only the information in small
computational regions and the basis function can be “periodically” extended
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Fig. 2.1. Schematic description of a coarse grid.

Fig. 2.2. Example of basis functions. Left: basis function with K being a coarse
element. Right: basis function with K being RVE (bilinear function demonstrates
only the boundary conditions on RVE and is not a part of the basis function).

to the coarse-grid block, if needed (see later discussions and Section 2.6).
Computational regions smaller than the coarse-grid block are used if one can
use smaller regions to characterize the local heterogeneities within the coarse
grid block (e.g., periodic heterogeneities). We call such regions Representa-
tive Volume Element (RVE) following standard practice in engineering. More
precisely, we assume that the size of the RVE is much larger than the char-
acteristic length scale. In this case, one can use the solution in RVE with
prescribed boundary conditions to represent the solution in the coarse block
as is done in homogenization (e.g., [43, 164]). Later, we briefly discuss an
extension of the method to problems with singular right-hand sides. In this
case, it is necessary to include basis functions with singular right-hand sides.
Once the basis functions are constructed, we denote by P}, the finite element
space spanned by ¢;
Py, = span{¢; }.
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Global formulation. Next, we discuss the global formulation of MsFEM.
The representation of the fine-scale solution via multiscale basis functions
allows reducing the dimension of the computation. When the approximation
of the solution p, = >, pi¢i(x) (p; are the approximate values of the solution
at coarse-grid nodal points) is substituted into the fine-scale equation, the
resulting system is projected onto the coarse-dimensional space to find p;. This
can be done by multiplying the resulting fine-scale equation with coarse-scale
test functions. Other approaches can be taken for general nonlinear problems.
In the case of Galerkin finite element methods, when the basis functions are
conforming (P, C Hg(£2)), the MSFEM is to find pj, € P}, such that

Z/ kVpyp, - Vupdz :/ fopdx, Y vy € Pp. (2.3)
< JK 12

One can choose the test functions from W), (instead of Pp,) and arrive at the
Petrov—Galerkin version of the MsFEM as introduced in [143]. Find p;, € Py,
such that

> / EVpy, - Vopde = / fondz, ¥ vy € Wh. (2.4)
VK o)

We note that in both formulations (2.3) and (2.4), the fine-scale system is
multiplied by coarse-scale test functions and, thus, the resulting system is
coarse-dimensional.

Equation (2.3) or (2.4) couples the multiscale basis functions. This gives
rise to a linear system of equations for finding the values of the solution at the
nodes of the coarse-grid block, thus, the resulting system of linear equations
determines the solution on the coarse grid. To show this, for simplicity, we
consider the Petrov—Galerkin formulation of the MSFEM (see (2.4)). Repre-
senting the solution in terms of multiscale basis functions, p, = >, pi¢;, it is
easy to show that (2.4) is equivalent to the following linear system,

Apnodal = b, (25)
where A = (a45), ai; = Y i [x kV@V(bgdw. Pnodal = (D1, -+, Pis...) are the
nodal values of the coarse-scale solution, and b = (b;), b = [, f¢ddx.

Here, we do not consider the discretization of boundary conditions. As in
the case of standard finite element methods, the stiffness matrix A has
sparse structure. We note that the computation of the stiffness matrix re-
quires the integral computation for a;; and b;. The computation of a;; re-
quires the evaluation of the integrals on the fine grid. One can use a simple
quadrature rule, for example, one point per fine grid cell. In this case,
Jic KV V@lde = 3 1 (kV;)|- VY, where T denotes a fine grid block and
(kV ;)| is the value of the flux within a fine grid block 7. Note that when
source terms or mobilities change, one can pre-compute the stiffness matrix
once and re-use it. For example, if the source terms change, the stiffness ma-
trix will remain the same and one needs to re-compute b;. If mobilities (A(x)
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in (1.2)) change and remain a smooth function, one can modify a;; using a
piecewise constant approximation for A\(z). In this case, the modified stiffness
matrix elements a;\j have the form ag\j RO AR fK quSdiSgdx, where a;\j
are the elements of the stiffness matrix corresponding to (1.2), Ak are approx-
imate values of A(z) in K, and the integrals [, ngzSdiS?dx are pre-computed.
Later on, we derive some explicit expressions for the elements of the stiffness
matrix in the one-dimensional case.

If the local computational domain is chosen to be smaller than the coarse-
grid block, then one can use an approximation of the basis functions in RVE
(local domain) to represent the left-hand side of (2.4) (or (2.3)). We assume
that the information within RVE can be used to characterize the local solution
within the coarse-grid block such that

1 / 1 ~
— [ kV¢ida ~ £V did, 2.6
|K| K |Kloc| Kioe ( )

where Kjo. refers to local computational region (RVE) and (;NSZ is the basis
function defined in Kj,. and given by the solution of div(quBZ-) =0 in Kioe
with boundary conditions ¢; = ¢? on dKje. Equation (2.6) holds, for example,
in the general G-convergence setting where homogenization by periodization
(also called the principle of periodic localization) can be performed (see [164])
and the size of the RVE is assumed to be much larger than the characteristic
length scale. One can approximate the left-hand side of (2.4) based on RVE
computations. In particular, the elements of the stiffness matrix (see (2.5))
aij = g fK k;V(/ﬁiV(b?dx can be approximated using

1 . 0 ~ I 0
i /K KV Vlde ~ kV§;V§dda.

|Kloc| Kioe

A similar approximation can be done for (2.3). In the general G-convergence
setting, this approximation holds in the limit limj,_, lim._o (see Section 2.6
for details), and for periodic problems, one can justify this approximation in
the limit lim./, . In periodic problems, one can also take advantage of two-
scale homogenization expansion and this is discussed in Section 2.6 along with
further discussions on the use of smaller regions. Similar approximation can
be done for the right-hand side of (2.4) (or (2.3)).

As we discussed earlier, using multiscale basis functions, a fine-scale ap-
proximation of the solution can be easily computed. In particular, p, =
>, Pi¢i provides an approximation of the solution, where p; are the values of
the solution at the coarse nodes obtained via (2.5). When regions smaller than
the coarse-grid block are used for computing basis functions, p, = >, pi¢;
provides approximate fine-scale details of the solution only in RVE regions.
One can use the periodic homogenization concept to extend the fine-scale
features in RVE to the entire domain. This is discussed in Section 2.6.

In the above discussion, we presented the simplest basis function construc-
tion and a global formulation. In general, the global formulation can be easily
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modified and various global formulations based on finite volume, mixed fi-
nite element, discontinuous Galerkin finite element, and other methods can
be derived. Many of them are studied in the literature and some of them are
discussed here.

As for basis functions, the choice of boundary conditions in defining the
multiscale basis functions plays a crucial role in approximating the multiscale
solution. Intuitively, the boundary condition for the multiscale basis function
should reflect the multiscale oscillation of the solution p across the boundary
of the coarse grid element. By choosing a linear boundary condition for the
basis function, we create a mismatch between the exact solution p and the
finite element approximation across the element boundary. In Section 2.3, we
discuss this issue further and introduce a technique to alleviate this difficulty.
We would like to note that in the one-dimensional case this issue is not present
because the boundaries of the coarse element consist of isolated points.

The MsFEM can be naturally extended to solve nonlinear partial differ-
ential equations. As in the case of linear problems, the main idea of MsFEM
remains the same with the exception of basis function construction. Because of
nonlinearities, the multiscale basis functions are replaced by multiscale maps,
which are in general nonlinear maps from W) to heterogeneous fields (see
Chapter 3).

Pseudo-code. MsFEM can be implemented within an existing finite el-
ement code. Below, we present a simple pseudo-code that outlines the im-
plementation of MsFEM. Here, we do not discuss coarse-grid generation. We
note that the latter is important for the accuracy, robustness, and efficient
parallelization of MsFEM and is briefly discussed in Section 2.9.3.

Algorithm 2.2.1

Set coarse mesh configuration from fine-scale mesh information.

For each coarse grid block n do

— For each vertex ¢

—  Solve for ¢! satisfying — L(¢!,) = 0 and boundary conditions (see (2.2))
— End for.

End do

Assemble stiffness matrix on the coarse mesh (see (2.5), also (2.3) or (2.4)).
Assemble the external force on the coarse mesh (see (2.5), also (2.3) or

(2.4)).

Solve the coarse formulation.

Comments on the assembly of stiffness matriz. One can use the represen-
tation of multiscale basis functions via fine-scale basis functions to assemble
the stiffness matrix. This is particularly useful in code development. Assume
that multiscale basis function (in discrete form) ¢; can be written as
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0,
¢i = dijd; 7

where D = (d;;) is a matrix and cz)?’f are fine-scale finite element basis func-
tions (e.g., piecewise linear functions). The ith row of this matrix contains the
fine-scale representation of the 7th multiscale basis function. Substituting this
expression into the formula for the stiffness matrix a;; in (2.3), we have

GMjéMwN@mz@[fvﬁkwyw@w

f)f

im)» O =

Denoting the stiffness matrix for the fine-scale problem by A/ = (a
fQ kV(ﬁ?’ngb?ﬁfdx we have

A=DA'DT.

Similarly, for the right-hand side, we have b = f o Gifdr = Db/ where b/ =

(b{ ), blf =/ o f(;S?’f dz. This simplification can be used in the assembly of the
stiffness matrix. The similar procedure can be done for the Petrov—Galerkin
MSFEM (see (2.4)).

One-dimensional erxample. In one-dimensional case, the basis functions
and the stiffness matrix (see (2.5)) can be computed almost explicitly. For
simplicity, we consider

—(k(l’)p/)/ = fa

p(0) = p(1) = 0, where ’ refers to the spatial derivative. We assume that the
interval [0,1] is divided into N segments 0 = zg < 21 < @2 < -+ < x; <
ZTit1 < -+ < xny = 1. The multiscale basis function for the node i is given by

(k(z)¢;) =0 (2.7)

with the support in [x;_1,2;11]. In the interval [x;_1,;], the boundary con-
ditions for the basis function ¢; are defined as ¢;(z;—1) = 0, ¢;(z;) = 1. In
the interval [x;,z;41], the boundary conditions for the basis function ¢; are
defined as ¢;(z;) = 1, ¢;(x;4+1) = 0. Note that for the computation of the
elements of the stiffness matrix, we do not need an explicit expression of ¢;
and instead, we simply need to compute k(x)¢;. From (2.7), it is easy to
see that k(z)¢, = const, where the constants are different in [z;_1,x;] and
[i,x;41]. This constant can be easily computed by writing ¢; = const/k(x)
and integrating it over [x;_1,z;]. This yields

1
k(x)qi); = 7T dx
fl’z’f1 k(x)
on [z;—1,x;] and
1
k()i = — =

fxi k(x)
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on [z;,x;4+1]. Then, the elements of the stiffness matrix A (see (2.4)) are given
by

xT; , , Ti+1 , ,
0 = / k(2),(80) de + / k(2),(6) de

i—1 X

1 i / 1 T4 ’
= T de / (65) dx — W/ (¢}) da
fxi—l E(x) Jzi-1 f:z:l k(z) Y Ti—1

Taking into account thatf O )de=— L[ 1((bo) do =1, [T (49) dx

=1, [T (¢00) )Ydr =1, wehave

(2.8)

1 1 n 1 1
— Ay = Qiifl = —————-
T; dz 11 T; d T; dz 7,7+1 T d
fxi,l k(i) fxi,l k(i’) fxl o Wi) fxl o k(f:)
Consequently, the stiffness matrix has a tridiagonal form and the linear system
is (2.5), where b; = fol foddz.

In Figure 2.3, we illustrate the solution and a few multiscale basis func-
tions. We refer to [147] for the analysis in the one-dimensional case.

i i—1 = —

Exact solution Basis

0.25

0.2

0.15

0.1

0.05

088 02 04 06 08 1% 02 04 06 08 1

X X

Fig. 2.3. An illustration of one-dimensional basis functions and the solution.

2.3 Reducing boundary effects

2.3.1 Motivation

The boundary conditions for the basis functions play a crucial role in cap-
turing small-scale information. If the local boundary conditions for the basis
functions do not reflect the nature of the underlying heterogeneities, MsFEMs
can have large errors. These errors result from the resonance between the
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coarse-grid size and the characteristic length scale of the problem. When the
coefficient k(z) is a periodic function varying over the € scale (k(x) = k(z/¢)),
the convergence rate of MSFEM contains a term e/h (see [147]), which is large
when h &~ €. Recall that h is the coarse mesh size. As illustrated by the error
analysis of [147], the error due to the resonance manifests as a ratio between
the wavelength of the small-scale oscillation and the grid size; the error be-
comes large when the two scales are close. A deeper analysis based on the
homogenization theory shows the main source of the resonance effect. By a
judicious choice of boundary conditions for basis functions, we can reduce the
resonance errors significantly. Some approaches including the use of reduced
problems based on the solutions of one-dimensional problems along the bound-
aries (e.g., [145, 159, 160]) and oversampling methods (e.g., [145, 107, 73]) are
studied in the literature with the goal of reducing resonance errors. In gen-
eral, one can construct multiscale basis functions in various different ways
(see, e.g., [266, 273] for energy minimizing basis functions). Here, we focus on
oversampling methods.

Next, we present an outline of the analysis that motivates the over-
sampling method. We consider a simple case with two distinct scales (i.e.,
k(x) = k(x,x/€)) and assume that k is a periodic function with respect to
x/e. In this case, the solution has a well-known multiscale expansion (see, e.g.,
[43, 164] or Appendix B)

P = po + X ~opo + b,
al‘j
where po satisfies the homogenized equation —div(k*(z)Vpy) = f. The ho-
mogenized coefficients are defined via an auxiliary (cell) problem over a period
of size e. To illustrate this, we denote the fast variable by y = x/e and, thus,
the coefficients have the form k(z,y). Then, k*(z) = (1/|Y]) [y k(z,y)(I +
V,x(z,y))dy, where x = (x1, ..., x%) is a solution of

divy (k(z,y)(I + Vyx(z,y))) =0 (2.9)

in the period Y for a fixed x (see [43, 164] for more details). For simplicity,
one can assume that x represents a coarse grid block. If there is no slow
dependence with respect to x in the coefficients, k& = k(xz/e) = k(y), then
there is only one cell problem (2.9) for the entire domain (2. It can be shown
that po + ex? dpo/dx; approximates the solution p in H' norm for small € (see
[43, 164] or Appendix B for the details).

Following multiple scale expansion, as discussed above (see also Appendix
B), we can write a similar expansion for the basis function

¢i = ¢; + €, (2.10)

where ¢} = ¢ + ex?0¢?/0z; is the part of the basis function that has the
same nature of oscillations near boundaries as the approximation of the fine-
scale solution py + ex?dpo/Ox;. Assuming ¢f is a linear function, it can be
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Fig. 2.4. An illustration of boundary layer function .. Left: 6. in the coarse ele-
ment with oscillatory boundary conditions. Right: 0. in € distance away from the
boundaries.

easily shown that 0, satisfies div(kV6,) = 0 in K and 6. = —x79¢?/0x; on
OK . If one can ignore €f, in (2.10), then MsFEM will converge independently
of the resonance error. The term ef, is due to the mismatch between the fine-
scale solution and multiscale finite element solution along the boundaries of
the coarse-grid block where the multiscale finite element solution is linear.
This mismatch error propagates into the interior of the coarse-grid block. The
analysis shows that the MsFEM error is dominated by 6. In Figure 2.4, we
depict 0. (z) and the same 0. (x) which is e distance away from the boundaries.
It is clear from this figure that the oscillations decay quickly as we move away
from the boundaries. To avoid these oscillations, one needs to sample a larger
domain and use only interior information to construct the basis functions. The
decay of these oscillations basically dictates how large the sampling region
should be chosen.

2.3.2 Oversampling technique

Motivated by the above discussion and the convergence analysis of [147], Hou
and Wu proposed an oversampling method in [145] to overcome the difficulty
due to scale resonance. Because the boundary layer in the first-order corrector
is thin, we can sample in a domain with the size larger than h and use only
the interior sampled information to construct the basis functions. By doing
this, we can reduce the influence of the boundary layer in the larger sample
domain on the basis functions significantly. It is intuitively clear from Figure
2.4 that the effects of artificial boundary conditions are significantly reduced
for this special two-scale example.

Specifically, let (bJE be the basis functions satisfying the homogeneous el-
liptic equation in the larger domain Kp D K (see Figure 2.5). We then form
the actual basis ¢; by linear combination of ¢¥,
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Fig. 2.5. Schematic description of oversampled region.
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The coefficients ¢;; are determined by condition ¢;(z;) = d;;, where x; are
nodal points. Extensive numerical experiments have demonstrated that the
oversampling technique does improve the numerical error substantially in
many applications. Some numerical examples are presented in Section 2.9.
On the other hand, the oversampling technique results in a nonconforming
MsFEM method, where the basis functions are discontinuous along the edges
of coarse-grid blocks. In [107] we perform a careful estimate of the noncon-
forming errors. The analysis shows that the nonconforming error is indeed
small, and consistent with our numerical results [145, 146]. Our analysis also
reveals another source of resonance, which is the mismatch between the mesh
size and the “perfect” sample size. In the case of a periodic structure, the
“perfect” sample size is the length of an integer multiple of the period. We
call the new resonance the “cell resonance”. In the error expansion, this reso-
nance effect appears as a higher-order correction. In numerical computations,
we found that the cell resonance error is generally small, and is rarely ob-
served in practice. Nonetheless, it is possible to completely eliminate this cell
resonance error by using the oversampling technique to construct the basis
functions, but using piecewise linear functions as test functions. This reduces
the resonance error further (see [143]).

2.4 Generalization of MsFEM: A look forward

Next, we present a general framework of MsFEMs (following Efendiev, Hou,
and Ginting [104]) which is further discussed in Chapter 3. Consider

Lp=f, (2.11)
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where L : X — Y is an operator. The objective of the MsFEM is to ap-
proximate p on the coarse grid. Denote by W), a family of finite-dimensional
space such that it possesses an approximation property (see [274], [229]), as
before. Here h, as before, is a scale of computation (coarse grid). In gen-
eral, multiscale basis functions are replaced by multiscale maps defined as
EMsFEM .y, — Py,. For each element vy, € Wy, Vpp = EMsFEM,, g
defined as

L™y, ), =01in K, (2.12)

where L™?P can be, in general, different from L (e.g., can be a discrete opera-
tor). Note that v, (the quantity with the subscript k) denotes the coarse-scale
approximation and v, j, (the quantity with the subscript r, h) denotes the fine-
scale approximation. For linear problems, we simply used the subscript h to
denote fine-scale approximations.

Note that L™?P allows us to capture the effects of the small scales. More-
over, the domains different from the target coarse block K can be used in
the computations of the local solutions. To solve (2.12) one needs to impose
boundary and initial conditions. This issue needs to be resolved on a case-
by-case basis, and the main idea is to interpolate v, onto the underlying fine
grid.

To find a solution of (2.11) in Pp, one can substitute p, (which denotes
a coarse-scale solution defined in W) into (2.11) discretized on the fine grid.
Because py, is defined on the coarse grid, the resulting system is projected onto
the coarse-dimensional space. This can be done in various ways. A common
approach is to multiply the resulting fine-scale system by coarse-scale test
functions; that is find p, € W}, (consequently p,; € Pj) such that

(LEPp, povp) = (f,vn),  Vup € W, (2.13)

where (-, ) denotes a duality between X and Y (defined for the discrete vari-
ational formulation), and L&°b?! can be, in general, different from L. We note
that the fine-scale system Lgl"balpnh — f is multiplied by coarse-scale test
functions. One can also minimize the residual Lgl(’balpr)h — f at some nodes
to obtain a coarse-dimensional problem. Other approaches based on upscaled
equations can also be used (see Section 5.4). In general, L™ and L#°P¥ can
be different for nonlinear problems. Moreover, p;, can represent only some of
the physical variables involved in the simulations (see Section 5.4).

The convergence of the MsFEM is to show that p, ~ p* and p,, =~ p
in appropriate spaces for small h, where p,; = EMsFEMy,,  Here p* is a
coarse-scale solution of (2.11). The correct choices of L™* and L#°P¥! are the
essential part of MsFEM and guarantee the convergence of the method. We
note that for linear elliptic equations, L™?P is a linear map, and consequently,
P, is a linear space spanned by EMsFEM (;Sg-)7 where (b? € Wj,. This formulation
is equivalent to linear MsFEMs introduced earlier.

MsFEMs can be easily extended to the system of linear equations, such as
elasticity equations (e.g., [235]),
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div(C : E(u)) = f,

where C is the fourth-order stiffness tensor representing material properties,
u is the displacement field (vector), and E(u) = £(Vu + (Vu)T) is the small
strain tensor. In this case, multiscale basis functions will satisfy the local
homogeneous equations Lg; = 0in K, ¢; = ¢? on 0K, where L is the elasticity
operator, Lu = div(C : (5(Vu + (Vu)"))). Note that the basis functions are
vector fields. Vector fields ¢ are standard finite element basis functions used
for solving the system of equations. For example, for elasticity equations,
@Y are linear functions for each element of the vector field (see [235]). The
variational formulation that couples these basis functions will remain similar
to (2.3) (or (2.4)).

We note that a main feature of MSFEMs presented in this book is the use
of a variational formulation at the coarse scale that allows us to couple mul-
tiscale basis functions. Multiscale basis functions or multiscale maps defined
by (2.12) are not necessarily based on partial differential equations and can
have a discrete structure and satisfy a discrete equation at the fine grid. It is
evident from the above abstract formulation that L™?P is used only for the
computation of p,j (given py) and the variational formulation (2.13) can be
chosen in different ways depending on the problem. One can consider general
applications of MsFEMs involving discrete problems where the basis functions
satisfy discrete systems. For example, one can consider an application where
the coarse-scale equations have a continuum formulation and describe porous
media flows, whereas the local problems are discrete and solved via the pore
network model. MsFEMs can be used to deal with these problems.

2.5 Brief overview of various global couplings
of multiscale basis functions

2.5.1 Multiscale finite volume (MsFV) and multiscale finite
volume element method (MsFVEM)

Mass conservative schemes play a central role in subsurface applications. For
this reason, it is important to consider methods that can provide a mass
conservative approximation for the flux defined by v = —kVp. One of these
methods within a finite volume context was first proposed in [159]. The main
idea of this approach is to use a finite volume global formulation with multi-
scale basis functions and obtain a mass conservative velocity field on a coarse
grid. A similar approach was independently proposed later in [104, 133] where
a finite volume element method was used. These approaches differ in their de-
tails as discussed later. In these approaches, the finite volume element method
is taken as a global coupling mechanism for multiscale basis functions. The
construction of basis functions remains the same as discussed earlier.

To demonstrate the concept of MsF'V as well as MsFVEM, we assume 7},
is the collection of coarse elements K. We introduce a dual grid and denote
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o Coarse grid centers
(control volume vertices)

= Control volume centers
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Fig. 2.6. Schematic of nodal points and coarse grids.

it by Ky (see Figure 2.6 for illustration in the case of simple rectangular
grids). Furthermore, we denote the vertices of dual coarse grids by xk, (their
collection by Zk,) and the vertices of target coarse-grid blocks by zx (their
collection by Zk).

As before, the key idea of the method is the construction of basis functions
on the coarse grids, such that these basis functions capture the small-scale in-
formation. As in the case of MSFEM, the basis functions are constructed from
the solution of the leading-order homogeneous elliptic equation on each coarse
element with some specified boundary conditions. To demonstrate MsFV, we
denote by P, the space spanned by the basis functions {¢;}. ;e Zi, as defined
before (see (2.2)). In MsFV, the basis functions on the dual grid are used
and a mass conservation equation is set up on the target coarse-grid blocks.
In particular, we seek p, € Pp with p, = ijez%d pj¢; (where p; are the

approximate values of the solution at z, and Z?(d is the collection of interior

vertices) such that
/ EVpy -ndl = / fdx, (2.14)
oK K

for every target coarse-grid block K € 7. Here n defines the normal vector
on the boundary. The equation (2.14) results in a system of linear equations
for the solution values at the nodal points of the coarse mesh. In particular,
we have

Apnodal = bv

where A = (ai;), aij = 3 faKj kN -ndl, b; = fKJ fdx. Here j refers to the
index of the coarse-grid block Kj;.

In MsFVEM, the basis functions on the target coarse-grid blocks are cho-
sen and the mass conservation equation is set up on the dual grid. We do
not repeat the formulation here. The resulting multiscale method differs from
the MsFEM, because it employs the finite volume or finite volume element
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method as a global solver. We would like to note that the coarse-scale veloc-
ity field obtained using MsFVEM is conservative in control volume elements,
whereas the velocity field obtained using MsFV is conservative in coarse ele-
ments. Further treatment is needed to obtain a conservative velocity field on
the fine grid (see [159]).

Pseudo-code. We present a pseudo-code for the implementation of MsFV.

Algorithm 2.5.1

Set coarse mesh configuration from fine-scale mesh information.

For each coarse grid block n do

— For each control volume element i associated with the coarse block n
— Solve for ¢!, satisfying - L(¢¢,) = 0 and boundary conditions (see (2.2))
—  End for.

End do.

Assemble the mass balance equation on the coarse grid according to (2.14).
Assemble the external force on the coarse mesh according to (2.14).
Solve the coarse grid formulation.

2.5.2 Mixed multiscale finite element method

MsFV and MsFVEM introduced earlier provide a mass conservative velocity
field (defined as v = —kVp) on the coarse grid. However, the reconstructed
fine-scale velocity field (using multiscale basis functions) is not conservative
for the fine grid elements adjacent to coarse grid boundaries. For multiphase
flow and transport simulations, the conservative fine-scale velocity is often
needed. A treatment within MsFV is proposed in [159]. In this section, we
present a mixed MsFEM where multiscale basis functions for the velocity
field, which is highly heterogeneous, are constructed. This method allows us
to achieve a mass conservative fine-scale velocity field and is used in Chapter
5 for multiphase flow simulations in heterogeneous porous media.

Our presentation of mixed MsFEM follows [71] (see also [25], [1], and [26]).
First, we re-write the elliptic equation in the form

—1 .
k v—.f—Vp—O 1.n [0} (2.15)

diviv)=f in £
with non-homogeneous Neumann boundary conditions v - n = g on 0f2. In
mixed multiscale finite element methods, the basis functions for the velocity
field, v = —kVp, are needed. As in the case of MsFEM, one can use known
mixed finite element spaces to construct these basis functions. For simplicity,
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we consider multiscale basis functions corresponding to lowest-order Raviart—
Thomas elements (following [71], [25]). The basis functions for the velocity in
each coarse block K is given by

1
div(kVel) = i in K
2.16)
K on oK (
RV n = {gz else z

where g = 1/|ef| and eX are the edges of K (see Figure 2.7 for the illustra-
tion). Note that these basis functions are defined for each edge by imposing
constant flux along an edge (constant Neumann boundary condition) and zero
flux over all other edges of the coarse-grid block. In order to preserve the total
mass and have a well-posed system, some source term is needed. The source
term is taken to be constant.

We define the finite-dimensional space for the velocity by

YV, = span{z/JiK},

where X = kV¢X. For each edge e;, one can combine the basis functions
in adjacent coarse-grid blocks and obtain the basis function for the edge e;
denoted by v; (or v,). More precisely, if we denote by K; and K adjacent
coarse-grid blocks, then 1); solves (2.16) in K7 and solves div(¢;) = —1/|K3| in
K>, and giK‘z = —1/|e;| on elKQ and 0 otherwise. In other words, 1; = wz-Kl in Ky
and ¢; = —wfﬁ in Ky, where ¢ is defined via the solution of (2.16). This is
illustrated in Figure 2.8. In [1], the author proposes a different construction for
mixed multiscale basis functions by solving the local problem in two adjacent
coarse grid blocks with zero Neumann boundary conditions and imposing
positive and negative source terms. For example, div(y;) = 1/|K;| in K,
div(y;) = —1/|K3| in K3, and v; - n = 0 on outer boundaries of K; |J K».
The basis functions for the pressure are piecewise constant functions over
each K. We denote the span of these basis functions by @j,. The multiscale
basis functions, as in MsFEM, attempt to capture the small-scale information
of the media. The functions ¥ are the basis functions for the velocity field
and conservative both on the fine and coarse grids provided the local problems
are solved using a conservative scheme. An approximation of the fine-scale
velocity field can be obtained if average fluxes along the coarse edges are
known, that is if v, is the average normal flux along the edge e and 1. is
the corresponding basis function, then v ~ ) v.1. is an approximation of
the fine-scale velocity field. These average fluxes, for example, can be also
obtained from MsFV or MsFVEM or by using upscaling methods as in, for
example, [91]. A similar idea is presented in [159] and [1]. The mixed finite
element framework, presented next, couples the velocity and pressure basis
functions and provides an approximation of the global solution (both p and

v).
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Fig. 2.7. Schematic description of a velocity basis function construction in a coarse
grid block.
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Fig. 2.8. Schematic description of a velocity basis function for an edge combining
adjacent basis functions.

To formulate the mixed MsFEM, we use the numerical approximation
associated with the lowest-order Raviart—Thomas mixed finite element to find
{vn,pn} € Vi x Qp such that vy, - n = g, on 012, where g, = go,p - n on 952

and gop = Zee{aKﬂ 8Q,K€Th,}(fe gds)e, e € Vy, is the corresponding basis
function to edge e,

/ kYo, - wpde — / div(wp)ppdx =0, Ywy, € V,?
@ @ (2.17)

/div(vh)qhd:c:/ fandx, Vqn € Qn,
12 Q

where V! is a subspace of V), with elements that satisfy homogeneous Neu-
mann boundary conditions. The above formulation was the mixed MsFEM
introduced in [71].
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The discrete formulation of (2.17) can be easily written down as

BRIt (215)

where v = ), vP; and p = > pPq; with vP being normal interface fluxes
and p? being the cell average solution. Here A = (a;;), C = (cix), and b = (by)
are defined by

a5 =/ Vi - (k) "idz, =/ qx div(¢);)dz and by, =/ qr.fdx.
(9] (9] 2

This linear system is indefinite, and thus it is in general harder to solve than
the positive definite systems that arise (e.g., from Galerkin finite element dis-
cretizations). However, it is common to solve the mixed linear system (2.18)
by using a so-called hybrid formulation. In the hybrid formulation the system
(2.18) is localized by introducing an extra set of unknowns representing p at
the grid cell interfaces. By performing some simple algebraic manipulations,
we then obtain a positive definite system that is solved for the interface pres-
sures. Finally, the solution to (2.18) is computed from the solution to the
hybrid system by performing local algebraic calculations.

We note that in [10], a discontinuous Galerkin method has been used as
a global coupling for multiscale basis functions and discontinuous Galerkin
MSFEM is proposed. We refer to [10] for details. We also refer to [16], for the
use of discontinuous Galerkin method within the framework of HMM.

Pseudo-code. Next, we briefly outline the implementation of mixed Ms-
FEM. We have put simple prototype MATLAB codes for solving elliptic equa-
tions with mixed MSFEM (courtesy of J. Aarnes) at
http : / /www.math.tamu.edu/ ~ yalchin.e fendiev/codes/.

Algorithm 2.5.2

Set coarse mesh configuration from fine-scale mesh information.
For each coarse-grid block n do

— For each edge of a coarse-grid block

— Solve for % according to (2.16)

—  End for

End do.

Assemble the coarse-scale system according to (2.17).

Assemble the external force on the coarse mesh according to (2.17).
Solve the coarse grid formulation.

Comments on the assembly of stiffness matriz. Similar to the Galerkin
MsFEM, one can use the representation of multiscale basis functions via fine-
scale basis functions to assemble the matrices in (2.18). It can be shown that
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A= DA’DT, where D = (d;;) is a matrix defined by
o,
Vi = dijip; /

with z/J?’f being fine-scale basis functions, A7 = (a‘l’;n)7 alm =/, wof
(k)~19%S dz. This simplification can be used in the assembly of the stiffness
matrix.

2.6 MsFEM for problems with scale separation

In some applications, regions smaller than the coarse-grid block are sufficient
to represent the small-scale effects. In these applications, one can use the
basis functions constructed in a smaller region, instead of the coarse-grid
block, to capture the small-scale effects. The basic idea behind this localization
is that (1/|K]|) [, kV¢idx in the computation of the stiffness matrix (2.4)

can be approximated by (1/|Kiecl) [ Ko kV(bldx where ¢; is the solution of

div(kVe;) = 0in K, ¢; = ¢Y on K, and ¢; is the solution of div(kV¢;) = 0 in
Kioe, ¢; = #? on 8Kloc Here, K. refers to a smaller region (RVE) as before.
Next, we briefly discuss this approximation. Within the general G-convergence
theory (e.g., [164]), it can be shown that (e.g., [164])

. 1 1 * 0
lg% x| /K kN ¢;dx K] /K k*V;dz, (2.19)
where € is the characteristic length scale and ¢! is the homogenized part of
the basis function. Note that the G-convergence theory does not assume pe-
riodicity and k*(x) are homogenized coefficients independent of € such that
the solution and the fluxes of the homogenized equation —div(k*(z)Vp*) = f
approximate the solution of fine-scale equation —div(k(z)Vp) = f in appro-
priate norms (we refer to, e.g., [164] for details). The same result holds for

(1/|Kioc|) leoC kV ¢;dx; that is

lim —— kV¢ide = ——

k*Vdd. 2.20
=0 |Kloc| Kioe |K10C| Kioc ( )

Assuming that k*(z) is sufficiently smooth, one can approximate k*(x) within
each coarse block by a constant and show that the right-hand sides of (2.19)
and (2.20) are close for small A (note that K. C K). Consequently, for small
€, the left-hand sides of (2.19) and (2.20) will be close; that is

1 1 ~
lim lim—/ kVo;dr = lim lim kN ¢;dx. 2.21
|K|—0e—0 |K| Ji ¢ [ Ko |—0 €—0 |K10C| Ko ¢ ( )

The relation (2.21) shows that |, K qubldx can be used to approximate
/ ¢ kEVidx in the limit limy, .o hme_,o (limit of scale separation). From here,



32 2 MsFEMs for linear problems and overview

one can show that the multiscale finite element solution approximates the
fine-scale solution in limp_,qlim._,o. We refer to [108] for the details where
the more general problem is studied. For periodic problems, this approxima-
tion can be shown in the limit €/hjoc — 0 (where hjoe is the size of Kj,) if
K)o is much larger than the period size. If k* () is sufficiently smooth and ¢?
is piecewise linear, then (2.21) is equal to k*(z0)V¢?, where z is the point to
which the region K or K, contracts (see [164] for a more precise definition
of zp). In this case, the location of RVE within the coarse grid block is not
very important and one can choose RVE, for example, at the center of the
mass of the coarse element.

In the case of periodic heterogeneities, where the period is known, the
basis functions can be approximated using homogenization theory by

¢; ~ ¢9 +ex’ aa 0 (2.22)
where the summation over repeated indices occurs. This approach derives
from homogenization and x is a periodic solution (with average zero) of (2.9).
Consequently, the approximation of the basis functions can be carried out in a
domain of the size of the period that characterizes the small-scale oscillation
of k(x). This reduces the computational cost if the period is much smaller
than the coarse-grid block. With this approximation, the stiffness matrix (see
(2.5)) can be assembled in the periods instead of the coarse grid blocks:

— . 0 |K| 0 Y 0 0
_EK:/KW@ v¢jd:c~z|y| V(¢ +6X8 ¢?) - Vi,

(2.23)

where Y is the period within K. One can further approximate this expres-
sion and show that a;; ~ Y (|K|/|Y]) [y k(I + Vx)V¢) - Vgidr. Tn [269],
the author uses the approximation of the basis functions based on (2.22) for
periodic coefficients and shows that MsFEM converges as the period size and
the mesh size go to zero.

As we discussed earlier, using multiscale basis functions, a fine-scale ap-
proximation of the solution can be easily computed, by p, = 3. pi¢;. When
regions smaller than the coarse-grid block are used for computing basis func-
tions, then the basis functions can be extended to a coarse-grid block based on
homogenization expansion. In particular, from the problem in Kj,. (RVE) one
can easily extract xy and use it to construct an extension of the basis function
to the coarse-grid block. These basis functions can be further used to obtain
an approximate fine-scale solution in the entire domain.

We would like to note that this approximation procedure is not limited
to periodic problems and can be applied to problems where homogenization
by periodization (see the principle of periodic localization [164]) is true. The
random homogeneous case with ergodicity is one of these cases. The techniques
discussed in this section can be also used in MsFV, MsFEM, mixed MsFEM,
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and other multiscale methods when the problem has some special features
such as periodicity or strong scale separation.

2.7 Extension of MsFEM to parabolic problems

MsFEM can be naturally extended to parabolic equations. In this section, we
briefly describe the extension of MsFEM to the parabolic equation

%p(m,t) —div(k(z,t)Vp(x,t)) = f (2.24)
with appropriate boundary conditions on the finite time interval [0,7] and
smooth initial conditions. In general, when there are space and time het-
erogeneities, basis functions are the solutions of the leading-order homo-
geneous parabolic equations. In the absence of time heterogeneities (i.e.,
E(x,t) = k(x)), one can use spatial basis functions developed for elliptic equa-
tions. To introduce MSFEM, we assume for simplicity that the interval [0, 7]
is divided into M equal parts 0 =tg < t; < --- < tpr = T. These intervals are
coarse-scale intervals; that is At = t;,1 — ¢; is larger than the characteristic
time scale. The basis functions are constructed in [t,, ;1] as the solution of

%(bi(x, t) — div(k(z,t)Ve;(x,t)) =0 (2.25)

in each K such that ¢; = ¢? on 0K and ¢;(z,t = t,) = ¢Y. Here, ¢! € W),
are standard finite element basis functions (e.g., piecewise linear functions).
We seek the finite-dimensional approximation of the solution in [t,,t,+1] as

Pz Zp”Jrlq/)Z (2,1), (2.26)

where p?“ (approximate nodal values of the solution) will be determined.
Then, substituting (2.26) into the original equation, multiplying it by ¢? (as in
the Petrov—Galerkin formulation) and integrating over the space and [t,,, t,,11],
we have

”H/ Oi(x,tny1)@; (x)de — p / ¢i(x,ty) o7 (x)dx

n /t+; /K k(x, t)Vpn(x,t) - Vo) (x)dwdt = /t""“/nqug (ot

(2.27)

where py(z,t) = >, pi(t)di(x,t). The third term on the right-hand side can
be treated implicitly or explicitly. In particular, the implicit method is given
by
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n+1/ ¢z xz tn+1 ( dI—pZ / ¢z Tty (bo( )
n+1 tn41
+pptt /tn ; /K k(z,t)Vi(x,t) - Vo (z)dwdt = /t /Q fo) (x)dadt.

(2.28)

If the third term is evaluated explicitly, that is it is replaced by

tnt1
v /tn ; /K k(z,t)Vi(z,t) - V] (z)dzdt,

then the resulting method is explicit. One can easily write down the corre-
sponding discrete formulation which we omit here.

We note that if there are no temporal heterogeneities (i.e., k(z,t) = k(x)),
the basis functions can be the solutions of elliptic equations as in the case
of elliptic equations. The equations for the basis functions can be simplified
depending on the relation between spatial and temporal heterogeneities (see
Section 3.5). Equation (2.25) defines the basis functions independent of the
relation between spatial and temporal heterogeneities. Furthermore, in the
case of scale separation, (2.25) can be solved in a smaller volume, RVE, and
this solution can be used in Equation (2.27) in a manner similar to the elliptic
case.

Finally, we would like to note that one can couple the basis functions
using different methods, such as finite volume element methods and so on. For
example, the mixed MSFEM for parabolic equations (with time-independent
coefficients, k(x,t) = k(z)) has the following formulation. We seek {vy,,pr} €
V), X Qp, such that

8t hdx+/ div(vp) hdx—/ fandzx, Nqn € Qp

(2.29)
/ kflvh s wpdr — / div(wy) ppdz =0, Ywy, € VP,
0 19

where Vy,, V9, and Q), are defined as before (cf. (2.17)) for elliptic equations.

2.8 Comparison to other multiscale methods

MsFEMSs share similarities with many other multiscale methods. One of the
early approaches is the upscaling technique (e.g., [91, 260, 47]) which is based
on the homogenization method. The main idea of upscaling techniques is to
form a coarse-scale equation and pre-compute the effective coefficients. In the
case of linear elliptic equations, the coarse-scale equation has the same form
as the fine-scale equation except that the coefficients are replaced by effective
homogenized coefficients. The effective coefficients in upscaling methods are
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computed using the solution of the local problem in a representative volume.
Various boundary conditions can be used for solving the local problems and,
for simplicity, we consider

div(kVe.) =0 in K (2.30)

with ¢.(2) = 2-e on 0K, where e is a unit vector. It is sufficient to solve (2.30)
for d linearly independent vectors ej, ..., eq in R? because ¢, = > Bide, ife=
>, Bie;. Here K denotes a coarse-grid block, although one can use a smaller
region as discussed in Section 2.6. The effective coefficients are computed in
each K as

. 1
k*e = —/ kV¢edz. 2.31
K] ) (2:31)

We note that k* (which is not the same as the homogenized coefficients) is
a symmetric matrix provided k is symmetric and (2.31) can be computed for
any point in the domain by placing the point at the center of K, i.e.,

k*(xz0)e = ! / kVedz,
|K930| Kz,

where K,, is the RVE with the center at zp and ¢, is the local solution
defined by (2.30) in K,,. One can use various boundary conditions, including
periodic boundary conditions as well as oversampling methods. We refer to
[91, 260] for the discussion on the use of various boundary conditions. Once
the effective coefficients are calculated, the coarse-scale equation

— div(k*Vp*) = f (2.32)

is solved over the entire region.
To show the similarity to MsFEMs, we write down the discretization of
(2.32) using the Galerkin finite element method. Find pj € W}, such that

Z/ lg*Vp}"vahdx:/ fopdz, Yu, € W, (2.33)
/K I?)

Next, we write down the Petrov-Galerkin MsFEM discretization (see

(2.4))
aijPi = bj, (234)

where a;; = Y [ kV@idx - V@) (assuming ¢ is piecewise linear) and b; =
[0 f#9dz. One can show that

aij :Z/ kY - Vdda
K K

because (1/|K]) [, kV¢idr = k*V¢?. We assumed that ¢0 are piecewise lin-
ear functions. Thus, (2.34) and (2.33) are equivalent. This shows that the



36 2 MsFEMs for linear problems and overview

MsFEM can be derived from traditional upscaling methods. However, the
concept of MsFEMs differs from traditional upscaling methods, because the
local information is directly coupled via a variational formulation and we do
not assume a specific form for coarse-scale equations. Moreover, MsFEMs al-
low us to recover the local information adaptively which makes it a powerful
tool (e.g., for porous media flow simulations). More advantages of MsFEM
are discussed in later chapters.

Next, we briefly discuss the relation between variational multiscale ap-
proaches and MSFEM. These similarities are also shown in [26] in the context
of mixed finite element methods. Here, we discuss Galerkin finite element
methods. We assume that the fine-scale solution space X is partitioned into
the coarse-dimensional space X¢ (e.g., W), and the space containing the
unresolved scales X,

Xr=Xc® Xy.

We assume also that these spaces are the subspaces of Hg(£2), for simplicity.
The fine-scale solution can be written accordingly as

P =pc +Dpu-

Substituting this into the original equation and multiplying by the test func-
tions from X, we obtain the equation for the coarse-scale solution

/ EV(pc + pu) - Vupde = / fopdz, Vo, € Xe. (2.35)
2 Q

Similarly, multiplying the original equation by the test functions from Xy, we
obtain the equation for the unresolved part of the solution

/ kNVpy - Vopdr = / Sfopdx — / k¥Vpc - Vopdr, Vv, € Xy.  (2.36)
Q Q Q

To find the coarse-scale solution, pc, one first solves py from (2.36) and sub-
stitutes it into (2.35) to compute pc. We note that (2.35) is exact and the
solution of (2.36) is nonlocal. In general, the solution of (2.36) can be localized
by imposing local boundary conditions. One can use various choices for the
boundary conditions. Noting the solution of the local problem can be written
via generic basis functions, one can derive a formulation similar to MsFEM.

To show the similarity between MsFEMs and variational multiscale meth-
ods, as an example, we consider the localization based on py = 0 on the
boundaries of the coarse-grid block K. In this case, it is evident that the so-
lution po + py satisfies the local problem div(kV(pc + py)) = f in K and
pco + pu is a piecewise linear function on OK. This solution can be approx-
imated by multiscale finite element basis functions defined by (2.2). Thus,
we can seek po + py = >, pi¢;. Substituting this expression into (2.35), we
obtain a Petrov—Galerkin formulation of MsFEM if ¢; are chosen with zero
right-hand side. We note that one of the differences between the variational
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multiscale method and MsFEM is that the former uses source terms in the
formulation of the local problems. The representation of source terms with
MsFEMs in the context of subsurface flows has been extensively studied in
the literature (e.g., see [13, 175], Sections 5.5, and 5.6) within the context of
subsurface flows. Typically, only singular source terms require special treat-
ment with multiscale basis functions.

As we mentioned earlier, one can take advantage of scale separation in Ms-
FEM. There are various ways to do so and these approaches will share similar-
ities, for example, with the application of heterogeneous multiscale methods
(HMM) ([97]), and multiscale enrichment methods ([121]). HMM has been
extensively studied in the literature (e.g., see [17, 15, 98, 203] for the appli-
cations to elliptic equations). The main idea of this approach is to use small
regions at quadrature points for the computation of effective coefficients. This
is performed on-the-fly when the stiffness matrix corresponding to the coarse-
scale problem is assembled. As mentioned above, multiscale basis functions
can be approximated when there is scale separation. The basic idea behind
this localization is that (1/|K]) [, kV¢idx (in the stiffness matrix, see (2.5))
can be approximated by (1/|Koc|) fK]oc kVidx, where ¢; is the solution of
div(kV¢;) = 0in K, ¢; = ¢? on 0K, and ¢; is the solution of div(kV¢;) = 0 in
Kioe, ¢i = Y on 0K),.. Using the general G-convergence theory (e.g., [164]),
one can show (2.21). This result holds when k*(z) is a smooth function and
(2.21) is equal to k*(x9) V) (assuming ¢¢ is piecewise linear) at almost every
point xg to which the region K and K. contract. For periodic problems,
k = k(z/€), it is not difficult to show that

1 e L0 €
_ Ar — 0| < e
||K|/Kkv¢ld:z: k V¢Z\_C(h+h),

where k* is computed for the coarse-grid block according to (2.31). Similarly,

€

1 _
o /K KV — K V] < O + hioe)

loc loc

Based on these results, one can show the convergence of MsFEMs using the
local information in Kj,.. We refer to [108] for the details where a more general
problem is studied. This approximation of the basis functions and the corre-
sponding approximation of the stiffness matrix elements can save CPU time
if there is a strong scale separation. The method obtained in this way is very
similar to the application of HMM to elliptic equations, although it differs in
some details (e.g., the computations are not performed at quadrature points).
We would like to note that one can also use first-order corrector approxima-
tion for the basis functions as discussed earlier. In this case, the local solution
in RVE can be used as a cell problem solution ey in (2.22). We would like to
mention that there are other approaches (e.g., [121, 122, 153]) which use the
solution of the cell problem to construct multiscale basis functions based on
the partition of unity method.
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As we mentioned in Section 1.2, multiscale methods considered in this book
differ from domain decomposition methods (e.g., [257]) where the local prob-
lems are solved many times iteratively to obtain an accurate approximation
of a fine-scale solution. Multiscale methods studied in this book share similar-
ities with upscaling/homogenization methods, where the basis functions are
computed based on coarse-grid information. Figure 2.9 illustrates the main
concept of the MSFEM and its advantages (see also Section 2.9). The multi-
scale methods attempt to find the coarse-scale solution and can also compute
an approximation of the fine-scale solution via downscaling. One can use iter-
ations (e.g., [93]) similar to domain decomposition methods or some type of
global information to improve the accuracy of multiscale methods when there
is no scale separation (see Chapter 4).

Finally, we remark that we restricted ourselves only to a few multiscale
methods due to the page limitation. One can find similarities between mul-
tiscale finite element methods and other multiscale methods known in the
literature. Some of these similarities may not be so apparent. Some of these
algorithms are designed for periodic problems and have advantages when the
underlying heterogeneities are periodic. For example, the approach proposed
in [198] is based on two-scale convergence concept ([21]). This approach is gen-
eralized to problems with multiple separable scales ([139]) using hierarchical
basis functions. In this book, we do not want to discuss the similarities be-
tween different multiscale methods to a great extent and instead focus on our
work on extensions and applications of various MsFEMs. We again stress that
the main idea of MSFEM stems from the earlier work of Babuska and Osborn
[33]. In Chapters 3 and 4, we show that the MSFEM can take advantage of
global information and can be naturally extended to nonlinear problems.

2.9 Performance and implementation issues

We outline the implementation of a Galerkin MsFEM for a simple test prob-
lem (following [145]) and define some notations that are used in the discus-
sion below. We consider solving problems in a unit square domain. Let N be
the number of elements in each coordinate direction. The mesh size is thus
h = 1/N. To compute the basis functions, each element is discretized into
M x M subcell elements with mesh size hy = h/M. To implement the over-
sampling method, we partition the domain into sampling domains where each
of them contains many elements. Analysis and numerical tests indicate that
the size of the sampling domains can be chosen freely as long as the boundary
layer is avoided. In practice, though, one wants to maximize the efficiency of
oversampling by choosing the largest possible sample size that reduces the
redundant computation of overlapping domains to a minimum.

In general, the multiscale basis functions are constructed numerically, ex-
cept for certain special cases. They are solved in each K or K using a stan-
dard FEM. The global linear system on {2 is solved using the same method.
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Numerical tests show that the accuracy of the final solution is weakly insen-
sitive to the accuracy of basis functions.

Because the basis functions are independent of each other, their construc-
tion can be carried out in parallel perfectly. In a parallel implementation of
oversampling, the sample domains are chosen such that they can be handled
within each processor without communication. More implementation details
can be found in [145].

2.9.1 Cost and performance

In computations, a large amount of overhead time comes from constructing
the basis functions. This is also true for classical upscaling methods discussed
in Section 2.8. On a sequential machine, the operation count of the MsFEM
is about twice that of a conventional FEM for a 2D problem. However, due to
good parallel efficiency, this difference is reduced significantly on a massively
parallel computer (see [145] for a detailed study of the MsFEM’s parallel
efficiency). This overhead can be reduced if there is scale separation.

In practice, multiple solves are often required for different source terms,
boundary conditions, mobilities and so on. MsFEMs have advantages in such
situations and the overhead of basis construction can be negligible because
the basis functions can be re-used. This is illustrated in Figure 2.9, where
pre-computed multiscale basis functions can be re-used for different external
parameters such as source terms, boundary conditions and the like. Moreover,
multiscale basis functions can be used to re-construct the fine-scale features
of the solution in the regions of interest. This adaptivity is often used in
subsurface applications where the fine-scale features of the velocity (—kVp)
are re-constructed in some regions where the detailed velocity information
is needed, for example, for updating sharp interfaces. In summary, MsFEMs
provide the following advantages in simulations: (1) parallel multiscale basis
function construction (which can be very cheap if there is scale separation);
(2) re-use of basis functions for different external parameters and inexpensive
coarse-scale solve; and (3) adaptive downscaling of the fine-scale features of
the solution in the regions of interest.

Significant computational savings are obtained for time-dependent prob-
lems such as those that occur in subsurface applications. In these problems,
the heterogeneities representing porous media properties do not change and
the basis functions are pre-computed at the initial time. These basis functions
are used throughout the simulations and the elliptic equations are solved on
the coarse grid each time. In this sense, our approaches are similar to classi-
cal upscaling methods where the upscaled quantities are pre-computed before
solving the equations on the coarse grid. In some situations, local basis func-
tion update is required, for example, if there is a sharp interface dividing two
propagating fluids. The interface modifies the permeability and this requires
local updates of the basis functions.
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Fig. 2.9. A schematic illustration of multiscale simulations and advantages.

2.9.2 Convergence and accuracy

Because we need to use an additional grid to compute the basis function
numerically, it makes sense to compare our MsFEM with a traditional FEM
at the subcell (fine) grid, hy = h/M. Note that the MSFEM captures the
solution at the coarse grid h, whereas FEM tries to resolve the solution at
the fine grid h¢. Our extensive numerical experiments demonstrate that the
accuracy of the MsFEM on the coarse grid h is comparable to that of FEM
on the fine grid.
As an example, in Table 2.9.2 we present the results from [145] for

2+ Asin(27z1 /€) 2 4 sin(2mxa/€)
2+ Acos(2mwafe) 2+ Asin(27wxy/€)
flz)=-1 and  plap =0. (2.38)

k(z/e)

(A=18), (2.37)

The convergence of three different methods is compared for fixed €/h = 0.64,
where “-L” indicates that a linear boundary condition is imposed on the mul-
tiscale basis functions, “os” indicates the use of oversampling, and LFEM
stands for the standard FEM with bilinear basis functions.

We see clearly the scale resonance in the results of MsFEM-L and the
(almost) first-order convergence (i.e., no resonance) in MsFEM-os-L. The error
of MsFEM-os-L is smaller than that of LFEM obtained on the fine grid. In
[147, 145], more extensive convergence tests have been presented.

There have been many numerical studies of MSFEM, in particular, in the
context of multiphase flow simulations. Some of these results are presented
and discussed in the book.
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Table 2.1. Convergence for periodic case

MsFEM-L |MsFEM-os-L LFEM

T [Rate| [[ET] | Rate |MNTTET:
16| 0.04 |3.54e-4 7.78e-5 256 |1.34e-4
321 0.02 [3.90e-4|-0.14|3.83e-5| 1.02 || 512 |1.34e-4
64 | 0.01 |4.04e-4|-0.05|1.97e-5| 0.96 {|1024|1.34e-4
128]0.005|4.10e-4|-0.02(1.03e-5| 0.94 {2048 |1.34e-4

2.9.3 Coarse-grid choice

We would like to remark that in MSFEM simulations, one is not restricted to
rectangular or box-shaped coarse and fine grids. In fact, as demonstrated in
a number of papers [11, 5], one can use an unstructured fine grid. Moreover,
the coarse grid can have an arbitrary shape and the only requirement on the
coarse grid is that every coarse grid consists of a connected union of fine-grid
blocks. In Figure 2.10, we present an example from [11]. As one can observe
from this figure the coarse-grid blocks have quite irregular shapes. In [9], the
authors develop gridding techniques that use single-phase flow information
(surrogate global information) to construct a coarse grid. The coarse grid is
chosen such that it minimizes the magnitude of the single-phase velocity field
variation within each coarse-grid block. This automatic coarse-grid generator
allows one to use an optimal coarse grid for accurate simulation purposes in
two-phase flow simulations. In Chapter 4, we discuss an extension of mixed
MsFEM to unstructured coarse grids and include a few numerical examples to
demonstrate its effectiveness. We would like to note that the fine grid blocks
in neighboring coarse-grid blocks do not need to match along the interface.

In general, an appropriate choice of the coarse-grid will improve the effi-
ciency and accuracy of multiscale methods. It is often possible that the so-
lution may have smooth variation along coarse grid boundaries if the coarse
grid is judiciously selected. This can lead to improved numerical results. Some
of these issues are discussed in Chapter 4. For computational purposes, it is
important that the coarse grid is more regular (for accuracy purposes) and
the number of fine-grid blocks within a coarse grid is approximately the same
(for load-balancing purposes).

2.10 An application to two-phase flow

MsFEMs and their modifications have been used with success in two-phase
flow simulations through heterogeneous porous media. First, we briefly de-
scribe the underlying fine-scale equations. We present two-phase flow equa-
tions neglecting the effects of gravity, compressibility, capillary pressure, and
dispersion on the fine scale. Porosity, defined as the volume fraction of the void



42 2 MsFEMs for linear problems and overview

Fig. 2.10. Unstructured fine and coarse grids (from [11]).

space, is taken to be constant and therefore serves only to rescale time. The
two phases are referred to as water and oil and designated by the subscripts
w and o, respectively. We can then write Darcy’s law, with all quantities
dimensionless, for each phase j (j = w, 0) as follows;

V5 = —)v(S)k‘Vp, (239)

where v; is phase velocity, S is water saturation (volume fraction), p is pres-
sure, A\; = k,;(S)/p; is phase mobility, where k,; and p; are the relative
permeability and viscosity of phase j, respectively, and k is the permeability
tensor.

Combining Darcy’s law with conservation of mass, div(v,, +v,) = 0, allows
us to write the flow equation in the following form

div(A(S)EVDp) = ¢, (2.40)

where the total mobility A(S) is given by A(S) = A, (S) + Xo(S) and ¢, is a
source term representing wells/sources. The term ¢; = ., + ¢, represents the
total volumetric source term. The saturation dynamics affects the flow equa-
tions. One can derive the equation describing the dynamics of the saturation

a8

5t + div(vfw(S)) = —qu, (2.41)
where f,,(S) is the fractional flow of water, given by f, = Aw/(Aw + Ao). The
signs of the source terms that appear in (2.40) and (2.41) can be inter-changed.
The total velocity v is given by

U=y + U, = —A(S)EVp. (2.42)

In the presence of capillary effects, an additional degenerate diffusion term is
present in (2.41).
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If krw =S, ko =1— 85, and i, = pio, then the flow equation reduces to
div(kVp*P) = q.

This equation is called single-phase flow equation.

For two-phase flow simulations, we first solve the coarse-scale pressure
equation using MsFVEM. More precisely, assuming that the solution S(z,t)
is known at time ¢t = t,,, we solve div(A(S(z,t,))kVp) = ¢ using MsFVEM
to compute p(x,t,41) on the coarse grid. The fine-scale velocity v(z,t,11) is
then re-constructed by solving a local fine-scale problem over each dual cell
with flux boundary conditions, as determined from the pressure solution. This
velocity is then used in the explicit solution of the saturation equation using
a first-order upwind method to compute S(z,t,+1). The overall procedure
is thus an IMPES (implicit pressure, explicit saturation) approach. We also
consider an approach where the coarse-scale velocity is used to update the
saturation field.

As we see from (2.40) and (2.41), the pressure equation is solved many
times for different saturation profiles. Thus, computing the basis functions
once at time zero is very beneficial and the basis functions are only updated
near sharp interfaces. In fact, our numerical results show that only slight
improvement can be achieved by updating the basis functions near sharp
fronts.

We present a representative numerical example for a permeability field
generated using two-point geostatistics. To generate this permeability field,
we have used the GSLIB algorithm [85]. The permeability is log-normally
distributed with prescribed variance 02 = 1.5 (02 here refers to the variance
of log k) and some correlation structure. The correlation structure is specified
in terms of dimensionless correlation lengths in the x;- and ws-directions,
Iy = 0.4, and ls = 0.04, nondimensionalized by the system length. Linear
boundary conditions are used for constructing multiscale basis functions. A
spherical variogram is used. In this numerical example, the fine-scale field is
120 x 120, and the coarse-scale field is 12 x 12 defined in the rectangle with the
length 5 and the width 1. For the two-phase flow simulations, the system is
considered to initially contain only oil (S = 0) and water is injected at inflow
boundaries (S = 1 is prescribed); that is we specify p = 1, S = 1 along the
x =0 edge and p = 0 along the x = 5 edge, and no flow boundary conditions
on the lateral boundaries. Relative permeability functions are specified as
krw = S?%, ko = (1 — S)?; water and oil viscosities are set to p,, = 1 and
Lo = D. Source terms g, and ¢; are zero. Results are presented in terms of the
fraction of oil in the produced fluid, called fractional flow or oil-cut (designated
F), against pore volume injected (PVI). Fractional flow is given by

g (0 1) F(S)ds
Jogou v - nds

F(t)=1 , (2.43)

where 2°% refers to the part of the boundary with outer flow; that is v-n > 0.
PVI represents dimensionless time and is computed via
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Fig. 2.11. Fractional flow comparison for a permeability field generated using two-
point geostatistics.

PVI = / Qdt/V,, (2.44)

where V), is the total pore volume of the system and @ = f(mout v - nds is the
total flow rate.

In Figure 2.11, we compare the fractional flows (oil-cut). The dashed line
corresponds to the calculations performed using a simple saturation upscaling
(no subgrid treatment) where (2.41) is solved with v replaced by the coarse-
scale v obtained from MsFVEM. Note that the coarse-scale v is defined as
a normal flux, [ o V- ndl along the edge for each coarse-grid block. We call
this the primitive model because it ignores the oscillations of v within the
coarse-grid block in the computation of S. The dotted line corresponds to
the calculations performed by solving the saturation equation on the fine grid
using the reconstructed fine-scale velocity field. The fine-scale details of the
velocity are reconstructed using the multiscale basis functions. In these simu-
lations, the errors are due to MsFVEM. In the primitive model, the errors are
due to both MsFVEM for flow equations (2.40) and the upscaling in the satu-
ration equation (2.41). We observe from this figure that the second approach,
where the saturation equation is solved on the fine grid, is very accurate, but
the first approach overpredicts the breakthrough time. We note that the sec-
ond approach contains the errors only due to MsFVEM because the saturation
equation is solved on the fine grid. The first approach contains in addition to
MsFVEM’s errors, the errors due to saturation upscaling which can be large
if no subgrid treatment is performed. The saturation snapshots are compared
in Figure 2.12. One can observe that there is a very good agreement between
the fine-scale saturation and the saturation field obtained using MsFVEM.
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fine-scale saturation plot at PVI=0.5 saturation plot at PVI=0.5 using standard MsFVEM

Fig. 2.12. Saturation maps at PVI = 0.5 for fine-scale solution (left figure) and
standard MsFVEM (right figure).

2.11 Discussions

In this chapter, we presented an introduction to MsFEMs. We attempted
to keep the presentation accessible to a broader audience and avoided some
technical details in the presentation. One of the main ingredients of MsFEM
is the construction of basis functions. Various approaches can be used to
couple multiscale basis functions. This leads to multiscale methods, such as
mixed MsFEM, MsFVEM, DG-MsFEM, and so on. Most of the discussions
here focus on linear problems and local multiscale basis functions. We have
discussed the effects of localized boundary conditions and the approaches to
improve them. The relation to some other multiscale methods is discussed.

We would like to note that various multiscale methods are compared nu-
merically in [167]. In particular, the authors in [167] perform comparisons of
MsFVM, mixed MsFEM, and variational multiscale methods. Numerical re-
sults are performed for various uniform coarse grids and the sensitivities of
these approaches with respect to coarse grids are discussed. As we mentioned
earlier, one can use general, nonuniform, coarse grids to improve the accuracy
of local multiscale methods.

We discussed approximations of basis functions in the presence of strong
scale separation. In this case, the basis functions and the elements of the
stiffness matrix can be approximated using the solutions in smaller regions
(RVE). One can also approximate basis functions by solving the local prob-
lems approximately, for example, using approximate analytical solutions [250]
for some types of heterogeneities. In [192], the authors propose an approach
where the multiscale basis functions are computed inexpensively via multigrid
iterations. They show that the obtained method gives nearly the same accu-
racy on the coarse grid as MsFEM with accurately resolved basis functions.

In this chapter, we did not discuss adaptivity issues that are important for
multiscale simulations (see, e.g., [213, 38] for discussions on error estimates and
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adaptivity in multiscale simulations). The adaptivity for periodic numerical
homogenization within HMM is studied in [214]. In general, one would like to
identify the regions where the localization can be performed and the regions
where some type of limited global information is needed (see Chapter 4 for
the use of limited global information in multiscale simulations). To our best
knowledge, such adaptivity issues are not addressed in the literature with a
mathematical rigor.

In Section 6.1, we present analysis only for a few multiscale finite element
formulations. Our objective is to give the reader a flavor of the analysis, and
in particular, stress the subgrid capturing errors. We would like to note that
a lot of effort has gone into analyzing multiscale finite element methods. For
example, multiscale finite element methods have been analyzed for random ho-
mogeneous coefficients [99, 72], for highly oscillatory coefficients with multiple
scales [99], for problems with discontinuous coefficients [99], and for various
settings of MsFEMs. Our main objective in this book is to give an overview
of multiscale finite element methods and present representative cases for the
analysis. We believe the results presented in Section 6.1 will help the reader
who is interested in the analysis of multiscale finite element methods and, in
particular, in estimating subgrid capturing errors.
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Multiscale finite element methods for nonlinear
equations

3.1 MsFEM for nonlinear problems. Introduction

The objective of this chapter is to present a generalization of the MsFEM to
nonlinear problems ([110, 112, 113, 104]) which was first presented in [110].
This generalization, as the MsFEM for linear problems, has two main ingre-
dients: a global formulation and multiscale localized “basis” functions. We
discuss numerical implementation issues and applications.

Let 75 be a coarse-scale partition of {2, as before. We denote by W), a
usual finite-dimensional space, which possesses approximation properties, for
example, piecewise linear functions over triangular elements, as defined before.
In further presentation, K is a coarse element that belongs to 7;,. To formulate
MSsFEMs for general nonlinear problems, we need (1) a multiscale mapping
that gives us the desired approximation containing the small-scale information
and (2) a multiscale numerical formulation of the equation.

We consider the formulation and analysis of MsFEMs for general nonlinear
elliptic equations

—divk(x,p,Vp) + ko(z,p,Vp) = f in 2, p=0 on I, (3.1)

where k(z,7,¢) and ko(z,n,€), n € R, & € R? satisfy the general assumptions
(6.42)—(6.46), which are formulated later. Note that here k and k( are nonlin-
ear functions of p as well as Vp. Moreover, both k and ky are heterogeneous
spatial fields. Later, we extend the MsFEM to nonlinear parabolic equations
where k and ky are also heterogeneous functions with respect to the time
variable.

Multiscale mapping. Unlike MsFEMs for linear problems, “basis” func-
tions for nonlinear problems need to be defined via nonlinear maps that map
coarse-scale functions into fine-scale functions. We introduce the mapping
EMsFEM .y, Py, in the following way. For each coarse-scale element
vp, € Wy, we denote by v, ), the corresponding fine-scale element (r stands
for resolved), v, = EMsFEM,, Note that for linear problems in Chapter
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2 (also in Chapter 4), we have used the subscript h (e.g., pn) to denote the
approximation of the fine-scale solution, whereas for nonlinear problems py,
stands for the approximation of the homogenized solution and p, j, is the ap-
proximation of the fine-scale solution. The spatial field v, ;, is defined via the
solution of the local problem

—divk(z,n"", Vo, ) =0 in K, (3.2)

where v, , = vj on 9K and 0" = (1/|K]|) [}, vpdx for each K (coarse ele-
ment). The equation (3.2) is solved in each K for given v, € W),. Note that the
choice of n¥» guarantees that (3.2) has a unique solution. In nonlinear prob-
lems, P}, is no longer a linear space (although we keep the same notation).
We would like to point out that different boundary conditions can be chosen
as in the case of linear problems to obtain more accurate solutions and this
is discussed later. For linear problems, EMsFEM ig g linear operator, where
for each v, € Wp, v, is the solution of the linear problem. Consequently,
Py, is a linear space that can be obtained by mapping a basis of W},. This is
precisely the construction presented in [143] for linear elliptic equations (see
Section 3.3).

An illustrating example. To illustrate the multiscale mapping concept, we
consider the equation

div(k(z, p)Vp) = f. (3.3)

In this case, the multiscale map is defined in the following way. For each
v, € Wh, v, p is the solution of

div(k(z,n"")Vu.p) =0 in K (3.4)

with the boundary condition v, j, = v, on OK. For example, if K is a triangular
element and vj, are piecewise linear functions, then the nodal values of v, will
determine v, ;. Equation (3.4) is solved on the fine grid, in general. In the
one-dimensional case, one can obtain an explicit expression for EMsFEM (gee
(3.12)). The map EMsFEM ig nonlinear; however, for a fixed vy, this map
is linear. In fact, one can represent v, using multiscale basis functions as
U = ., 0;0;", where o; = vp(x;) (x; being nodal points) and ¢;" are

multiscale basis functions defined by
div(k(z,n"")V¢i") =0 in K, ¢ =¢? on OK.

Consequently, linear multiscale basis functions can be used to represent v, .
We can further assume that the basis functions can be interpolated via a
simple linear interpolation

o)~ o] + B2, (3.5)

where (31, (B2 are interpolation constants that depend on 79, 771, and 72. For
example, if 71 <o <12, then 1 = (no—m)/(n2—m) and B2 = (n2—m0)/(n2—
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71). In this case, one can compute the basis functions for some pre-defined
values of ns and interpolate for any other 7. We can also use the combined set
of basis functions {¢", ¢*} for representing the solution for a set of values
of n.

Multiscale numerical formulation. As discussed earlier, one can use various
global formulations for MSFEM. Our goal is to find p;, € W}, ( consequently,
prn(= EMsFEMy, ) € Py such that p,. ), “approximately” satisfies the fine-
scale equations. When substituting p,j, into the fine-scale system, the result-
ing equations need to be projected onto coarse-dimensional space because
Dr.p is defined via pp. This projection is done by multiplying the fine-scale
equation with coarse-scale test functions. First, we present a Petrov—Galerkin
formulation of MsFEM for nonlinear problems. The multiscale finite element
formulation of the problem is the following. Find p, € W) (consequently,
prp(= EMsFEMy, ) € D) such that

(Kr,hDhsVn) Z/ fondz, Vv, € Wy, (3.6)
1?)
where

(Kr.hDh, V) = Z /(k(:z:,r]p",Vp,m)~Vvh+k0(x,77ph',VpT7h)vh)d:L’. (3.7)
KeTy, K

As we notice that the fine-scale equation is multiplied by coarse-scale test
functions from Wj. Note that the above formulation of MsFEM is a general-
ization of the Petrov—Galerkin MsFEM introduced earlier for linear problems.

We note that the method presented above can be extended to systems of
nonlinear equations.

Pseudo-code. In the computations, we seek p; = Zipi(b? € W;, which
satisfies (3.6). This equation can be written as a nonlinear system of equations
for p;,

A(p1, ..oy Diy...) = b, (3.8)

where A is given by (3.7). Here, p; can be thought as nodal values of p; on
the coarse grid. To find the form of A, we take v, = ¢? in (3.7). This yields
the ith equation of the system (3.8) denoted by A;(p1, ..., ps,...) = b;, where
b = |, o foldx. Denote by K; triangles with the common vertex z;. Then,

Ai(p1, s pis ) = Z/ (k(z, 7™, Vprn) - V) + ko(z, 17", Vppn) ¢y )da.
K, i

In each K;, nP» = Zj Dj fK'i qb?dm, where j are the nodes of the triangles
with common vertex i. Later, we present a one-dimensional example, where
an explicit expression for A; is presented. It is clear that A; will depend only
on the nodal values of p; which are defined at the nodes of the triangles with
common vertex i. This system is usually solved by an iterative method on a
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Algorithm 3.1.1

Construct a coarse grid.

Until convergence, do

— For each coarse element, compute the multiscale map E : W;, — Py,
according to (3.2).

— Solve the coarse variational formulation using (3.6) and (3.7).

coarse grid and the local solutions can be re-used and treated independently
in each coarse-grid block. In Section 3.7, we discuss some of the iterative
methods.

One dimensional example. We consider a simple one-dimensional case

—(k(z,p)p)" = f,

p(0) = p(1) = 0, where ' refers to the spatial derivative. We assume that the
interval [0,1] is divided into N segments

0:£0<$1<$2<'~'<$i<$i+1<"~<$N:1.
For a given p, € W}, p,, is the solution of

(k(z,n"")pl.p,) =0, (3.9)

where p;.p,(2;) = pn(z;) for every interior node x;. In the interval [x;_1, x4,
(3.9) can be solved. To compute (3.7), we only need to evaluate k(z, n"")p;. ;.
Noting that this quantity is constant, k(z,n"*)p,., = c(zi-1,7;) (directly
follows from (3.9)), we can easily find that

Prp = c(@ioa, i) [k(z, ™), (3.10)

where " = £ (py,(x;—1) +pn(z;)). Taking the integral of (3.10) over [z;_1, z;],
we have . )
i) — i-1) = c(Ti—1, T T~ dx.
pu(e) = pulren) = el [ e

Consequently,

Pr\Zi) — Ph(Ti—
c(@i—1, %) = k(z, 0" )pr. ), = iiz) T ( Zdl).
fwi,l k(xz,mPh) z

To evaluate (3.7) (note that kg = 0) with vy, = ¢?, we have

Ti+1 ,

Ai(pn) = /I (i1, 2)(40) da +/ c(wi, 2i41)(9)) da

i— i

= phgfi) — pu(Ti-1) /m (¢Q)’dx + pr(Tiv1) — pr(;) /Im((b(?)’dm,

1 T 1
f-”ﬂi—1 /’~c(:1(;,77ph)daj fT7 k(w,n”h)dx i
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Denoting p; = pn(x;) and taking into account that f;il(gf)?),dx =1,
S (¢9) de = 1, we have
Pi — Pi—1 Pi+1 — Pi

Al(plflapZDP’LJrl) = xT; 1 - Tit1 1 N (311)
fxi*l k(zé(m—l-&-pi))dx fﬂfq k(2,3 (pitpit1)) .

Using the above calculations, one can easily write down an explicit expres-
sion for the multiscale map, EMsFEM . p, s p ;  In particular, from (3.10),
it can be shown that p,j, in [z;_1, ;] is given by

pr(xi) — pr(zi-1) /z dx
fwi 1 dx i1 k(z,mpr)

i1 k(z,nPh)

pnh(x) = ph(mi—l) + (312)

Omne can use explicit solutions (see page 117, [220]) in a general case

—(k(z,p,p)) = f

to write down the variational formulation of (3.7) via the nodal values p;. In
particular, denote £ = £(x, 7, ¢) to be the solution of

k(x,n,&) = c.

Then, from (3.2), we obtain p’hh = &(z,nP, c(x;—1,2;)). Taking the integral
of this equation over [z;_1,;], we obtain

pr(xi) — prlwioy) = / E(a, P e(i—1, 2q))d.

Because nP" = 1(pi—1 + pi), we have the following implicit equation for
o(wi—1, )

Pi — Pi—1 = / &(w, 5(1’2‘-1 + pi), e(xizq, x;))de.
Ti—1

With this implicit expression for ¢(z;_1,z;), we have

Tit1 ,

Ailpn) = / " iy, a6 do + / (s, 2i41)(62) do

i— i

= C(Zifl, 1’1) - C((Ei, CEZ'+1).

This expression shows that A;(py) nonlinearly depends on p;_1, p;, and p;;1
and provides an explicit expression for the system of nonlinear equations that
result from (3.7).
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3.2 Multiscale finite volume element method (MsFVEM)

Next, we present a different formulation that provides a mass conservative
method. By its construction, the finite volume method has local conservative
properties [118] and it is derived from a local relation, namely the balance
equation/conservation expression on a number of subdomains which are called
control volumes. The finite volume element method can be considered as a
Petrov—Galerkin finite element method, where the test functions are constants
defined in a dual grid. For simplicity, we consider a triangular coarse grid.
Consider a triangle K, and let zx be its barycenter. The triangle K is divided
into three quadrilaterals of equal area by connecting zx to the midpoints of
its three edges. We denote these quadrilaterals by K, where z € Z,(K) are
the vertices of K. Also we denote Z;, = Jy Zin(K), and Z) are all vertices
that do not lie on 02p, where 0f2p are Dirichlet boundaries. In this case, the
control volume V, is defined as the union of the quadrilaterals K, sharing the
vertex z (see Figure 3.1). The MSFVEM is to find p;, € W}, (consequently,

Fig. 3.1. Left: Portion of triangulation sharing a common vertex z and its control
volume. Right: Partition of a triangle K into three quadrilaterals.

prp = EMSFEMp, ) quch that

—/ k(:c,nph’,Vpnh)-nds—b-/ ko (z,nm"",Vp, ) dx :/ fdx VzeZyp,
V. V. V.

(3.13)
where n is the unit normal vector pointing outward on V. Note that the
number of control volumes which satisfies (3.13) is the same as the dimen-
sion of Wj,. The equation (3.13) gives rise to the finite-dimensional system of
equations that provide the solution at the coarse nodes.
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3.3 Examples of Py,

Linear case. For linear operators, P, can be obtained by mapping a ba-
sis of W), because EMsFEM g g linear operator. Define a basis of Wy,
Wy, = span(¢?), where ¢ are standard linear basis functions (assuming K
is a triangular or tetrahedral element). Denote by ¢; the map of each basis
function ¢? (i.e., ¢; = EMFEM ¢0) From the definition of EMsFEM it follows
that ¢; satisfies

—div(k(2)V¢;) =0 in K €T, (3.14)

and ¢; = ¢? on OK. These are the basis functions defined for MSFEM in
Chapter 2.

Special nonlinear case. For the special case, k(x,p, Vp) = k(z)b(p)Vp, Pn
can be related to the linear case. Indeed, for this case, the local problems
associated with the multiscale mapping EMsFEM (see (3.2)) have the form

—div(k(z)b(n°")Vu, ) =0 in K.

Because n"" are constants over K, the local problems satisfy the linear equa-
tions,
—div(k(z)V¢;) =0 in K,

and Pj, can be obtained by mapping a basis of 7} as it is done in the linear
case. Thus, for this case, the basis functions are the same as those for the
linear problem.

Py, using subdomain problems. One can use the solutions of smaller sub-
domain (smaller than K € 73), RVE, problems to approximate the solutions
of the local problems (3.2). This can be done if the small region can be used
to represent the heterogeneities within the coarse-grid block, for example, pe-
riodic heterogeneities when the size of the period is much smaller than the
coarse-grid block size. As in the linear case, we would like to use the solution
in smaller regions to approximate the integrals on the right-hand side of (3.7).
In these cases, we can solve (3.2) in a subdomain RVE with boundary con-
ditions vy, restricted onto the subdomain boundaries as done in Section 2.6.
More precisely, instead of (3.2), the following local problem is solved,

—divk(z,n", Vo, ) =0 in K, (3.15)

where 0, , = vj, on 0Kjoc and n* = |K| fK vpdzx for each K (coarse element).

The integrals in (3.7) can be computed using K)o,

K - -
(Kr,nDh,vn) = Z |I|(1 | | (k(z, 0", Vpp.p)-Vop+ko(z, ", Vi, 5 )vp)de,
KeT,, “Hocl JKioe

(3.16)
where p,;, are only computed in K, using (3.15). The equations (3.15) and
(3.16) provide the formulation of MSFEM when using regions smaller than
the coarse-grid block.
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As in the case of linear problems, it was shown that ([220])

1 1
lij% 4l /K k(xz,n’", Vo, p)de = 4 /K E*(x,n"", vajh)da?, (3.17)
where € is the characteristic length scale and v?) 5 is the homogenized part of
v, , defined in a G-convergence setting (e.g., [220]). In particular, UB ,, satisfies
div k*(z,n*", voh) =0in K, ¢ b = Uh Ol OK; a similar result holds in Kjo.
(cf. (2.21)). As in the linear case it is easy to show that if k*(x,n,&) is
smooth spatial function, then vr’ ,, 1s approximately equal to v, for small h.
From here, one can show that (1/|Kiec|) || ... k(@,n"", Vi, )dz approximates
(1/IK]) [i k(z,n"", Vv p)de in the limit limp, g lim._o. Based on (3.17), one
can evaluate the integrals on the right-hand side of (3.7). To find the fine-
scale approximation, the local solutions defined by (3.15) can be extended to
the whole domain. This is based on the homogenization concept and Vo, , is
extended periodically in each coarse-grid block.

One can also use periodic homogenization and first-order correctors to ap-
proximate the solution of the local problem if k(x, z /e, 7, &) and ko(x, z /€, 1, €)
are locally periodic with respect to y = z/e. In this case, for each coarse grid
block and v, € W}, the following cell problem is solved,

divy (k(x,y, 0", Vaup + V4N, )) =0 in Y, (3.18)

where Y is the period and N,, is the periodic function with zero average
(assume vy, is piecewise linear; i.e., Vuy, is constant within K). Then, it can
be shown that

L Uh NL Vh
|K‘/Kk(m,ac/e,n Vo, p)de ~ |Y|/Yk(x,y777 , Vo, + VN, )dz

in the limit as €/h — 0. Consequently, the local periodic solution (3.18) can be
used to approximate the right-hand side of (3.7). This provides CPU savings
when there is strong scale separation (cf. Section 2.6).

3.4 Relation to upscaling methods

One can draw a parallel between multiscale methods and upscaling/homoge-
nization techniques. First, we briefly describe an upscaling technique for (3.1)
which is derived from homogenization methods (e.g., [220]). The main idea of
upscaling techniques is to form a coarse-scale equation and pre-compute the
effective coefficients. In the case of nonlinear elliptic equations, the coarse-
scale equation has the same form as the fine-scale equation except that the
fluxes k(-,-,-) and ko(-, -, ) are replaced by effective homogenized fluxes. The
effective coefficients in upscaling methods are computed using the solution of
the local problem in a representative volume. For each n € R and e € R?, the
following local problem is solved
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divk(z,n,Vo.) =0 in K (3.19)

with ¢e(x) = - e on K. The effective coefficients are computed in each K
as

~ 1 ~
k*(n7e) = W/Kk(xan7v¢e)d$7 ké(na / kO 33 nanSe)dx (3 20)

K]
We note that &* and kj are not the same as the homogenized coefficients and
(3.20) can be computed for any point in the domain by placing the point at
the center of K. If k and kg are periodic with respect to spatial variables, one
can solve the local problems (3.19) over the period (with periodic boundary
conditions) and perform averaging (3.20) over the period. One can also use
various boundary conditions, including oversampling methods, when solving
(3.19). Once the effective coeflicients are calculated, the coarse-scale equation

div k* (z,p*, Vp*) + ki (2, p*, Vp*) = f

with k* = k* and ki = I;;S is solved. In practice, one can pre-compute k* and
kg for different values of € R and e € R?, and use interpolation for evaluating
k* and k¢ for other values of 7 € R and e € R%. Note that for linear problems,
it is sufficient to solve (3.19) for d linearly independent vectors ey, ...,eq in
R? because ¢, = > Bide, if e =", Bie;. This is not the case for nonlinear
problems and one needs to consider all possible 7 € R and e € R

MsFEMs do not compute effective parameters explicitly. One can show
that, as in the case of linear problems, MsFEM for nonlinear problems is sim-
ilar to upscaling methods. However, in MSFEMs, “the effective parameters”
(in the form of local solutions) are computed on-the-fly. Note that one can
compute the effective parameters based on these local solutions. The compu-
tation of the local solutions on-the-fly is more efficient when one deals with
a limited range of values of n = (1/|K|) [, vadz and e = Vuy,. Indeed, many
simulations in practice do not require a lookup table of £* and £ for all possi-
ble values of 7 € R and e € R?, and the computation on-the-fly can save CPU
time. Moreover, one can still use pre-computed local solutions to compute the
effective coefficients, and then store them. These effective coefficients can be
used in the simulation to approximate £* and kg for those values of n € R and
e € R? that are not computed. Moreover, in MsFEMs, one can use a larger set
of multiscale basis functions for more accurate approximation. For example,
for the simple nonlinear elliptic equation (3.3), one can use multiscale basis

functions corresponding to several values of 77 and avoid the interpolation step
(cf. (3.5)).

3.5 Multiscale finite element methods for nonlinear
parabolic equations

In this section, we present an extension of MSFEM to nonlinear parabolic
equations. We consider
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& p—divk(z,1,p, Vp) + ho(a,p, Vp) = /. (3.21)

For the nonlinear parabolic equations, the space-time operator EMsFEM ig

constructed in the following way. For each v, € W), there is a corresponding
element v, j, = EMsFEMy,, that is defined by

ﬁvr,h —divk(z,t,n"", Vo, ) =0 in K X [ty, tyt1], (3.22)

with boundary condition v, = v, on 0K, and v,,(t = t,) = v,. Here

noh = (1/|K|)fK vpdx.
Next, we present a global formulation of MsFEM. Our goal is to find

pn € Wi, (prp, = EMsFEMp, ) at time ¢ = t,,41 such that
tnit a trnt1
/ / —pp | vpdadt + k(pp, vn) = / fopdzdt, Nvp € Wy,
tn o \ot tn Q
(3.23)
where

tni1
K?(ph, wh) - Z / / (k(xa t: ’r]ph' 5 vp7',}z)'vwh+k0 (Jf, t7 Uph' 5 vpr,h>wh)d'rdt'
K Jtn K

The expression (3.23) can be further simplified to

tn41
n

/ph(x,tn+1)vhdx—/ ph(xatn)vhd1‘+’€(p}L7Uh):/
(] 2

t

/ fopdxdt, Yup, € Wy,
0

Here p, 5, is the solution of the local problem (3.22) for a given py, n?» =
(1/1K]) fK prdx, and pp is known at t = t,,. If py at time ¢ = ¢,,,1 is used in
K(pn,vr), then the resulting method is implicit; that is

/ pa(e, bost ondar — / pa(, b )onda + k(D (@, tus)s 08)
0 0

tn+1
:/ /fvhdxdt, Yoy, € Wy,
tn o

If pp, at time t = ¢, is used in k(pp, vp), then the resulting method is explicit.
The Petrov—Galerkin formulation of the MsFEM can be replaced by the finite
volume formulation as is done for nonlinear elliptic equations.

We would like to note that the operator EMsFEM can be constructed
using larger domains as is done in MsFEMs with oversampling [145]. This way
one reduces the effects of the boundary conditions and initial conditions. In
particular, for temporal oversampling it is sufficient to start the computations
before ¢, and end them at t,1. Consequently, the oversampling domain for
K X [tp,tny1] consists of [t,,t,11] X Kg, where t,, < t, and K C Kg. We
would like to note that oscillatory initial conditions can be imposed (without
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using oversampling techniques) based on the solution of the elliptic part of
the local problems (3.22). These initial conditions at ¢ = t,, are the solutions
of

—div(k(z,t,n,Vprp)) =0 in K, (3.24)

or

—div(k(z,n, Vp,p)) =0 in K, (3.25)

where k(z,1,&) = (1/(tnt1 — tn)) ftt“ k(z,7,m,§)dr and p,p = py on OK.
The latter can become efficient depending on the interplay between the tem-
poral and spatial scales.

Note that in the case of periodic media the local problems can be solved
in a single period in order to construct x(pp,ws). In general, one can solve
the local problems in a domain different from K (an element) to calculate
k(pn,wr). Note that the numerical advantages of our approach over the fine
scale simulation are similar to those of MsFEMs. In particular, for each New-
ton’s iteration a linear system of equations on a coarse grid is solved. Moreover,
the local solutions can be re-used and treated independently in each coarse
grid block.

For some special cases the operator introduced in the previ-
ous section can be simplified (see [112]). In general one can avoid solv-
ing the local parabolic problems if the ratio between temporal and spatial
scales is known, and solve instead a simplified equation. For example, let
the spatial scale be ¢’ and the temporal scale be €*; that is, k(x,t,1,£) =
k(x/ed,t/e* n,€). If @ < 23 one can solve instead of (3.22) the local problem
—div(k(x,t,n"",Vp,p)) = 0, if @ > 20 one can solve instead of (3.22) the
local problem —div(k(z,nP",Vp, 1)) = 0, where k(z,7,£) is an average over
time of k(x,t,n,£), and if & = 28 we need to solve the parabolic equation in
K X [tn, tnt1], (3.22).

We would like to note that, in general, one can use (3.24) or (3.25) as
oscillatory initial conditions and these initial conditions can be efficient for
some cases. For example, for o > 23 with initial conditions given by (3.25) the
solutions of the local problems (3.22) can be computed easily because they are
approximated by (3.25). Moreover, one can expect better accuracy with (3.25)
for the case a > 2 because this initial condition is more compatible with the
local heterogeneities compared to the artificial linear initial conditions (cf.

EMSFEM

(3.22)).
One-dimensional example. We consider a simple one-dimensional case
Ip
— — (k(z,t Y =
L (k) =/,

p(0) = p(1) = 0, p(t = 0) = po(x). As before, we assume that the interval
[0,1] is divided into N segments 0 = zg < 21 < T2 < --- < &; < Tjp1 <
-+ < zn =1 and the time interval [0, T] is divided into M segments 0 = to <
t <ty < - <t; <tig1 <--- <ty =T. We present a discrete formulation
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for the fully implicit method where the local problem (3.22) is elliptic (see
discussion above); that is (k(z,t,n"", v, ,))" = 0.

Denote by p' = p(z = x;,t = t,). Taking v, = ¢? in (3.23) and using
(3.11), one can easily get

(o — p) /Q Q00 + A ) — g

LA R (i — prt) = /Q bz,

where
n+1 n+1 1
A(pi_1 » D ) = fzrl 1 dz’
Ti—1 k(watn+17%(p?jll+p?+l))
1
n+1 n+1y _
A(pz api+1 ) - f:z:i+1 1 dl‘
ST

T k($,t71+17%(1)?+1+pi+1 ))

3.6 Summary of convergence of MsFEM for nonlinear
partial differential equations

The convergence of MSFEM for nonlinear problems has been studied for prob-
lems with scale separation (not necessarily periodic). These convergence re-
sults use homogenization or G-convergence results for nonlinear partial differ-
ential equations (see, e.g., [220] and Appendix B). To discuss these results, we
assume that the fine scale is €. It can be shown that the solution p converges
(up to a subsequence) to py in an appropriate norm, where py € WO1 T(02) is
a solution of a homogenized equation

— divk*(z,po, Vo) + ki (2, po, Vo) = f, (3.26)

where k* and kj are homogenized coefficients.
In [112] it was shown using G-convergence theory that

Lim Y {[pr, = pollw (o) = 0, (3.27)

(up to a subsequence) where pg is a solution of (3.26) and pj is a MsFEM
solution given by (3.6). Here 7 is a parameter related to the monotonicity
(see (6.42)—(6.46)). This result can be obtained without any assumption on
the nature of the heterogeneities and cannot be improved because there could
be infinitely many scales a(e) present such that a(e) — 0 as € — 0.

For the periodic case, it can be shown that MsFEM converges in the limit
as €/h — 0. To show the convergence for ¢/h — 0, we consider h = h(e),
such that h(e) > € and h(e) — 0 as ¢ — 0. We would like to note that this
limit as well as the proof of the periodic case is different from (3.27), where



3.7 Numerical results 59

the double-limit is taken. In contrast to the proof of (3.27), the proof of the
periodic case requires the correctors for the solutions of the local problems.

We present the convergence results for MSFEM solutions. For general non-
linear elliptic equations under the assumptions (stated later) (6.42)—(6.46) the
strong convergence of MsFEM solutions can be shown. In the proof of this
fact we show the form of the truncation error (in a weak sense) in terms of the
resonance errors between the mesh size and small scale € and explicitly derive
the resonance errors. Under the general conditions, such as (6.42)—(6.46), one
can prove strong convergence of MsFEM solutions without an explicit con-
vergence rate (cf. [245]). To convert the obtained convergence rates for the
truncation errors into the convergence rate of MsFEM solutions, additional
assumptions, such as monotonicity, are needed.

Next, we formulate convergence theorems (see Section 6.2 and [104] for
details).

Theorem 3.1. Assume k(x,n,€) and ko(x,n,€) are € periodic functions with
respect to x and let py be a solution of (3.26) and pp, is a MsFEM solu-
tion given by (3.6). Moreover, we assume that Vpy, is uniformly bounded in
LYT(0) for some a > 0. Then

lij% [pn _p0||W01"Y(Q) =0, (3.28)

where h = h(e) > e and h — 0 as e — 0 (up to a subsequence).

Theorem 3.2. Let pg and pn be the solutions of the homogenized prob-
lem (3.26) and MsFEM (3.6), respectively, with the coefficient k(x,n,§) =
k(x/e, &) and ko = 0. Then

eNs s
lon _pOHWOlW(Q) < C(<E) +h°), (3.29)
where v and & depend on operator constants defined in (6.42)—(6.46).

We note that in Theorem 3.2, we assume that the equation is monotone,
whereas in Theorem 3.1, we assume that the equation is pseudo-monotone.
As discussed in Section 6.2, the monotonicity allows us to obtain explicit
convergence rates. For parabolic equations, one can prove similar results (see
[112]). One can also prove the convergence of p,.j, to the fine-scale solution p
in W7 (e.g., [104, 112, 113]). Finally, we refer to [136] for convergence results
of oversampling methods for nonlinear problems and applications to material
science.

3.7 Numerical results

In this section we present some numerical results for MsFEMs for nonlinear el-
liptic equations. More numerical examples relevant to subsurface applications
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can be found in [104]. We present numerical results for both the MsFEM
and MsFVEM. We use an inexact-Newton algorithm as an iterative tech-
nique to tackle the nonlinearity. For the numerical examples below, we use
k(x,p,Vp) = k(x,p)Vp. Let {¢?}£\f{’f be the standard piecewise linear basis
functions of W},. Then MsFEM solution may be written as

Naof

= i) (3-30)

i=1

for some o = (o, g, ..., g, ). Recall that p;, € W), is an approximation for
a homogenized solution, and p;j, is an approximation for a fine-scale solution.
We need to find « such that

F(a) =0, (3.31)
where F : RNVaor — RNdos is a nonlinear operator such that
)= Y [ bt Volde [ gotan.  @a2)
Kekn 7K £

We note that in (3.32) « is implicitly buried in #”* and p, ;. An inexact-
Newton algorithm is a variation of Newton’s iteration for a nonlinear system
of equations, where the Jacobian system is only approximately solved. To be

specific, given an initial iterate o, for k = 0,1,2,--- until convergence do the
following
e Solve F'(a¥)6* = —F(a*) by some iterative technique until ||F(a®) +

F'(a®)8%|| < Be |F(e®)]-
e Update oft! = o 4 §*.

In this algorithm F’(a*) is the Jacobian matrix evaluated at iteration k. We
note that when (3, = 0 we have recovered the classical Newton iteration. Here

we have used 5
_ [ F(a®)]
B = 0.001 <||F(ak1)|| , (3.33)

with Gy = 0.001. Choosing G this way, we avoid oversolving the Jacobian
system when o is still considerably far from the exact solution.

Next we present the entries of the Jacobian matrix. For this purpose,
we use the following notations. Let K" = {K € T}, : z is a vertex of K},
I' = {j: z; is a vertex of K € K[}, and thj = {K € K!': K shares 7z, }.
We note that we may write F;(«) as follows

= X ([ eV votar- [ paas). @

KeK!

with
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—div(k(z,n"*)Vp,p) =0 in K and p, ) = Z am @Y, on OK, (3.35)

2m€ZK

where Zg is all the vertices of element K. It is apparent that F;(«) is not
fully dependent on all a1, as,...,aq. Consequently, 0F;(a)/0a; = 0 for j ¢
I'. To this end, we denote ¢; = Op,,/Oa;. By applying the chain rule of
differentiation to (3.35) we have the following local problem for ;

1 DPh
— div(k(z. ™) Vi) = 5 div(ak(gg)

Vp,p) in K and ; = ¢; on OK.
(3.36)
The fraction 1/3 comes from taking the derivative in the chain rule of differen-
tiation. In the formulation of the local problem, we have replaced the nonlin-
earity in the coefficient by n?", where for each triangle K nP» = 1/3 2?21 ak,
which gives OnP /Oa; = 1/3. Moreover, for a rectangular element the fraction
1/3 should be replaced by 1/4.
Thus, provided that v,; has been computed, then we may compute 1,
using (3.36). Using the above descriptions we have the expressions for the
entries of the Jacobian matrix:

OF; 1 [ Ok(x, ) 0 / PRV - V0
o > (3/K » Vprn - VoD dx + Kk(x,n )V - V¢! da

KeK!

oF; 1 Ok(x,nPr) ‘ /

KeK K

(3.37)
k(x, ")V, - V! dm)

(3.38)
for j #1, j € I'.

The implementation of the oversampling technique is similar to the proce-
dure presented earlier, except the local problems in larger domains are used.
As in the nonoversampling case, we denote 9; = v, /0, such that after
applying the chain rule of differentiation to the local problem we have:

Ok (z,mPr) .
——=Vu, n K
op vrn) in Kp (3.39)

¥; =¢) on OKg,

~div(k(, 7") V) =  div

where nP" is computed over the corresponding element K and (b? is understood
as the nodal basis functions on oversampled domain Kg. Then all the rest of
the inexact-Newton algorithms are the same as in the nonoversampling case.
Specifically, we also use (3.37) and (3.38) to construct the Jacobian matrix of
the system. We note that we only use v; from (3.39) pertaining to the element
K.

From the derivation (both for oversampling and nonoversampling) it is
obvious that the Jacobian matrix is not symmetric but sparse. Computation
of this Jacobian matrix is similar to computing the stiffness matrix resulting
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from standard finite elements, where each entry is formed by accumulation of
element-by-element contributions. Once we have the matrix stored in memory,
then its action to a vector is straightforward. Because it is a sparse matrix, de-
voting some amount of memory for entry storage is inexpensive. The resulting
linear system is solved using a preconditioned biconjugate gradient stabilized
method.

An an example to illustrate the convergence of the nonlinear MsFEM, we
consider the following problem

—div(k(xz/e,p)Vp) = =1 in 2,

3.40
p=0 on 012, ( )

where 2 = [0,1] x [0,1], k(z/e,p) = k(z/e)/ (1 + p)'®/? with

h(x/e) = 2 + 1.8sin(2mwzy /€) n 2 4 sin(2mwxa/€) (3.41)
2+ 1.8cos(2mxa/e) 2+ 1.8 cos(2mxy [e)

and I(x/€) is generated from k(z/¢) such that the average of I(z/e) = Ck(z/e)
over {2 is 2 with an appropriate choice of C. Here we use ¢ = 0.01. Because
the exact solution for this problem is not available, we use a well-resolved
numerical solution using the standard finite element method as a reference
solution. The resulting nonlinear system is solved using the inexact-Newton
algorithm. The reference solution is solved on a 512 x 512 mesh. Tables 3.1 and
3.3 present the relative errors of the solution with and without oversampling,
respectively. Here N is the number of coarse blocks in each direction. In Tables
3.2 and 3.4, the relative errors for the multiscale finite volume element method
are presented. The relative errors are computed as the corresponding error
divided by the norm of the solution. In each table, the second, third, and fourth
columns list the relative error in the L2, H', and L*> norm, respectively. As
we can see from these two tables, the oversampling significantly improves the
accuracy of the multiscale method.

In our next example, we consider the problem with nonperiodic coefficients,
where k(x,n) = k(x)/(1 4+ 1)*®). The coefficient k(x) = exp(B(z)) is chosen
such that () is a realization of a random field with the spherical variogram
[85], the correlation lengths I; = 0.2, ls = 0.02, and with the variance o = 1.
The function «(x) is chosen such that a(z) = k(z) + const with the spatial
average of 2. As for the boundary conditions we use “left-to-right flow” in the
2 =[0,5] x [0,1] domain, p = 1 at the inlet (z; = 0), p = 0 at the outlet
(1 = 5), and no flow boundary conditions on the lateral sides 3 = 0 and
xo = 1. In Table 3.5 we present the relative error for a multiscale method
with oversampling. Similarly, in Table 3.6 we present the relative error for a
multiscale finite volume method with oversampling. Clearly, the oversampling
method captures the effects induced by the large correlation features. Both
H' and horizontal flux errors are under five percent. Similar results have been
observed for various kinds of nonperiodic heterogeneities.
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In the next set of numerical examples, we test the MsFEM for problems
with fluxes k(z,n) that are discontinuous in space. The discontinuity in the
fluxes is introduced by multiplying the underlying permeability function k(x)
by a constant in certain regions, while leaving it unchanged in the rest of the
domain. As an underlying permeability field, k(z), we choose the random field
used for the results in Table 3.5. In the numerical example, the discontinuities
are introduced along the boundaries of the coarse elements. In particular, k(z)
on the left half of the domain is multiplied by a constant .J, where J = exp(4).
The results in Table 3.7 show that the MsFEM converges and the error falls
below five percent for relatively large coarsening. For the second numerical
example (Table 3.8), the discontinuities are not aligned with the boundaries
of the coarse elements. In particular, the discontinuity boundary is given by
r9 = x11/240.5; that is the discontinuity line intersects the coarse-grid blocks.
Similar to the aligned case, exp(4) jump magnitude is considered. The results
presented above demonstrate the robustness and accuracy of our approach for
anisotropic fields, where h and € are nearly the same, and the fluxes that are
discontinuous spatial functions.

As for CPU comparisons, we have observed more than 92% CPU savings
when using MsFEMs without oversampling. With the oversampling approach,
the CPU savings depend on the size of the oversampled domain. For example,
if the oversampled domain size is two times larger than the target coarse block
(half coarse block extension on each side) we have observed 70% CPU savings
for a 64 x 64 and 80% CPU savings for a 128 x 128 coarse grid. In general,
the computational cost will decrease if the oversampled domain size is close
to the target coarse block size, and this cost will be close to the cost of the
MsFEM without oversampling. Conversely, the error decreases if the size of
the oversampled domains increases. In the numerical examples, we have ob-
served the same errors for the oversampling methods using either one coarse
block extension or half coarse block extensions. The latter indicates that the
leading resonance error is eliminated for the problems under consideration by
using a smaller oversampled domain. Oversampled domains with one coarse
block extension are previously used in simulations of flow through hetero-
geneous porous media. As indicated in [145], one can use large oversampled
domains for simultaneous computations of the several local solutions. More-
over, parallel computations will improve the speed of the method because the
MSFEM is well suited for parallel computation [145]. For the problems where
k(z,n,&) = k(x)b(n)¢ (see Section 3.3 and Section 5.3 for applications) our
multiscale computations are very fast because the basis functions are built in
the beginning of the computations. In this case, we have observed more than
95% CPU savings. We again would like to remark that the local solutions can
be re-used in our multiscale simulations. This is similar to homogenization
where the homogenized fluxes are computed once.
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Table 3.1. Relative MSFEM Errors Without Oversampling

L2-Norm

HI-Norm

L*-Norm

N Error

Rate

Error

Rate

Error

Rate

32
64
128

0.029
0.053
0.10

0.115
0.156
0.234

0.85
0.94

-0.44
-0.59

0.03
0.0534
0.10

-0.94
-0.94

Table 3.2. Relative MsFVEM Errors Without Oversampling

N

L2-Norm

H!'-Norm

L*>-Norm

Error

Rate||Error

Rate

Error

Rate

32
64
128

0.03
0.05
0.058

0.13
0.19
0.25

-0.65
-0.19

0.04
0.05
0.057

0.60
0.35

-0.24
-0.19

Table 3.3. Relative MsFEM Errors with Oversampling

N

L?-Norm

H'-Norm

L*>°-Norm

Error

Rate

Error

Rate|| Error

Rate

0.0016
0.0012
0.0024

32
64
128

-0.96

0.036
0.019
0.0087

0.38

0.0029
0.0016
0.0026

0.93
1.14

0.92
-0.71

Table 3.4. Relative MsFVEM Errors with Oversampling

Table 3.5. Relative MsFEM Errors for Random Heterogeneities, Spherical Vari-

N

L?-Norm

HI-Norm

L*>-Norm

Error

Ratel||Error

Rate

Error

Rate

0.002
0.003
0.001

32
64
128

0.038
0.021
0.009

-0.43
1.10

0.005
0.003
0.001

0.87
1.09

0.72
1.08

ogram, [; = 0.20, 2 = 0.02, 0 = 1.0

N

L2-Norm

H!'-Norm

L°°-Norm

hor. flux

Error |Rate

Error |Rate

Error |Rate

Error{Rate

32
64
128

0.0006
0.0002
0.0001

1.58
1

0.0505
0.029
0.016

0.8
0.85

0.0025

0.001 |1.32

0.025

0.017]0.57

0.0005| 1

0.011/0.62
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Table 3.6. Relative MsFVEM Errors for Random Heterogeneities, Spherical Vari-
ogram, 1 = 0.20, 2 =0.02, c = 1.0

L2-Norm HI-Norm

L*>-Norm || hor. flux

N

Error

Rate

Error

Rate

Error

Rate

Error

Rate

32
64
128

0.0006
0.0002
0.0001

1.58
1

0.0515
0.029
0.016

0.81
0.85

0.0025
0.0013
0.0005

0.94
1.38

0.027
0.018
0.012

0.58
0.58

Table 3.7. Relative MsFEM Errors for Random Heterogeneities, Spherical Vari-
ogram, l1 = 0.20, l2 = 0.02, o = 1.0, Aligned Discontinuity, Jump = exp(4)

N

L?-Norm

H'-Norm

L*>°-Norm

hor. flux

Error

Rate

Error

Rate

Error

Rate

Error

Rate

32
64
128

0.0011
0.0006
0.0003

0.87
1.00

0.1010
0.0638
0.0349

0.66
0.87

0.0068
0.0045
0.0024

0.59
0.91

0.195
0.109
0.063

0.84
0.79

Table 3.8. Relative MsFEM Errors for Random Heterogeneities, Spherical Vari-
ogram, l; = 0.20, l2 = 0.02, ¢ = 1.0, Nonaligned Discontinuity, Jump = exp(4)

N

L?-Norm

H'-Norm

L*>°-Norm

hor. flux

Error

Rate

Error

Rate

Error

Rate

Error

Rate

32
64
128

0.0067
0.0016
0.0009

2.07
0.83

0.1775
0.0758
0.0687

1.23
0.14

0.1000
0.0288
0.0423

1.80
-0.55

0.164
0.077
0.039

1.09
0.98

3.8 Discussions

An alternative approach for solving nonlinear problems using MsFEM is to
linearize them. For example, the nonlinear elliptic or parabolic equations con-
sidered in this chapter can be linearized, for example, as

apn . n—1 n—1 n n—1 n—1

W—dw(b(r,t,p VP TONVDP) 4 ko(x, t,p" T, VP TT) = f,
where b(z,t,1,£)-& = k(xz,t,n,£). At this point, we assume that the solutions
of this linearized equation converge to a solution of the original nonlinear
equation. Then, at every iteration, one can apply the MsFEM where the basis
functions are constructed based on heterogeneous coefficients b that change
at every iteration. Assuming that we can approximate the solution accurately
with the MSFEM at every iteration and the error of approximation does not
propagate, one can show that this procedure converges under some conditions.

One can also perform upscaling based on a linearized equation (3.42). In
this case, the approximation of the upscaled solution of the limiting equation

(3.42)
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(in the sense of linearized iterations) can be obtained. More precisely, if one de-
notes by, _1(x,t) = bz, t,p" 1, Vp" 1) and g,,_1(z,t) = ko(z,t,p" 1, Vp" 1),
then the upscaled equation corresponding to (3.42) will have the form

8])*’”
ot

—div(b;_ (2, t)Vp*™) + g;_1(x,t) = f.

Assuming that the solution of this iterative procedure converges, the final
upscaled equation will have the form
dp*
ot

— div(b*(z,t)Vp™) + ¢*(z,t) = f.

Note that the obtained effective parameters (e.g., b*) implicitly contain the
information about the upscaled solution p*. Because the upscaled solution
contains the information about the global boundary conditions and source
terms in a nonlinear fashion, one cannot re-use the upscaled coefficients (e.g.,
b*) if the source or boundary conditions are changed.

The approximation of the local problems in the presence of scale separation
or periodicity is discussed in this chapter. In particular, the local solutions and
the evaluation of the variational formulation (see (3.7)) can be carried out
in smaller regions. These issues are discussed in greater detail in [136]. One
can attempt to use approximate solutions in the variational formulation (3.7)
to compute the resulting system of nonlinear equations (e.g., fewer Newton
iterations). To our best knowledge, these approximations are not considered
in the literature.

In this section, we considered nonlinear elliptic and parabolic equations;
however, the proposed methods can be applied in more general situations (see
Section 2.4). In Chapter 5, we discuss the application of nonlinear MsFEMs to
Richards’ equations and to fluid flows in deformable porous media. The latter
involves coupled nonlinear equations involving the interface dynamics between
the fluid and solid components of the media. The methods discussed in this
chapter can also be applied in material sciences. For example, in [136], the
author applies numerical homogenization methods similar to those discussed
in this chapter to nonlinear elasticity. In particular, the paper [136] explores
oversampling techniques in nonlinear heterogeneous equations both numeri-
cally and analytically. The author proves the convergence of the method with
oversampling, for convex and quasi-convex energies, in the context of general
heterogeneities. This analysis provides an interesting variational interpreta-
tion of the Petrov—Galerkin formulation of the nonconforming multiscale finite
element method for periodic problems.
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Multiscale finite element methods using
limited global information

4.1 Motivation

Previously, we discussed multiscale methods that employ local information in
computing basis functions. The accuracy of these approaches depends on local
boundary conditions. Although effective in many cases, multiscale methods
that only use local information may not accurately capture the solution at all
scales. In particular, in regions with no scale separation, the local multiscale
methods cannot accurately approximate the scales that are comparable to
the computational coarse-grid size. A rich hierarchy of scales can introduce
an important connectivity at different scales that need to be captured at
larger scales. The natural question is how to incorporate the information from
different scales into localized multiscale basis functions such that the resulting
numerical solution provides an accurate approximation of the global solution.

In this chapter, we discuss how to take into account the information that
is not captured by local basis functions. We call this information global infor-
mation although it can be information in some large regions where important
connectivity of the media may occur. For example, subsurface properties often
do not have scale separation and high/low conductivity regions can be con-
nected at various scales (e.g., Figures 1.2-1.4). The connectivity regions are
often very complicated due to conductivity variations within these regions and
their complex geometrical structures. Similar situations can occur in compos-
ite materials where the material properties can vary at different scales. These
complex features are often incorporated into global fields which are used to
construct localized multiscale basis functions. In this chapter, we discuss the
concept of global multiscale methods and their applications.

We demonstrate the main idea of global multiscale methods on the example
of porous media flow, although this concept can be generalized to many other
applications such as composite materials. Consider

—div(A(z)k(z)Vp) = f, (4.1)

Y. Efendiev, T.Y. Hou, Multiscale Finite Element Methods: Theory and Applications, 67
Surveys and Tutorials in the Applied Mathematical Sciences 4,
DOI 10.1007/978-0-387-09496-0_4, (© Springer Science+Business Media LLC 2009
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where k(x) is a heterogeneous field and A(x) is assumed to be a smooth field.
This equation is derived from two-phase flow equations when gravity and
capillary effects are neglected (see Section 2.10). Our goal is to construct
multiscale basis functions on the coarse grid (with grid size larger than the
characteristic length scale of the problem) such that these basis functions can
be used for various source terms f(x), boundary conditions, and mobilities
A(z). Here, k(x) does not have scale separation and has a multiscale structure
that may not be captured accurately via local basis functions.

In order to capture the multiscale structure of the media at different scales,
one needs to embed the multiscale information into the global fields. More
precisely, we assume that the solution can be represented by a number of
fields p1, ..., pn, such that

p~G(p1,...,pn), (4.2)

where G is a sufficiently smooth function, and p1,.., py are global fields. These
fields typically contain the essential information about the heterogeneities at
different scales and can also be local fields (see discussion below). In the above
assumption (4.2), p; are solutions of elliptic equations. For the mixed MsFEM,
one can formulate an assumption similar to (4.2) for velocities. We denote by
v; = —kVp;. Then, the above assumption can be written in the following way.
There exist sufficiently smooth scalar functions A;(z), ..., Ay(x), such that
the velocity corresponding to (4.1) (v = —A(x)k(x)Vp) can be written as

v Aj(x)vr 4+ -+ An(z)on. (4.3)

Note that it is important that G (or Ay, ..., Ax) are smooth functions so
that the multiscale basis functions which span pi,...,px (or vi,...,vN) can
accurately approximate the global solution. More details on the assumption
on Ay, ..., Ay or G are formulated later.

For problems without scale separation, the functions pq,...,py are often
the solutions of global problems or their approximations. These methods are
effective when (4.1) is solved multiple times. For problems with scale separa-
tion, one can use the solutions of the local problems in constructing multiscale
basis functions. We note that when only local information is used, one still
needs (4.2) (or (4.3) for fluxes) in each coarse-grid block to guarantee that
the local solutions can approximate the global solution in each coarse patch.
Once these global fields are determined, the multiscale basis functions are con-
structed such that they span these global fields. Thus, the multiscale methods
with limited global information can be regarded as an extension of MsFEM
discussed in Chapter 2. One of the main challenges is to determine the global
fields. This is discussed next.

In a general setting, it was shown by Owhadi and Zhang [218] that for an
arbitrary smooth A(z), the solution of (4.1) is a smooth function of d linearly
independent solutions of single-phase flow equations (N = d), where d is the
space dimension. These results are shown under some suitable assumptions for
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the case d = 2 and more restrictive assumptions for the case d = 3. In [103],
it was shown that for channelized permeability fields, p is a smooth function
of single-phase flow pressure (i.e., N = 1), where the single-phase pressure
equation is described by div(kVp®?) = 0 with boundary conditions as those
corresponding to two-phase flow. Multiple global fields can be used for the
system of equations or for the random coefficients. For the system of equa-
tions, these global fields are the solutions of the homogeneous system subject
to boundary conditions (0, ...,;,...,0) (i = 1,...,d), where z; is chosen for
each component of the vector field solution and zero otherwise (as in homog-
enization; see [28]). When considering random permeability fields, the perme-
ability field is typically parameterized with a parameter that represents the
uncertainties. In this case, we deal with a family of heterogeneous permeability
fields such as k = k(zx, 8), where 0 is in a high-dimensional space. For example,
log-Gaussian permeability fields can be characterized using Karhunen—Loéve
expansion (e.g., [182]) as

k(z,04,....00) = exp(Z 0,%;(x)),

where @;(z) are pre-computed spatial fields that depend on a covariance ma-
trix associated with k. In many of these parameterized cases, k(z,0) is a
smooth function of § = (64, ...,6;7), and thus one can use the solutions corre-
sponding to a few realizations of k to represent the heterogeneities across the
ensemble (see Section 5.7.1).

4.1.1 A motivating numerical example

In this section, we present a numerical example where the use of local bound-
ary conditions does not perform well and there is a need to use some type
of global information. We consider the two-phase immiscible flow and trans-
port setting presented in Section 2.10 with quadratic relative permeability
functions and neglect the effects of gravity and capillarity. Multiscale meth-
ods generally perform well for permeability fields generated using two-point
correlation functions (e.g., [85]). However, the local multiscale methods do
not perform well in the presence of strong nonlocal effects as do those that
appear in channelized permeability fields. In our numerical example, we con-
sider strongly channelized permeability fields, and in particular, show that
the local basis functions cannot accurately capture the global effects. These
permeability fields have been proposed in some recent benchmark tests, such
as the Tenth SPE Comparative Solution Project [78].

In Figure 4.1, one of the layers of this 3D permeability field is depicted. All
the layers have 60 x 220 fine-scale resolution, and we take the coarse grid to be
6 x 22. As can be observed, the permeability field contains a high-permeability
channel, where most flow occurs in our simulation. In Figure 4.2, the satu-
ration fields at time PVI = 0.5 are compared (see (2.44) for the definition
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Fig. 4.1. Log-permeability for one of the layers of upper Ness.

fine-scale saturation plot at PVI=0.5 saturation plot at PVI=0.5 using standard MsFVEM

Fig. 4.2. Saturation maps at PVI = 0.5 for fine-scale solution (left figure) and
standard MsFVEM (right figure).

of PVI). We use the MsFVEM as described in Section 2.10, where the ellip-
tic equation is solved on the coarse grid, whereas the transport equation is
solved on the fine grid with the fine-scale velocity field re-constructed using
multiscale basis functions. Thus, the errors are due to the MsFVEM only. We
see that MsFVEMs with local basis functions introduce some errors. In the
bottom left corner, there is a saturation pocket that is not in the reference
solution computed using the fine grid. This is because the local basis func-
tions in the lower-left corner contain a high permeability region. However, this
high permeability region does not have global connectivity, and the local basis
functions cannot take this effect into account. Next, we discuss how global in-
formation can be incorporated into multiscale basis functions to improve the
accuracy of the computations. Later in the book, we show that some more
general multiphase flow and transport numerical results can be improved by
using limited global information.
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4.2 Mixed multiscale finite element methods using
limited global information

4.2.1 Elliptic equations

In this section, we study mixed MsFEMs that employ global information. We
consider elliptic equations with Neumann boundary conditions

—div(A(2)k(x)Vp) = f(x) in 2

ANz)k(z)Vp-n=g on 052, (4.4)

where k(x) is a heterogeneous field and A(z) is a smooth field, as before. We
assume that [, pdz = 0. Denote by v = —\(2)k(x)Vp the velocity. To con-
struct basis functions for a global mixed MsFEM, we assume that the velocity
field v can be approximated by a priori defined global velocity fields, vy, ..., vy
in the following way. There exist functions vy, ...,vx and A;(z), ..., Ay (x) such
that

N
v(z) ~ Z A ()i (z), (4.5)

where A;(z), i = 1,..., N, are sufficiently smooth. The assumption (4.5) is
made more precise in Section 6.3. We note that v; = —kVp; are, in general,
solutions of div(kVp;) = 0, v; = —kVp;, with some boundary conditions.
In (4.5), we assume that the velocity field in each coarse-grid block can be
approximated by a linear combination of a priori defined velocity fields.

Next, we construct the multiscale velocity basis functions using the infor-
mation from vy, ..., vy. The main difference between this construction and the
construction presented in Section 2.5.2 is the use of oscillatory boundary con-
ditions that depend on vy, ..., v . Specifically, we construct the basis functions
for the velocity field as follows:

div(k(z)VeE) = = i K

K|
K _ ) [, vinds on €;
kv¢ij N = { 0 J else’

where fK gzﬁfj(»dx =0,7=1,.,.N,j=1,...,jk (jix is the number of edges
or faces of K), and ef are edges (or faces in R?) of K. In Figure 4.3, we
schematically illustrate the basis function construction. Let wi}j(. = k(:c)ngSg .
We define the finite-dimensional space spanned by these basis functions by

Vi = Span{djg}.

We denote by VY the span of 1/1{; that satisfies homogeneous Neumann bound-
ary conditions. We set ()}, to be piecewise constant basis functions that are
used to approximate the pressure p, as in Section 2.5.2.
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As in Section 2.5.2, we can combine the basis functions in adjacent coarse-
grid blocks with a common edge e; and obtain the multiscale basis function
for the edge e; denoted by 1;;. Let K7 and K5 be adjacent coarse grid blocks.
Then v;; solves (4.6) in K7 and solves div(1);;) = —1/|K2| in Ky, and ¢;;-n =
—v;-n/ fef v; - nds on eJKQ and 0 otherwise. In other words, 1;; = 51 in Ky
and v;; = —1/)5-2 in K5, where wg is defined via the solution of (2.16) (cf.
Figure 2.8 for the illustration).

Let {vp, pr} be the numerical approximation of {v, p} with the basis func-
tions defined previously. The numerical mixed formulation of (4.4) is to find

{vn,pn} € Vn X Qp, such that

/ (Nk) Yoy, - wpdr — / div(wp)prdz =0 Ywy, € V)
@ @ (4.7)
/ div(vp)gndz =/ fandz Vqn € Q.
2 Q

The discrete formulation corresponding to the resulting system is similar to
(2.18).

Note that for each edge, we have IN basis functions and we assume that
V1, ..., vy are linearly independent in order to guarantee that the basis func-
tions are linearly independent. To ensure the boundary condition in (4.6) is
well defined, we assume that felK v; - nds is not zero. To avoid the possibility

that feK |v; - n|ds is unbounded, we need to make certain assumptions that
l

bound [ x |v; - n|ds from above. These assumptions are formulated in Section
63

In Section 6.3, it is shown that the MSFEM using limited global informa-
tion converges without any resonance error. We present numerical results in
the next section as well as in Section 5.7.1 to demonstrate the importance of
the use of global information.

Remark 4.1. We note that local mixed MsFEMs introduced in Section 2.5.2
can be obtained from mixed MsFEMSs introduced in this section. To do this,
one needs to use one global field v; which is a constant vector and vy - n # 0
along each edge e. Taking into account that vy - n is constant along each edge,
we have vy -n/ [ vi-nds = 1/|e|. This is the same as the boundary conditions
introduced for local problems in Section 2.5.2.

Remark 4.2. The representative coarse grid K can be nonconvex (c.f., Figure
4.3). The analysis presented in Section 6.3 implies that the global mixed mul-
tiscale finite element method works for nonconvex meshes. Strongly stretched
meshes can have an impact on the convergence rate of the method following
the analysis in Section 6.3.

Remark 4.5. The construction of velocity basis functions in (4.6) and the anal-
ysis in Section 6.3 imply that K is not necessarily a polygon domain and the
interface normal can be a spatial function.
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K|

1
div(kl ¢;;)= |—— - PRl -

Nonzero flux boundary condition

,,,,,,, Zero flux boundary condition
Neighboring coarse grid block

Fig. 4.3. Schematic description of velocity basis function construction.

Remark 4.4. We note that the global mixed MsFEMs presented in the book
can be used when meshes have hanging nodes and when fine grids do not
necessarily match across coarse grid interfaces.

Pseudo-code. Next, we briefly outline the implementation of mixed Ms-
FEMs. We note that the implementation of mixed MsFEMs is similar to
Algorithm 2.5.2; except one needs to compute or obtain global fields. Note
that global fields can be defined iteratively (see Section 4.4). We have posted
simple prototype MATLAB codes for solving elliptic equations with mixed
MsFEMs (courtesy of J.E. Aarnes) at
http : / /Jwww.math.tamu.edu/ ~ yalchin.e fendiev/codes/.

4.2.2 Parabolic equations

Mixed MsFEMs using limited global information can be easily extended to
parabolic equations. We consider the following model parabolic equation,

ot

Qp — div(A(@)k(z)Vp) = f(z,t) in 2 x[0,T]
» (4.8)

=0 on 92 x][0,T]
p(t=0)=p(0) in £,

where k(x) is a bounded symmetric and positive definite matrix in {2, and
p(0) is a smooth spatial field. Denote by v = —A(z)k(z)Vp.
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Algorithm 4.2.1

Set coarse mesh configuration from fine-scale mesh information.
Define global fields vy, ..., v;, ..., v used in the simulations.

For each coarse-grid block n and for each global field i do

— For each edge j of a coarse-grid block

— Solve for 97 according to (4.6)

—  End for

End do.

Assemble the coarse-scale system according to (4.7).

Assemble the external force on the coarse mesh according to (4.7).
Solve the coarse-grid formulation.

For parabolic equations, we assume that the velocity v can be approx-
imated by multiple global fields. In particular, we assume that there exist
v1, ..., vy and sufficiently smooth functions A; (¢, ), ..., Ay (t,z) such that

N
v(t,x) ~ Z Ai(t,z)v;(x).

This assumption is made more precise in Section 6.3.1.
The mixed formulation associated with (4.8) is to find {v,p} such that

gp qdx +/ div(v) gqdzx :/ fq Yqe L*()
o Ot Q Q

/ (M)l - wdx — / div(w) pdr =0 VYw € H(div, {2)
o) 2

p(t = 0) = p(0).

Let finite-dimensional space V}, and @}, be defined as in the elliptic case. The
space-discrete mixed formulation is to find {vp,pp} : [0,7] — Vi x Qp such
that

(4.9)

0 .
/ *phqhder/ div(vp) thﬂc:/ fandx  Van € Qp
o Ot 0 0

[ oo wnde — [ aiviwn) putz =0 vy ev, (410
(9] 0

ph<t = 0) = Po,h>

where pg 5 is the L? projection of p(0) onto Q. This problem can be also
re-written in matrix form

)
AlpiBU=—F
ol TBY (4.11)

BTP-DU =0
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with P(0) given, where A and D are symmetric positive and definite. After
eliminating U, (4.11) is a linear system ODE for P,

A%P +BD'BTP=F

The analysis of the method is presented in Section 6.3.

4.2.3 Numerical results
The use of single global information

In our numerical simulations, we perform two-phase flow and transport sim-
ulations with the same setting as before, except we assume that the source
terms (g in (2.40)) are given by a standard five-spot problem (see e.g., [1]),
where the injection well is placed at the middle and the four production wells
are placed at four corners of the rectangular global domain. We assume no
flow along the boundaries. Initially, it is assumed that S = 0 in the whole
domain. In the simulations, we solve the pressure equation on the coarse grid
and reconstruct the fine-scale velocity field which is used to solve the satu-
ration equation. The fine-scale velocity is reconstructed simply by using the
multiscale basis function as

v="> vetbe,
€

where the sum is taken over all edges e (or faces), v, is the coarse-scale normal
velocity field for edge e obtained via the solution of mixed MsFEMs, and v,
is the velocity basis function for edge e. If there are several multiscale basis
functions for each edge, then

v = § Ue,iz/}e,ia
e,

where 7 corresponds to the global field v; (see (4.3)). Because we use a recon-
structed fine-scale velocity field, the errors will be due to mixed MsFEMs only.
The basis functions are constructed at time zero and not changed throughout
the simulations. As for permeability fields, we use heterogeneous permeability
fields from the Tenth SPE Comparative Solution Project [78] (also referred
to as SPE 10). Because of channelized structure of the permeability fields,
the localized approaches do not perform well, as we observed earlier. On the
other hand, the use of limited global information based on single-phase flow
information improves the accuracy.

We first present numerical results where one global field (single-phase flow
solution) is used (N = 1 in (4.3)). More precisely, div(kVp1) = ¢, where g;
represents the source terms corresponding to the five-spot problem and v; =
—kVp1. We compare a mixed MsFEM with limited global information and a
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mixed MsFEM which uses only local information. In Tables 4.1-4.6 numerical
results for different layers of SPE 10 using different viscosity ratios (see (2.39))
and different coarse grid sizes are shown. In these tables, the L! saturation
errors over the time interval from 0 to 1 PVI as well as fractional flow errors are
compared. It is evident from these tables that a mixed MsFEM using limited
global information performs much better than a mixed MsFEM which only
uses local information. Moreover, we observe that a mixed MSFEM converges
as the mesh size decreases. We present saturation snapshots in Figure 4.4.
These results indicate that for general complicated media such as SPE 10
with high contrast, one can expect the convergence of a mixed MsFEM as the

coarse mesh size decreases when using limited global information.

Table 4.1. Relative Errors (Layer 40, o/ pw = 3)

Coarse Grid| Frac. Flow Saturation Frac. Flow Saturation
Error Error Error Error
(Global) (Global) (Local) (Local)
6 x 10 0.0144 0.0512 0.1172 0.2755
12 x 22 0.0039 0.0370 0.1867 0.3158
Table 4.2. Relative Errors (Layer 50, po/pw = 3)
Coarse Grid| Frac. Flow Saturation Frac. Flow Saturation
Error Error Error Error
(Global) (Global) (Local) (Local)
6 x 10 0.0129 0.0871 0.1896 0.5061
12 x 22 0.0046 0.0568 0.1702 0.4578
Table 4.3. Relative Errors (Layer 70, o/ ptw = 3)
Coarse Grid| Frac. Flow Saturation Frac. Flow Saturation
Error Error Error Error
(Global) (Global) (Local) (Local)
6 x 10 0.0106 0.0562 0.0408 0.2291
12 x 22 0.0039 0.0421 0.0976 0.2530

Mixed MsFEM on unstructured grids and the coupling to
coarse-scale transport equation

In [4], the mixed MsFEM is used for simulations on unstructured coarse grids.
The use of unstructured coarse grids has advantages in subsurface simula-
tions because they provide flexibility and can render more accurate upscaled
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Table 4.4. Relative Errors (Layer 40, po/pw = 10)

Coarse Grid|Frac. Flow Error|Saturation Error|Frac. Flow Error|Saturation Error
(Global) (Global) (Local) (Local)
6 x 10 0.0080 0.0534 0.0902 0.2721
12 x 22 0.0026 0.0403 0.1414 0.3153

Table 4.5. Relative Errors (Layer 50, po/pw = 10)

Coarse Grid|Frac. Flow Error|Saturation Error|Frac. Flow Error|Saturation Error
(Global) (Global) (Local) (Local)
6 x 10 0.0049 0.0957 0.1577 0.5137
12 x 22 0.0041 0.0628 0.1404 0.4613

Table 4.6. Relative Errors (Layer 70, po/pw = 10)

Coarse Grid|Frac. Flow Error|Saturation Error|Frac. Flow Error|Saturation Error
(Global) (Global) (Local) (Local)
6 x 10 0.0044 0.0629 0.0280 0.2262
12 x 22 0.0025 0.0473 0.0678 0.2397

solutions for flow and transport equations. It is often necessary to use an un-
structured coarse grid when highly heterogeneous reservoirs are discretized via
irregular anisotropic fine grids. Our study is motivated by the development of
coarse-scale models for coupled flow and transport equations in a multiphase
system. An unstructured coarse grid is often used to upscale the transport
equation with hyperbolic nature in a highly heterogeneous reservoir. Solving
the flow equation on the same coarse grid provides a general robust coarse-
scale model for the multiphase flow and transport at a low CPU cost. We note
that most of the previous studies employ a two-grid approach where the flow
equation is solved on a coarse grid and the transport equation is solved on
a fine grid. We consider the nonuniform coarsening developed in [9] for the
transport equation (also described in Section 5.5). The coarse grid we obtain
is highly anisotropic and is not quasi-uniform. We present numerical results
when both the flow and transport equations are solved on the coarse grid. In
[4], numerical examples involving highly channelized permeability as well as
a 3D reservoir model using an unstructured fine grid are presented. Next, we
present a few numerical examples.

For our numerical example, we consider layer 65 of SPE 10. Using the
algorithm for upscaling of the transport equation ([9]), we generate a coarse
grid. In Figure 4.5, the fine-scale permeability and the coarse grid are plotted.
In Figure 4.6, we present the results for the saturation fields at PVI= 1 when
both the flow and the transport equations are solved on the coarse grid. One
can see from this figure that the saturation profile looks realistic when an
adaptive coarse grid is used and we preserve the geological realism reasonably
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Reference saturation at PVI=1

Saturation using global mixed MsFEM at PVI=1

Saturation using local mixed MSFEM at PVI=1

Fig. 4.4. Comparison of saturation fields between reference solution and MsFEM
solution at PVI = 1, layer 50, 12 x 11 coarse grid and po/pw = 10; top: refer-
ence saturation; middle: saturation using global mixed MsFEM; bottom: multiscale
saturation using local mixed MsFEM.

well. In Table 4.7 we present L' relative errors for the saturation when different
resolutions of the coarse grid are used. In the same table, we show the errors
corresponding to the structured grids with a comparable number of coarse-
grid blocks (shown in parentheses). We can make two important observations
from this table. First, the errors are small (less than 1%). Second, the mixed
MsFEM on an unstructured grid performs better. The latter is due to the fact
that the unstructured grid is constructed using some relevant limited global
information which usually increases the accuracy of the method.

In our next numerical example, we test the method on a synthetic reservoir
with a corner-point grid geometry. The corner-point grid has vertical pillars,
as shown in Figure 4.7, 100 layers, and 29,629 active cells (cells with positive
volume). The permeability ranges from 0.1 mD to 1.7 D and the porosity is
assumed to be constant. The corner-point grid (or pillar grid) format [231]
is a very flexible grid format that is used in many commercial geomodeling
softwares. Essentially a corner-point grid consists of a set of hexahedral cells
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permeability field

Fig. 4.5. 60 x 220 permeability field and the coarse grid with 180 blocks. A random
color is assigned to each coarse-grid block.

reference multiscale saturation using unstructured grid multiscale saturation using structured grid

Fig. 4.6. Saturation comparisons.

Table 4.7. Relative L' Errors (Layer 65)

Unstruct. Coarse [Sat. Err.|Sat. Err. (Struct. Grid)
(Number of Blocks)| (Total) (Total)
180 0.0097 0.0130 (10x%20)
299 0.0080 0.0125 (15x22)
913 0.0062 0.009 (20x44)

that are aligned in a logical Cartesian fashion where one horizontal layer in the
logical grid is assigned to each sedimentary bed to be modeled. In its simplest
form, a corner-point grid is specified in terms of a set of vertical or inclined
pillars defined over an areal Cartesian 2D mesh in the lateral direction. Each
cell in the volumetric corner-point grid is restricted by four pillars and is
defined by specifying the eight corner points of the cell, two on each pillar.
We consider only 60 vertical layers of the permeability field. The coarse grid
is constructed by subdividing the fine-scale model on 30-by-30-by-60 corner-
point cells into 202 coarse-grid blocks. In Figure 4.8, we plot: coarse-grid
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Fig. 4.7. A corner-point model with vertical pillars and 100 layers. To the right is
a plot of the permeability field on a logarithmic scale. The model is generated with
SBEDTM | and is courtesy of Alf B. Rustad at STATOIL.

$s

Fig. 4.8. Left: schematic description of unstructured coarsening (each coarse grid
block is assigned a random color). Middle: a horizontal slice of unstructured coars-
ening presented on the left. Right: a coarse grid block (enlarged).

partitioning (left plot) where a random color is assigned to each coarse-grid
block; a horizontal slice of coarse partitioning presented on the left plot; and
several coarse-grid blocks. In Figure 4.9, we plot the water-cut curves. As
we see from this figure, our method provides an accurate approximation of
water-cut data. The error that is due to the mixed MsFEM is only 2% (here,
we consider L' error in the saturation field at PVI = 0.5). We have observed
17% error in the saturation field when both flow and transport equations are
solved on the coarse grid. This error is mainly due to the saturation upscaling.
The detailed numerical studies when both flow and transport equations are
coarsened can be found in [4]. In particular, we show that the errors due to
mixed MsFEMs for solving the flow equation are much smaller than the errors
due to upscaling of the transport equation. This suggests that more accurate
upscaling methods for transport equations are needed. Multiscale methods for
transport equations are discussed in Section 5.2.
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Fig. 4.9. Water-cut for reference and multiscale solutions.

The use of multiple global information in parameter-dependent
permeability

In our next set of numerical experiments, we consider a case where one needs
to use multiple global fields to construct multiscale basis functions. One can
consider this case as a simplified case for the more general stochastic case
which is presented in Section 5.7. In our numerical experiments, we con-
sider k(x,0) = exp(0Y (x)). We investigate a range of 6, ¢, < 6 < 0o,
and use the global single-phase flow solutions corresponding to endpoints
0 = 0, and 6 = 60 to construct the multiscale basis functions. In partic-
ular, v; = —k(z,601)Vp(x,01) and vo = —k(z,02)Vp(x,0s) (where p(x,6;)
and p(x,60s) solve the global single-phase flow problem) are used to construct
mixed multiscale basis functions as described earlier.

In Figure 4.10, the water-cut (which is equal to 1—F', F being the fractional
flow) and the saturation profiles for a value of § = 0.75 are compared. The
global fields corresponding to single-phase flow solutions are computed at
01 = 0.5 and 65 = 1. The simulations are run with p,/p,, = 5. We note that
the value of 0 is different from the values used in generating basis functions.
We observe from these figures that the mixed MsFEM provides an accurate
representation of the solution. In particular, there is almost no difference in
the water-cut curve and the error in the saturation profile at PVI = 1 is less
than 5%. This observation is consistent for all other values between 6; and
05, and it is demonstrated next.

In our next set of numerical experiments, water-cut errors and saturation
errors for values of # between #; = 0.5 and 05 = 1.5 are presented. We also
compare these results with the results obtained using only one value of 6,
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05F 1

20 40 60 80 100 120 140 160 180 200 220

Fig. 4.10. Top: comparison of water-cut between reference solution and multiscale
solution; middle: the reference saturation at PVI = 1; bottom: multiscale saturation
at PVI =1 (layer 85).

6 = 1. More precisely, we only use the global solution corresponding to 6 =1
to construct multiscale basis functions. Furthermore, these basis functions are
used for solving the two-phase flow on the coarse grid for other values of 6. We
observe from Figures 4.11 and 4.12, that the results are substantially better if
two global solutions are employed in characterizing the solutions for the entire
range of 6. In Figure 4.11, o/ 11, = 0.1 is taken and in Figure 4.12, i,/ 1, = 10
is taken. It is clear from these figures that the use of two global solutions in
mixed MsFEMs gives us an accurate approximation. The presented numerical
results show that one can use a few realizations of the permeability field to
construct basis functions that can be employed for solving two-phase flow
and transport on the coarse grid accurately. Similar ideas have been used in
applications of mixed MsFEMs to stochastic equations (see Section 5.7.1).
One of our goals with presented numerical results is to show that the so-
lution can be approximated using multiple global fields. Next, we discuss the
numerical convergence of global mixed MsFEMs with limited global informa-
tion. For this reason, we consider different coarse grids, 6 x 22, 12 x 44, and
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Fig. 4.11. L' saturation error and water-cut error using one single-phase flow so-
lution and two single-phase flow solutions, po/pw = 0.1 (layer 85).
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Fig. 4.12. L' saturation error and water-cut error using one single-phase flow so-
lution and two single-phase flow solutions, p,/uw = 10 (layer 85).

15 x 55 for the previous example with p,/p, = 10. Our convergence anal-
ysis (see Section 6.3) indicates that the proposed method converges up to a
small parameter that represents how well the two-phase velocity field can be
approximated by a single-phase velocity field in each coarse patch. Moreover,
the convergence rate also depends on the smoothness of A; in (4.5). One can
consider an ideal toy problem where the convergence rate can be verified by
specifying the form of the solution up to smooth functions A4; (see (4.5)). In-
stead, we would like to consider the SPE 10 example and show that as the
coarse mesh size decreases the error decreases. We note that this is in contrast
to standard MsFEMs where one can observe the resonance error. As a result,
the mixed MSFEM does not converge as h approaches zero. As we see from
Figure 4.13, the mixed MsFEM using limited global information converges as
the coarse mesh size decreases. This is again an indication that for general
complicated media such as SPE 10 with high contrast, one can expect the
convergence of mixed MsFEMs using limited global information.

We note that the method can be used for stochastic flow equations. This is
presented in Section 5.7.1. In this case, one can take v; to be the realizations
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Net saturation error Water—cut error
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Fig. 4.13. L' saturation error and water-cut error using one single-phase flow solu-
tion and two single-phase flow solutions, ,/pw = 10 for different degrees of coars-
ening (layer 85).

of the random fields. This way multiscale basis functions capture the small-
scale information across the realizations of stochastic porous media equations.
Because these approaches do not necessarily require global information and
can be considered as an application of MsFEMSs, we present them in the last
chapter of the book.

4.3 Galerkin multiscale finite element methods using
limited global information

4.3.1 A special case

First, we consider a special case where only one global field is used for generat-
ing multiscale basis functions. We denote the solution of the pressure equation
at time zero by p*F(x), where the superscript sp refers to single-phase flow
(A=11n (4.1)). In defining p*?(z), we use the actual boundary conditions of
the global problem. The boundary conditions for modified basis functions are
defined in the following way. For simplicity of the presentation, we consider
a rectangular partition in 2D. For each rectangular element K with vertices
x; (1 =1,2,3,4), denote by ¢;(x) a restriction of the nodal basis on K, such
that ¢;(z;) = d;;. At the edges where ¢;(x) = 0 at both vertices, we take the
boundary condition for ¢;(x) to be zero. Consequently, the basis functions are
localized. We only need to determine the boundary condition at two edges that
have the common vertex z; (¢;(x;) = 1). Denote these two edges by [z;_1, z;]
and [z;, x;11] (see Figure 4.14). We only need to describe the boundary condi-
tion g;(x) for the basis function ¢;(x) along the edges [z;, ;1] and [z;, 2;-1].
If p*P(x;) # p*P(xiy1), then

p*P(x) — p*P(wit1) PP () = p*P(wi1)
— a ) gi(x)l[l’iyzi—l] =

g ( )|[ iy 1+1] psP(xi) Sp($i+1) pSp(gji) 7p3p(xi—1)
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Fig. 4.14. Schematic description of nodal points.

If p*P(x;) = p*P(wi41) # 0, then

1
— 40 s s
Gi( @)z ,2i40) = 05 () + m(éﬂ P(x) — p*P(wit1)),
where ¢Y(z) is a linear function on [z;,7;+1] such that ¢{(z;) = 1 and
#?(2;+1) = 0. Similarly,
1
. — 49 Sp — pSP (.
gz+1(‘r)|[zi,ri+1] ¢z+1(x)+ 2p3p(13i+1)(p (LL') p ($2+1))7
where ¢? () is a linear function on [z;,2;11] such that ¢, (zi41) = 1

and ¢?,,(z;) = 0. If p*P(x;) = p*P(w;+1) # 0, then one can also use simply
linear boundary conditions. If p°?(z;) = p*?(x;4+1) = 0 then linear boundary
conditions are used. Finally, the basis function ¢;(x) is constructed by solving
the leading-order homogeneous equation div(kV¢;) = 0. The choice of the
boundary conditions for the basis functions is motivated by the analysis. In
particular, we would like our basis functions to span the fine-scale solution
p®P(z). Using this property and Cea’s lemma one can show that the pressure
obtained from the numerical solution is equal to the underlying fine-scale
pressure. The latter combined with the fact that the two-phase flow solution
p is a smooth function of p*? (see [103]) allows us to show that the proposed
multiscale finite element method converges independent of resonance error.
This approach is effective when the solution of (4.1) is a smooth function of

PP

4.3.2 General case

The MsFEMs considered above employ information from only one single-
phase flow solution. In general, it might be necessary to use information from
multiple global solutions for the computation of an accurate two-phase flow
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solution. The previous MsFEMs can be extended to take into account ad-
ditional global information. Next, we present an extension of the Galerkin
MSFEM that is based on the partition of unity method [32] (also see e.g.,
[248], [121], [153)).

As we mentioned before, we assume (4.2); that is [[p — G(p1, ..., pn) || L2(2)
is sufficiently small for a priori selected global fields py,...,pn. Here G is a
smooth function. Here, p1, ..., px are global (or local) fields that can approxi-
mate the solution.

Let w; be a coarse-grid patch (see Figure 4.15), and define ¢! to be par-
tition of unity functions (e.g., piecewise linear basis functions) such that
@Y (x;) = d;;. For simplicity of notation, denote p; = 1. Then, the MSFEM for
each patch w; is constructed by

Wi = ¢)pj,

where j =1,.., N and ¢ is the index of nodes (see Figure 4.15). We note that
in each coarse patch Y | ¥;; = p; is the desired global field. Because the
solution can be approximated by p;, one can show that the MsFEM converges
independent of resonance errors ([162]). Note that the form of the function
G is not important for the computations; however, it is crucial that the basis
functions span pq,..., py in each coarse block. The convergence results are
presented in Section 6.3.

Fig. 4.15. Schematic description of patch.

4.3.3 Numerical results

Next, we show numerical results obtained for MsFEMs using limited global
information presented in Section 4.3.1. We consider two-phase flow and trans-
port and use only one global field, single-phase flow information (N = 1), as
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Fig. 4.16. Fractional flow comparison for standard MsFVEM and global MsFVEM.

described in Section 4.3.1 in the construction of basis functions. The basis
functions are coupled via the finite volume formulation of the problem (see
Section 2.5.1). We refer to this method as the global MsFVEM. Our first
numerical example is for the permeability layer depicted in Figure 4.1 and
two-phase flow parameters presented earlier in Section 2.10. As before, we
specify p =1, S = 1 along the = 0 edge and p = 0 along the = 5 edge. On
the rest of the boundaries, we assume a no-flow boundary condition. Results
are also presented in terms of the fraction of oil in the produced fluid (i.e.,
oil-cut, designated by F’) against pore volume injected (PVI). Recall that PVI
represents dimensionless time and is computed via f Qdt/V,, where V,, is the
total pore volume of the system and @ is the total flow rate (see (2.44) for
the definition of PVI).

In Figure 4.16, the fractional flows are plotted for standard and global
MsFVEMs. We observe from this figure that the global MsFVEM is more
accurate and provides nearly the same fractional flow response as the direct
fine-scale calculations. In Figure 4.17, we compare the saturation fields at
PVI = 0.5. As we see, the saturation field obtained using the global MsFVEM
is very accurate and there is no longer the saturation pocket at the left bottom
corner (cf. Section 4.1.1). Thus, the global MSFVEM captures the connectivity
of the media accurately.

In the next set of numerical results, we test global MsFVEMSs for a differ-
ent layer (layer 40) of the SPE comparative solution project. In Figures 4.18
and 4.19, the fractional flows and total flow rates (@) are compared for two
different boundary conditions. One can see clearly that the global MsFVEM
gives nearly exact results for these integrated responses. The standard Ms-
FVEM tends to overpredict the total flow rate at time zero. This initial error
persists at later times. This phenomenon is often observed in the upscaling of
two-phase flows. More numerical results and discussions can be found in [103].
These numerical results demonstrate that global MsFEMs which use limited
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Fig. 4.17. Saturation maps at PVI = 0.5 for fine-scale solution (left figure) and
global MsFVEM (right figure).
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Fig. 4.18. Fractional flow (left figure) and total production (right figure) comparison
for standard MsFVEM and global MsFVEM (layer 40).

global information are more accurate. Moreover, global MsFEMs are capable
of capturing long-range flow features accurately for channelized permeability
fields.

In the next set of numerical results, we consider another layer of the upper
Ness (layer 59). In Figure 4.20, both fractional flow (left figure) and total
flow (right figure) are plotted. We observe that the global MsSFVEM gives
almost the exact results for these quantities, whereas the standard MsFVEM
overpredicts the total flow rate, and there are deviations in the fractional flow
curve around PVI = 0.6. Note that unlike the previous case, fractional flow for
standard MsFVEM is nearly exact at later times (PVI ~ 2). In Figure 4.21,
the saturation maps are plotted at PVI = 0.5. The left figure represents the
fine scale, the middle figure represents the results obtained using a standard
MsFVEM, and the right figure represents the results obtained using a global
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Fig. 4.19. Fractional flow (left figure) and total production (right figure) comparison
for the standard MsFVEM and global MsFVEM (layer 40).
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Fig. 4.20. Fractional flow (left figure) and total production (right figure) comparison
for the standard MsFVEM and global MsFVEM.

MsFVEM. We observe from this figure that the saturation map obtained using
a standard MsFVEM has some errors. These errors are more evident near the
lower left corner. The results of the saturation map obtained using the global
MsFVEM are almost the same as the fine-scale saturation field. It is evident
from these figures that the global MsFVEM performs better than the standard
MsFVEM.

4.4 The use of approximate global information
In the above discussions, the global fields are computed by solving simplified

fine-scale equations. One can also use approximate global solutions instead of
solving fine-scale elliptic equations. There are various ways one can attempt to
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Fig. 4.21. Saturation maps at PVI = 0.5 for fine-scale solution (left figure), stan-
dard MsFVEM (middle figure), and global MsSFVEM (right figure).

approximate the global fields and we briefly discuss two types of approximate
global solutions. In the first approach, approximate global fields that capture
nonlocal effects are computed iteratively. In the second approach, we attempt
to compute global fields with fewer fine-scale details by homogenizing some
small-scale features that can be localized.

4.4.1 Iterative MsFEM

One can attempt to capture nonlocal effects iteratively by using the approxi-
mate solutions obtained from MsFEMs. This procedure is schematically pre-
sented in Figure 4.22. At each iteration, approximations of the global solutions
obtained via MsFEMs are used in the computation of multiscale basis func-
tions. The computations of multiscale basis functions are the same as discussed
above (e.g., (4.6)). Once the basis functions are computed, the global problem
is solved on the coarse grid and updated approximations of the global solu-
tions are computed. These global solutions are again used for multiscale basis
function computation after possible post-processing with smoothers if needed.
A convergence criterion based on the difference of consecutive approximate
MsFEM solutions can be used to stop the iterations. In order to avoid using
the same space of multiscale basis functions, one can use different sizes of
oversampling domains in the computation of basis functions.

An algorithm with a similar concept was introduced in [93]. In [93], the
authors proposed the use of a MsFVEM solution as a global solution. Numer-
ical results show that one can achieve substantial improvement when small
oversampling is employed in computing the global solutions. Moreover, one
can apply this approach iteratively, by re-computing the MsFVEM solution.
This iterative procedure converges in two to three iterations for heteroge-
neous permeability fields such as SPE 10. In general, the correction to the
multiscale solution via iterations can be very useful in many practical appli-
cations. Indeed, computing a global solution each time when heterogeneities
or flow fields change can be expensive. On the other hand, the iterative ap-
proaches that can compute the approximate global solution by updating a few
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Fig. 4.22. An outline of iterative MsFEM.

multiscale basis functions can be very useful in fast flow simulations. These
approaches share some similarities with domain decomposition methods (e.g.,
[137]), although there are important differences. The approach proposed in
[93] iteratively computes multiscale basis functions that can be re-used for
different source terms and boundary conditions, and domain decomposition
methods correct the solution in the iterations. One can also keep multiscale
basis functions the same during the iterations and compute the corrections to
the solution in the iterations.

4.4.2 The use of approximate global information

Another possible approximation of global solutions can be obtained by remov-
ing the small-scale details that can be localized. This way, one will compute
only important nonlocal features of the global fields by homogenizing some of
the small-scale features that can be recovered in the basis function construc-
tion (see Figure 4.23 for the illustration). This can provide CPU savings in
global solution computations because not all small-scale features are resolved.
To demonstrate this concept, we assume that the coefficients are described by
ks> (x), where 0~ refers to the hierarchy of scales that are larger than J, and
the parameter € (¢ < §) refers to the small scale that can be homogenized.
Denote the partially homogenized coefficients by k¥. (x). By homogenizing e
scales, one can use kj~ (x) to compute the global fields. The use of nonuniform
coarsening will allow us to discretize the equation with the coefficients kj. (z)
on a coarser grid compared to the equation with the coefficients ks> ().
Indeed, many fine-scale features are due to € scales. This will provide CPU
savings in the computation of auxiliary global fields. Moreover, one can use
smaller regions (RVE) as in Section 2.6 in the computation of k3. (). In [108],
we use the global solutions computed with the coefficients £}~ (x) to construct
multiscale basis functions and investigate the convergence of the method.
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4.5 Discussions

One of the theoretical works on using limited global information in MsFEMs is
by Owhadi and Zhang [218]. In this work, the authors show that the solution
is smooth in a harmonic coordinate system. These results are shown under
some suitable assumptions for the case d = 2 and more restrictive assump-
tions for the case d = 3. The use of harmonic coordinates in homogenization
is not new. In [169], the author used harmonic coordinates to transform the
elliptic equations with random coefficients into the elliptic equations in non-
divergence forms (without lower-order terms). The homogenization of elliptic
equations in non-divergence form is carried out by using spatial averaging.
Harmonic coordinates in [218] consist of directional solutions of the single-
phase flow equation. This suggests that one can solve the flow equation with
an arbitrary right-hand side or smooth mobility A(z) in a harmonic coordi-
nate system using standard finite element basis functions on a coarse grid. In
the original (physical) coordinate system, this method entails solving the flow
equations with multiscale basis functions that span the global solutions and,
perhaps, constant or low-order polynomials. Moreover, the coarse grid in the
original coordinate system is the image of the regular coarse-grid block in the
harmonic coordinate system. This image is taken under the inverse of har-
monic coordinate transformation. These coarse-grid blocks are usually highly
distorted [218].

The multiscale methods using limited global information usually perform
well (numerically) for high-contrast media. However, rigorous analysis for gen-
eral high-contrast media is still an open question. Some results along this
direction have been obtained recently in [137, 76, 67]. In [76], piecewise con-
stant heterogeneities are considered. The authors show that by constructing
some appropriate multiscale boundary conditions for the basis functions that
take into account the local geometric property of the solution, the MsFEM
converges with an optimal convergence rate independent of the aspect ratio
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of the heterogeneous coefficient. This is perhaps the first result in which one
can obtain an optimal convergence rate independent of the high-contrast of
the coefficients for a finite element method which does not require alignment
of the finite element mesh with the interface boundary. In [67], the high con-
trast problem is formulated as an interface problem without a high contrast.
Then the basis functions for the interface on the coarse grid are computed in
addition to regular multiscale basis functions.

The question of whether local changes in the permeability can be treated
by modifying multiscale basis functions locally is addressed in [77]. The au-
thors consider the mobility functions A(S) in (4.1) which are discontinuous
functions. It is shown that by changing the basis functions only near the dis-
continuities, one can achieve a convergent method for problems without scale
separation.

The limited global information can be very useful in coarsening. In [218],
the authors use the level sets of the directional solutions to generate the
coarse grid. The use of level sets of the directional solutions has limitations.
In previous findings, the pressure-streamline coordinates have been used in
coarsening. In a recent work [93], we propose a generic algorithm, extending
the main idea of [69], for performing nonuniform coarsening using a single-
phase velocity field. We show that one can achieve higher accuracy with fewer
degrees of freedom (compared to uniform coarsening).

As we mentioned earlier the use of limited global information in coarsening
is not new. The single-phase information has been used in upscaling methods
for porous media flows before. One of the main difficulties in upscaling meth-
ods when using limited global information is to recover exactly the average
response of the global fine-scale information. In [140], the authors solve an op-
timization problem for computing the upscaled permeabilities that give nearly
the same average response as the global solution. In [69], the authors propose
an iterative method using global information which converges in a few iter-
ations. The resulting upscaled coefficients give nearly the same average flow
response as the global single-phase flow solution. Limited global information
is also used in multiphase upscaling for upscaling of relative permeabilities.

As we mentioned above one can use multiple global solutions in computing
basis functions. This is particularly useful for stochastic problems, where dif-
ferent realizations are used in computing basis functions, or in the situations
where a priori knowledge about the change in heterogeneities or boundary
conditions is known. Then, multiple global solutions can be used in construct-
ing multiscale basis functions. In this way, one can use the same set of basis
functions throughout the simulation.

We would like to note that the use of limited global information in non-
linear problems does not seem to be possible, in general. This is due to the
fact that the heterogeneities depend on nonlinearities and the solution. The
use of limited global information usually assumes knowledge about the spatial
heterogeneities. For nonlinear problems, one does not have a priori knowl-
edge about the heterogeneities. One approach is to identify a set of hetero-
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geneities that will occur in nonlinear problems. For example, in nonlinear
elliptic or parabolic problems, this will involve finding spatial information
about k(z,p, Vp) for all p. Once this has been determined, one can construct
a larger set of basis functions that are capable of capturing all the long-range
effects. To our best knowledge, these issues have not been addressed so far.

Finally, we mention that the multiscale methods using limited global in-
formation can be extended to other linear equations, such as wave equations
[163].



5

Applications of multiscale finite element
methods

5.1 Introduction

In this chapter, we present some applications of MsFEM to fluid flows in
heterogeneous porous media. We discuss multiscale methods for transport
equations and their coupling to flow equations which are solved using Ms-
FEMSs. The proposed multiscale techniques for the transport equation share
some similarities with nonlinear multiscale methods introduced in Chapter 3.
Because of sharp interfaces, special treatment is needed near the interface.
Furthermore, due to the hyperbolic nature of the transport equation, some
type of limited global information is needed for constructing multiscale basis
functions. These issues are discussed in Section 5.2.

In Section 5.3, we discuss the applications of MsFEMs to flows in un-
saturated porous media described by Richards’ equations [236]. Multiscale
methods developed in Chapter 3 are applied to solve Richards’ equation in
heterogeneous porous formations on the coarse grid. In Section 5.4, we extend
MsFEMs to solving the fluid-structure problem on the coarse grid where as
a result of fluid flow in the pore region, the porous medium deforms substan-
tially.

Applications of MsFEMs to reservoir modeling are presented using both
the mixed MsFEM and MsFV in Sections 5.5 and 5.6. In these sections, more
complicated porous medium equations involving compressibility, gravity, and
three phases in heterogeneous reservoirs are considered. The authors address
the challenging issues that arise in petroleum applications and describe the
efficient use of MsFEMs in these problems.

The porous medium properties are typically described using geostatistical
techniques because of uncertainties associated with prescribing permeability
values to different locations. The numerical simulation of fluid flows in stochas-
tic porous media is prohibitively expensive because the computation of each
realization is CPU-demanding. In this chapter, we also consider approaches for
constructing multiscale basis functions for the whole ensemble. Furthermore,
the applications of MsFEMs to uncertainty quantification in inverse problems
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consisting of permeability sampling are presented. The objective here is to use
MsFEMs to speedup the computations aimed at quantifying uncertainties in
inverse problems.

5.2 Multiscale methods for transport equation

5.2.1 Governing equations

A prototypical example for problems studied is two-phase immiscible flow and
transport in heterogeneous media. We presented the governing equations in
Section 2.10 neglecting the effects of gravity, compressibility, capillary pressure
and dispersion on the fine scale. We recall that the system of equations consists
of the pressure equation

div(A(S)k(2)Vp) = g1, (5.1)

where A(.9) is the total mobility and ¢; = g, + ¢ is the total volumetric source
term. The saturation equation has the form

652+ div(wf(5)) = ~au, 62

where f(S) is the fractional flow of water (f is also denoted by f, often to
distinguish between oil and water fractional flows), and ¢ is porosity. The
total velocity v is given by

v=—A9)kVp. (5.3)

In the presence of capillary effects, an additional diffusion term is present in
(5.2). The above system of equations can be extended to describe the flow
and transport of three-phase flow and transport (see Sections 5.5 and 5.6). In
Sections 5.5 and 5.6, the applications of MSFEMs to three-phase compressible
flow and transport are described.

In this section, we focus on developing multiscale methods for the transport
equation described by (5.2).

5.2.2 Adaptive multiscale algorithm for transport equation

In this section, we present an adaptive multiscale method for solving the
transport equation following [5]. The main idea of this approach is to construct
multiscale basis functions similar to the construction in nonlinear MsFEMs
presented in Chapter 3. Because the solution of the transport equation has
sharp interfaces, a separate treatment is needed for these interfaces.

The adaptive multiscale method that we propose here consists of two parts.
An adaptive criterion determines if a block is in a transient flow region. Here,
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by transient region, we refer to those regions with sharp saturation fronts.
In these regions we use local fine-grid computations to advance the satura-
tion solution to the next time-step. In regions with slow transients, we use a
multiscale coarse-grid solver to advance the saturation solution to the next
time-step. Then, instead of doing a fine-grid calculation, we map the coarse-
grid solution onto a fine-grid solution using special interpolation operators.

Before we give an outline of the algorithm, we need to introduce some addi-
tional notation. First, denote the coarse grid by 7 = {K;} and an underlying
fine grid by K = {7;}. The grids used here need not coincide with the coarse
and fine grids for multiscale methods used for the pressure equation and can
be unstructured. In this particular application, we use a mixed MsFEM.

We introduce now the upstream fractional flow function for
Yij = aKZ ﬂE)KJ

Vi () = f(8;) max{vi;, 0} + f(S;) min{vy;, 0}, (5.4)

where v;; is the Darcy flux across v;; that we get from the mixed MsFEM
solution. Next, let S* be the coarse-grid saturation in K; at time t,, and
denote by 7,7 the family of grid blocks that are identified to be in a transient
flow region at time ¢,. One can use various criteria based on coarse-scale sat-
uration values or their gradients to identify transient regions. In this section,
the following criteria are used to identify transient flow regions:

For each K; € 7., we define

tro
KPP =K;u{r € K:|ornoK;| > 0}.

Hence, K7 consists of grid cells that are either contained in K;, or that share a
common interface with a cell in K. Finally, we introduce a family of operators
{Ik : K € T} that map coarse-grid saturations onto fine-grid saturation fields
inside the respective blocks. The adaptive multiscale method is now outlined
in Algorithm 5.2.1.

Next, we briefly describe the algorithm. In this algorithm, first, the fine-
grid saturations in the transient flow regions are updated. This update involves
solving the local transport equation on the fine grid in the transient region.
Coarse-grid saturations in nontransient regions are updated using (5.7). The
equation (5.7) is obtained by averaging the transport equation over the coarse-
grid block K and describes the update for the coarse-scale saturation field.
Once the coarse-scale saturation field is updated, it is mapped onto the fine
grid with the coarse-to-fine grid interpolation operators. This step is similar to
nonlinear MsFEMs as described in Section 3.1. In particular, the basis func-
tions are computed for different levels of average saturation within the coarse
grid block and, then, interpolated. In the algorithm, implicit time integration
methods are used. There are no constraints on the time-steps At, but they
should be chosen small enough to avoid an excessive numerical diffusion.
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Algorithm 5.2.1 Adaptive multiscale algorithm for modeling flow in porous
media

For each K € 77!, do
— For 7; ¢ K¥, compute

" At *
s +1/2 _ [ m / _qw(Sn+1/2)dx - Z Vil (5.6)
Ti Ti J?ﬁl

V;(Sn) if Yij C OK¥ and Vi < 0.
V,;j(S"H/Q) otherwise.

— Set S"H|x = §1H1/2|

where sz = {

For each K ¢ 7.}, do
—  Set Sn+1|K:Sn|K.
—  While Zj At < At, compute

At
Sy @ dx

Syt = S +

/K (s dr— Y Vs, (5.7)

Yij COK

and set S"T| g = I (S7H).

The fractional function f is in general a nonlinear function of saturation.
We therefore solve the fine-grid equations (5.6) using a Newton-Raphson
method. Here saturation from the previous time-step is used to determine
boundary conditions along the inflow boundary on K. This gives rise to a
mass—balance error because the inflow on grid block boundaries corresponding
to the saturation from the previous time-step will not match exactly the inflow
on grid block boundaries corresponding to the saturation at the current time-
step. In our numerical simulations, we observed that this mass—balance error
is usually very small, and generally insignificant. Note also that if 7y, = ), and
the coarse-to-fine grid interpolation conserves mass locally, then (5.7) ensures
that mass is conserved, also globally. Thus, under the assumption that the
coarse-to-fine grid interpolation conserves mass locally, the latter part of the
adaptive multiscale algorithm is mass conservative on both coarse and fine
grids.

Next, observe that fluxes across coarse-grid interfaces in (5.7) are evaluated
on fine-grid interfaces v;; C 0K. Thus, rather than using a flux function that
models the total flux across coarse-grid interfaces as a function of the net
saturation in the upstream block, we evaluate the term fv in (5.2) on the scale
of the fine grid. This requires that we have fine-grid saturation values in all
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cells adjacent to grid block boundaries. The coarse-to-fine grid interpolation
operators { I } are therefore not just tools to get better resolution. In addition
to improving the global accuracy of Algorithm 5.2.1 by providing a better
approximation to flow across coarse-grid interfaces, they provide initial fine-
grid saturation values for (5.6) in the transition when a block is identified as
being part of a transient flow region. Without the interpolation, the initial
saturation field for (5.6) would be constant in K, and the fractional flow
across the coarse-grid interfaces would have to be based on the net grid block
saturations only, as pseudo-functions generally do [171].

We remark that the proposed adaptive multiscale method has some simi-
larities to the multiscale framework developed for nonlinear equations in which
multiscale basis functions are constructed by mapping the coarse dimensional
space defined over the entire region. Furthermore, this map is used in the
global coarse-grid formulation of the fine-scale problem to compute the coarse-
scale solution. In our multiscale approach, the basis functions are constructed
as a function of average saturation in each coarse block, and then used in the
global formulation of the problem. In both approaches, the main task is to
determine an accurate and efficient multiscale map that improves the global
coarse-grid formulation of the problem.

5.2.3 The coarse-to-fine grid interpolation operator

In the following we attempt to construct operators that map each coarse-grid
saturation field onto a fine-scale saturation profile that is close to the cor-
responding profile that one would get by solving the saturation equation on
the global fine grid. The basic idea is to approximate the fine-scale satura-
tion in K; as a linear combination of two basis functions ®¥ and ¢ with
Jx, @ipde < S [ dpdu < [ &7 ¢ da

I (S]) = n®F + (1 — )t (5.8)

Here n € [0,1] is chosen such that the interpolation preserves mass, that is
such that

/ I, (SM)b dz = S7 / 6 da. (5.9)
K; K;

This condition states that the fluid contained in K; is distributed inside K; in
such a way that the total fluid volume in K; is conserved. The basis functions
@F = s;(x,7;,) represent snapshots of the solution of the following equation:

8si
ot

¢— + div(f(si)v) = —qu in K. (5.10)

For the local problem (5.10) to be well defined, we need to specify ini-
tial conditions and boundary conditions, and provide a possibly time-varying
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velocity field in K;. Unfortunately, we do not know a priori what the veloc-
ity will be during the simulation, nor what boundary conditions to impose.
Assumptions must therefore be made as to how the velocity and saturation
approximately evolve. We describe below an approach that is local in terms
of boundary and initial conditions, however, one can naturally incorporate
global information into this approach. The proposed approach assumes that
global boundary conditions for the pressure equation (5.1) are not changed,
and that the source terms are fixed. We assume also that an upstream method
is used to solve the local equations (5.10). Thus, we need only specify bound-
ary conditions on the inflow boundaries I'i? = {v;; C 0K : 7, C K, vj, < 0}.

For fixed flow conditions, the fine-scale velocity features will generally not
change significantly during a flow simulation. This is discussed in [5]. One
option is therefore to solve the pressure equation (5.1) at the initial time with
the mixed MSFEM, use v = v(x,ty)|x in (5.10), and the same initial data
as for the global problem (5.2). A local way of generating saturation basis
functions based on this approach requires that sensible boundary conditions
for (5.10) can be imposed for each block independently. In our numerical
simulations, we impose s; = 1 on the inflow boundary I'* although other
boundary conditions can be imposed (see discussions in Section 5.2.7).

An approach that is often used in practice for upscaling the saturation
equation entails the use of so-called pseudo-relative permeabilities (ky;); =
(ky;) K, in place of the fine-scale k,;. Because the fine-scale k,; are typi-
cally functions only of saturation S, pseudo-relative permeabilities, or pseudo-
functions for brevity, are commonly assumed to depend only on the coarse-
grid saturation S, though the curves can vary between coarse grid blocks. The
proposed technique shares some similarities with pseudo-function approaches
although there are some important differences. The proposed approach allows
recovering fine-scale features of the saturation field and can be used for accu-
rate upscaling. The relation between proposed methods and pseudo-function
approaches is discussed in [5].

5.2.4 Numerical results

We now use the proposed methodology to model incompressible and immis-
cible two-phase flow on test cases with permeability and porosity from SPE
10 [78]. This model was discussed before and consists of a Tarbert formation
on top of a fluvial upper Ness formation. Although both formations are very
heterogeneous, the upper Ness formation gives rise to more complex flow. We
employ here mostly data modeling parts of the fluvial upper Ness formation.
Because fluvial formations are particularly hard to upscale, the upper Ness
formation should serve as an appropriate model for testing and validation
of the proposed multiscale method. The upper Ness model is Cartesian and
consists of 60 x 220 x 50 = 6.6 - 10° grid cells.

We assume that the reservoir is initially fully oil-saturated, and inject
water at a constant rate in grid cells penetrated by a vertical well at the
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center of the domain. We then produce at the producers which are vertical
wells located at each of the four corners. The water and oil mobilities are
defined by

52 1-25)2
Mo(S) = 2 and Ay(8) = L= (5.11)
Hw Ho
where the water and oil viscosities are assumed to be equal: p,, = p, = 0.003

cp.

To measure the overall accuracy of a saturation solution we compute the
error in the fine- and coarse-grid saturation profiles relative to a reference
solution,

_ \|¢Sref(~,t) - ¢S(at)”L2
E(S, Sref?t) B ||¢Sref('7t) - (bSref('a 0)HL2 '

Here time is measured in dimensionless time PVI, that is time measures the
fraction of the total accessible pore volume in (2 that has been injected into
0.

For all test cases, we use Cartesian coarse grids, and assume that the fine-
grid cells coincide with grid cells in the original Cartesian grid. The reference
solution St is computed using an implicit upstream method on the fine grid,
and a corresponding coarse-grid solution is computed using the same method
on a coarse grid. Moreover, note that although we use a fixed set of basis
functions for the mixed MSFEM, we solve the pressure equation repeatedly
to account for mobility variations. Thus, the velocity fields in the simulations
will differ from the velocity field used to generate the saturation basis func-
tions. However, to assess the accuracy of solutions obtained using the adaptive
multiscale algorithm (AMsA), we compute, at each pressure time-step, the ve-
locity field corresponding to the reference solution for saturation, and use this
velocity field in AMsA, and to compute the coarse-grid solution. This allows
us to monitor the error that stems from AMsA only.

5.2.5 Results for a two-dimensional test case

We consider first a test case representing the bottom layer of the SPE model.
The coarse grid is defined so that each grid block contains 10 x 10 grid cells.
The saturation plots in Figure 5.1 show that the solutions obtained using
AMsA with o = 0, @ = 0.1, and a = 0.2 (the same threshold is used in all
grid blocks, see (5.5)) are very similar to the reference solution. We recall that
«a = 0 corresponds to the case when the saturation update is performed in all
coarse blocks and o« = 1 corresponds to the case when no saturation update is
performed. The solution obtained using o = 1 looks quite different compared
to the cases with other values of c. The sharp edges that we see in this plot are
due to the fact that the boundary conditions used to generate the saturation
basis functions overestimate the inflow. We therefore get too much saturation
along the inflow part (with respect to the initial velocity field) of each grid
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block boundary. This indicates that without the adaptive component, AMsA
is not able to provide plausible fine-grid saturation profiles. To achieve this,
one has to build more information about the global flow problem into the
saturation basis functions by specifying appropriate coarse grid blocks using
global information or appropriate dynamic boundary conditions for (5.10).

Log. of horiz. permeability Reference solution ‘Solution for AMsA with alpha=0
T A

600

500

400
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200

100

Q 100 200 300 0 100 200 300 0 100 200 300

Solution for AMsA with alpha=0.1 Solution for AMsA with alpha=0.2 Solution for AMsA with alphas1

Fig. 5.1. Saturation profiles at ~ 0.7 PVI for simulations on the bottom layer.

Figure 5.2 shows that the accuracy of AMsA decays with increasing .
However, for all a, AMsA gives a significantly more accurate solution on the
coarse grid than the standard upstream method on the coarse grid gives.

Computational efficiency

Except for a = 1, for which local problems are not solved during the course of
a flow simulation, the computational cost of AMsA is dominated by the cost of
solving the local equations (5.6). In particular, for small « the computational
cost C'(a) of solving (5.2) using AMsA scales roughly as

C(a) ~ F,(a)N:C(0),

where N is the total number of time-steps and Fy, () is the average fraction
of blocks that belong to a transient flow region. Note that C'(0) is the cost
when the transient region is the entire domain.
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Fig. 5.2. Saturation errors for saturation solutions obtained from simulations on
the bottom layer of the upper Ness formation. The fine-grid curves measure the
error with e(S, Ser, ) on the fine grid relative to the reference solution, and the

coarse-grid curves measure the error on a coarse grid with e(S, Sret, t) relative to
the projection of the reference solution onto the coarse grid.

Clearly, F,, is a decreasing function of «. Hence, there is a trade-off be-
tween high accuracy and low computational cost. Note also that, in addition
to «, Fy, depends implicitly on various factors (e.g., the coarse grid, the criteria
used to identify transient flow regions, the fluid parameters, the heterogeneous
structures, etc.). In particular, AMsA is in general more efficient (and accu-
rate) for spatially correlated variogram-based permeability models than for
models with fluvial heterogeneity, as is illustrated in Figure 5.3. Whereas, on
average, 73% and 55% of the blocks in the upper Ness model are identified
as belonging to transient flow regions for & = 0.1 and a = 0.2 respectively,
the corresponding numbers for the Tarbert model are 46 and 27. The poten-
tial efficiency of AMSsA is therefore highly dependent on the type of model
to which it is applied. Relative to AMsA with « = 0, we may expect good
accuracy on both coarse and fine grids, with a speed-up factor about two
for models with fluvial heterogeneity, and a speed-up factor three or four for
models with smoother heterogeneity. The speed-up strongly depends on the
adaptivity criteria which can be adjusted for a particular problem. In our
simulations, the criteria based on gradients of the coarse-scale saturation are
used. We have observed an increase in speed-up when the criteria based on
saturation values are used. Without the adaptive component, the computa-
tional complexity of AMsA is comparable to the complexity of coarse-grid
simulations using pseudo-functions. As we mentioned earlier, the accuracy of
AMSA can be improved by choosing adaptive coarse gridding. This procedure
will also enhance the efficiency of AMsA, because it localizes sharp fronts. Fi-
nally, we note that the purpose of the interpolator is not primarily to get the
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fine-scale details correct, but rather to introduce a flexible mechanism that
allows us to capture the subgrid transport effects on a coarse scale.

Top layer of Tarbert formation Bottom layer of Upper Ness formation
1 1
alpha=0.1 alpha=0.1
— — — alpha=0.2)

— — — alpha=0.2|
fh )

s "
b ey

0.8 0.8
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0.2 1 0.2
0 - - 0 - - -
0 1 2 3 4 0 1 2 3 4
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Fig. 5.3. Fraction of blocks that are identified to belong to transient flow regions
during the course of two-phase flow simulations on the top layer of the Tarbert
formation (left) and the bottom layer of the upper Ness formation (right).

5.2.6 Three-dimensional test cases

In this section we want to examine the accuracy of AMsA when applied to
two-phase flow simulations on three-dimensional models from the upper Ness
formation. Here we consider only AMsA using a =0, « = 0.1, and o = 1 in
all blocks. The case a = 0 is referred to as the domain decomposition (DD)
algorithm, the case a = 0.1 is referred to as the adaptive algorithm, and the
case a = 1 is called the multiscale algorithm.

In order for AMsA to provide a valuable tool in reservoir simulation, it
should, in addition to being significantly more accurate than the coarse-grid
solution, capture fine-scale characteristics of the reference solution at well
locations. This is demonstrated by comparing water-cut curves (fraction of
water in the produced fluid) for AMsA with water-cut curves for the reference
solution. To get accurate production characteristics, it is essential that high-
flow channels are resolved adequately because high-flow channels often carry
the majority of the flow that reaches the producers. Thus, if AMsA can be
used to model these regions properly, then they should provide a more robust
alternative to reservoir simulation on upscaled models.

Consider first the ten bottom layers of the upper Ness formation, and
define the coarse grid so that each grid block in the coarse grid consists of
10 x 10 x 5 grid cells. Figures 5.4 and 5.5 demonstrate that all AMsAs give
significantly more accurate results than the solution obtained by solving the
saturation equation on the coarse grid with the implicit upstream method. We
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notice, in particular, that the water-cut curves for the multiscale algorithm are
much more accurate than the corresponding water-cut curves for the coarse-
grid solution. This indicates that AMsA is more capable of resolving high-flow

regions adequately, also without the local fine-grid computations.
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Fig. 5.4. Saturation errors for simulations on the bottom ten layers of the upper

Ness formation.
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Fig. 5.5. Water-cut curves for simulations on the bottom ten layers of the
Ness formation.

upper

We turn now to the full three-dimensional model of the upper Ness forma-
tion. The previous examples showed that the DD algorithm seems to produce
solutions that very closely match the reference solution, and it is computa-
tionally very expensive to compute a solution on the full upper Ness model
using the implicit upstream method on the fine grid, therefore we use here the
solution obtained using the DD algorithm as the reference solution. Again we
let the coarse grid be defined so that each grid block in the grid consists of
10 x 10 x 5 grid cells.
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Figure 5.6 demonstrates that the errors are approximately the same as in
the previous example. We observe also that the saturation error on the coarse
grid for the multiscale algorithm is less than half of the corresponding error
for the coarse-grid solution. Furthermore, the water-cut curves for the multi-
scale algorithm depicted in Figure 5.7 closely match the water-cut curves for
the adaptive algorithm and the DD algorithm, except possibly for producer 4
where we observe a mismatch. In contrast, the coarse-grid solution continues
to overestimate the breakthrough times, and thus overpredicts the oil produc-
tion. This shows that the multiscale method may be used as an alternative to
pseudo-functions for enhancing the accuracy of coarse-grid simulations.
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Fig. 5.6. Saturation errors for simulations on the full upper Ness formation.
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5.2.7 Discussion on local boundary conditions

In our numerical simulations, we imposed s; = 1 on the inflow boundary I'}*
(see (5.10)). For general coarse grids, these boundary conditions may seem
a bit crude. Indeed, these boundary conditions are exact only if there is a
sharp front in the global solution that, for each block, hits the whole inflow
boundary at approximately the same instant. It should be emphasized that
the purpose of the interpolator is not primarily to get the fine-scale details
correct, but rather to introduce a flexible mechanism that allows us to model
the flow on a coarse scale more correctly.

To get accurate solutions, also on fine grids, one must either use an adap-
tive component to improve the solution in transient flow regions, or build
more information into the interpolator. For instance, note that the inherent
flexibility with respect to coarse grids allows us to reduce the error associated
with this type of boundary condition by using flow-based, non-Cartesian grids.
In particular, by using coarse blocks with boundaries aligned with level sets
of time-of-flight function, one can achieve higher accuracy compared to the
approaches where Cartesian coarse blocks (or coarse blocks selected indepen-
dent of global flow features) are used. This option is discussed in [5]. We note
that our numerical results show that the multiscale approach using Cartesian
coarse blocks still provides a good overall accuracy. One can also use limited
global information, such as the time-of-flight function, in constructing coarse
blocks.

5.2.8 Other approaches for coarsening the transport equation

There are a number of other techniques for coarsening the saturation equation
that can be coupled to the pressure equation. Next, we describe a few of these
approaches very briefly without detailed numerical studies which can be found
in the literature.

A macrodispersion model for transport equation

The approach entails using a macrodispersion formulation for the coarse-scale
saturation equation. We consider the upscaling of the saturation equation
using perturbation techniques following, for example, [102, 101]. We omit the
details of the derivation of the upscaled model. We first consider the case
A(S) = 1 and f(S) = S in (5.1) and (5.2) (with ¢, = 0 in (2.41)). The
upscaled model was derived using perturbation arguments for (5.2), in which
the saturation S and the velocity v on the fine scale are assumed to be the
sum of their volume-averaged and fluctuating components,

v=v+1, S=85+9". (5.12)

Here the overbar quantities designate the volume average of fine-scale quanti-
ties over coarse blocks. For simplicity, one can assume that the coarse blocks
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are rectangular which allows stating VF = VF, if averages are taken over
dual volume. In general, one can also perform the perturbation technique di-
rectly on the target coarse block as done in [102]. In this case, the averages of
divergences can be written over the boundaries of the coarse blocks. Substi-
tuting (5.12) into the saturation equation for single-phase and averaging over
coarse blocks we obtain

oS

5, TO VS +0 VS =0, (5.13)

The term v’ - V.S’ represents subgrid effects due to the heterogeneities of con-
vection. This term can be modeled using the equation for S that is derived
by subtracting (5.13) from the fine-scale equation (5.2),

a8’ —

W—H) VS 40 V&40 VS =0 VS
This equation can be solved along the characteristics dz/dt = T by neglecting
higher-order terms. Carrying out the calculations in an analogous manner to
the ones performed in [102] we can easily obtain the following coarse-scale
saturation equation

%f 47V = div(D(z, {)VS(x, 1)), (5.14)

where D(x,t) is the dispersive matrix coefficient, whose entries are written as

Dy (1) = { / @ Emr . (5.15)

Next it can be easily shown that the diffusion coefficient can be approximated
up to the first order by

Djj(z,t) = vi(x )LD

where L;-D is the displacement of the particle in the j direction that starts at
the point = and travels with velocity —v. The diffusion term in the coarse
model for the saturation field (5.14) represents the effects of the small scales
on the large ones. Note that the diffusion coefficient is a correlation between
the velocity perturbation and the displacement. This is different from [102]
where the diffusion is taken to be proportional to the length of the coarse-
scale trajectory. Using MsFEMs for the pressure equation we can recover the
small-scale features of the velocity field that allow us to compute the fine-scale
displacement.

For the nonlinear ﬁux f ( ), we can use a similar argument by expanding
f(S) = f(S) + fs(S)S + ---. In this expansion we take into account only
linear terms and assume that the flux is nearly linear. This case is similar to
the linear case and the analysis can be carried out in an analogous manner.
The resulting coarse-scale equation has the form
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o5 _
N +7-VS =div(fs(S)*D(x,t)VS(x,t)), (5.16)
where D(x,t) is the macrodiffusion corresponding to the linear flow. This for-
mulation has been derived within the stochastic framework in [173]. We note
that the higher-order terms in the expansion of f(S) may result in other ef-
fects that have not been studied extensively to our best knowledge. In [101] the
authors use a similar formulation although their implementation is different
from ours. Numerical results can be found in [102, 101].

Coarsening in a flow-based coordinate system

In [106, 247], a flow-based coordinate system is used to coarsen the saturation
equation. A flow-based coordinate system consists of single-phase pressure
and the corresponding streamfunction fields. The use of global information
can improve the multiscale finite element method. In particular, the solution
of the pressure equation at the initial time is used to construct the boundary
conditions for the basis functions. It is interesting to note that the multiscale
finite element methods that employ limited global information reduce to the
standard multiscale finite element method in a flow-based coordinate system.
This can be verified directly and the reason behind it is that we have already
employed limited global information in a flow-based coordinate system.

To achieve a high degree of speedup in two-phase flow computations, we
consider the upscaling of the transport equation in a flow-based coordinate
system. Flow-based coordinate systems simplify the scale interaction and allow
us to perform upscaling of the transport equation. In particular, in a flow-
based coordinate system, the saturation equation becomes one-dimensional
with a varying velocity field along the streamlines. This allows us to use the
perturbation approach and perform upscaling using macrodispersion models.

Extensive numerical studies are presented in [247, 106]. These numeri-
cal tests use the MsFVEM for two-phase flow. Note that global information
is already incorporated into the multiscale basis functions and the standard
MsFVEM is equivalent to the MsFVEM using limited global information in-
troduced earlier. In our simulations, a moving mesh is used to concentrate the
points of computation near the sharp front. Because the saturation equation is
one-dimensional in the pressure—streamline coordinates, the implementation
of the moving mesh is straightforward and efficient. We have presented the
numerical results for different types of heterogeneities. All numerical results
show that one can achieve accurate results with low computational cost.

Multiscale analysis for convection dominated equations

In this section, we consider a systematic upscaling framework for the transport
equation based on multiscale homogenization. In [144], Hou, Westhead, and
Yang introduced a novel multiscale analysis for the two-phase immiscible flows
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in heterogeneous porous media. In particular they derived the homogenized
equations by projecting the fluctuation of saturation onto a suitable subspace.
Furthermore, they demonstrated by extensive numerical experiments that the
upscaling method can accurately capture the multiscale solution of the two-
phase flow. Very recently, Hou and Liang [142] further improved the multiscale
analysis of Hou et al. [144] and developed a systematic multiscale analysis to
upscale convection-dominated transport equations.

To demonstrate the main idea, we consider the following transport equa-
tion which contains a strong convection term and a weak diffusion term

0S.
ot

+ oz, % t)- VS, = emdiv(D(x, % HVSL),

where Sc|i—o = S1(z), m € [2,00] is an integer, v(z,y,t) and D(z,y,t) are
assumed to be periodic in y = z /¢, and e characterizes the small scale in the
media, Moreover, we assume that v is oscillatory divergence-free with respect
to the fast variable y; that is div,(v) = 0. The local Peclet number is of order
O(e=m+1).

Next, we define a null space N, N = {f € H},v-V,f =0,Vy € Y} C L},
where L2 is the L? space of periodic functions. This functional space plays
an important role in our multiscale analysis. We also introduce a range space
W, W={v-V,0:0¢€ H.}. In[144], the authors have shown that A" and W
form an orthogonal decomposition of L% that is

Ly =NaoW.
Let P be the projection Hi — A. Define the projection Q: L3 — W as

lg = Qg)ll = min [lg —v-V,0].

I= 6cH;y

As pointed out in [144], P is related to Q via P(g) = g — Q(g), and Q can be
computed by Q(g) = v - V,0, where 0 is the solution of

div,(EV,0) =v-V,g, y€Y, (5.17)

with periodic boundary condition and the matrix is defined by E = v v whose
(¢,7) entry is given by v;v;, where v = (v1, v2,v3). Moreover, the projection
operator P is equivalent to the streamline averaging projection operator [144,
142].

Guided by our multiscale analysis, we look for a multiscale expansion of
the concentration in the form

Sc(x,t) = So(z,x/e,t) + €Sy (x, /e, 1) + O(?),

where S; (j = 0,1) are periodic functions of y.
In [142], we showed that the leading-order approximation Sy satisfies the
following homogenized equations
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vV, Sy =0, (5.18)
%—l—v VS0 +v-Vyw =0, (5.19)

where w € W, and the initial condition is given by Sp|it=o = Sr(x).

Note that there are two equations for Sy given by (5.18) and (5.19), but
there is no evolution equation for w. The equation for w can be derived by
imposing the algebraic constraint (5.18) for Sy. The role of w is to enforce
v - VySy = 0, which is similar to the role that the pressure plays in the
incompressible Navier—Stokes equations. The solution w can be obtained by
solving (5.17). In [144], an effective iterative method was introduced to solve
the degenerate elliptic equation (5.17).

One of the main contributions of [142] is to show that the homogenized
equations (5.18) and (5.19) are well-posed and obtain an optimal error esti-
mate "

[ISe(x,t) — So(x, ?t>”L2 < Ce.

We now decompose ¢y and v into the sum of their average and fluctua-

tion So(x Y, ) So(x t) + Si(x,y,t), v(x,y,t) = V(x,t) + ' (x,y,t), where

fy x,y,t)dy. It is easy to show that Sy and S}, satisfy the following
equatlons

% +0 -V Sy + v - V5, =0, (5.20)
5 +7-VeSy+v - ViSy +v - ViSy — v - ViSh+v-Vyw=0.

We remark that the term o/ - V.S in (5.20) plays a role similar to the
Reynolds stress term in turbulence modeling. This is the term that introduces
the nonlocal memory effect into the average equation.

The above multiscale analysis has been applied to upscale the saturation in
the two-phase flow in [144]. To solve the coupled elliptic equation for pressure
and the transport equation for saturation, we can use the IMPES method,
where the pressure equation is solved using MsFVEM and then the veloc-
ity approximation is used for upscaling of the transport equation. In [144],
the authors presented many numerical experiments for the immiscible flows
in porous media based on a multiscale analysis similar to the one described
here. They showed that their upscaling method captures both the average
and the small-scale fluctuation very well for permeability fields described us-
ing two-point correlation functions. By using a new reparameterization tech-
nique introduced in [151], we have applied this upscaling method to simulate
more realistic heterogeneous porous media without scale separation or peri-
odic structure in [144].
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5.2.9 Summary

In summary, the main purpose of this section has been to introduce a new
(adaptive) multiscale method for solving the transport equation that arises in
immiscible two-phase flow in porous media. The basic idea is to compute the
global flow on a coarse grid, and map the averaged grid block saturations onto
plausible saturation profiles on a finer subgrid. To enhance the accuracy of the
coarse-grid saturation profile, while at the same time avoiding an upscaling
phase involving, for example, the construction of pseudo-relative permeability
functions, we introduce a numerical scheme for solving the transport equation
on a coarse grid that honors fine-scale structures in the velocity field in a
mathematically consistent manner. Moreover, to capture rapid transitions in
saturation values near propagating saturation fronts accurately, we propose to
include an adaptive component in the algorithm. In the adaptive algorithm,
we solve the saturation locally on a fine grid in transient flow regions. The pro-
posed (adaptive) multiscale method has been analyzed and tested on models
with complex heterogeneous structures. We have also extended and imple-
mented multiscale methods for transport equations on unstructured corner-
point grids (see [6]). In this section, we also discussed a few other approaches
for coarsening transport equations.

5.3 Applications to Richards’ equation

5.3.1 Problem statement

In this section we consider the applications of MsFEMs to Richards’ equation
([236]), which describes the infiltration of water flow into porous media whose
pore space is filled with air and some water. The equation describing Richards’
equation under some assumptions is given by

%G(p) —div(k(z,p)V(p+ 23)) =0 in {2, (5.21)

where 0(p) is the volumetric water content and p is the pressure. The following
are assumed ([236]) for (5.21): (1) the porous media and water are incompress-
ible; (2) the temporal variation of the water saturation is significantly larger
than the temporal variation of the water pressure; (3) the air phase is infinitely
mobile so that the air pressure remains constant (in this case it is atmospheric
pressure which equals zero); and (4) neglect the source/sink terms.
Constitutive relations between 0 and p and between k(x, p) and p are devel-
oped appropriately, which consequently gives nonlinearity behavior in (5.21).
The relation between the water content and pressure is referred to as the mois-
ture retention function. The equation written in (5.21) is called the coupled-
form of Richards’ equation. This equation is also called the mixed form of
Richards’ equation, due to the fact that there are two variables involved in
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it, namely, the water content # and the pressure head p. Taking advantage of
the differentiability of the soil retention function, one may rewrite (5.21) as
follows

C(p) atp div(k(z,p)V(p + x3)) = 0 in £2, (5.22)

0

where C(p) = df/dp is the specific moisture capacity. This version is referred
to as the head-form (h-form) of Richards’ equation. Another formulation of
the Richards’ equation is based on the water content 6,

%9 div(D(z,0)V0) — g—i =0 in 2, (5.23)
where D(6) = k(0)/(df/dp) defines the diffusivity. This form is called the
f-form of Richards’ equation.

The sources of nonlinearity of Richards’ equation come from the moisture
retention and relative hydraulic conductivity functions, 0(p) and k(x,p), re-
spectively. Reliable approximations of these relations are in general tedious
to develop and thus also challenging. Field measurements or laboratory ex-
periments to gather the parameters are relatively expensive, and furthermore,
even if one can come up with such relations from these works, they will be
somehow limited to the particular cases under consideration.

Perhaps the most widely used empirical constitutive relations for the mois-
ture content and hydraulic conductivity is due to the work of van Genuchten
[131]. He proposed a method of determining the functional relation of rela-
tive hydraulic conductivity to the pressure head by using the field observation
knowledge of the moisture retention. In turn, the procedure would require
curve-fitting to the proposed moisture retention function with the experimen-
tal/observational data to establish certain parameters inherent to the resulting
hydraulic conductivity model. There are several widely known formulations
of the constitutive relations: the Haverkamp model

a(fs—0,) A
0(p) = ot P + 0, k(z,p) = ks(ﬂ”)m;

van Genuchten model [131]

a0y, () b
L+ () o MR =R

exponential model [268]
0(p) = 05, k(z,p) = ky(z) ™

0(p) =

5.3.2 MsFVEM for Richards’ equations

The spatial field kq(x) in the above models is also known as the saturated hy-
draulic conductivity. It has been observed that the hydraulic conductivity has
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a broad range of values, which together with the functional forms presented
above confirm the nonlinear behavior of the process. Furthermore, the water
content and hydraulic conductivity approach zero as the pressure head goes
to very large negative values. In other words, the Richards’ equation has a
tendency to degenerate in a very dry condition, that is conditions with a large
negative pressure. Because we are interested in mass conservative schemes, fi-
nite volume formulation (3.13) of the global problem instead of finite element
formulation is used. For (5.21), it is to find pp € W}, such that

/ (O(nPr) — 0" 1) do — At k(x,n"")Vp,.p, -nds =0, ¥z € Z;), (5.24)
V. oV,

where 0"~ ! is the value of 8(nP") evaluated at time-step n — 1, and p,.;, € Py,
is a function that satisfies the boundary value problem:

—div(k(xz,n"*)Vp,p) =0 in K,
Drh =pp  on OK.

Here V, is the control volume surrounding the vertex z € Z,? and Z,? is the
collection of all vertices that do not belong to the Dirichlet boundary (see
Section 3.2).

MSFEM (or MsFVEM) offers a great advantage when the nonlinearity and
heterogeneity of k(x,p) are separable; that is

k({,&p) = ks(x) kr(p)' (525)

In this case, as we discussed earlier, the local problems become linear and the
corresponding Pp, is a linear space; that is we may construct a set of basis
functions {¢.}.czo (as before) such that they satisfy

—div(ks(x)Ve,) =0 in K,
¢, = ¢(z) on 0K,

where ¢? is a piecewise linear function. We note that if pj, has a discontinuity
or a sharp front region, then the multiscale basis functions need to be updated
only in that region. The latter is similar to the use of MsFEM in two-phase
flow applications. In this case the basis functions are only updated along the
front. Now, we may formulate the finite-dimensional problem. We want to
seek p,n € Py, with p,p, = Zzezg p.¢. such that

/ @(nPr) — 0”*1) do — At / ks(x) ke (nP") Vprp - nds =0,
V. oV,

for every control volume V, C (2. To this equation we can directly apply the
linearization procedure described in [133]. Let us denote

P =l =Pt m=1,2,3,.., (5.26)
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where p;”, is the iterate of p, 5 at the iteration level m. Thus, we would like
to find r™ = Zzezg "¢, such that for m =1,2,3, ... ||r™|| < 6 with ¢ being
some pre-determined error tolerance

/ CPr ) rm de — At / ks (z) ke (Ph ) V™ - nds = R L
V. av.

with

Rlwm=1 :7/ (9(77p17"1)f9"*1)dx+m/ ks () kr(n”?_lwpi’?{l'nd&
V.

v,

(5.27)

The superscript m at each of the functions means that the corresponding
functions are evaluated at an iteration level m.

5.3.3 Numerical results

We present several numerical experiments that demonstrate the ability of the
coarse models presented in the previous subsections. The coarse models are
compared with the fine model solved on a fine mesh. We have employed a
finite volume difference to solve the fine-scale equations. This solution serves
as a reference for the proposed coarse models. The problems that we consider
are typical water infiltration into an initially dry soil. The porous media that
we consider is a rectangle of size Ly x L (see Figure 5.8). The fine model uses
256 x 256 rectangular elements, and the coarse model uses 32 x 32 rectangular
elements.

r
T
r r L
L R 2
r
B
L

1

Fig. 5.8. Rectangular layout of porous media.

A realization of the hydraulic conductivity field ks(z) is generated using
geostatistical package GSLIB ([85]). We have used a spherical variogram with
prescribed correlation lengths (I1, I2) and the variance (o) for this purpose.
All examples use o = 1.5.
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The first problem is a soil infiltration, which was first analyzed by
Haverkamp (cf. [64]). The porous media dimension is Ly = 40 and Ly = 40.
The boundary conditions are as follows. I, and ' are impermeable, and
Dirichlet conditions are imposed on I'p and I, namely pr = —21.7 in [7p,
and pp = —61.5 in I'g. The initial pressure is po = —61.5. We use the
Haverkamp model to construct the constitutive relations. The related param-
eters are a = 1.611 x 105, 0, = 0.287, 6, = 0.075, 8 = 3.96, A = 1.175 x 106,
and v = 4.74. For this problem we assume that the nonlinearity and hetero-
geneity are separable, where the latter comes from ks(z) with ks = 0.00944.
We assume that appropriate units for these parameters hold. There are two
cases that we consider for this problem, namely the isotropic heterogeneity
with I; = ls = 0.1, and the anisotropic heterogeneity with {; = 0.01 and
lo = 0.20. For the backward Euler scheme, we use At = 10. Note that the
large value of At is due to the smallness of k, (average magnitude of the dif-
fusion). The comparison is shown in Figures 5.9 and 5.10, where the solutions
are plotted at t = 360.

The second problem is a soil infiltration through porous media whose di-
mension is Ly = 1 and Ly = 1. The boundary conditions are as follows.
I'r, and I'p are impermeable. Dirichlet conditions are imposed on I'p with
pp = —10. The boundary Iy is divided into three parts. On the middle part,
a zero Dirichlet condition is imposed, and the rest are impermeable. We use
the exponential model to construct the constitutive relations. with the fol-
lowing related parameters: 3 = 0.01, §, = 1, k, = 1, and @ = 0.01. The
heterogeneity comes from ks(x) and a(x). Clearly, for this problem the non-
linearity and heterogeneity are not separable. Again, isotropic and anisotropic
heterogeneities are considered with [y = lo = 0.1 and [y = 0.20, I = 0.01,
respectively. For the backward Euler scheme, we use At = 2. The comparison
is shown in Figures 5.11 and 5.12, where the solutions are plotted at ¢t = 10.

We note that the problems that we have considered are vertical infiltration
on the porous media. Hence, it is also useful to compare the cross-sectional
vertical velocity that will be plotted against the depth z. Here, the cross-
sectional vertical velocity is obtained by taking an average over the horizontal
direction (z-axis).

Figure 5.13 shows comparison of the cross-sectional vertical velocity for
the Haverkamp model. The average is taken over the entire horizontal span
because the boundary condition on I’y (and also on I'p) is all Dirichlet con-
dition. Both plots in this figure show a close agreement between the fine
and coarse models. For the exponential model, as we have described above,
there are three different segments for the boundary condition on I7; that is a
Neumann condition on the first and third part, and a Dirichlet condition on
the second/middle part of I'r. Thus, we compare the cross-sectional vertical
velocity in each of these segments separately. Figure 5.14 shows the compar-
ison for one of these segments. The agreement between the coarse-grid and
fine-grid calculations is excellent.
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Fig. 5.9. Haverkamp model with isotropic heterogeneity. Comparison of water pres-
sure between the fine model (left) and the coarse model (right).

Fig. 5.10. Haverkamp model with anisotropic heterogeneity. Comparison of water
pressure between the fine model (left) and the coarse model (right).
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Fig. 5.11. Exponential model with isotropic heterogeneity. Comparison of water
pressure between the fine model (left) and the coarse model (right).
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Fig. 5.12. Exponential model with anisotropic heterogeneity. Comparison of water
pressure between the fine model (left) and the coarse model (right).
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Fig. 5.13. Comparison of vertical velocity on the coarse grid for Haverkamp model:
isotropic heterogeneity (left) and anisotropic heterogeneity (right).

5.3.4 Summary

In summary, the main goal of this section has been to apply MsFEMs to
Richards’ equations described by nonlinear parabolic equations. In particular,
the MsFVEM for nonlinear problems developed in Section 3.2 is used for
solving Richards’ equation on the coarse grid. We presented numerical results
for various heterogeneous hydraulic conductivity fields. Our numerical results
show that MsFEMs can be used with success in predicting the solution on the
coarse grid.
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Fig. 5.14. Comparison of vertical velocity on the coarse grid for exponential model:
isotropic heterogeneity (left) and anisotropic heterogeneity (right). The average is
taken over the second third of the domain.

5.4 Applications to fluid—structure interaction

5.4.1 Problem statement

MsFEMs can also be used to solve complex multiphysics problems. In this
section, we extend the MsFEM to solving a fluid-structure interaction (FSI)
problem on the coarse grid. At the fine scale, we consider Stokes flow past
an elastic skeleton. Thus, our domain {2 has two parts: a fluid domain Qg
and a solid domain §2§. The subscript 0 indicates that these are the domains
of the two constituents (solid and fluid) at rest. As macroscopic boundary
conditions are applied, the fluid starts to flow, thus exerting forces on the
solid, causing them to deform. As a steady state is achieved the fluid flows
in a domain 2/ = 2\ 2%, and the forces that the fluid exerts on the solid
at their interface I' = (9£2/ N 042°) \ 912 are balanced by the elastic stresses
inside the solid. The precise formulation of the FSI problem is:

I ={X + u(X)|VX € I}, (5.28)
—pAv+Vp=>bin 2 divw)=0in 2/, v=0onT, (529
— div(S(E)) = by in 25, (5.30)
det(Vu + I)(—pI +2uD(x(X))) (Vu+ 1)~ ng = S(E)ng on r(

5.31)

Note that I" is the set of points X + u(X). The above equation utilizes
the standard notation from continuum mechanics. The deformation gradi-
ent F(X) = Va(X), the displacements in the solid u(X) = z(X) — X, the
infinitesimal strain E(X) = 3 (Vu(X) + Vu(X)T), the fluid velocity v(z)
and, finally, the symmetric part of its gradient D(z) = 3 (Vo(z) + Vou(z)T).
Furthermore, the usual Cauchy stress tensor is denoted by T'(x), which is the
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Fig. 5.15. Schematic of nonlinear MsFEM for FSI. The microstructure shown is an
actual sample of porous shape memory alloy [172].

convenient stress measure when describing the fluid. Observe that Cauchy
stress tensor is a spatial field, defined on the deformed configuration of the
body. For the solid part, the first Piola-Kirchhoff stress tensor S(X) is more
appropriate as it gives a description of the stresses in Lagrangian coordinates.
The two are related by the identity (see, e.g., [157]):

S(X) = det(F(X)T(z(X))F~T(X). (5.32)

In the above formulation of the FSI system the constitutive equation for the
Piola-Kirchoff stress S is left unspecified. It has to be specified taking into
account the particular solid at hand (see [157] for details). In our numerical
examples, the linear elasticity model will be used; that is S(E) = C : E. We
refer, for example, to [158, 232] for full details on deriving the FSI problem.

Observe that the position of the interface is a part of the boundary value
problem, and the solid—fluid coupling term (5.31) is nonlinear in u. Therefore,
the FSI problem is nonlinear, even when the constitutive equation for the
solid is a linear one.

5.4.2 Multiscale numerical formulation

The mapping EMsFFM which couples the coarse scale pressure py and dis-

placements ug to the fine-scale fluid velocity v, pressure p and displacements
u is defined through the fine-scale FSI problem (5.28)-(5.31). In our problem,
we use RVE for local computations (see Figure 5.15 for the illustration!).
Note that EMsFEM defines a map from a coarse-scale solution {py, uy} with
given I to a fine-scale approximation {p; p, vy, Uy } via the local solution of
(5.28)-(5.31). Various boundary conditions can be chosen for local problems.
In our simulations, we use periodic boundary conditions such that the spatial
averages of p,.; and u,.j are the same as those for p, and wuy. In general, one
can also take pj, and uy as boundary conditions. In the computation of the lo-
cal FSI solution with given py,, uj and the reference interface Iy, one solves an

! The right figure is the courtesy of the Shape Memory Alloy Research Team
(SMART) at Texas A & M University
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iterative problem. We assume that this iterative problem converges and pro-
vides a unique fine-scale solution {p; , Vs n,urp}. This condition guarantees
that EMsFEM ig g single-valued map.

Next, we discuss the coarse-scale formulation of the problem. In coarse-
scale simulations, our goal is to find approximations of py and wug, denoted
by pp and uj. When substituting (p,n, v n, Ur.p) (given py, and uy) into the
fine-scale equations, one needs to solve the resulting system on the coarse-
dimensional space. There are various approaches as discussed earlier (see
Section 2.4). In particular, one can multiply the fine-scale residual by coarse-
scale test functions, or minimize the residual at some coarse points, or use
coarse-scale equations when available. These procedures result in a nonlinear
equation for finding (pp,up)

G(pn,un) =0, (5.33)

where G is the reduced variational formulation. This equation is solved via a
fixed-point iteration. Here, we consider a simple, physically intuitive, iterative
method. In particular, we assume that the coarse-scale equation for the pres-
sure is given by the Darcy equation (see (1.1)) and the coarse-scale equation
for the elasticity has the same form as the underlying fine-scale equations,
but with upscaled elastic properties that are computed based on local RVE
computations. We carry out numerical simulations iteratively. Given p;' and
up at the nth iteration, p,, v",, and u, are computed. This is done by
using a local problem in RVE as described above. This step involves the so-
lution of the elasticity problem and yields new pore geometry based on the
deformations. Furthermore, taking into account local geometry of the pore
space, the permeabilities k™ and upscaled elastic properties are computed via
standard cell problems (e.g., [240, 42]). Once the permeabilities are computed,
the global problem
div(k" (2)Vp" 1) = f

is solved and pZH (finite element projection of p"*1) is calculated. Similarly,
uZH is computed by solving elasticity equation with upscaled elastic proper-
ties (e.g., C* for linear solids). This iterative procedure can be summarized in
Algorithm 5.4.1. Modifications of this algorithm are presented in [232].

Algorithm 5.4.1 Iterative homogenization of strongly coupled FSI problem

Initialize all micro- and macro-fields to zero.

Project pj and v} using EMsFEM,

Evaluate the permeability and elastic properties in a coarse-grid block that
involves the computation of the deformed pore geometry.

Compute macroscopic quantities pZ‘H and uZ‘H.

Check for convergence and, if necessary, return to Step 2.
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In the numerical examples, we consider flow past elastic obstacles. The
fluid surrounds the obstacles and the obstacles are supported rigidly in their
center. Note that the rigid support is necessary, otherwise the flow will move
them. Observe also that in 2D either the fluid or the solid domains can be
connected, but not both. Therefore, to study upscaling of deformable porous
media the solid domain has to be disconnected, so that the fluid can flow
throughout the domain and interact with the solid. This simplification allows
us to formulate a coarse-scale equation for the macroscopic pressure pg only,
and thus, EMsFEM ig defined for a given py,.

5.4.3 Numerical examples

In the numerical examples, we consider flow past a 2D periodic arrangement
of elastic obstacles (Figure 5.16). The obstacles are, in the reference configura-
tion, circular and centered in the middle of a square unit cell (Figure 5.16(a)).
The macroscopic domain is assumed periodic (with the period size €) in the
reference configuration and we consider a series of macroscopic domains with
€1 =4,8,16,.... The case ¢ = 1/16 is shown in Figure 5.16(b).

Fluid

Rigid support

=

Elastic Solid
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(a) Unit cell (b) Macroscopic domain

Fig. 5.16. The unit cell (a) consists of circular linear elastic material, surrounded
by the fluid. The elastic media is supported rigidly in the center. The unit cell is
arranged periodically to form the macroscopic domain. (b) Macroscopic domain with
a 16 x 16 periodic arrangement of the unit cell (a).

The elastic material under consideration is linear and isotropic with
Young’s modulus ' = 1.44 and Poisson’s ratio v = 0.1. The fluid has vis-
cosity 0.1. These non-dimensional properties are selected such that a pressure
in the range 0.1 — 0.5 will produce a sizeable deformation in the solid and lead
to strongly coupled FSI problems.

The main objectives of this example are to demonstrate the behavior of
the iterative Algorithm 5.4.1. There are two main questions that need to be
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illuminated: first, whether the nonlinear iteration converges, and second, the
approximation that Algorithm 5.4.1 provides to the fine-scale solution of the
FSI problem needs to be investigated with respect to the scale parameter e.

The boundary value problem is thus designed to meet both of these goals.
The macroscopic domain is the unit square (Figure 5.16(b)) and a uniform
pressure P, is applied at the left side of the domain. The pressure at the
right side is 0 and no-flow boundary conditions are considered at the top and
bottom sides of the domain. These boundary conditions imply the fine-scale
solution is periodic in the zs-direction with the period being one horizontal
strip of (1/¢) unit cells. Also, the averaged macroscopic quantities are essen-
tially one-dimensional. This very simple boundary value problem is selected to
allow direct numerical simulations (DNS) of the fine-scale solution to the FSI
problem. A DNS is computationally very intensive both in memory consump-
tion and CPU time. However, with the selected boundary conditions, a DNS
can be performed on a single strip of unit cells and then periodically repeated
in the xo-direction. This leads to a factor of 1/e reduction in computational
effort and allows us to compute the DNS solution on a series of domains with
et =4,8,16,32,64.

We perform a series of computations with P, = 0.1 and P, = 0.2. The first
observation is that Algorithm 5.4.1 in fact behaves as a contraction operator
and converges. The approximate upscaled pressure is plotted in Figure 5.17.
Because, as already discussed, the upscaled pressure does not vary in the
2o due the boundary conditions, the plot is a cross-section of the upscaled
pressure at a fixed location o = const. The number of iterations it took for
Algorithm 5.4.1 to reach a relative accuracy of x1076 is reported in Table 5.1.

Based on the results it is seen that the algorithm behaves as a contraction

Table 5.1. Performance of Algorithm 5.4.1. Listed are the iteration number it took
Algorithm 5.4.1 to converge as well as the error between the ”"exact” DNS and the
MSsFEM (fine-scale) solution for fine-scale displacements.

¢ P =01

Tterations| L>® Error [L>® Rel. Error| L? Error |L? Rel. Error
1/4 6 1.23 x 1073 0.18 2.48 x 1072 0.23

1/8 6 3.18 x 1074 0.10 4.39 x 1075 0.13
1/16 6 8.07 x 10~° 0.053 7.75 x 1076 0.069
1/32 6 2.03 x 10~° 0.027 1.37 x 1076 0.0351

P =02
Tterations| L>® Error [L>® Rel. Error| L? Error |L? Rel. Error
/4] 8 [296x103 0.22 193 %1071 022

1/8 8 7.94 x 1074 0.126 8.78 x 107° 0.127
1/16 8 2.06 x 1074 0.068 1.56 x 1075 0.067
1/32 8 5.25 x 107° 0.035 2.75 x 1076 0.034
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Fig. 5.17. Comparison of coarse-scale pressure profiles at x2 = 0.5.

operator and the number of iterations is independent of the length scale €. The
same table also lists the comparisons of the DNS solution with the projected
fine-scale displacements (via the mapping EMsFFM) Based on the error be-
tween the DNS displacements and the fine-scale displacements obtained via
the MSFEM, it is seen that the method is convergent in terms of €. The actual
convergence rate requires a detailed theoretical analysis which is reported in
[232]. [232].

5.4.4 Discussions

In this section, the application of nonlinear MsFEM to complex multiphysics
problems was studied. Here, our goal was simply to discuss an application
of the MSFEM to FSI problems and we did not discuss many other existing
methods (e.g., [141, 123, 123, 174]). Note that the governing equations do not
have elliptic or parabolic forms such as those discussed in Chapter 3, but the
general concept of MsFEMs (see Section 2.4) can be applied for solving such
systems.

5.5 Applications of mixed MsFEMSs to reservoir
modeling and simulation (by J. E. Aarnes)

Reservoir simulation — the modeling of flow and transport of hydrocarbons
in oil and gas reservoirs — is perhaps the most widely considered applica-
tion in the literature on numerical models for porous media flow. In fact,
numerical reservoir simulation has a history that goes back to the early days
of the computer. Due to constraints on computational capability, reservoir
simulation has been performed on very coarse models with limited spatial
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Fig. 5.18. Displacements in a typical solution to the model problem. The macro-
scopic domain has 8 x 8 unit cells, and due to periodicity in the z2-direction, only
one horizontal row of unit cells is shown. The exact fine-scale displacements (a) can
be compared with the first-order corrector (b). The difference between the two is
shown in (c).

resolution. However, the current trend in geomodeling — the process of devel-
oping a conceptual geological description of the reservoir — is to build detailed
high-resolution models that match as closely as possible the geologists’ per-
ception of the reservoir. As a result, there is a steadily increasing gap between
the size of the geological model built by geologists, and the model used for
reservoir simulation. The reservoir simulation model is normally obtained by
coarsening or upscaling the geological model.

As an alternative to upscaling it has been suggested that multiscale meth-
ods can be used to run simulations directly on geological models. To this end
it is generally assumed that the fine and coarse grids overlap such that each
block in the coarse grid simply consists of a number of cells from the under-
lying fine grid. This means that one can perform the coarsening of the grid in
index space rather than in physical space, and thereby significantly simplify
the process of generating the coarse grid. In particular, one avoids the practi-
cal problems of resampling nonoverlapping cells/blocks in the fine/coarse grid
that are traditionally associated with upscaling.

In this section we make an effort to demonstrate some applications where
multiscale flow solvers used in combination with various methods for fast
computation of fluid transport may spur new ways of using flow information
as part of reservoir planning and management. In particular, we demonstrate
how the multiscale methods can be used to
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e Accelerate the solution of the pressure equation in three-phase black oil
reservoir simulation models (and retain the solution accuracy).

e Provide very rapid estimation of production characteristics on flow-grids
that are tuned to reservoir flow patterns.

e Almost instantly estimate injector—producer pairs and swept volumes.

The simulations were performed in Matlab on a desktop computer with a dual
AMD Athlon X2 4400+ processor with 1 MB cache and 2 GB memory.

5.5.1 Multiscale method for the three-phase black oil model

The mixed MsFEM discussed before, which was first introduced by Chen
and Hou [71], has later been modified in a sequence of papers [1, 11, 13,
12] to handle the geometric and physical complexity of real-field reservoir
models. For instance, whereas the original method was developed for solving
elliptic problems on Cartesian grids, the most recent version [12] is designed
for solving the parabolic pressure equation of three-phase black oil models
on real-field corner-point grids with faults. The three-phase black oil model
describes the flow of an aqueous phase (a), usually water, a liquid phase (1)
containing oil and liquefied gas, and a vapor phase (v) containing gas and
vaporized oil. The pressure equation for the three-phase black oil model may
be expressed on the following form:

a¢p0r
dpy

0
+ (bpor ZC]‘S]‘ % +V. Z’Uj + chvj -Vp =q, (534)
J J J

where p; is liquid pressure, ¢po, is porosity, v;, ¢; and S; are phase veloc-
ities, compressibilities, and saturations, respectively, and ¢ is a volumetric
source term. The phase velocities are related to the phase pressures p; through
Darcy’s law:

i

L (Vpj+piges), j=alv. (5.35)

’Uj:— )

J

Here p; is the density of phase j, g is the magnitude of acceleration of gravity,
es is the unit normal pointing vertically upwards, k is the absolute perme-
ability, and k,; and p; are the relative permeability and viscosity of phase j,
respectively. See [12] for the definition of the phase compressibilities.

When applied to the three-phase black oil model the mixed MsFEM ap-
proximates the liquid pressure p; and the total velocity v = > jUj in finite-
dimensional subspaces defined over the coarse grid. Recall that the pressure is
approximated in a regular mixed finite-element space consisting of functions
that are constant on each coarse block, and the velocity is approximated in
a special multiscale space spanned by special multiscale basis functions that
correspond to localized solutions of the pressure equation with a prescribed
direction of flow; see [1, 13]. Given these basis functions, the mixed MsFEM
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finds the best linear superposition (in a certain sense) under the constraint
that the velocity field is mass conservative on the coarse scale. Moreover, if
the local flow solutions are mass conservative on the fine grid, then so will the
global mixed MsFEM solution be.

To perform a reservoir simulation using the mixed MsFEM one proceeds
as follows.

1. Introduce a coarse grid, for instance, by partitioning in index space as
seen in Figure 2.10.
2. Detect all pairs of adjacent blocks.
For each pair, compute a velocity basis function.
4. Start simulation, for each time-step, do
a) Assemble and solve the coarse-grid system.
b) Recover fine-grid velocities/fluxes.
c¢) Solve the fluid-transport equations.

b

For increased stability, one may iterate on solving the pressure and transport
equations before advancing to the next time-step and thereby obtain a fully
implicit method [183]. Similarly, for cases with strong displacement fronts, one
may also update a few basis functions throughout the simulation to account
more accurately for a strong saturation dependence; see [1, 167].

To illustrate the accuracy of the multiscale solutions, we consider a two-
dimensional test-case modeling layer 68 from model 2 of the SPE comparative
solution project [78], henceforth called the SPE 10 model. This particular
layer is known to be a very difficult model, (see, e.g., [167]). The simulations
start with 0.4 PVI of gas injection followed by 0.6 PVI of water injection.
The reservoir is initially filled with 5% gas and 95% oil, four injection wells
constrained to inject at 300 bar are located at each corner, and one rate-
constrained production well is located in the middle.

We consider both the mixed MsFEM in [13] and the corresponding method
using limited global information to define the multiscale basis functions. The
fine grid is a 60-by-220 Cartesian grid and the coarse grid for the mixed
MsFEM is defined to be a 5-by-11 Cartesian grid. Accuracy of the mixed
MSsFEM solutions is assessed by comparing the water-cut (fraction of water in
produced fluid) and gas-cut (fraction of gas in produced fluid) curves obtained
using a mixed MsFEM with the corresponding curves obtained by solving the
pressure equation on the fine grid using a mimetic finite difference method
(FDM) [177, 41]. The latter solution is referred to as the reference solution.
In all simulations the saturation equations are solved on the fine grid.

Figure 5.19 shows the logarithm of permeability, magnitude of velocity at
initial time, and water-cut and gas-cut as functions of PVI (pore volume in-
jected). Although there are certain differences between log |v| computed using
a mixed MSFEM (without limited global information) and the fine-grid solu-
tion depicted in Figure 5.19(b), we see that the mismatch has limited influence
on the production curves. Indeed, even with a coarse grid with only 55 blocks
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the mixed MsFEM produces water-cut and gas-cut curves that match the ref-
erence solution closely. This demonstrates that the mixed MsFEM captures
the main flow characteristics.

(b) log|v| computed using mimetic
FDM on fine grid

(c) log|v] computed using mixed (d) log|v| computed using mixed
MsFEM on coarse grid MsFEM with limited global in-
formation

o =

(e) Water saturation at 0.6 PVI (f) Gas saturation at 0.6 PVI com-
computed using mimetic FDM puted using mimetic FDM on
on fine grid fine grid

(g) Water saturation at 0.6 PVI (h) Gas saturation at 0.6 PVI com-
computed using mixed MsFEM puted using mixed MsFEM

e,
(i) Water saturation at 0.6 PVI (j) Gas saturation at 0.6 PVI
computed using mixed MsFEM computed using mixed MsFEM
with limited global information with limited global information

Fig. 5.19. Velocity solutions at initial time and saturation profiles at 0.6 PVI.
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(a) Simulations on layer 68 from the (b) Simulations on layers 81-85 from the
SPE10 model SPE10 model

Fig. 5.20. Water-cut and gas-cut for simulations on a two-dimensional model (layer
68 from SPE 10) and a three-dimensional model (layers 81-85 from SPE10).

When solving the pressure equation on the fine grid using the mimetic
FDM the time spent on solving the pressure equation stands for 86% of the
computation time. In the multiscale simulations, on the other hand, the time
spent on solving the saturation equations dominates the computation time
(54%). With our current Matlab implementation the multiscale simulations
run seven times faster than the fine-grid simulation. On larger models the
difference will generally be more substantial because the computational com-
plexity of the mixed MsFEM scales linearly with the model size. Moreover,
the mixed MsFEM is very easily parallelized: the assembly of the coarse-grid
system, which accounts for nearly 100% of the computation time, is called
embarrassingly parallel, and perfectly suited for the multicore computers and
distributed memory computing platforms. A further reduction in the com-
putation time spent on solving the pressure equation, or alternatively an in-
crease in model size, can therefore easily be achieved with parallel computing
resources. However, to reduce the total computation time further one should
also consider alternative strategies for solving the saturation equations.

Our numerical results show that mixed MsFEMs using limited global in-
formation give two-fold improvement in water and gas saturation errors when
single-phase flow information is used in the construction of multiscale basis
functions as discussed in Section 4.2. These results will be reported elsewhere.

5.5.2 Adaptive coarsening of the saturation equations

For large problems solving the saturation equations on the fine grid with a
finite difference method may not be feasible, or may become a bottleneck. An
alternative is to employ streamline methods [83] that advect the fluid phases
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along one-dimensional trajectories tangential to the velocity. These methods
are generally very fast provided large time-steps between each pressure step
can be taken. But it is also natural to ask if it is possible to exploit fine-grid
velocity resolution in a multiscale type approach for the saturation equation.
However, modeling the flow and transport accurately on coarse grids is diffi-
cult due to the dynamic nature of coarse-grid relative permeability functions
[37] and the need to capture sharp propagating fronts. Fortunately, recent
work [9] shows that one can model the main flow characteristics on relatively
coarse grids without using pseudo-functions provided the coarse grid adapts
to the local heterogeneity and resolves the dominant features in the velocity
field (e.g., high-flow channels). In the following, we present an approach for
generating such coarse grids and demonstrate how these grids can be used to
get accurate production data.

Assume that the velocity is modeled on a high-resolution model (e.g., using
the subresolution in mixed MsFEMs), and that it is prohibitively computa-
tionally expensive to solve the saturation equations on the same grid. Thus, we
propose creating an upscaled model only for the saturation equation. This is
done by generating a coarse grid that resolves underlying flow patterns more
accurately than traditional coarse grids used in reservoir simulation. These
grids allow us to capture more accurately flow quantities of interest, such as
production characteristics, without resorting to multiphase upscaling.

As for a mixed MsFEM, we use the term block to denote a cell in the
coarse grid to distinguish it from a cell in the fine grid. The coarsening strat-
egy presented in [9], henceforth called the nonuniform coarsening algorithm,
is essentially based on grouping cells according to flow magnitude. The al-
gorithm involves two parameters that determine the degree of coarsening: a
lower bound Vi,;n on the volume of each block and an upper bound G, on
total amount of flow through each block. These parameters are selected to
give the desired resolution of the saturation. A general rule for how to select
the parameters is given in [9].

The steps in the nonuniform coarsening algorithm are as follows:

1. Use the logarithm of the velocity magnitude in each cell to segment the
cells in the fine grid into ten different bins; that is, each cell ¢ is assigned

a number n(c) = 1,...,10 by upper-integer interpolation in the range of
_ 10(log |v(c)|—min log |v])
g(C) ~  maxlog |v|—minlog |v| *

2. Create an initial coarse grid with one block assigned to each connected
collection of cells with the same value of n(c).

3. Merge each block with less volume than Vj,;, with a neighboring block.

4. Refine each block that has more flow than Gp.x.

5. Repeat Step 3 and terminate.

Note that only the saturation equations are discretized on this grid. To this
end, we employ a backward Euler method where the spatial discretization is a
finite volume method that is upstream weighted at the fine-grid level; see [9].
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This implies that we utilize the fine-grid resolution in the velocity field when
solving for saturation on the coarse grid.

Figures 5.21(b)-5.21(d) show the logarithm of a velocity field as a piece-
wise constant function on the fine grid, on a coarse Cartesian grid with 240
blocks, and on a nonuniformly coarsened grid with 236 blocks. If we denote
the reservoir by (2, and N is the number of cells in the fine grid, then the
nonuniform coarse grid is generated under the constraint that each block B
satisfies

15 75
/ dx > —/ dx and / log |v]dx < —/ log |v] dx.
B N Jo B N Jo

We clearly see that the nonuniformly coarsened grid adapts to underlying flow
patterns. In contrast, the channels with high velocity are almost impossible to
detect in Figure 5.21(c). The fact that the coarse grid is capable of resolving
the main flow trends leads to improved accuracy in modeled production char-
acteristics. This is illustrated in Figure 5.21(e) which shows water-cut curves
obtained on the nonuniform coarse grid are closer to the water-cut curve ob-
tained on the fine grid than the water-cut curve obtained on the Cartesian
coarse grid.

The robustness and accuracy of the nonuniform coarsening approach rel-
ative to modeling saturation on uniformly coarsened grids is demonstrated in
a series of numerical examples in [9]. Instead of including further numerical
results here, we only state the main conclusions from [9]:

e Nonuniformly coarsened grids give significantly more accurate water-cut
curves than one obtains using uniformly coarsened grids with a similar
number of blocks.

e [t is very easy to select parameters Vi, and Gpax to give a desired level of
upscaling. Moreover, the accuracy of water-cut curves obtained on nonuni-
form coarse grids is nearly insensitive to the degree of upscaling.

e Although the nonuniform coarsening algorithm employs an initial veloc-
ity field, the coarse grid does not have to be regenerated if the flow field
changes significantly, for example, if new wells are opened, or choke set-
tings are altered. This is due to the fact that the nonuniform coarse grid
essentially adapts to high permeable regions with good connectivity.

e The grid needs to be regenerated if the geology is altered significantly. How-
ever, the time spent on generating the coarse grid is usually small relative
to the simulation time. The nonuniform coarsening algorithm therefore
allows grids to be generated at run-time.

Hence, in combination with mixed MsSFEM the nonuniform coarsening ap-
proach provides a foundation for a simulation technology that is capable of
selecting grids at run-time and performing simulations in a matter of minutes,
rather than hours or days. This type of simulation time may open up for us-
ing reservoir simulation for operational decision support. In the next section
we discuss how the mixed MsFEM alone may be used to provide flow-based
information that can be used in operational reservoir management workflows.
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(a) Logarithm of permeability. (b) log |v| projected onto the fine grid
(13,200 cells).

(c) log |v| projected onto a grid (d) log |v| projected onto a nonuniformly
with 240 blocks. coarsened grid with 239 blocks.
'[| —Fine grid soluion
0at Nan-uniform coarse grid
s L=~ Carteslan coarse grid

0 o1 02 03 04 05 06 0F 08 08 1
Pore volume Injected

(e) Water-cut curves

Fig. 5.21. Illustration of the nonuniform coarsening algorithm ability to generate
grids that resolve flow patterns and produce accurate production estimates.
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5.5.3 Utilization of multiscale methods for operational decision
support

Reservoir simulation is used today as part of long term strategic planning
(e.g., to predict production, quantify uncertainty, and evaluate the objective
function in history matching). But to our knowledge, it is not common to
utilize reservoir simulations or static flow-based information (for instance, a
snapshot of the reservoir pressure and velocity fields) for operational decision
support. A reason may be that traditional reservoir simulators are built as
black-box tools targeting applications where only the phase saturations and
production data are needed or used. Another reason may be that reservoir
simulation is generally time-consuming and limited to low-resolution models,
or localized high-resolution models. Hence, using reservoir simulation for de-
cision support is not regarded as an option when decisions need to be made
on a daily, hour-by-hour, or minute-by-minute basis.

With state-of-the-art multiscale techniques it is possible to evaluate flow
responses of suggested well locations almost instantly. These techniques can
of course also be used to run very fast reservoir simulations, but to release
the full potential of multiscale methods one should not see them only as tools
to accelerate simulations. Indeed, because multiscale methods can provide
(accurate) information about flow patterns almost instantly, also on large-scale
high-resolution models, they may have a huge potential for improving current
decision support tools and work processes where flow information is not used,
for example, due to too long response-time of conventional simulators. Using
a multiscale solver will be particularly efficient if the flow field needs to be
updated due to small or localized changes in the reservoir parameters, well
configuration, and so on. Then, all that is needed is to update a few local
basis functions to reflect changes in reservoir properties and so on, before the
global flow can be solved very efficiently on a relatively coarse grid in (less
than) a few seconds.

In the following we discuss various ways of using a snapshot of the reservoir
velocity field to extract information that we believe can be valuable in opera-
tional reservoir management. Examples of information that can be extracted
from a snapshot of the velocity field include:

Injector—producer dependence

Estimated well-sweep, that is, regions flooded by each injector

How the flow changes by altering choke settings or inserting new wells
How the flow is affected by perturbing the geology

One option for utilizing a velocity solution for these applications is to map
streamlines (lines tangential to the velocity). This option is available today
with commercial streamline simulators (e.g., FrontSim and 3DSL) or certain
geomodeling tools (e.g., IRAP). Although streamline tracing scales very well
with model sizes, current methods for solving the flow field do not. Utilizing a
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multiscale pressure solver will improve the scaling dramatically and open up
significantly faster response times or larger model sizes.

For complex reservoirs with strong heterogeneity, many wells, and/or a
large number of faults, streamlines typically form complex intertwined bundles
and it can be difficult for the naked eye to distinguish the different well-sweep
regions. In addition, accurate tracing of streamlines on models with complex
grid geometry is nontrivial. For such cases, it may be more advantageous to
provide information about reservoir partitioning and communication patterns
in terms of volumetric objects that are bounded by surface patches or consist
of a collection of grid cells. In the following, we present means to provide much
of the same information one can extract from a streamline map directly on
the physical grid in a way that is easy to compute and visualize.

Consider two equations of the same form: the time-of-flight equation

V-V = Gpor,  T(Uw™) =0, (5.36)
where wi™ denotes injection well i, and the stationary tracer equation
v-Ve; =0, c¢(w) =1. (5.37)

Here ¢; models the eventual concentration of a tracer if released continually
from injection well 7, that is, if the injected substance is a unique tracer.

Presuming now that the velocity v is known, the time-of-flight equa-
tion (5.36) and the tracer equations (5.37) can be solved efficiently using an
upstream-weighted discontinuous Galerkin (dG) method [206]. For instance,
to compute the time-of-flight 7 using a first-order upstream weighted dG
method, we solve the following system of equations,

/ v nds :/ Dpor dz, (5.38)
BTi T;

for all cells T;. Here 7 is a cellwise constant function, n is the unit normal
on OT; pointing outward, and 7+ is 7 evaluated on the upstream side of each
interface; that is

/ v -nds = Z (1(T3) max{v;;, 0} + 7(7;) min{v;;,0}),

aT; ;

where v;; is the flux from 7; to T);. Using an optimal reordering of the cells,
the discretized system can be cast as a block-triangular system that can be
solved hyperfast [206].

Figure 5.22 shows time-of-flight and stationary tracer distribution for a
case with ten pressure-constrained injection wells - eight along the perimeter
and two in the middle — and six rate-constrained production wells. In the
tracer profile plots the color of a cell corresponds to the tracer with the highest
concentration. We see here that the reservoir is neatly divided into separate
regions. Combining the time-of-flight information with the tracer data (i.e.,
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L]

(a) Logarithm of time-of-flight (b) Compartmentalization of reservoir
distribution based on stationary tracer profiles for
each well

(c¢) Tracer profile with 7 < 0.3 PVI (d) Tracer profile with 7 < 0.7 PVI

Fig. 5.22. Example of how time-of-flight and stationary tracer profiles can be used
to give a visual picture of flooded regions.

by only coloring cells with 7 < T'), we can easily estimate and visualize the
regions that are expected to be flooded at time ¢ = T by a unit displacement
front arising from each injector at time ¢ = 0.

One area where plots of synthetic tracer profiles can be valuable is planning
of new wells, where tracer/time-of-flight data may be used to visually inspect
how adding a new or moving an existing well affects the injector-producer
coupling, breakthrough times, and flooded/drained regions. It is also easy to
add a mathematical measure indicating the quality of a well location. This
may be useful for reservoirs with many wells where it can be difficult to
assess the quality of a potential well location visually. When a new well is
added or a well is moved, the flow field needs to be updated before the tracer
distribution can be computed. Using mixed MsFEM with precomputed basis
functions, this can be performed very efficiently by only updating the basis
functions affected by the change in the given well (one basis function for each
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block the associated well-bore penetrates) and then assembling and solving
the coarse-grid system.

With an implementation in a compiled language one should be able to re-
compute and visualize tracer profiles in a matter of seconds or minutes, also for
large models with a large number of wells. With this type of computation time
one may foresee visual and interactive ways for the early-stage optimization
of the well placement, for example, by using simple trial and error. Optimiza-
tion methods can also be used to semi-automate the selection of well location
candidates. More accurate optimization will of course require more fine-tuned
simulations. Similarly, the visual power of tracer/time-of-flight type data can
be utilized in other workflows, such as ranking of multiple realizations, place-
ments of faults, to reveal regions of interest in an assisted history-matching
approach, and so on.

5.5.4 Summary

We have discussed the application of a multiscale finite element-based simula-
tion technology for three-phase black oil reservoir simulation. In particular, we
have discussed how the multiscale mixed finite element method allows faster
discretization of the pressure equation in reservoir simulation, or simulation
directly on high resolution geomodels.

Computation time/model size when saturation equations are solved with

— Conventional finite difference method: 10-30 times faster /larger

— Streamline methods/cell reordering: 20-100 times faster/larger

— Finite difference method on nonuniformly coarsened grid: 100— times
faster/larger

We have also discussed how using MsFEMs may open up for using flow-based
information for operational decision support, for instance by allowing almost
instant computation and visualization of well-sweep and injector-producer
pairs. Providing tools for rapid computation of this type of flow-based in-
formation can be instrumental in increasing the interactivity and reduce the
turnaround time for various reservoir management workflows. In particular,
to bridge the gap between the geomodel and the simulation model, it may
be necessary that simulation grids and suitable simulation technology can be
selected in a semi-automated manner at run-time to fit response-time require-
ments and available resources.

5.6 Multiscale finite volume method for black oil systems
(by S. H. Lee, C. Wolfsteiner and H. A. Tchelepi)

Most practical reservoir simulation studies are performed using the so-called
black oil model, in which the phase behavior is represented using solubilities
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and formation volume factors. We extend the multiscale finite volume (MsFV)
method to deal with nonlinear immiscible three-phase compressible flow in the
presence of gravity and capillary forces (i.e., black oil model). Consistent with
the MsFV framework, flow and transport are treated separately and differently
using a sequential implicit algorithm. A multiscale operator splitting strategy
is used to solve the overall mass balance (i.e., the pressure equation). The black
oil pressure equation, which is nonlinear and parabolic, is decomposed into
three parts. The first is a homogeneous elliptic equation, for which the original
MSsFEFV method is used to compute the dual basis functions and the coarse-
scale transmissibilities. The second equation accounts for gravity and capillary
effects; the third equation accounts for mass accumulation and sources/sinks
(wells). With the basis functions of the elliptic part, the coarse-scale operator
can be assembled. The gravity/capillary pressure part is made up of an elliptic
part and a correction term, which is computed using solutions of gravity-driven
local problems. A particular solution represents accumulation and wells. The
reconstructed fine-scale pressure is used to compute the fine-scale phase fluxes,
which are then used to solve the nonlinear saturation equations. For this
purpose, a Schwarz iterative scheme is used on the primal coarse grid. The
framework is demonstrated using challenging black oil examples of nonlinear
compressible multiphase flow in strongly heterogeneous formations.

5.6.1 Governing equations and discretized formulation

The standard black oil model has two hydrocarbon phases (i.e., oil and gas)
and one aqueous phase (water) with rock and fluid compressibility, gravity
effects, and capillary pressure. The thermodynamic equilibrium between the
hydrocarbon phases is modeled via the solubility of the gas pseudo-component
in the oil phase. The conservation equations are nonlinear due to the strong
nonlinear character of the relative permeability and capillary pressure rela-
tions, the large gas compressibility, phase appearance and disappearance ef-
fects, and large density and viscosity differences.
The governing equations for the black oil formulation [29] are:

0

& (qsporboso) - le (bo)\o (vpo - gpoefi)) — Qo, (539)
0 .
E (¢porbwsw) - le (bw>\w (va - gpw€3)) — Qu, (540)
0 .
ot (dpor (bgSg + RsboSo)) = div (bgAg (Vpg — gpges)) — qq (5.41)

+  div (RsboAo (VPo — gpoes)) — Rsqo,

on the domain (2, with boundary conditions on 92. Here, \; = k(z)k,, /i is
the mobility of phase I, where | = o, w, g (i.e., oil, water, and gas); b; = 1/B;
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where By is the formation volume factor (i.e., ratio of volume at reservoir con-
ditions to volume at standard conditions). S;, k,,, w, pi denote, respectively,
the saturation, relative permeability, viscosity, and density of phase [. The
well volumetric flow rate is g;. The tensor k describes the permeability field,
which is usually represented as a complex multiscale function of space. Poros-
ity is denoted by ¢por, 1 is the phase pressure, g is gravitational acceleration,
e3 denotes the unit vector along the reservoir depth, and R is the solubility
of gas in oil. In general, 1, p;, By, Rs, and ¢po, are functions of pressure. The
relative permeabilities, k,,, are functions of saturation.

Saturations are constrained by 1 = S, + S, + Sy, and the three phase
pressures py, Do, and pg are related by two independent capillary pressure
functions:

Pw —Po = pcwo(Soasgysw)7 Pg — Do = pcgo(soysga Sw)

We choose the oil phase pressure as the primary variable, p = p,. Multiplica-
tion of the semi-discretized equations of (5.39) to (5.41) with

1 R 1 1

=—— = 0, =77, and g = —
bg+1 b;r]H»l ngrl g

Qo
n+1"?
bg

respectively, and summation of the resulting equations gives the pressure equa-

tion:
Cu
Lgo p”+1 = —E(p”‘*‘1 —p”)+ RHS1+ RHS2,

where the operator for black oil is defined by
Lpo =— Z agdiv (VY V)
¢
and the right-hand sides are given by
RHS1 ==Y aydiv (9o N7V2) + Y ardiv (N, - Vpeso)”
14 l=w,g

(Z by Sy + agRby S, ) A > audf — ag(Rego)".
¢ ¢

The C,, is a weak function of pressure defined in Lee et al. [175].

_ ¥por
RHS2 = Y,

5.6.2 Multiscale finite volume formulation

In the multiscale finite volume (MsFV) algorithm introduced in [159, 160,
161], the global (fine-scale) problem is partitioned into primal and dual coarse
volumes as illustrated in Section 2.5.1. A set of basis functions is computed
for each dual volume, and the coarse-scale problem is assembled. Using the
coarse-scale system, the coarse-scale pressure is computed. The same basis
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functions allow for local reconstruction of the fine-scale pressure from the
coarse solution.

The original MsFV algorithm [159] was designed to solve the (elliptic)
pressure equation of incompressible flow in highly heterogeneous formations.
The black oil model, which accounts for compressibility and capillarity, yields
a nonlinear parabolic pressure equation. However, these effects are, in gen-
eral, local in nature, and the pressure equation usually exhibits near-elliptic
behavior. We construct a multiscale algorithm that takes advantage of this
characteristic.

A multiscale, operator splitting approach is used to solve the nonlinear
parabolic overall mass balance equation for the pressure field. Specifically, the
black oil pressure equation is decomposed into three equations, one homoge-
neous and two inhomogeneous. The homogeneous (elliptic) equation is used to
compute the dual basis functions and the coarse-scale transmissibilities. The
first inhomogeneous part, py, accounts for gravity and capillarity. The second
inhomogeneous equation is solved for the particular solution p,, which ac-
counts for accumulation (i.e., rock and fluid compressibility) and sink/source
terms. Specifically, the black oil pressure equation is decomposed as follows.

Lpo pitt =0, (5.42)
Lpo py™' = RHS1, (5.43)

v Cw v v
Lo pytt = — 3/ L(Pn + g +1p) L (pn +pg +pp)"] + RHS2.(5.44)

Homogeneous pressure solution

The original MsFV method [159] employs locally computed basis functions
(on the fine scale) and a pressure operator on a coarse grid. The fine-scale
pressure field can then be obtained via a reconstruction step. Recently, Lunati
and Jenny [186] presented a MsFV method for compressible multiphase flow.
Their third proposed algorithm is somewhat similar to the scheme presented in
this section; however, we do not use explicitly computed coarse-scale formation
volume factors.

A conforming coarse grid with N nodes and M cells is constructed on
the original fine grid. Each coarse cell K with i € {1,..., M} is composed of
multiple fine cells. A dual coarse grid is constructed such that each dual coarse
cell K7, j € {1,..., N} contains exactly one coarse node. The coarse dual grid
has M nodes, z; (i € {1,..., M}), each in the interior of a coarse cell K. Each
dual grid has N, corners (for a Cartesian grid, four in two dimensions and
eight in three dimensions). A set of dual basis functions, (;5;», is constructed,

one for each corner 7 of each dual coarse cell K (ji

The dual basis functions are used to assemble the coarse-scale transmis-
sibility field for computation of the coarse-scale pressure p§. The dual basis
function ¢§-, for example, is the local solution of (5.42):
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aodiv (NIVeE) + v, div (N, Veh) + ag div (N Vel) =0 on K7,

where properties from the underlying fine grid (e.g., total mobility) are used.
The boundary conditions are obtained by solving the reduced problems [175],
although one can easily use different boundary conditions as discussed earlier.
Finally, given a coarse-scale solution p§, the phase transmissibilities of the
coarse grid can be readily computed from the fluxes across the coarse grid
interface [175].

Inhomogeneous solution: Gravity and capillary pressure

As shown in (5.43), the inhomogencous solution p, accounts for gravity and
capillary forces. Due to the complexity of the fractional flow function in the
presence of gravity, the potential field cannot be represented by a simple su-
perposition of the basis functions. Lunati and Jenny [187] proposed a method
where p, is split into two parts. The first part is represented by the original
dual basis functions; the second part is a locally computed correction term
that accounts for buoyancy effects. Following their approach, p, can be written
as

Pg =D +pg = Z ¢§p§’i +pg in Kj. (5.45)

K2

Note that within a dual coarse grid, pj is represented by a linear combination
of basis functions, weighted by the coarse-scale pressures.
The additional correction term pg is obtained using (5.43),

—a, div (N, Vph) — au div (N3, V) — ag div (X, Vp)

' (5.46)
= RHS1 in Ky,

where solutions of reduced problems consistent with (5.46) serve as boundary
conditions. Note that the correction term pz is computed with the simple
boundary conditions for the reduced system that is independent of the global
pressure distribution. This particular localization assumption to compute pg is
analogous to the one used to construct the dual basis function in the absence
of gravity effects. Lunati and Jenny [187] showed its effectiveness in resolving
the fine-scale structures of complex heterogeneous problems, when buoyancy
plays an important role.

Substitution of (5.45) in (5.43) and applying Green’s theorem to the coarse
operator [187], one can readily show that pg acts as an additional source/sink
term in the coarse-scale pressure system.

Particular solution: Mass accumulation and wells

The particular solution p,, governed by (5.44), is used to model sources and
sinks and the effects of compressibility (i.e., fluid accumulation). Accurate
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modeling of wells is crucial for any practical reservoir simulation problem. A
treatment of wells specifically designed for the MsFV method has recently
been proposed by Wolfsteiner, Lee and Tchelepi [259]. The framework allows
for modeling wells that penetrate one or multiple fine cells, and accommo-
dates fixed-rate or fixed-pressure operating conditions. In their approach, the
near-singular pressure distribution around the well is removed by a change of
variables. The well effects are approximated using special basis functions that
are then added to a smoothly varying background solution computed using
the standard MsFV method. Here, we employ a very simple model, where
wells are represented only on the coarse grid. The corresponding fine cells
receive source terms of equal strength [159].

Once the coarse-scale pressure is computed, the fine-grid pressure in the
dual grid can be obtained using the basis functions.:

Pp(7) + pg(x Z@bz (P +5) + Py (@), for we K. (5.47)

The pressure from the particular solution and the linear gravity part are
interpolated using the dual basis functions, and then the gravity correction
term, pg, is added.

Jenny, Lee and Tchelepi [159, 160] found that the fine-scale velocity field
computed directly from the reconstructed pressure (i.e., using the coarse-
grid solution and the dual basis functions) suffered from local mass balance
errors along the dual coarse cell boundaries. As a remedy, they proposed a
second set of (primal) basis functions that guarantee a conservative fine-scale
velocity field. In doing so, it is critical to honor the fine-scale fluxes from the
overlapping dual basis functions as boundary conditions. That approach can
be expensive, however. This is because the number of primal basis functions
is large, and even if they need to be recomputed occasionally, the cost can be
significant.

Here, we do not use this second set of bases. Instead we solve local prob-
lems on the primal coarse grid as follows. The reconstructed fine-scale pres-
sure at the boundaries of a primal coarse cell is used to compute the fine-scale
fluxes, which then serve as boundary conditions for local problems on the
primal coarse grid. These local problems solve the nonlinear black oil equa-
tions, which may include compressibility, capillarity, and solubility effects. In
essence the multiscale pressure approximation is used to prescribe flux bound-
ary conditions for the full black oil equation set on the local primal coarse-cell
level. Our experience is that the fine-scale pressure solution obtained from
these local Neumann problems is quite accurate (i.e., locally consistent with
the velocity field) when compared to the pressure that is reconstructed using
the dual basis.
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5.6.3 Sequential fully implicit coupling and adaptive computation

In the algorithm presented in the previous sections, flow and transport are
solved sequentially. First, a fine-scale pressure field together with a compat-
ible (and conservative) fine-scale velocity field is computed using the black
oil MsFV method. Then, the transport problem is solved on local fine-grid
domains with an implicit upwind scheme. A Schwarz overlap method is used
with saturation at the boundaries from the previous iteration, which has been
found to be very efficient for the saturation equations. The updated satura-
tion distribution defines a new total mobility field for the subsequent elliptic
problem (i.e., the next Newton iteration). Note that, in general, some of the
basis functions have to be recomputed. These steps can be iterated until con-
vergence of all variables at the current time level.

The MsFV approach can be easily adapted to a sequential fully implicit
treatment [161]. The MsFV implementation allows for performing an IMPES,
traditional sequential [29], or a fully implicit scheme. Here, the full nonlinear
transmissibility terms at the new time-step level are retained so that stability
is guaranteed [160]. The converged solution using this sequential approach
should be identical to the solution obtained using the simultaneous solution
strategy, which is usually used to deal with coupled fully implicit systems.

The MsFV approach is well suited for adaptive computation, which can
lead to significant efficiency gains. The most expensive part of the algorithm
is computation of the dual basis functions. In general, this is performed every
iteration due to changes in the saturation (mobility) field. As discussed in
Jenny et al. [160], an adaptive scheme can be used to update the dual basis
functions. Because the basis functions are constructed with local support, the
change of the total mobility is used to decide when and where to update the
basis functions in the domain. For compressible fluid, we employ an effective
total mobility change criterion for adaptable computation of the pressure field
[175].

5.6.4 Numerical examples
Waterflood in linear geometries

This test case is a two-dimensional problem with 220 x 60 fine cells. A uniform
coarse grid of 22x6 is used for the multiscale run. The permeability description
is taken from the first layer of the Tenth SPE Comparative Solution Project
[78]. As shown in Figure 5.23(a), a highly correlated area of low permeability
is found on the left-hand-side of the model, and a high-permeability area is
present on the right end of the model.

The black oil model includes three compressible fluid phases (i.e., oil, wa-
ter, and gas). The pressure dependence of the densities is described using
formation volume factors, and the phase equilibrium between the oil and gas
phases is described using the solution gas—oil ratio [79]. Typical black oil
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properties are listed in Lee, Wolfsteiner, and Tchelepi [175]. For this example,
we did not consider gravity effects, and we used a high oil compressibility,
namely, 4.8 - 10=% for p < py (pp is the bubble point pressure) for a stringent
test of compressibility. As the pressure decreases, some solution gas is liber-
ated from the oil phase and forms a free immiscible gas phase. Moreover, the
oil-phase volume decreases as the pressure decreases below the bubble point,
p < pp. The solution-gas is constant above the bubble point pressure, and the
oil-phase volume decreases as the pressure increases (i.e., p > pp).

The model is initialized with oil (S, = 1) and constant pressure (4000
psia). At t = 0, water is injected at a constant pressure of 5000 psia from
the left side; the right boundary is maintained at 2000 psia. This numerical
example is a challenging test due to the large pressure drop across the model
and the large variations in permeability. A constant time-step size of 1 day is
used. In Figure 5.23, the results from the black oil MsFV simulator and fine-
scale reference simulations are shown at 50 days. For example, Figure 5.23(c)-
(d) indicate that the water and gas distributions obtained from the MsFV
approach are in excellent agreement with the reference fine-scale solutions.

(a) permeability (log) (b) pressure (ms)
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Fig. 5.23. Depletion with constant pressure boundary conditions: at time = 50days:
(a) logarithm of permeability; (b) pressure from MsFV; (c¢) S, from MsFV,(d) S,
from MsFV; (e) Sy from fine-scale simulation; (f) Sy from fine-scale simulation.

A three-dimensional heterogeneous model with two wells

This example employs a three-dimensional model with two wells at two oppo-
site corners and a heterogeneous permeability field. The permeability distri-
bution is generated by the sequential Gaussian simulation method [85]. The
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logarithm of permeability has a Gaussian histogram with mean and standard
deviation of 50 md and 1.5, respectively. The variogram is spherical with
ranges of 30 m and 15 m in directions that are at 45 and 135 degrees with
respect to the horizontal, and 7.5 m in the vertical direction. The permeabil-
ity is shown in Figure 5.24(a). The model is 150 x 150 x 48 m in size and is
uniformly discretized using 45 x 45 x 30 fine cells. The uniform 9 x 9 x 6 coarse
grid is used in the MsFV computations.

The permeability distribution is shown in Figure 5.24(a). The fluid prop-
erties for the first example are also employed. The reservoir is initially at
gravitational equilibrium with 4000 psia at the bottom of the model. Water is
injected at a constant rate from the bottom left corner (i.e., coarse cell 1,1,1)
displacing the oil toward the producer located at the top right corner (cell
9,9,6). Figure 5.24(b) shows the oil saturation distribution at water break-
through. The pressure around the production well is below the bubble point,
and a free gas phase is present. In Figure 5.25, the production rates from
MsFV are compared with those from the fine-scale reference simulation. The
comparison shows that the black oil MsF'V approach is able to model difficult
multiphase flow problems in heterogeneous media when strong gravity and
compressibility effects are present.

We also performed computations using an upscaled model for this problem.
We used the basis functions to compute an upscaled (effective coarse-scale)
transmissibility field, and we computed the pressure and saturation using the
coarse-scale model. The results are also depicted in Figure 5.25. Even though
the results from the upscaled model are qualitatively similar to those from
the fine-scale reference simulation, the presence of large numerical dispersion
in the upscaled model gives less accurate production rates compared with the
multiscale method. This numerical example shows that reconstruction of the
fine-scale information by the MsFV is an important step in obtaining accurate
transport predictions.

5.6.5 Remarks

We developed a multiscale finite volume (MsFV) method for the black oil
formulation of multiphase flow and transport in heterogeneous porous media.
The black oil formulation, which involves immiscible three-phase flow with
compressibility, gravity, capillary, and mass transfer, in the form of gas solu-
bility, is widely used in practical field-scale simulations.

Our approach extends the sequential implicit MsFV method [161, 256] to
the nonlinear black oil model. An operator-splitting multiscale algorithm is
devised to compute the fine-scale pressure field, which is used to compute the
fine-scale velocity field. The nonlinear saturation equations of the black oil
model are solved on the local primal coarse grid using the fine-scale velocity
field. The black oil MsFV method extends our ability to deal with large-scale
problems of practical interest. The treatment ensures that the nonlinearity
due to rock and fluid compressibility, gravity, and capillarity can be resolved
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Fig. 5.24. A heterogeneous model with two wells (Example 3): (a) log-permeability
distribution, (b) oil saturation just after breakthrough.
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Fig. 5.25. Comparison of production rates for Example 3: multiscale (solid lines)
fine-scale reference (dashed).

by solving specially constructed local boundary value problems. The method-
ology is demonstrated using several numerical examples. These examples show
clearly that the MsFV scheme yields results that are in excellent agreement
with reference fine-grid solutions.

Although the numerical efficiency of this new black oil MsFV simulator
has not been fully examined, the numerical efficiency gains shown in refer-
ences [160, 161, 256] are expected to hold (e.g., 10 ~ 20 times faster than
the conventional finite difference method). This is because all the nonlineari-
ties due to the presence of compressibility, gravity, and capillary pressure are
resolved locally.
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5.7 Applications of multiscale finite element methods
to stochastic flows in heterogeneous media

The media properties often contain uncertainties. These uncertainties are usu-
ally parameterized and one has to deal with a large set of permeability fields
(realizations). This brings an additional challenge to the fine-scale simulations
and necessitates the use of coarse-scale models. The multiscale methods are
important for such problems. In this section, we describe the extensions of
MsFEMs to stochastic equations where the basis functions are constructed
such that they span both spaces and uncertainties. We also consider the ap-
plications of MsFEMSs to uncertainty quantification in inverse problems when
the media properties are estimated based on coarse-scale data.

First, we briefly discuss stochastic flow equations from an application point
of view. Assume that the media properties are random and denoted by k(z,w),
where w refers to a realization. Then, the solution of the flow equation is given
by p(z,w) for each realization w.

One of the commonly used stochastic descriptions of spatial fields is based
on a two-point correlation function of log-permeability. To describe it, we de-
note by Y (z,w) = log[k(z,w)]. For permeability fields described with the two-
point correlation function, it is assumed that R(z,y) = E[Y (z,w)Y (y,w)] is
known, where E[-] refers to the expectation (i.e., average over all realizations)
and z,y are points in the spatial domain. In applications, the permeability
fields are considered to be defined on a discrete grid. In this case, R(z,y) is a
square matrix with Ng,r rows and Ng,¢ columns, where Ny, ¢ is the number
of grid blocks in the domain. For permeability fields described by the two-
point correlation function, one can use the Karhunen—Loeéve expansion (KLE)
[182, 271] to obtain a permeability field description with possibly fewer de-
grees of freedom. This is done by representing the permeability field in terms
of an optimal L? basis. By truncating the expansion, we can represent the
permeability matrix by a small number of random parameters.

We briefly recall some properties of the KLE. For simplicity, we assume
that E[Y (z,w)] = 0. Suppose Y (z,w) is a second-order stochastic process
with E [, Y?(z,w)dz < co. Given an orthonormal basis {®;} in L*(£2), we
can expand Y (z,w) as a general Fourier series

Vw) = V)b, Vi) = [ Y(ew)ba)d

We are interested in the special L? basis {®;} that makes the random variables
Y; uncorrelated. That is, E(Y;Y;) = 0 for all ¢ # j. The basis functions {®;}
satisfy

Bl = | a)ds [ Raa®iy=0. i

Because {®;} is a complete basis in L?(§2), it follows that &;(x) are eigen-
functions of R(z,y):
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[ R @iy =2, i=12.. (5.48)
2

where \; = E[Y}?] > 0. Furthermore, we have
R(z,y) = Z Ai®i(2)Pi(y). (5.49)
i=1

Denote 0; = Y;/\/\;; then 6; satisfy F(6;) = 0 and E(0,0;) = 6;5. It follows
that

Y (z,w) = Z Vil ()P (), (5.50)

where @; and \; satisfy (5.48). We assume that the eigenvalues A; are ordered
as A1 > Ag > ---. The expansion (5.50) is called the Karhunen—Loéve expan-
sion. In the KLE (5.50), the L? basis functions ®;(z) are deterministic and
resolve the spatial dependence of the permeability field. The randomness is
represented by the scalar random variables 0;. After we discretize the domain
2 by a rectangular mesh, the continuous KLE (5.50) is reduced to finite terms
and @;(x) are discrete fields. Generally, we only need to keep the leading or-
der terms (quantified by the magnitude of );) and still capture most of the
energy of the stochastic process Y (z,w). For an N-term KLE approximation
Yy = Zfil Vi0;®P;, define the energy ratio of the approximation as

N
OBV I N

If \;,i =1,2,..., decay very fast, then the truncated KLE would be a good
approximation of the stochastic process in the L? sense.

Next, we discuss some example cases. Suppose the permeability field
k(r,w) is a log-normal homogeneous stochastic process; then Y (z,w) =
log(k(x,w)) is a Gaussian process, and 6; are independent standard Gaus-
sian random variables. In this case, the covariance function of Y (x,w) has the

form
2

2 lz1 — 1 w2 — yo|?

Rz,y)=o eXp( 202 212 )
In the above formula, [; and s are the correlation lengths in each dimension,
and 02 = E(Y?) is the variance. We first solve the eigenvalue problem (5.48)
numerically on the rectangular mesh and obtain the eigenpairs {\;, ®;}. We
put 8 points per correlation length in our numerical simulations. Because the
eigenvalues decay fast, the truncated KLE approximates the stochastic process
Y (x,w) fairly well in the L? sense. Therefore, we can sample Y (z,w) from the
truncated KLE (5.50) by generating Gaussian random variables ;. In Figure
5.26, we plot eigenvalues and three eigenvectors corresponding to eigenvalues
(in decreasing order) 1, 6, and 15. In particular, we plot eigenvalues for the
log-normal permeability field described by (5.51) as well as by

(5.51)
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|21 —yi| |2 —y2|>

7 B (5.52)

R(z,y) = 0 exp (—
As we see from these figures the eigenvalues decay quickly for log-normal
permeability fields compared to log-permeability fields described by (5.52).
Moreover, the eigenvectors corresponding to smaller (in value) eigenvectors
contain finer-scale features of the media.
For some simplified cases, one can derive formulas for eigenvalues and
eigenvectors (e.g., [277]). In the one-dimensional case, R(x,y) = o2 exp(—|z1—
y1|/11), the eigenvalues have the form

- 2[10‘2
ERACES!

and
1

VGG +1DL/2+1

where L is the length of the domain and (,, are positive roots of the charac-
teristic equation

b, (x) = (l1¢n cos(Grx) + sin((r)),

(%12 — 1) sin(CL) = 2¢ly cos(CL). (5.53)
For problems in a multidimension, if the covariance function is in the form
R(z,y) = 02 exp(—|r1 — y1|/l1 — |22 — y2|/12), the eigenvalues have the form

4l1l20’2

M= BEE T D@EE D)

and
D (x) = Di(x1)P;(x2),

where ¢} and ¢} are positive roots of (5.53) using parameters (L1,l1) and
(L, 12), respectively, with L; and Lo being the lengths of the whole domain
in the x1— and x9—directions.

5.7.1 Multiscale methods for stochastic equations

In this section, we present a multiscale approach for solving stochastic flow
equations. The main idea of the proposed approaches is to construct multiscale
basis functions that capture the small-scale information across the realizations
of stochastic equations. Once the basis functions are constructed, the solution
is projected into the finite-dimensional space spanned by the multiscale basis
functions. The pre-computed basis functions are constructed based on se-
lected realizations of the stochastic permeability field and the method can be
regarded as an extension of MSFEMs to stochastic porous media equations.
The proposed approaches, although they do not require any interpolation
in stochastic space, can be combined with interpolation-based approaches to
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Fig. 5.26. Top left: Eigenvalue distribution. Top right: 1st eigenvector. Bottom left:
6th eigenvector. Bottom right: 15th eigenvector.

predict the solution on the coarse grid. The permeability fields under consid-
eration do not have scale separation. For this reason, we employ multiscale
methods using limited global information in our simulations. The main idea
of these approaches is to use some global fields that contain nonlocal informa-
tion as discussed in Chapter 4. We use the mixed MsFEM framework here,
although other global couplings can also be used.

To present the approach, we consider realizations of permeability fields k;
sampled from a stochastic distribution. For each k;, let p; and v; be a solution
obtained by solving the flow equation on a fine grid using a suitable mass
conservative numerical method. Then, we define V;,(k;) the space spanned by
mixed multiscale basis functions, ¥/ , defined via (4.6) that have the following

boundary conditions
K Vi n
v =
v; - nds
e

on ¢; for each K. We employ N realizations of the permeability field and define
a finite-dimensional space that consists of a direct sum of mixed multiscale
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finite element basis functions corresponding to all realizations:
Vi = EBf\Lth(ki).

Hence, in this case we obtain N basis functions for each edge (face) in the
coarse grid. Once the basis functions are constructed, the solution of the
stochastic flow equation for an arbitrary realization is projected onto this
finite-dimensional space. Note that this approach does not require any inter-
polation formula in uncertainty space, although interpolation techniques, if
easily available, can be used to reduce the size of V}, locally in uncertainty
space (see later the use of interpolation techniques). We assume that vy, ..., vy
are linearly independent in order to guarantee that the basis functions are
linearly independent. Note that the local basis functions can be used in the
proposed multiscale approach for stochastic flow equations.

Next, we present a formal analysis of the method under the assumption
that the chosen realizations can be used to interpolate an arbitrary realiza-
tion. To show this, we assume that the uncertainties of the permeability field
can be parameterized. As a result of this parameterization, the permeability
is expressed as k = k(x,6) where # € RZ. One such example is the Karhunen—
Loeve expansion (KLE) as discussed earlier. KLE can be used in representing
the permeability fields given via the two-point correlation function, where
k(x,0) = exp (Y(x,0)), Y(x,0) = Zle 0,P;(x), P;(x) pre-determined func-
tions, and 0 = (@4, ...,0L).

When the uncertainties are parameterized and L is not large, one can
employ sparse interpolation techniques in R” (e.g., [272]), where the solution
is computed for some values of § = (O1,...,0L), denoted by 0, and then
interpolated for an arbitrary § € R, Assuming that k(x, #) smoothly depends
on #, we can approximate the solution for an arbitrary 6 as

p(z,0) ~ Zp(% 0,)5:(6), (5.54)

where [;(0) are the corresponding weights which are in general difficult to
obtain. We note that the interpolation error depends on the choice of inter-
polation points and the smoothness of p(x,#) with respect to §. Denoting the
velocity field for two-phase flow by v, we have

v(z,0) =~ Zv(m,ﬁi)ﬁiw). (5.55)

Equation (5.54) shows that the solution of the stochastic flow equation can be
approximated if we provide approximations of p(x, ;) for each 6;. Because the
solution for each selected realization can be approximated using corresponding
global fields, we have

v(z, 0;) ~ Z cij(@)vj(w, 0;).

J
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In our numerical simulations, we use single-phase velocity fields following pre-
vious discussions in Section 4.2 (see also [1, 3]). One can, in general, use direc-
tional flows as proposed in a more general setting in [218]. We note that in our
multiscale simulations, the basis functions are constructed using v;(x, 6;). One
can show the convergence of the proposed approach following, for example,
[8].

We note that the proposed method can be applied in a local region of
the uncertainty space by selecting realizations that correspond to this region.
The latter is useful when one would like to perform uncertainty quantification
in a subregion of the uncertainty space. One can use the localization in the
uncertainty space for more accurate probabilistic estimations by partitioning
the uncertainty space. To our best knowledge, the idea of local partitioning
of uncertainty space in the context of stochastic PDEs was first investigated
in [267] where the authors introduced a multi-element generalized polynomial
chaos approach. In our approaches, we can borrow this idea and combine it
with MsFEMs. To describe the procedure, we denote by U the uncertainty
space and assume that U is partitioned into U;. In each region U;, we choose
selected realizations 0; representing these local regions. Then, the basis func-
tions are defined as before for these selected realizations in each U;. This
approach is an implementation of the earlier proposed technique simply in
local regions of uncertainty space. In particular, the multiscale basis functions
are constructed as before although with local support both in spatial and
uncertainty spaces. When performing simulations for a particular (arbitrary)
realization, the multiscale basis functions from the local uncertainty region
that contains this particular realization will be used. This will provide high
accuracy and reduce the computational cost.

We note that the proposed method can be applied in local regions of
uncertainty space and, consequently, the support of basis functions can be
localized in uncertainty space. To describe the procedure, we denote by U
the uncertainty space and assume that U is partitioned into U,. Here U; can
be regions larger than the characteristic length scale in uncertainty space.
Furthermore, in each region U;, we choose realizations 0;- representing these
local regions. Then, the basis functions are defined as before for these realiza-
tions in each U;. This approach is an implementation of the earlier proposed
technique simply in local regions of uncertainty space. In particular, the mul-
tiscale basis functions are constructed as before although with local support.
One can draw a parallel between this approach and a general multiscale ap-
proach where the coefficients strongly vary with respect to spatial variables
and uncertainties. In particular, we would like to construct multiscale basis
functions for permeability fields k(z, 8) over a coarse region that is larger than
spatial and uncertainty heterogeneities. In this case, one needs to construct
the local spatial basis functions for each 9;- in U;. Because the dependence on
0 is parametric, one needs to capture the spatial heterogeneities for all values
of 8 in U;. In this case, the basis functions are derived from the solution of
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div(k(z,0)Vwr (x,0)) = 0.

These basis functions, which are smooth with respect to 6, can be approxi-
mated by choosing appropriate realizations. Thus, the proposed approach can
be regarded as an extension of the mixed MSFEM to problems with uncertain-
ties. When using local patches in uncertainty space, one needs to determine a
partition to which a particular realization belongs. We note that pre-computed
multiscale basis functions can be repeatedly used for different boundary condi-
tions/source terms and for dynamic two-phase flow and transport simulations.

The main practical advantage of the proposed mixed MsFEM is that one
does not need interpolation formulas. Indeed, when an approximation space
consists of a union of subspaces generated using the solutions corresponding to
different permeability realizations, one is actually projecting the true solution
onto this enriched approximation space. Thus, the velocity solution will be
a superposition of basis functions corresponding to each of the sample fields,
but the interpolation weights are determined automatically from the projec-
tion property of the mixed MsFEM. In particular, the interpolation weights
will vary throughout the uncertainty domain. This approach is interpolation-
free, easy to use, and provides a computationally cost-efficient methodology
for performing multiple simulations, for instance, to quantify uncertainty. We
also note that when an interpolation formula is easily available, one can inter-
polate the set of pre-computed multiscale basis functions to calculate the basis
functions for a particular realization. However, the nature of this interpola-
tion (pointwise or L? or so on) will be pre-determined. Our proposed approach
chooses the best interpolation both in spatial and stochastic space. Finally,
we would like to note that in upscaling approaches, to our best knowledge,
one cannot avoid interpolation techniques.

Numerical results

Experimental setup. In our simulations below, we take ky.,,(S) = S?, p1,, = 0.1,
kro(S) = (1 —S)2, and p, = 1 in two-phase flow and transport simulations
(see (5.1), (5.2)). The log-permeability field Y (z) is given on a 100 x 100 fine
Cartesian grid. This grid is then coarsened to form a uniform 5 x 5 Cartesian
grid so that each block in the coarse grid contains a 20 x 20 cell partition from
the fine grid. We solve the pressure equation on the coarse grid using the mixed
MsFEM and then reconstruct the fine-scale velocity field as a superposition
of the multiscale basis functions. The reconstructed field is used to solve the
saturation equation on the fine grid. The saturation equation is solved using an
implicit upstream finite volume (discontinuous Galerkin) method. We would
like to emphasize that the multiscale basis functions are constructed at time
zero, that is, they are not recomputed during the simulations.

In the numerical examples that are reported below we consider a tra-
ditional quarter-of-a-five-spot problem. That is, {2 is taken to be a square
domain, we inject water at the upper left corner, and produce the fluid that
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reaches the producer at the lower right corner. To assess the quality of the
respective saturation solutions obtained using the mixed MsFEM, we com-
pute for each realization a reference solution Syef obtained by solving the
time-dependent pressure equation on the fine grid with the given permeabil-
ity field (using the lowest-order Raviart-Thomas mixed finite element method
for Cartesian grids). Then, in addition to measuring the relative saturation
error in the L'-norm:

||S - SrefHL1/||Sref||L17

we compare various production characteristics. We use the water-cut curve
defining the fraction of water in the produced fluid as a function of time
measured in pore volumes injected (PVI) (see (2.44)). We recall that

O qu(t)
O = A @

where ¢, and q,, are flow rates of oil and water at the producer at time ¢.
We monitor the following quantities

e The relative water-cut error in the L?-norm:

[w — wret | L2 / || Wret || L2 -

e The breakthrough time (defined as w='(0.05)) at the producer.
e The cumulative oil production at 0.6 PVI:

0.6PVI
Q, = _j‘;wlx/o (/Q min(g,(x, 7),0) dx) dr.
o)

Before we embark on the numerical experiments, we note that the Raviart—
Thomas mixed finite element discretization of the pressure equation results in
a linear system with N2 .42 X (Nane — 1) X Npne = 29800 unknowns, where
Ngne = 100. In comparison, when using a sample of N permeability fields to
generate the mixed MsFEM basis functions, the stochastic multiscale method
gives rise to a linear system with N2 + 2 X (Neoarse — 1) X Neoarse X N =
25 + 40N unknowns, where Ncoase = 5. Hence, when using a sample size
of 25, for instance, the number of the unknowns in the fine-grid system is
roughly 30 times larger than the number of unknowns in the mixed MsFEM
system. In this section, we present our results which employ samples of 10-50
permeability fields. In other words, we compute 10-50 velocity basis functions
for each interface in the coarse grid. We note that in order for the proposed
methods to be computationally efficient one needs to use fewer basis func-
tions in each coarse-grid block to represent the heterogeneities across space
and uncertainties. In particular, the number of basis functions needs to be
less than the number of fine-grid blocks within the target coarse-grid block.
Otherwise, one can simply use fine-scale basis functions which are the same
for an arbitrary realization. In the case of the latter, the stochasticity does
not affect the choice of the finite element function space.
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Gaussian fields. For Gaussian fields, one can reduce the dimension of the
uncertainty space dramatically due to the fast decay of eigenvalues. To sample
the realizations that are used to generate the multiscale basis functions, we
use the first order Smolyak collocation points 6; in [—3,3]% (see, e.g., [272]).
That iS, 90 = 0, 927;_1 = 35@‘, and 021' = —351'3', 1= 1,...,L. We note that
the choice of interpolation points does not affect the implementation of our
approach.

Our first results are for the isotropic case with l; = I, = 0.2 and 02 = 2.
In this case, we can reduce the dimension of the stochastic permeability to
10. From this stochastic model for the permeability we draw randomly 100
realizations and perform simulations on the corresponding permeability fields.

In Figure 5.27 we compare breakthrough times and cumulative oil pro-
duction at 0.6 PVI. We see that there is nearly a perfect match between the
results obtained with the mixed MsFEM and the corresponding results de-
rived from the reference solutions. Next, in Figure 5.28, we plot L? errors in
the saturation field for these realizations as well as the water-cut errors. It
can be observed from this figure that the saturation errors are mostly below
3%. Finally, we plot in Figure 5.29 a histogram of the breakthrough times
and cumulative oil production values depicted in Figure 5.27 to demonstrate
that the mixed MsFEM essentially provides the same statistics as one obtains
from the set of reference solutions. These results suggest that with a few pre-
computed basis functions in each coarse grid block we can solve two-phase flow
equations on the coarse grid for an arbitrary realization and obtain nearly the
same results as one obtains by doing fine-grid simulations for each realization.

We have also considered numerical results for an anisotropic Gaussian field
with /1 = 0.5, Iy = 0.1, and 0 = 2 in [7]. Due to anisotropy, KLE requires 12
terms. We sample the realizations that are used to generate the multiscale ba-
sis functions using the first order Smolyak collocation points as in the isotropic
case. The numerical results obtained for the anisotropic Gaussian fields are
qualitatively the same as the results shown in Figure 5.27 — Figure 5.29. We
include only the anisotropic equivalent of Figure 5.29. Histograms of break-
through time and cumulative oil production at 0.6 PVI for 100 randomly
chosen realizations are depicted in Figure 5.30. The histograms confirm that
the multiscale method essentially provides the same breakthrough time and
cumulative oil production statistics as one obtains from the set of reference
solutions.

Ezponential variogram fields. For our second set of results, we consider
permeability fields with exponential covariance matrix

_ 2
R(z,y) =0 exp ( i L

Because of the slow decay of eigenvalues, one usually needs to keep many
terms in KLE and deal with a large uncertainty space. To approximate the
permeability fields, KLE requires 300 to 400 eigenvectors depending on corre-
lation lengths and variance. This is a large-dimensional problem for performing
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Fig. 5.27. Breakthrough time and cumulative oil production at 0.6 PVI for 100
random realizations from a Gaussian field with 1 = I = 0.2 and o2 = 2.

Overall saturation error and water cut error
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Fig. 5.28. L? errors of the saturation field and water-cut errors for 100 randomly
chosen realizations (the number of a realization is indicated along the horizontal
axis). Gaussian field with Iy = ls = 0.2, o? =2,
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Fig. 5.29. Histograms of the breakthrough times and cumulative oil production
values shown in Figure 5.27.
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Histogram of breakthrough times at producer Histogram of cumulative oil-production at 0.6 PVI
[ Multiscale solution [ Multiscale solution
B Reference solution I Reference solution | |

20t

Fig. 5.30. Histograms of breakthrough time and cumulative oil production at 0.6
PVI for 100 random Gaussian fields with {; = 0.5 and I = 0.1 and o2 = 2.

direct interpolation using multiscale basis functions. Instead we suggest using
few independent realizations in constructing basis functions, and then per-
forming statistical studies on a much larger set of realizations. We note that
for independent realizations, we do not have an easily available interpolation
formula. Moreover, the use of independent realizations is quite easy and one
can use this technique for more general permeability fields in as much as it
only requires independent samples of the permeability field.

To demonstrate the performance of the stochastic multiscale method for
these fields, we present results for a case where the permeability fields are
drawn from an anisotropic exponential variogram distribution with l; = 0.5,
Iy = 0.1, and 02 = 2 (the results for the isotropic case are similar, and not
reported here). The KLE requires 350 eigenvectors to represent this stochastic
permeability distribution. From this distribution we sample 20 independent
realizations and use these realizations to generate the multiscale basis func-
tions. Figure 5.31 displays one randomly chosen realization and corresponding
saturation profiles at 0.6 PVI obtained by solving the pressure equation on the
fine grid, and on the 5 x 5 coarse grid with the mixed MsFEM, respectively.

Figures 5.32, 5.33, and 5.34, show: breakthrough time at producer and
cumulative oil production at 0.6 PVI for 100 randomly chosen realizations
for both the reference solution and the multiscale solution; relative overall
saturation error and water-cut error; and histograms of the breakthrough
times and cumulative oil production values depicted in Figure 5.32. Figure 5.32
demonstrates that there is generally a good match between the breakthrough
time and cumulative oil production curves for the reference and multiscale
solutions. However, we now observe that there is a slight bias in the multiscale
results, for example, there is a small time-lag in the breakthrough times for
the multiscale method. The bias can also be observed from the histograms
in Figure 5.34, but the magnitude of the bias is small, and the multiscale
solutions are generally quite close to the reference solution, as is illustrated in
Figures 5.31 and 5.33.
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Fig. 5.31. An exponential variogram field with Iy = 0.5, l» = 0.1, and 02 = 2,
and a comparison of the reference saturation field at 0.6 PVI and the corresponding
saturation field obtained using the stochastic multiscale method.

We now demonstrate that the bias in breakthrough time and cumulative
oil production persists, but is efficiently reduced by increasing the number of
realizations used to generate the multiscale basis functions. Figures 5.35, 5.36,
and 5.37 show, respectively, the saturation and water-cut error for each of the
100 randomly selected realizations for the stochastic multiscale method with
different sample sizes, the cumulative probability distribution of breakthrough
times and cumulative oil production, and the corresponding histograms of the
breakthrough times and the cumulative oil production values. Here, the sam-
ple size refers to the number of realizations selected in constructing multiscale
basis functions. The plots show the following: the saturation and water-cut
errors decay with increasing sample size; the time lag in the breakthrough
times (also observed in the cumulative oil production) decays rapidly with
increasing sample size, and that using 50 basis functions for each coarse-grid
interface generates statistics that are nearly unbiased, and generally match
the statistics derived from the set of reference solutions very well. Observe
that a sample size of 50 gives rise to a linear system with 2025 unknowns,
roughly 1/15 as many as in the fine-grid system.

Summary

In conclusion, we have developed and studied the stochastic mixed multiscale
finite element method. This method solves stochastic porous media flow equa-
tion on the coarse grid using a set of pre-computed basis functions. The pre-
computed basis functions are constructed based on selected realizations of the
stochastic permeability field, and thus span both spatial scales and uncertain-
ties. The proposed method can be regarded as an extension of mixed MsFEM
to stochastic porous media flow equations. The proposed approach does not
require any interpolation in stochastic space and is capable of predicting the
solution on the coarse grid. We present numerical results for two-phase im-
miscible flow in stochastic porous media which show that one can use few
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Fig. 5.32. Breakthrough time and cumulative oil production at 0.6 PVI for 100

random realizations from an exponential variogram field with [y = 0.5, [ = 0.1, and
2
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Fig. 5.33. L? errors of the saturation field and water-cut errors for 100 randomly
chosen exponential variogram fields with I; = 0.5, I = 0.1, and o2 = 2.
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Fig. 5.34. Histograms of the breakthrough times and cumulative oil production
values shown in Figure 5.32.
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Fig. 5.35. Saturation and water-cut errors for solutions obtained using different
number of permeability realizations to generate the multiscale basis functions.

Cumulative distribution function for breakthrough times at producer Cumulative distribution function for cumulative production at 0.6 PVI

—A— Sample size = 10
—o— Sample size =20
sof| —+— Sample size = 30
—=— Sample size = 50

—e— Reference solution

02
PVI

Fig. 5.36. Cumulative probability distribution for breakthrough time and cumula-
tive oil production at 0.6 PVI.
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Fig. 5.37. Histograms of the breakthrough times and cumulative oil production.
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basis functions in approximating the solutions of permeability fields with
large uncertainty space. Finally, we would like to note that the proposed ap-
proaches can be easily combined with interpolation-based approaches in order
to achieve greater flexibility.

5.7.2 The applications of MsFEMs to uncertainty quantification
in inverse problems

In a number of papers [105, 89, 109, 88|, applications of MsFEMs or upscal-
ing methods to uncertainty quantification in inverse problems are discussed.
The problem under consideration consists of finding stochastic realizations
of the conductivity (or permeability) field given the measurement data and
measurement errors (e.g., fractional flow (oil-cut) measurements defined by
(2.43)). From the probabilistic point of view, this problem can be regarded
as the conditioning of the permeability field to the measured data with as-
sociated measurement errors. Consequently, our goal is to sample from the
conditional distribution P(k|D), where k is the fine-scale permeability field
and D is the measured data. Using the Bayes’ theorem (e.g., [237]) we can
write w(k) = P(k|D) o< P(DI|k)P(k).

The techniques based on Metropolis—Hastings Markov chain Monte Carlo
(MCMC) (see [237]) provide a rigorous framework for sampling the probability
distribution 7(k) and obtaining the realizations of the conductivity field given
measurements, albeit at high computational cost. The main idea of MCMC is
to generate a Markov chain with 7(k) as its stationary distribution. A key step
to this approach is to construct the desired transition probability distribution
for the Markov chain. In Metropolis—Hastings MCMC, permeability samples,
ki,..., kpn, ... are generated. In particular, at k,,, a proposal k is generated using
instrumental probability distribution g(k|ky). Furthermore, k is accepted as
a sample with probability

p(kn, k) = min (1 q(kn|k) (k) ) ;

7 q(k|kn)m(kn)

that is, take k,+1 = k with probability p(k,, k), and k,+1 = k, with proba-
bility 1 — p(ky, k).

In the Metropolis—Hastings MCMC algorithm, the major computational
cost is to compute the value of the target distribution 7 (k), which involves
solving the coupled nonlinear PDE system (5.1) and (5.2) on the fine grid.
Generally, the Metropolis—Hastings MCMC method requires many iterations
before it converges to the steady state. To assess the uncertainty accurately,
one needs to generate a large number of different samples. Thus, the direct
(full) MCMC simulations are usually prohibitively expensive. Moreover, the
acceptance rate of the direct MCMC method can be very low, due to the
large dimensions of the permeability field. As a result, most of the CPU time
is spent on rejected samples.
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An important way to improve the direct MCMC method is to increase the
acceptance rate by modifying the proposal distribution ¢(k|k, ). Typically,
some simplified models can be used to do so (e.g., [66, 179]). In [105, 89,
109], we discuss algorithms that use approximate and inexpensive coarse-scale
simulations based on MsFEMs to speedup MCMC calculations. In particular,
we consider an application to two-phase flow and transport simulations where
the pressure equation is upscaled using the MsFVEM or mixed MsFEM or
stochastic mixed MsFEM, and the saturation equation is upscaled using a
simple volume averaging
§+@~Vf(§) =0. (5.57)
ot
Although, this type of upscaling can introduce some errors (see Figure 2.11),
it can be used in uncertainty quantification in inverse problems for the follow-
ing reasons. First, this approach, which combines MsFEMs for the pressure
equation and primitive upscaled model for the saturation equation, is very in-
expensive. Second, we have observed that there is a strong correlation between
the misfit corresponding to fine- and coarse-scale fractional flows.

Denote by Dj; the coarse-scale data computed using MsFEMs. In the ap-
plications to two-phase flow and transport, MsFEMs are used for the pressure
equation with permeability & and (5.57) for the saturation equation. Further-
more, we denote by 7*(k) = P(k|D*) the corresponding coarse-scale approx-
imation of the target distribution 7(k). In general, one can perform offline
simulations to estimate a statistical relation between the coarse-scale output
Dy and the fine-scale output D), via offline simulations for different ks sam-
pled from the prior distribution. Based on this relation, 7* can be estimated
(see [109]). Our main emphasis is the use of physics-based coarse-scale models
for uncertainty quantification in inverse problems.

Using the coarse-scale distribution 7*(k) as a filter, the preconditioned
MCMC was proposed in [105]. In this approach, the coarse-scale simulation
is used in the second stage to screen the proposal before running a fine-scale
simulation. More precisely, after making a proposal as in Metropolis—Hastings
MCMC, the coarse-scale simulation is performed and the proposal is screened
using 7" distribution. If the proposal is accepted at this stage, only then a
fine-scale simulation is performed for the proposed permeability field to decide
whether to accept the proposal. Because the computation of the coarse-scale
solution is very cheap, this step can be implemented very quickly to decide
whether to run fine-scale simulations. The second step of the algorithm serves
as a filter that avoids unnecessary fine-scale runs for the rejected samples. In
[105], we show that the modified Markov chain is ergodic and converges to the
correct distribution. We present numerical results for permeability fields gen-
erated using two-point correlation functions (see (5.50)) in [105]. Our results
demonstrate that preconditioned MCMC has similar convergence properties,
it has higher acceptance rates, and provides an order of magnitude of CPU
saving. We refer to [105] for details.



162 5 Applications of multiscale finite element methods

An important type of proposal distribution can be derived from the
Langevin diffusion, as proposed by Grenander and Miller [138], which uses
the gradient of the posterior in the proposal. The use of the gradient informa-
tion in inverse problems for subsurface characterization is not new (e.g., see
[216]). The use of gradient information allows us to achieve high acceptance
rates (e.g., [249]). In [89], we proposed the preconditioned coarse-gradient
Langevin algorithm, where the gradient information based on 7* was used
for generating a proposal. This step is much cheaper than the corresponding
step involving a fine-scale gradient of m because the simulations are performed
on the coarse grid. Furthermore, this proposal is screened using coarse-scale
models as in preconditioned MCMC discussed above. The details of this algo-
rithm can be found in [89], where we presented numerical results. Numerical
results show that preconditioned coarse-gradient Langevin algorithms are ef-
ficient and can give similar performance as the fine-scale Langevin algorithms
with much less computational cost. We refer to [89] for details.

The MCMC method used in these simulations employs either the mixed
MsFEM or MsFVEM in the preconditioning step. If a proposal is accepted
by the preconditioning step, the proposed algorithms compute the fine-scale
solutions corresponding to the proposed permeability field. At this stage, we
have already precomputed basis functions that can be further used to re-
construct the velocity field on the fine scale. Then the transport equation
can be solved on the fine grid coupled with the coarse-grid pressure equation.
This approach provides an accurate approximation to the production data
on the fine grid as discussed earlier and can be used to replace the fine-scale
computation in the last stage. In this procedure, the basis functions are not
updated in time, or updated only in a few coarse blocks. Thus the fine-scale
computation in the last stage of MCMC algorithms can also be implemented
quickly. Because the basis functions from the first-stage is re-used for the fine-
scale computation, this combined multiscale approach can be very efficient for
our sampling problem.

For problems involving a very high dimensional uncertainty space, such
as permeability fields described by the exponential variogram, it is often ad-
vantageous to use an approximate response surface in computing Langevin
proposals. We proposed the use of sparse interpolation techniques based on
coarse-scale models in obtaining the approximation of the response surface in
[88]. In this case, the posterior distribution is interpolated using sparse in-
terpolation techniques. We first compute the posterior distribution at sparse
locations that correspond to some selected realizations of the permeability
field. These computations are performed on the coarse grid as before with
MsFVEM and thus they are inexpensive. Furthermore, the posterior distri-
bution is approximated using polynomial interpolation. Based on the interpo-
lated posterior distribution, Langevin samples are proposed using analytical
gradients of the posterior distribution. The numerical simulations show that
one can achieve further gains in CPU if interpolation is used. We refer to [88]
for further details.
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We note that there are other efficient approaches (e.g., [275, 185, 128, 129])
which are used in uncertainty quantification in inverse problems for porous
media flows. Here, our goal was simply to discuss an application of MsFEM
to porous media flows within MCMC methods.

5.8 Discussions

In this chapter, we discussed the applications of MsFEMs to porous media
flow and transport in the context of two-phase immiscible flow and transport.
In a number of recent findings, the latter has been extended to more com-
plicated porous media equations involving compressibility, gravity, and three
phases as demonstrated in Sections 5.5 and 5.6. In general, MsFEMs offer a
great advantage when the heterogeneities do not change significantly or these
changes can be localized. This allows us to solve the flow equations on a coarse
grid. In a more complex situation, this may not be the case and one has to
be careful applying multiscale methods.

Another interesting application of multiscale finite element methods is
to inverse problems. In [246], the authors took advantage of the adaptivity
of multiscale methods to speedup inverse problems associated with finding
permeability fields given average flow rates at the well and some other prior
information. During the inversion procedure, the permeability is updated only
in local regions using time travel inversion. Because of local changes in the
permeability heterogeneities, multiscale basis functions are constructed only
in a few coarse blocks and the solution is rapidly computed. This leads to very
fast inversion and the CPU time for finding appropriate permeability samples
defined on a multi million grid block is very small (less than two minutes on
a PC).
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Analysis

In this chapter, we present analysis only for some representative cases of Ms-
FEMs from Chapters 2, 3, and 4. We consider simpler cases to convey the
main difficulties that arise in the analysis of MsFEMs. Some of the technical
details are avoided to keep the presentation simple and make it accessible to
a broader audience.

In Section 6.1, the convergence analysis of MsFEMs for linear elliptic prob-
lems is presented. In this chapter, the MsFEM using local information is
studied. First, we present a basic convergence analysis of the MsFEM which
demonstrates the resonance errors. In Section 6.1.2, the analysis of MsFEMs
with oversampling is studied. This analysis shows that an oversampling tech-
nique reduces the resonance errors. In Section 6.1.3, the analysis of mixed
MsFEMs using local information is presented. The results obtained in Section
6.1 use homogenization theory.

In Section 6.2, the convergence analysis of MsFEM for nonlinear prob-
lems is considered. We show the convergence results only for nonlinear elliptic
equations with periodic spatial heterogeneities. The proof relies on homoge-
nization theory and uses a number of auxiliary results that can be found in
[104].

In Section 6.3, the analysis of MsFEMs using limited global information
is presented. We study the convergence of mixed MSFEM (Section 6.3.1) and
a Galerkin MSFEM (Section 6.3.2). The convergence analysis is carried out
under some suitable assumptions. We show that MsFEMs using global infor-
mation converge independent of resonance errors.

Although only some representative cases of MsFEMs are analyzed here,
we have attempted to illustrate basic mathematical tools and ideas used in
the analysis of multiscale methods. We hope the analysis presented in this
chapter will help the reader to understand essential error sources that arise
in multiscale algorithms and guide them in estimating these errors. This will
further help to design more efficient numerical methods for real-life multiscale
processes.

Y. Efendiev, T.Y. Hou, Multiscale Finite Element Methods: Theory and Applications, 165
Surveys and Tutorials in the Applied Mathematical Sciences 4,
DOI 10.1007/978-0-387-09496-0_6, (© Springer Science+Business Media LLC 2009
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6.1 Analysis of MsFEMs for linear problems
(from Chapter 2)

For the analysis here, we restrict ourselves to a periodic case k(x) = (ki;(z/c)).
We assume k;;(y), y = x/e are smooth periodic functions in y in a unit cube
Y. We assume that f € L?*(§2). The assumptions on k;; can be relaxed and
one can extend the analysis to the locally periodic case, k = k(z, z/€), random
homogeneous case, and other cases. For simplicity, we consider the analysis in
two dimensions. Denote L introduced in (2.1) by L. Let py be the solution of
the homogenized equation (see Appendix B for the background material on
homogenization)

Lopo := —div(k*Vpg) = f in £2, po =0 on 912, (6.1)

- |Y| / zl 5l] )dy7

and x7(y) is the periodic solution of the cell problem in the period Y

where

- 0
divy (E(y)Vyx’') = o kij(y) inY, / y)dy = 0.

We note that py € H?(£2) because 2 is a convex polygon. Denote by p1(z,y) =
X’ (y)(Opo(x)/0z;) and let 6. be the solution of the problem

LO.=0 in 2, 0O.(x)=—pi(z,x/e) on OS2. (6.2)

For simplicity of presentation, we denote by || - |lo,3,. and | - |a.3,., the
norm and semi-norm in W#(.). If only one subscript is used, for example,
Il - |la,., then the norm or semi-norm in H* is assumed. Also, for simplicity,
we consider when 7}, is a triangular partition. Our analysis of the multiscale
finite element method relies on the following homogenization result obtained
by Moskow and Vogelius [204].

Lemma 6.1. Let py € H?(2) be the solution of (6.1), 6. € H(£2) be the
solution to (6.2) and p1(z) = x? (x/)Opo(x)/0x;. Then there exists a constant
C' independent of pg,e and 2 such that

lp—po—elp1+6:) |10 <Cellpola.a+Ifloe)

6.1.1 Analysis of conforming multiscale finite element methods

The analysis of conforming multiscale finite element methods uses Cea’s
lemma [55].

Lemma 6.2. Let p be the solution of (2.1) and pp, be the solution of (2.3).
Then we have

— < (C inf — .
| p— pn ||1,Q < vhlrelm | p— v ||1,Q
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Error Estimates (h < ¢)

Let IT}, : C(2) — Wj, C Hi(£2) be the usual Lagrange interpolation operator:

J

Myp(z) = Y pla;)éf(x) Vp € C(Q)

Jj=1

and Ij, : C(2) — P be the corresponding interpolation operator defined
through the multiscale basis function ¢,,

J

Lip(z) =) _plz))di(x) VpeC(Q).

j=1
From the definition of the basis function ¢; in (2.2) we have
L.(Ipp) =0 in K, Ipp=1l;p on IK, (6.3)
for any K € 7y,

Lemma 6.3. Let p € H?(£2) be the solution of (2.1). Then there exists a
constant C' independent of h,e such that

lp=Inplloe + bllp— Inpllie < CR*(Ipl2e + || f llo,.2)- (6.4)

Proof. At first it is known from standard finite element interpolation theory
that

Ip=Tpllo.e + 2l p = Mip 1.0 < CR*(Ipl2.2 + 1| f lo.2)- (6.5)

On the other hand, because II,p — Ipp = 0 on 0K, the standard scaling
argument yields

| rp — Inpllo,x < ChlIlpp — Inpli,x VK € Ty. (6.6)

To estimate |II,p — I;p|1,xk we multiply the equation in (6.3) by Inp —Ip €
HY(K) to get

k(2)VIyp - V(Ip — Myp)da = 0.
K

Thus, upon using the equation in (2.1), we get
x
/ K(Z)V(Inp = pp) - V(Inp — Hpp)de
K
K
e
K

)V(p —Upp) - V(Inp — Mpp)de — /K k(g)Vp -V(Inp — yp)da

MR o8

)WV(p—1yp) - V(Inp — pp)da — /K f(Inp — yp)da.
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This implies that

[ Inp —pphi,x < Chlplo,x + || Inp — np o,k || f o,

Hence
[np = nphx < Ch(|p 2. + [ £ llo.x); (6.7)
where we have used (6.6). Now the lemma follows from (6.5)-(6.7). O

In conclusion, we have the following standard estimate by using Lemmas
6.2 and 6.3.

Theorem 6.4. Let p € H?({2) be the solution of (2.1) and py, € P be the
solution of (2.3). Then we have

[P —pnllie <Ch|pl2,e+ I flloe) (6.8)

Note that the estimate (6.8) blows up as does h/e as ¢ — 0 because
[pl2.o = O(1/e). This is insufficient for practical applications. In the next
subsection, we derive an error estimate which is uniform as ¢ — 0.

Error Estimates (h > ¢)

In this section, we show that the MsFEM gives a convergence result uniform
in € as € tends to zero. This is the main feature of the MsFEM over the
traditional finite element method. The main result in this subsection is the
following theorem.

Theorem 6.5. Let p € H?({2) be the solution of (2.1) and py € P, be the
solution of (2.3). Then we have

en1/2
Ip=prle < Ch+a)I flloa+C(5) Imlica  (©69)

where pg € H?(2) N W1H°(0) is the solution of the homogenized equation
(6.1).

To prove the theorem, we first denote

p1r(x) = Inpo(z) = ZPO(%)%(IE) € Py.

From (6.3) we know that L.p; = 0in K and p; = IIpg on K for any K € 7p,.
The homogenization theory implies that

| o1 — pro — e(pnn — 01c) |l1,x < Ce(|| f llo,x + | P10 |2.K), (6.10)

where pyg is the solution of the homogenized equation on K:
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Lopio=0 in K, py=1Iypy on IK, (6.11)

pr1 is given by the relation

(o) = X0 i K, (6.12)
and 0;. € H'(K) is the solution of the problem:
L0 =0in K, 0.(x)=—pn(x,z/e) on K. (6.13)
It is obvious from (6.11) that
pio = Ilppo in K, (6.14)

because IIj,pg is linear on K. From (6.10) and Lemma 6.1 we obtain that

lp—=prl,e <lpro—mpolie+lep —rn)lie
+e(@: — b1e) I, + Cel| f llo,0; (6.15)

where we have used the regularity estimate ||poll2,0 < C| flo,2. Now it

remains to estimate the terms on the right-hand side of (6.15). We show that
the dominating resonance error is due to ..

Lemma 6.6. We have

1.2 < Chll f o, (6.16)
L0 < Clh+9) flloo (6.17)

||po — P1o |
[ e(pr —pn) |

Proof. The estimate (6.16) is a direct consequence of standard finite element
interpolation theory because prg = I;po by (6.14). Next we note that x7 (z/¢)
satisfies

1 llo,00,2 + €ll VX llo,00,2 < € (6.18)

for some constant C' independent of i and €. Thus we have, for any K € 7y,

.0
le(pr — pi1) llo,x < Cel| X]%(po —IIypo) llo,x < Chelpo |2k,
j

O(py — I
11 —pu) loxe = ol V(o0 QB T0)y
J

< Ol V(po — Uppo) llo,x + Celpo l2,x
< C(h+¢)|pol2,x-

This completes the proof. 0O
Lemma 6.7. We have

|| €6-

1,2 < CVellpo|l1,00,02 + Celpo 2,0 (6.19)
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Proof. Let ¢ € C§°(R?) be the cut-off function that satisfies ( = 1 in N\252,
(=0in 25,0 < ¢ <1inR? and [V(¢| < C/§ in 2, where for any § > 0
sufficiently small, we denote (25 as

25 ={x € 2 :dist(z,002) > d}.
With this definition, it is clear that 6. + (p1 = 0. + ((x?Opo/0x;) € H{(£2).
Multiplying the equation in (6.2) by 6. + (p1, we get
i k(Z)V0e - V(6. + ij%)dx —0,
which yields, by using (6.18),
0.0 < C|I V(X! Opo/0x5) [lo,0

< CIV¢- X! 0po/dzj llo,a + Ol CVX? Opo /D |lo,0
+ O ¢ 0%po/ 0Pz ||o,02

D D
< CVIOR 55 +CVIDA 3= + Clpo o, (620)

where D = || po ||1,00,12 and the constant C is independent of the domain (2.
From (6.20) we have

| VO |

13
£. <CO(—=+V6 .0+ Ce
| €6c [|o,e2 (\/3 M po 1,002 | pol2,0

< CVel po ll1,00,2 + Cel po |2.0, (6.21)

where we have taken § = e. Moreover, by applying the maximum principle to
(6.2), we get

10 llo.0c,2 < X7 9po/02; llo.0.02 < Cllpo ll1.00.0- (6.22)
Combining (6.21) and (6.22), we complete the proof. 0O

Lemma 6.8. We have
e 1/2
bt 1o < C(5) o lce.s (6.23)

Proof. First we remember that for any K € 7y,, 61. € H'(K) satisfies

) 2ULipo) o (6.24)
e’ Oxj

X

Lb. =0 in K, 6. =—/(

By applying the maximum principle and (6.18) we get

[ 61 10,00, < || X?0(Ikpo)/0; [l0,00,0x < C|l po

1,00,K -

Thus we have
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| €bre 0,2 < Cel| po ||1,00,0- (6.25)

On the other hand, because the constant C' in (6.20) is independent of {2, we
can apply the same argument leading to (6.20) to obtain

1eV6ie llo.re < Ccll Wapo 11,005 (VIOK]/VS + V/JOK[S /) + Ce| upo |2,

< CVh| po l,oo,K(% +V6)

< CVhel po ||1,00,5

which implies that

1690 loe < C(5) " lIp0 e

This completes the proof. 0O

Proof. Theorem 6.5 is now a direct consequence of (6.15) and Lemmas 6.6-6.8
and the regularity estimate || po ||2.0 < C| fllo,o- O

Remark 6.9. As we pointed out earlier, the MsFEM indeed gives a correct
homogenized result as e tends to zero. This is in contrast to the traditional
FEM which does not give the correct homogenized result as ¢ — 0. The
Ly error would grow as O(h?/€?). On the other hand, we also observe that
when h ~ ¢, the multiscale method attains a large error in both H' and L?
norms. This is called the resonance effect between the coarse-grid scale (h)
and the small scale (€) of the problem. This estimate reflects the intrinsic
scale interaction between the two scales in the discrete problem. Extensive
numerical experiments confirm that this estimate is indeed generic and sharp.
From the viewpoint of practical applications, it is important to reduce or
completely remove the resonance error for problems with many scales because
the chance of hitting a resonance sampling is high.

Remark 6.10. It can be shown that [147]

P —prllo,e <C (h+ %) .

6.1.2 Analysis of nonconforming multiscale finite element methods

Let ¢; be multiscale basis functions obtained using the oversampling technique
on K as introduced in Section 2.3.2 and ¢! (piecewise linear function if 7}, is
a triangulation) be its homogenized part. We keep the same notation for the
space spanned by multiscale basis functions as in the conforming case; that is
P, = span{¢; }. The analysis follows the proof presented in [143].

The Petrov—Galerkin formulation of the original problem is to seek p, € Py,
such that
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kn(pn,vn) = f(vn), Yon, € Wy,

where
bpo) = 3 [ Vo kEWVods, f0)= [ fod.
KeT, 7K ¢ °
Define || - |5, to be the discrete H! semi-norm as

1/2
lvlln.o = (z / |Vv2dz> .
KeTy, K

We use the following result [107].

Lemma 6.11. Assume that K C Kg is at least a distance of h away from
O0Kpg. Then '

V7'l e () < C/h, (6.26)
where C is a constant that is independent of € and h. Here, n° is the solution

of Len* =0 in K, n" = —x" on OK.

Theorem 6.12. Let py, be the Petrov-Galerkin MsFEM solution. Assume
Lemma 6.11 holds and €/h is sufficiently small. If the homogenized part of
P, po, is in H?(£2), we have

€
lon = plin,e < Crh + Cap + Csv/e. (6.27)
Proof. To estimate ||py, — pl|n, 02, we first show that the following inf-sup con-

dition or coercivity condition of the bilinear form kj (-, -) holds for sufficiently
small e. There exists C' > 0, independent of € and h such that

k )
sup M > Cth”}hQ, Vph € Py,. (6.28)
vewn vl
Define i (y)
- X! (y
kij(y) = ka(y) <5lj + o0 >
and

k(u,v) = Z / Vo - %(%)Vudx, ve Wy
KeTy, K

Thus, by the expansion pj, = p? + ex(z/e€) - Vp) + €0, we have
kh(ph,uh) = I%(p%,vh) + Gkh(eg,vh) = f(?)h)7 Yoy € Wh,. (629)
Taking vy, = p) € W), in (6.29), we get

ken(pn, ) = k(p5), b)) + ekn (07, p}). (6.30)
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Moreover, using [|0" |52 < (C/h)||VpY 0.2 (which follows from Lemma 6.11),

we obtain that

C
[en (0, 1)1 < ClIOZ 0,211 VPhll0.2 < ZIIVPLIG.0- (6.31)

Next, we note that ||ps|[n.o < C(1 + ¢/h)|[|[VPllo.o (see [143]) and k(pY, p?)
is bounded below and bounded above uniformly when e¢/h < C (see (3.5)
in [143]). Consequently, (6.30) and (6.31) imply that when ¢/h is sufficiently
small

~ €
[en (P Ph)| = 1k (ph, pR)| = el (02, PR)] = C(1 = ) VPLG 0

> C|Vpyllo.ellprlln,o-

Thus, (6.28) holds.
Let p; € Py, be the interpolation from Pp. Using inf-sup condition (6.28)

we have
Ipn = 2lln,e < llpr = pllne + lpn — prllne

kn(pn — pr1,vn
< lpr = pllne +C sup |Fn(pn = pr,vn)|
v, EWp th”LQ (632)

k _
bt —plhe+C sup |kn(pr = p, vn)|
v EWp, ”UhHLQ

< (1 +O)llpr = plln,e-

Here, we have used the fact
kh(ph - D, Uh) =0, Yoy, € Wy,

Following the derivation of the proof of Theorem 3.1 in [107] (where p; =
> po(xi)¢pi(x) is chosen) and using Lemma 6.11, we can easily show that

€
lpr — plln,e < Cih + Czﬁ + Csv/e.

Therefore, (6.27) follows from (6.32).

6.1.3 Analysis of mixed multiscale finite element methods

In this section, we present the analysis of mixed multiscale finite element
methods. We slightly modify the problem and consider a more general case
with varying smooth mobility A(z). We consider the elliptic equation

—div(A(x)ke(x)Vp) =f in 2

M)k (x)Vp-n = g(z) on 012, / pdx =0,
o)

where A\(x) is a positive smooth function and k.(z) = k(z/€) is a symmetric
positive and definite periodic tensor with periodicity e. We note that A(z)
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appears in two-phase flows (see (2.40)). Under the assumption that \(z) is
sufficiently smooth, one can analyze the convergence (dominant resonance
error) of MsFEMs with basis functions constructed with A = 1. The basis
functions are constructed with A = 1 and satisfy (2.16).

Let X = k.(x)V¢X and the basis function space for the velocity field be
defined by

Vi = @) € H(div, ),
K

where H(div, £2) is the space of functions such that || - |[o.o + ||div(:)|o,e is
bounded. The variational problem is to find {v,p} € H(div, 2) x L?(£2)/R
such that v-n = g on 012 and they solve the following variational problem,

/ (M) ™Yo - wdx — / div(w) pde =0 Yw € Hy(div, £2)
o) 7
(6.33)
/ div(v) gdz = f Vg€ L*(2)/R,
7

where H(div, £2) is the subspace of H(div, {2) which consists of functions with
homogeneous Neumann boundary conditions.
Set Qn, = ®rPo(K)NL?(£2)/R, a set of piecewise constant functions. The

approximation problem is to find {vp, pn} € Vi, X Q) such that vy, - n = gj, on
of?

/ ()\ke)_lvh cwpdr — / div(wy) prdz =0 Ywy, € Vg
@ @ (6.34)

/ div(vy) qndz = f Van € Q.
Q

We state the convergence theorem as the following.

Theorem 6.13. Let {v,p} € H(div, 2) x L*(2)/R solve variational problem
(6.33) and {vn,pr} € Vi X Qp solve the discrete variational problem (6.34).
If the homogenized solution py € H?(2) N W12°(£2), then

0,2 < C1(po, Ne
c (6.35)

+02(p07f7)\79)h+C3(p0,)\)\/£+C4(p07)\) Ea

where the coefficients are defined in (6.38), (6.41), (6.39), and (6.40).

lv —vn |l H(div,0) + [P — Pal

First, we state a stability estimate [71].

Lemma 6.14. If {v,p} and {vn,pr}, respectively, solve the continuous vari-
ational problem (6.33) and the discrete variational problem (6.34), then

v — vnlla(div,2) + Ip — Prllo,2
<C( inf v —=wunlg@iv.e) + nf [[p—anlloe) (6.36)
qn€Qn

upE€Vh
uh—go,hev,?
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The well-posedness of the discrete problem is verified in [71]. To obtain the
convergence rate, we need to estimate the right-hand side of (6.36). The fol-
lowing proposition is used in the proof.

Proposition 6.15. Let p and pp, be the solutions of (6.33) and (6.34), re-
spectively; then

inf |lp— < Chl\gllg- .
h,ngh ”p Qh||079 — ||gHH 1/2(90)

Proof. Define g, = (1/|K|) [} pdx in each coarse block K. Furthermore, we
apply the Poincaré inequality and standard regularity estimate for elliptic
equations to obtain

inf [|p—qnllo,2 < |lp — @nllo,e < Ch||Vplloe < Chllgllg-1/200)-
an€Qn
Next, we define the interpolation operator IIj, : H(div, £2) (H'(2) — V
by

Mool = ([ v nds)ul.

Let RTy = span{RX i = 1,2,...,n; K € 7} be the lowest—order Raviart—
Thomas finite element space and define the interpolation operator P,

H(div, 2)(H(£2) — RT, by

Pyl = (/ v-nds)RE.
X
It is easy to check that divIlyv = divPyv and Ilpv - n = Ppo - n.

Next, we need to estimate the first term on the right-hand side of (6.36).
The basic idea is to choose a particular w;, approximating v. Let the ho-
mogenized flux vog = Ak*Vpo and choose t|x = IIpvg. Then we have
th — gon € V), where g = Zeefm(fe gds)wE . Consequently, it remains
to estimate |[v — tp || (div,). From the definition of ¢, an easy calculation

gives rise to div(ts|x) = (f)x and div(v) = f, where (f)x = (1/|K]) [} fd.
Therefore, we have

[div(v) = div(ta)llo,e < Clfl1,e.

The next step is to estimate ||[v — tp]l0,o. We use the homogenization
technique for this purpose. Set ¢ = oK where off = feK v - nds. Then
th = k.VoX and div(k V™) = div(Pyvg) = 0 in K, where ¢ € H'(K)/R
satisfies the following equation

div(k. V") =0 in K
kCVqSK ‘n=Pyvg-n on eZK.

Let ¢ be the solution of the corresponding homogenization equation,
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div(k*Vei) =0 in K
E*Vel -n= Pywo-n  on ek,
To complete the estimation of ||v — t3]|0,2, we need the following lemma.
Lemma 6.16. Let p1 = po + €x - Vpo and ¢ = ¢& + ex - VolX. Then
|66 — polix < ChIAT! 1
pr = 1 [1.c < CAIATY = Llo,oorc + )l A1 00, [P0 12,5
_a
166 11,00, < Ch™ 2|00, [P0 ll2,5 + CI

0,00, K [|Al[1,00, 5 ([P0l 2,5¢

10,00, [P0 1,00, - (6.37)

Proof. Tt is easy to prove that k*Vol = Pyvg € L>®°(K). Then we have
ok € H*(K) N Wh*(K). Applying the interpolation estimate of Raviart—
Thomas finite elements, we obtain

66 — pol1.x = [I(K*) ™" Pavo — (Ak*) " wolfo,x
< CIIA = 10,00, & | Phvo — vollo, i
< ChIA™ = 10,00, 5 [V0]1,K
< ChIIA! = 1o,00,5 [All1,00, 5 P02, -

Because Vol = (k*)~'P,vg and P, is a bounded operator, it is easy to show
that

|60

|68 2,5 < ClIA|l1,00,5 P02, K -

1.5 < C|Ao,00,x|P0l1.5

Applying the above estimates, we obtain

Ip1 — &%k < [po— & 1.k + 1(Vy - X)V (D0 — 08 ) ||o.x¢
+ e|x(V2po = V20§ lo.x < ChA™" =1
+ Ce|| Al

0,00, K [[All1,00,5 IP0 |2, ¢

1,00,K |Dol2, 5 -

As for the estimation of (6.37), we invoke the inverse inequality of finite ele-
ments and get
166 1,00, < Cl|Prvo — (v0) i [lo,00,5 + Cll{v0) & l0,00,
< Ch™¥2||Pyvo — {vo) ¢ llo,x + Cl{v0) ¢ llo,oo, i
< Ch™ ||| 00,k [P0 |2, + ClIAll0,00, K [PO]1,00, ¢

where d = 2. The proof of the lemma is complete.

Next, we return to estimate ||v —tp]|o,2. Applying the definitions of v and
tp, and the Lemma 6.16, we obtain that
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0.5 < ClIA=1o,00,x VP — Vo™
< CIA = lo,o0. (IVP = Vpillo,xc + IVP1 = VT [lo,5
+ Vot — Vo lo.x) < CIA = 10,00,k [€(Ml]0,00,x P02, 5
+ 168 12,5) + VehT=L ([ Mlo,00,5¢ P01, 00,5 + 106 |1,00,1)]
+ ClIA = 10,00, & [(RIAT" = 10,00, + )l All1,00,5 [|P0]
< COk1(po, Ne + Cre2(po, N + Cre 3(po, \)Veh
+ Crea(po, \)Vehd—1,

||”U — th

0,K

2,K|

where d refers to the dimension of the space R? (d = 2 for simplicity). Here we
have used the corrector estimates (see Appendix B for discussions on corrector
estimates for the Dirichlet problem and [71] for the corrector results that
are used in the Neumann problem). Note that the constants in the above
inequality are given by

Cr1(po, A) = ClIA = 10,00, |All1,00,5 IP0 | 2,56
Ck2(po; A) = CIA = 1|o,00, & [IN ™" = Llo,00, 1 IAll1,00, 5 P02, 56

Ck3(po, A) = ClIA = 1lo,00, 1 [IAll1,00, [P0 |2, ¢
Cra(po, A) = Cl]A = 0,00, (1 + [[A

0,00,k ) [Poll1,00,5 -

Taking the summation all over K, we have

v = thllo,2 < Ci(Po, N)e + Calpo, \)h + Ca(po, \)Veh + Ca(po, /\)\/%~

Here we have used the assumption that the triangulation is quasi-uniform,
and the notations of the above coefficients are

C1(po, A) = C[IA = 1lo,00,2lIMl1,00, 2P0 2,2 (6.38)
Ca(po, ) = ClIA = 10,00, A" = 0,00, 2lIAll1.00.2 |P0]|2.2

C3(pos A) = CIA = 1|o,00,2[[All1,00,2IP0l|2,2 (6.39)
Ca(po, A) = ClIA = 1lo,00,2(1 + [[All0,00,2) [P0 ]1,00,2- (6.40)

Finally, applying Proposition 6.15, we get
lv —vnll E(div,0) + [P — Prllo,2 < Ci(po, e+ Ca(po, A, g)h

+ Cs(po, \)Veh + Ca(po, A)\/%,

where

CQ(va fv Avg) = 02(]907 >‘) + C||g||—1/2,89 + C|f|1-,!2' (641)

Remark 6.17. From the proof, we see that the resonance term O(\/e/_h) comes
from the terms estimated by [pol1,c0,x - If the po can be exactly solved by some
finite element method on the coarse grid, then we can use an inverse inequality
to improve the convergence to O(e + h 4 \/eh).



178 6 Analysis

Remark 6.18. From the proof of the convergence theorem, one can see that it
is sufficient to require A € W (£2) and A\~! € L>°(2).

Remark 6.19. If the oversampling technique is used to approximate the flux v
(see [71]), the resonance error can be reduced to O(e/h).

6.2 Analysis of MsFEMs for nonlinear problems
(from Chapter 3)

For the analysis of MSFEMs, we assume the following conditions for k(x, 7, &)
and ko(z,71,€), n € R and &€ € R™

(1, )| + [ko(x,m, )] < C A+ [n " + €7, (6.42)
(k(z,m, &) — k(z,n,&2)) - (& — &) = Cl& — &7, (6.43)
k(z,n,€) - &+ kol(z,n,E)n = CIE]". (6.44)
Denote
H(m,&,m2,62,m) = (L4 |m|" + 2" + [&]" + [&]"), (6.45)

for arbitrary n1, n2 € R, &1, & € R?, and r > 0. We further assume that

|k('r)n1a§1) - k($7772,f2)| + |k0(337771,fl) - k0($7772>€2)|
< CH(/]?1>§17”727€27’7_1)V(|771_772|) (646)
+ CH(nlv'glan%an’Y -1- S) Igl - EQ‘Sa

where s > 0,7 > 1, s € (0, min(y—1,1)) and v is the modulus of continuity, a
bounded, concave, and continuous function in R such that v(0) =0, v(t) =
1for t > 1, and v(t) > 0 for ¢ > 0. Throughout, 7" is defined by 1/~ +
1/9 = 1, y = x/e. In further analysis K € 7y, is referred to simply by
K. Inequalities (6.42)-(6.46) are the general conditions that guarantee the
existence of a solution and are used in homogenization of nonlinear operators
[220]. Here v represents the rate of the polynomial growth of the fluxes with
respect to the gradient and, consequently, it controls the summability of the
solution. We do not assume any differentiability with respect to n and £ in the
coefficients. Our objective is to present a MsFEM and study its convergence for
general nonlinear equations, where the fluxes can be discontinuous functions
in space. These kinds of equations arise in many applications such as nonlinear
heat conduction, flow in porous media, and so on. (see, e.g., 207, 244, 245]).

We present the main part of the analysis. For additional proofs of some
auxiliary lemma, we refer to [104]. The analysis is presented for problems with
scale separation. For this reason, we assume that the smallest scale is € and
denote the coefficients by k(z,-,-) = ke(z,,-) and ko(z,,-) = ko.e(z, -, -).

In [111] we have shown using G-convergence theory that
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lim lin {lph — pollwz (o) =0, (6.47)

(up to a subsequence) where pg is a solution of (3.26) and pp is a MsFEM
solution given by (3.6). This result can be obtained without any assumption
on the nature of the heterogeneities and cannot be improved because there
could be infinitely many scales a(€) present such that a(e) — 0 as e — 0.
Next we present the convergence results for MsFEM solutions. In the proof
of this theorem we show the form of the truncation error (in a weak sense)
in terms of the resonance errors between the mesh size and small-scale €. The
resonance errors are derived explicitly. To obtain the convergence rate from
the truncation error, one needs some lower bounds. Under the general con-
ditions, such as (6.42)—(6.46), one can prove strong convergence of MsFEM
solutions without an explicit convergence rate (cf. [245]). To convert the ob-
tained convergence rates for the truncation errors into the convergence rate of
MsFEM solutions, additional assumptions, such as monotonicity, are needed.

Theorem 6.20. Assume ke(xz,n,&) and ko(z,n,§) are periodic functions
with respect to x, let py be a solution of (3.26), and py, is a MsFEM solu-
tion given by (3.6). Moreover, we assume that Vpy, is uniformly bounded in
LYTY(0) for some a > 0. Then

lij% lpn — p0||wg”(rz) =0, (6.48)
where h = h(e) > e and h — 0 as e — 0 (up to a subsequence).

Theorem 6.21. Let pg and pn be the solutions of the homogenized prob-
lem (3.26) and MsFEM (3.6), respectively, with the coefficient ke(x,n,&) =
k(z/e, &) and ko = 0. Then

s/((y=1)(v=s)) e\ v/ (r=1)
—pall? £ h /(v=1)
lpn =Poll 1 ) <C<(h) + (h) + 0 ) (6.49)

We first prove Theorem 6.20. Then, using the estimates obtained in the
proof of this theorem, we show (6.49). The main idea of the proof of The-
orem 6.20 is the following. First, the boundedness of the discrete solutions
independent of € and h is shown. This allows us to extract a weakly con-
verging subsequence. The next task is to prove that a limit is a solution of
the homogenized equation. For this reason correctors for v, (see (3.2)) are
used and their convergence is demonstrated. We would like to note that the
known convergence results for the correctors assume a fixed (given) homoge-
nized solution, whereas the correctors for v, ) are defined for only a uniformly
bounded sequence vy, that is, the homogenization limits of v,.;, (with respect
to €) depend on h, and are only uniformly bounded. Because of this, more

! Please see Remark 6.28 at the end of the proof of Theorem 6.20 for more discus-
sions and partial results regarding this assumption.
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precise corrector results need to be obtained where the homogenized limit of
the solution is tracked carefully in the analysis. Note that to prove (6.47) (see
[112]), one does not need correctors and can use the fact of the convergence of
fluxes, and, thus, the proof of the periodic case differs from the one in [112].
Some results (Lemmas 6.22, 6.23, and their proofs) do not require periodicity
assumptions. For these results we use the notations k.(x,n, ) and ko (x,n,§)
to distinguish the two cases. The rest of the proofs require periodicity, and we
use k(z/e,n, &) and ko(z/€,n, &) notations.

Lemma 6.22. There exists a constant C' > 0 such that for any v, € Wy,
(krnvn, vn) = ClVonl 14 ()
for sufficiently small h.

The proof of this lemma is provided in [104]. The following lemma is used in
the proof of Lemma 6.24.

Lemma 6.23. Let v, — vy € W'(K) and w, — wy € Wy (K) satisfy the
following problems, respectively,

—divke(z,n,Vu.) =0 in K (6.50)
—divkc(z,n, Vw.) =0 in K, (6.51)
where n is constant in K. Then the following estimate holds:

IV (ve — w)ll oy < € Ho [V (vo — wo) |10 (6.52)

where

Y

(y=s=1)/(v—s)
Ho = (1K1 + 10l 3 aey + 199003 ey + IV 20113 1)

where s € (0, min(1,vy — 1)), v > 1.

For the proof of this lemma, we refer to [104].

Next, we introduce, as before, the fast variable y = x/e. Regarding n*,
where 0" = (1/|K|) [, vndz in each K, we note that Jensen’s inequality
implies

7" 2 (2) < ClivnllLo()- (6.53)

In addition, the following estimates hold for n"»,

v = 0|12 (x) < C ||V opll v (x)- (6.54)

At this stage we define a numerical corrector associated with v, =
EMsFEMy, v, € Wy, First, let

Pe(y) =&+ VyNye(y), (6.55)
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for n € R and & € R, where N, ¢ € W) 1(Y) is the periodic solution (with
average zero) of

—div(k(y,n, €+ VyNye(y))) =0 in Y, (6.56)

where Y is a unit period. The homogenized fluxes are defined as follows:

K (,€) = /Y k(1€ + Yy Ny () dy. (6.57)

K (,€) = /Y Koy, 1€ + VN (1)) dy, (6.58)

where k* and k§ satisfy the conditions similar to (6.42)-(6.46). We refer to
[220] for further details. Using (6.55), we denote our numerical corrector by
Pyen v, which is defined as

Py]”h,7VUh = VU}L + VyN»,]Uh7VU,L (y) (659)

Here n¥" is a piecewise constant function defined in each K € 7 by n'» =
(1/|K]|) [ vhdx. Consequently, Pyon v, is defined in §2 by using (6.59) in
each K € 7Tj,. For the linear problem Pon vy, = Vo, + N(y) - Vo,. Our
goal is to show the convergence of these correctors for the uniformly bounded
family of v, in W7(£2). We note that the corrector results known in the
literature are for a fixed homogenized solution.

Lemma 6.24. Let v, satisfy (3.2), where k.(z,n,€) is a periodic function
with respect to x, and assume that vy, is uniformly bounded in Wol"y(()). Then

IV Ur = Pren o, ||L“’(~Q)
1/~ (6.60)

€

1/ (v(v=s))
0 v
<c(7) (1921 + llon N ) + 19011 )

We note that here s € (0, min(y — 1,1)), v > 1. For the proof of this lemma,
we need the following proposition.

Proposition 6.25. For every n € R and £ € R? we have

1Pl vy < e L+ Inl? + () Y, (6.61)

where Ye is a period of size e.

An easy consequence of this proposition is the following estimate for N, ¢ (see
(6.56)).

Corollary 6.26. For every n € R and £ € R? we have
IVyNnellzq v,y < e (L+ "+ 1€17) [Ye]. (6.62)

The proof of Proposition 6.25 is presented in [104].
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Proof. (Lemma 6.24) Recall that by definition
Pyon vo, = Vo + VyNyon v, (y) = Vo, + € VNpou v, (z/€),

where by using (6.56) Nyvn vo, (y) is a zero-mean periodic function satisfying
the following,

—div(k(z/e,n"", Vv + €V Nyon vy,)) =0 in K. (6.63)
We expand v,.j, as
Uph = UR(2) + € Nyou wo, (x/€) + 0(x, x/€). (6.64)

We note that here 0(x,z/¢€) is similar to the correction terms that arise in

linear problems because of the mismatch between linear boundary conditions

and the oscillatory corrector, Nyvn vy, (2/€) = N(z/€) - V. Next we denote

by wyn = vp(x) + € Nyon vo, (x/€). Clearly w,; satisfies (6.63). Taking all

these into account, the claim in the lemma is the same as proving
VO]l (2) = IV (0rn — wrn)ll ()

e\ 1/(v(v=9)) 1/~ (6.65)
<c(5) (1920 + lon o + 1V0R I )
Here we may write w,;, as a solution of the following boundary value problem:
—div(k(z/e,n"", Vw, ) =0 in K and w, = vp + € Nyon vo, on K,

with N’V]Uh7vvh = ¢ Nyvn v, where ¢ is a sufficiently smooth function whose
value is 1 on a strip of width e adjacent to 0K and 0 elsewhere. We denote
this strip by Se. This idea has been used in [164]. By Lemma 6.23 we have
the following estimate:
||V9||’[):‘V(K) = HV(Urh — Wy h)HZw(K)
< C Ho |V (0n — v — € Ny w0720 (6.66)

< O Hy e VN v 7207

where
Hy =
- Lol
(‘K| + ||77vh||’£w(1() + ||vvh||Zw(K) + IV(vr + € Nyon w0,) |’[):’Y(K)>
(6.67)

We need to show that Hp is bounded and |le VNnvh,vazw(m uniformly

vanishes as ¢ — 0. For this purpose, we use the following notations. Let
JE={ieZ" :Y'NK #0,K\Y" # 0} and FX = U;c;x Y. In other words,
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FX is the union of all periods Y that cover the strip S.. Using these notations

and because ( is zero everywhere in K, except in the strip Se, we may write
the following

eV 2l =€ [ 96Ny, 900 da

_ e / V(¢ Nyon g )| der

€

IN

a/ V(¢ Noyon v )| dee
FK

= 7 Z / V(¢ Nyon v, )| dx

ieJK

<y / (1Y Ny wn ["IC17 + [Ny || VC[7)
ieJK

(6.68)

where we have used the product rule on the partial derivative in the last line
of (6.68). Our aim now is to show that the sum of integrals in the last line of
(6.68) is uniformly bounded. We note that (see Corollary 6.26)

19, Ny wan gy < CL+ 7+ [Vou) [¥EL, (6.69)
from which, using the Poincaré-Friedrich inequality we have

||N77”h7Vvh

Loy S CA+ ™[+ [Von|7) V7] (6.70)

We note also that n*» and Vo are constant in K. Because ( is sufficiently
smooth, and whose value is one on the strip S. and zero elsewhere, we know
that |V(¢| < C/e (cf. [164]). Applying all these facts to (6.68) we have

eV N o T iy € C T (L ™ [+ [9a]) 37 (14 ) ]

ieJK
=C@+ D) A+ +[To) Y (Y]
e JK
C L+ ™ [+ [Voa") Y Y.
ieJK
Moreover, because all Y7, i € JX | cover the strip S, we know that DK Y|
< C h?1e. Hence, we have

- hd
eV Nyon o 13 i) < C 57 (L4 07 + [Vun|?) R4 e
) hd (6.71)

< = (IK1+ 1™ 1T ey + 19080 )
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Furthermore, using this estimate and noting that ¢/h < 1, we obtain from
(6.67) that

o , (y=s=1)/(r=5)
Ho < C (IKT+ 10" 75 ey + Nonl ey + 19001 ) .

(6.72)
Summarizing the results from (6.66) combined with (6.72) and (6.71), we get

IV013- ey < C Ho lle VNn w0, 1740,

<o (" (1K1 +

Tty 1ol ey + IV ORI ) -

Finally summing over all K € 7}, and applying (6.53) to > 7 |19 HZW(K),
we obtain

||V9||zw(9) = Z ”veH’[Y,w(K)
K
<o (977 (1K1 Il g + 190 ) (673)
Oy 2 nll Lo ) wll Lo x0) :

= (5)"7 (120 + lonlo oy + 1908 )

The last inequality uniformly vanishes as e approaches zero, thus we have
completed the proof of Lemma 6.24.

The next lemma is crucial for the proof of Theorem 6.20 and it guarantees
the convergence of MsSFEM solutions to a solution of the homogenized equa-
tion. This lemma also provides us with the estimate for the truncation error
(in a weak sense).

Lemma 6.27. Suppose vp,w, € Wy where Vv, and Vwy, are uniformly
bounded in LVT*(82) and L7 (12), respectively, for some o > 0. Let k* be
the operator associated with the homogenized problem (3.26), such that

Ii vh,wh Z / ’Uh,vvh th+k0 (Uh,vvh)wh)d , Yop,wp, € Wy
KeTy,
(6.74)
Then we have
!ij% (Kr,h vp — K v, wp) = 0.

The proof of this lemma is presented in [104]. Now we are ready to prove
Theorem 6.20.

Proof. (Theorem 6.20) Because k.., is coercive, it follows that py, is bounded,
which implies that it has a subsequence (which we also denote by pj) such
that p, — p in W17 () as € — 0. Because the operator k* is of type S,
(see, e.g., [245], page 3, for the definition), then by its definition, the strong
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convergence would be true if we can show that limsup,_,, (x*pn, pr, — D) — 0.
Moreover, by adding and subtracting the term, we have the following equality

(K*DhDh — D) = (K"Ph — KrwDhs Dh — D) + (Kr,hPhsPh — D

)
= (K*Ph — KrhPh, Ph) — (K*Dh — Kr hDhs D) +/ f(pn —p)dx.
o
(6.75)

Lemma 6.27 implies that the first and second term vanish as € — 0 provided
Vpn is uniformly bounded in L7t for o > 0, and the last term vanishes
as € — 0 (up to a subsequence) by the weak convergence of p,. One can
assume additional mild regularity assumptions [201] for input data and obtain
Meyers type estimates, ||Vpo||zr+a (o) < C, for the homogenized solutions. In
this case it is reasonable to assume that the discrete solutions are uniformly
bounded in LYT({2). We have obtained results on Meyers type estimates for
our approximate solutions in the case v = 2 [114]. Finally, because * is also
of type M (see, e.g., [244], page 38, for the definition), all these conditions
imply that x*p = f, which means that p = pyg.

Remark 6.28. We would like to point out that for the proof of Theorem 6.20
it is assumed that Vpy, is uniformly bounded in L7T*(§2) for some o > 0 (see
discussions after (6.75)). This has been shown for v = 2 in [114]. To avoid
this assumption, one can impose additional restrictions on k*(n, &) (see, [112],
pages 254, 255). We note that the assumption, Vpy, is uniformly bounded in
LYT(£2), is not used for the estimation of the resonance errors.

Next we present some explicit estimates for the convergence rates of Ms-
FEM. First, we note that from the proof of the Lemma 6.27 it follows that
the truncation error of MSFEM (in a weak sense) is given by

<kr,hph - H*ph,wh> = <f — A*ph’ wh>
€\ s/ (v(y—s)) (1/4)

€ ¥ v el
+ O (1204 Ipul Ty + 19T ) IV ekl + e(B) [Van ooy

’

e\s/(v(y=9) € 1/y
—((5) #5) (1205 Iy + 19003 ) 19070

+ e(h)|[[Vwp | L+ 02y
(6.76)

where e(h) is a generic sequence independent of small-scale €, such that e(h) —
0 as h — 0. We note that the first term on the right side of (6.76) is the leading
order resonance error caused by the linear boundary conditions imposed on
0K, and the second term is due to the mismatch between the mesh size and
the small scale of the problem. These resonance errors are also present in the
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linear case as we discussed in Section 6.1. If one uses the periodic solution of
the auxiliary problem for constructing the solutions of the local problems, then
the resonance error can be removed. To obtain explicit convergence rates, we
first derive upper bounds for (k*pp — &* Pnpo, pn — Prpo), where Ppu denotes
a finite element projection of u onto Wj; that is,

(k" Prpo, vn) :/ fondz, Vv, € Wy,
17

and (K*pp,vy) is defined by (6.74). Then using estimate (6.76), we have

(K"pn — K" Pppo, pn — Pru) = (K*ph — kv nDh, Ph — Prio)
+ (kr.nph — K" Prpo, ph — Papo) = (K"pr — ke nPhs Ph — Prpo)
+ (f — K" Prpo, pn — Prpo) = (K"ph — kr.nPh, Ph — Prpo)

ens/(—s) e v
<o ((5)"777 4 1) (1904 Il + 190 ) %

IV (pr = Prpo)ll~(2) + e(R)||[V(Pr — Prpo)ll v (2)-

The estimate (6.77) does not allow us to obtain an explicit convergence
rate without some lower bound for the left side of the expression. In the proof
of Theorem 6.20, we only use the fact that «* is the operator of type S,
which guarantees that the convergence of the left side of (6.77) to zero implies
the convergence of the discrete solutions to a solution of the homogenized
equation. Explicit convergence rates can be obtained by assuming some kind
of an inverse stability condition, ||*u — k*v|| > C||u — v||. In particular, we
may assume that x* is a monotone operator; that is,

(6.77)

(K*u — K"v,u —v) > C||V(u—v)||zv(9). (6.78)

A simple way to achieve monotonicity is to assume k¢(x,n,&) = k.(z,£) and
ko.e(z,n,&) = 0, although one can impose additional conditions on ke(z,7,&)
and ko (z,n,§), such that monotonicity condition (6.78) is satisfied. For our
further calculations, we only assume (6.78). Then from (6.77) and (6.78), and
using the Young inequality, we have

s/((v=1)(v=5)) e/ (v=1)
_ v € €
IV (pr = Prpo)ll 7o) < C ((h) + (h) ) +e(h).

Next taking into account the convergence of standard finite element solutions
of the homogenized equation we write

IV Pup — Vol L+ (2) < er(h),

where e;(h) — 0 (as h — 0) is independent of e. Consequently, using the
triangle inequality we have

e\ s/((v=1)(v=s)) €
) +(

IV (pr = o)l 7 () < C (<E E)’Y/(’Y—l)) Ce(h) + ex(h).
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Proof. (Theorem 6.21).

For monotone operators, k.(z,n,&) = ke(x,€) and ko (z,n,§) =0, n €
R and ¢ € RY, the estimates for e(h) and ej(h) can be easily derived. In
particular, because of the absence of 7 in k., e(h) = 0, and e; (h) < Ch*/ (=1
(see, e.g., [75]). Combining these estimates we have

e\ s/ ((v=1)(v—s)) e/ (v=1) B
¥ = )l o < € () # ()" o).

From here one obtains (6.49).

Remark 6.29. One can impose various conditions on the operators to obtain
different kinds of convergence rates. For example, under the additional as-
sumptions (cf. [207])

Ok*(n,8), Ok*(n,€)

n o3

Q. 2
| S Ca ngﬂlﬁj Z C|ﬂ‘ )

where 8 € R? is an arbitrary vector, and v = 2, following the analysis pre-
sented in [207] (pages 51, 52), the convergence rate in terms of the L7-norm
of pr, — Pyp can be obtained,

s/((v=1)(y—s)) e/ (v=1)
_ <o (E -
|V (pn Ph,p0)||m(rz) <C <(h) + (h) ) (6.79)

+e(h) + C’”ph - PhPOHZW(Q)?

where s € (0,1), v = 2.

Remark 6.30. For the linear operators (y = 2, s = 1), we recover the conver-

gence rate Ch + C1\/€/h.

Remark 6.31. We have shown that the MsFEM for nonlinear problems has the
same error structure as for linear problems. In particular, our studies revealed
two kinds of resonance errors for nonlinear problems with the same nature as
those that arise in linear problems.

6.3 Analysis for MsFEMs with limited global
information (from Chapter 4)

6.3.1 Mixed finite element methods with limited global
information

Elliptic case

We begin by restating the main assumption in a rigorous way.
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Assumption Al. There exist functions vy,...,vn and sufficiently smooth
Ai(x), ..., An(z) such that

N

v(x) = ZAi(x)vi, (6.80)

i=1

where v; = kVp; and p; solves div(k(x)Vp;) = 0 in 2 with appropriate bound-
ary conditions.

For our analysis, we assume A;(z) € WH4(02), and v; = k(x)Vp, € L"({2)
for some & and 7, i = 1,..., N. Throughout this section, we do not use the
Einstein summation convention.

Remark 6.32. As an example of two global fields in R? (similar results hold in
R%; see [218] for details), we use the results of Owhadi and Zhang [218]. Let
v; = k(z)Vp; (i = 1,2) be defined by the elliptic equation

div(k(x)Vp;) =0 in 2 (6.81)
pi = x; on 02,

where 2 = (21, 53). In the harmonic coordinate (p1, p2), p = p(p1,p2) € W2*

(s > 2). Consequently, v = A(z)k(z)Vp = >, A(Op/0p:)kVp; := >, Ai(x)v;,

where A;(z) = \(9p/dp;) € We.

To avoid the possibility that fel v; -nds is zero or unbounded, we make the
following assumption for our analysis.
Assumption A2. There exist positive constants C such that

/|vi-n|ds§0h51 and ||f”"—'”d||mel) < CRPHlr=1 (6.82)
el e Uy S

n
uniformly for all edges e;, where By < 1, B2 > 0,and r > 1.

Remark 6.33. The second part of Assumption A2 is to assure | fel v; - nds|
remains positive. It can be also written as

n Vi - N

|l
fel v; - nds fel v; - nds

>6L ”Lr(ez) < Chiﬁﬂkl/rilv

where (-) = (1/]e;]) fel (-)ds, which is used to estimate the velocity basis func-
tion. If v; are bounded, then 5 = 0. Note that

i v n

v;
[ — Jelren =0
fel v; - nds fel v; - nds

if v;| is an RT, basis function or standard mixed MsFEM basis functions
introduced in [71]. Finally, we note that if » = 1 and |fel v; - nds| > ChPr,
then 62 =0.
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We recall the definition of basis functions 1/)5» = k(x)V¢f§ and
Vi = @{%j}mH div, ), V)= @{pr } ﬂHo (div, £2).

Let Qy = O Po(K) C L2(£2)/R (i.e., piecewise constants), be the basis func-
tion for the pressure. We define

go,n = Z (/gds)wi,e

ec{OKN 9N, Ker,}

for some fixed i € {1,2,..., N}, where ;. is the corresponding multiscale
basis function to the edge e. Let gn, = go - n on 0f2. The numerical mixed
formulation is to find {vy, pr} € Vi, X Qp, which satisfies (4.7) and vy -n = gy,
on 0f2.

First, we note the following result.

Lemma 6.34.
vilg €span{y}, i=1,.,N; j=1,2,3.

Proof. First, we prove the lemma for v1. For this proof, we would like to find
constants 5 s such that ), y B = vy. That is,

1
iZﬁKdIV( (2)Vef5) = @Zﬁff =0
;ﬁgk(w) Z ij Jlan:;dS_Ul'nez'

Noticing that v; = k(2)Vp; and div(k(z)Vp;) = 0, we have p; = 3, ; BE ol

C for some constant C' because p; and ), g ﬂ i K satisfy the same elliptic
equatlon Wlth Neumann boundary condition as p;, and then we have v; =
Z” ,6 . The second equation in (6.83) implies that we can take 513 =

fej vy - nds and 65 =0 for 7 # 1. Consequently,

= Z/ vy - nds = / div(vy)dz =0,
j € K

which is the first equation in (6.83). One can obtain similar results for other
(% (Z = 2, ceey N)

(6.83)

Following our assumption, let

N
X =A{ulu= Zai(x)v }
i=1
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be a subspace of H(div,(2). For our analysis, we require that the integrals

/ a;(x)v; - nds are well defined. This is also needed in our computations be-
cause / a;(2z)v; - nds determines the fluxes along the edges in two-phase flow
o

simulations. One way to achieve this is to assume, as we did earlier, that
a;(z) € WHE(0), v; € L"(02), % = 1/€ + 1/n. Because a;(z) € WH4(£2) and
v; € L(2) (3 = % + %), Hélder inequality implies that (Va;)v; € L2(£2).
Noticing that div(v;) = 0, we have div(a;(z)v;) € L?(§2) immediately. Invok-
ing the Sobolev embedding theorem (see [18]), we get a;v; € L7({2) because
WhE(02) — L*>(£2). The integrals / a;(z)v; - nds are well defined by the
fact that a;v; € LP(2) (p > 2) and div(a;(x)v;) € L?(£2) (see page 125 of
[57]). We define an interpolation operator II; : X — V), such that in each
element K, for any v =) a;(z)v; € X

Mal k(O ai(w)oi) =Y alvl,
i i

where afj(- = / a;(x)v; - nds.
.

The proof of the following lemma can be found in [8].

Lemma 6.35. Let IT;, be defined as above. Then Yv = Zf;l a;v; € X, qp €
Qh;

(1) [, div(v —pv)gpda = 0;

(2) pv|| g aiv,0) < Cllvllx,a, if B1 > 202,

where ||v]|x o = ||div(v)|jo,o + ZZI\LI llaill1, and C only depends on N, the
constants in Assumption A2 (see (6.82)) and the pre-computed global fields
(P

Remark 6.56. If v; € L*°(£2), then 8; = 1, §2 = 0, and the proof of Lemma
6.35 implies that [|TI,v]| g (aiv,0) < C(max; [|vil| Lo (2)) 225 laill,o-

Remark 6.37. For v = Zi\il a;v;, where a; € WH4(2) and v; € L"(2) (1/2 =
1/€ +1/7n), one can also show that

ITTh o] (aiv,0) < CZ laillie 0
;

if a+1—pP2—1 > 0, where C only depends on N, the constants in Assumption
A2 (see (6.82)), and the pre-computed global fields v;.

Remark 6.58. We note that ||v|| x, may not be a norm in general because v =
>, a;v; = 0 may not imply that a; are zero (this does not affect the derivation
of the discrete inf-sup condition). In the problem setting considered here,
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one can assume that ||v||x o is a norm. Indeed, a; are coarse-scale functions,
and v; are fine-scale functions. Thus, in each coarse-grid block, the linear
combination ZZ a;v; zero will imply that a; are zero unless v; are also coarse-
scale functions. In the latter case, one can use standard mixed finite element
basis functions. If N = d (d being the dimension of the space), ||[v| x, is a
norm when v; are linearly independent. In the discrete setting, a; are vectors
defined on the coarse grid, whereas v; are defined on the fine grid. If ), a;v;
is zero, this implies that the vectors v; are linearly dependent, and thus, the
basis functions are linearly dependent.

Lemma 6.35 and the continuous inf-sup condition imply the discrete inf-
sup condition (see page 58 of [57]). We assume that the continuous inf-sup
condition holds (see [8] for more details). Assuming a continuous inf-sup con-
dition, we have that for any g5 € Qp, there exists a constant C' such that

di ) qnd
“up Jo div(vy)gndz

> Cllqnllo,e- (6.84)
vhEVR ||UhHH(div,Q)

Because of the inf-sup condition (6.84), we have the following optimal
approximation (see [57, 71]).

Lemma 6.39. Let {v,p} and {vn,pn} be the solution of (4.4) and (4.7) re-
spectively. Then

lv — vnll g (aiv,2) + Ip — Pallo,e < C inf o= wnllaave
whEVh,wh—go,hevg
+C inf — .
i P — anllo.e
(6.85)

Next, we formulate our main result.

Theorem 6.40. Let {v,p} and {vn,pn} be the solution of (4.4) and (4.7),
respectively. If o + By — B2 — 1 > 0, we have

v = vnll H(aiv,0) + P = prllo,@ < CROTPI=P2=1,
where « =1 —2/€, € and A; are defined in Assumption Al, and B; (i =1,2)
are defined in Assumption A2. Here C' is independent of h and depends on
N, the constants in Assumption A2, ||Aileo (i=1,..,N) and | fl1,0-

Proof. For the proof, we need to choose a proper u; and a proper ¢, such
that the right-hand side of (6.85) is small.

The second term on the right hand in (6.85) can be easily estimated. In
fact, with the choice qn|x = (p)k (i.e., the average of p in K), we have

inf ||p — pnllo.e < Chlpli,q.
an€Qn
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Next, we try to find a up € Vy, say up|x =, ij Cij 1/JU, and estimate the
first term on the right-hand side in (6.85). Invoking Lemma 6.34 and its proof,
it follows that in each K,

UV — Uy = ZAz(m>U7, — Z Czlj(’l/)”
i ,J
= Z(Ai(x) Z vl - Z cij iy (6.86)
2y
= Z — )i

where f v; - nds . Set c 5 = fe]» Ai(2)v; - nds.
Because I ZZ div(A;(z )vl)dm = f, we get by the divergence theorem

Ai(x)v; - =/
/E)Kzi: (z)v; -nds = f

This gives rise to

||dlvv—ZcU Vi llox = |If = ZC”|K|”0K

(6.87)
=1 - Z/A - nds ezl = 1 = (1) L
After summation over all K for (6.87), we have
ldiv(v — up)ljo,0 < Ch|f|i 0. (6.88)

Next we estimate [[v—>", ; cis i [lo.rc- Because A;(z) € WE(82), by using
the Sobolev embedding theorem and Taylor expansion (or definition of C'%)
we have

|Ai(@)le; — Al < Ch| Aillow o),

where Ag is the average A;(x) along e; and o =1 —2/£. So

|AE — Ajﬂ \f|/Aivi~ndsffl{/vionds\

B (6.89)
= |/ (A; = A)(v; - n)ds| < Ch TP Ayl| o),

where we have used the Assumption A2 (see (6.82)).

Next, we present an estimate for ||wf§ llo,x- For this reason, we introduce
the lowest Raviart—Thomas basis functions RJK for velocity. We know that
div(RE) = 1/|K| and R -n = 6;/]e;] (e.g., [57]). We multiply (4.6) by a
test function w; we have
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/ kV ¢ Vwds=— / wdiv(kVe)dx + / (kVoLE - n)wds
K 0K
:—/ wdiVR]Kd:r + / (k‘ngSfJ{- -n)wds
K oK (6.90)
:/ (Vw)RJde—k/ (ngbg- -n— RJK -n)wds
K

v n v n
(2 _ 2 . d
/K(Vw)R dx-i—/ 531 v nds <er vlwnds) Jwds,

where we have used that <j' e, = RE -ne, = Ie_ll
e J

If we set w = ¢f§ , then it follows that
i ||o Kan lo.x

Vi n X
" H f TldS <f vy - nd5>ef ”Lr(ej)H(bz] ||Lr (OK)

K2
ClIVi;

<CHV¢ llo.ic + Ch™P2 ™1 I9K| s o5

< OV o +Ch™ =L a1 K o e+ 07 [V [l0,x)
< O|VeE o,k + Ch= P =1 |G 6K || &

< C‘|v¢ij||0,K +Ch™ ﬂQHV(binO,Ka

where 1/ satisfies 1/r+1/r' =1 (r is defined in Assumption A2), and we have
used Assumption A2 (see (6.82)) and ||RK||0 k < C (e.g., [67]) in the second
step, the trace inequality (by rescaling) in the third step, and <¢U> =0
along with the Poincaré—Friedrichs inequality (by rescaling) in the fourth step.
Consequently, we have

105 lo.x < C(1+ 7)), (6.91)

where C only depends on Assumption A2 and the constants in trace inequality
and Poincaré inequality in a fixed reference domain. Combining (6.89) and
(6.91), it follows immediately

lv—unllox = | Z(Ai(x)ﬁff - A5§)¢{§IIO,K

<IIZ — ADpfY ||0K+||Z ALY — AR llo.x

<l Z |Ai(x AJ ﬁ ||0 K+l Z |AJ N - g\iﬁg”o,l{ (6.92)
< Cha+51 ZHA =) led) IIO,K

]

< Cha+51_52(2 [Aillca (),
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where we have used Assumption A2 (see (6.82)) and C depends on N and the
constants in Assumption A2. After summation over all K for (6.92) we have

| =3
K
= C(Z ||Ai|‘Ca(Q))2 Z h2(°‘+51752)

K

1 « —
i
- C(Z HAi“C“(Q))2h2(a+51—52—1).

Consequently,

[v = wnllo.o < CO_ Aillga () h* =Pt (6.93)
7

According to (6.85), for those K, 0K N 02, we adjust proper c - such
that >, ;¢ U — gon € VP, but this does not affect our convergence rate.
Therefore, 1nvok1ng Lemma 6.39, (6.88), (6.93), and the Sobolev embedding
theorem from W1¢ into C®, Theorem 6.40 follows.

From the proof of Theorem 6.40, one can easily get the following result.
Let v and vy, be the velocity in (4.4) and (4.7), respectively; then we have

v —vnllo,e < C(ZHA” )RotHBr=P2=1,
i

Co (_Q)

Remark 6.41. 1f A;(z) € C1(£2) in Assumption Al and v; are defined such
that 81 = 1 and By = 0 (e.g., v; are bounded), then Theorem 6.40 implies
that

[v = vnll(aiv,2) + I = phllo.2 < Ch.
Remark 6.42. We note that the local mixed MsFEMs suffer from a resonance
error and a typical convergence rate for periodic coefficients is

e\
Ive = onlliaiv.er + Ipe = pulloo < CCh+ () ),

where v = 1/2 for the mixed multiscale method introduced in [71]. In our
global mixed MsFEM, the boundary condition for the velocity basis is hetero-
geneous and Theorem 6.40 implies that stability is independent of the small
scale and the resonance error is removed.

Remark 6.43. One can relax the main assumption used here and assume that

[[o(z ZA )| m(aiv,2) < C6.

In this case, we can expect the convergence as

v = vnll mr(aiv.2) + 1P = pallo.e < C(ROTH=F71 4 5).
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Parabolic equations

Next, we extend the analysis to parabolic equations. We use the following
assumption for the parabolic equation.

Assumption Alp. There exist functions vy,...,un and sufficiently smooth
Ai(t,x), ..., An(t,x) such that

N

v(t,x) = Z Ai(t, x)vi,

i=1

where v; = kVp; and p; solves div(k(x)Vp;) = 0 in 2 with appropriate bound-
ary conditions.

For our analysis, we assume, as before, A;(t,x) € L?(0,T; Wh¢(02))(¢ > 2)
and v; = k(x)Vp, € L"(2) (1/2=1/§+1/n),i=1,...,N.

Remark 6.44. Let v; = k(x)Vp; (i = 1,2) be defined in (6.81), then Owhadi
and Zhang in [217] show that p(t,x) = p(t,p1,p2) € L*(0,T;W?2%) (s > 2).
Consequently, v(t,x) = k(x)Vp = >_.(0p/0pi)kVp; = >, Ai(t, x)v;, where
A;(t,z) = dp/dp; € L*(0,Ts; W1 #).

We define
ity = [ e auds

and

||u||L2(OTL2(Q )) —/ /U k™ udmds

Let II;, : H(div) — V), be the interpolation operator defined as in Section
6.3.1 and Pg, : L?(2) — Qp, be the L? projection onto Q.
From (4.9) and (4.10), we have

0 .
/ B —(p — pn)andzr + / div(v — vp)gndx =0, Vg, € Qp
“ (6.94)

/ E~ v —wp) - wpde — / div(wp)(p — pr)dx =0, Ywy € V.
Q Q

Taking wy, = Ilpv — vy, and q, = Pg,p — pn, we have

0 . _
| 5= Paup =)o+ [ divtw =) (Po,p = e =0 o

/ E~Y v —wp) - (v — vp)dx — / div(II,v — vp)(p — prdzx) = 0.
17} 7

Rewriting p —pp, =p — Pg,p+ Pg,p —pn and v —vp = v — v + 10 — vy,
in (6.95) and summation of the two equalities, we obtain
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0
[ 5 Poup=m)(Payp = piddo+ [ K7 o =) - (Mo - vy )do
2 2

0 _
=~ [ 50— Pop)(Pap—pi)dz — | KMo = THh0) - (Mo = vn)da
2 2

+ /Q[diV(Hhv —vp)(p — Pg,p) — div(v — v)(Pg,p — pn)]dx.
(6.96)

Because Pg, is the L?(§2) projection onto Qp, Pp, commutes with the time
derivative operator 9/0t. Consequently, the first and third terms of the right-
hand side in (6.96) vanish. By Lemma 6.35, the fourth term of the right-hand
side in (6.96) also vanishes. Consequently, (6.96) becomes

0
[ 5 Pap=p)(Poup—p)da+ [ 5 (Ww —vn) - (o~ vn)da
2 2
= _/ E~ (v — ) - (I — vy )de.
2

The Schwarz inequality and Young’s inequality give rise to

10
3 g 1Fenp = pull5.0 + 2w — a7z o)

1
< AHpv — Uh”QLi(_Q) + ﬁ”v - HWH%@(Q)-

Integrating with respect to time and applying Gronwall’s inequality and after
choosing the proper value for A\, we have

1PQ,p = prll&o 0,120y + ITho — Uh”i?(O,T;Li(Q))
< CO([Pg,p(0) = ponllg o+ llv — HhU”%z(o,T;Lg(Q)))-
Invoking the triangle inequality, we have
Ip = allEo o2 () + v — Uh||iz(o,T;Lz(n))
< C(||Pg,p(0) = ponlls.c + llv — Hh””i%o,T;Lg(Q))) (6.97)
+llp — Po,p

[Co0,mi2(@))-
Hence, we obtain the following lemma.

Lemma 6.45. Let {v,p} and {vn,pr} be the solution of (4.9) and (4.10),
respectively. Under Assumption Alp and the definition of Vy, in Section 6.3.1,
the estimate (6.97) holds.

Utilizing Lemma 6.45 and the proof of Theorem 6.40, we can derive the
convergence result.
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Theorem 6.46. Let {v,p} and {vn,pn} be the solution of (4.9) and (4.10),
respectively. If a + 51 — P2 — 1 > 0 then
lp = prllcooriz2 (@) + I1v = vnll 20,7502 (2)) < ChOFTA=FTL,

where « = 1—-2/& and & is from Assumption Alp, and §; (i = 1,2) are defined
in Assumption A2.

Proof. Owing to the fact that Py, is the L?(£2) projection onto Qy,
lp — Pq,pllcoorie22)) < Chlpleoo, 1 (@) (6.98)

we estimate the first and the third term of right-hand side in (6.97). Next we

estimate the term ||v — Hh””i?(o .12 () Define
s b

= /ej Ai(t,s)(v; - n)ds

in each element K. Because k~!(z) is bounded, we have in each element K,

lv =Tl 220,722 10y

/ / Z (t,2) B — AK () Z K — AK ()0 dudt
<c/ / Ai(t,2)B5 — AK (£)05)?dudt
=C Z i(t, @) ﬁK A O 720,722 (1)) (6.99)
< Z i(t,x) — Al(t)BE 1220112 ()
+C Z (Al(t ﬂK AK( ) gH%%o,T;m(m)

1,J

< Ch2(e+p1) Z ||¢f§ 2

In the last step, we used that facts that A; € L2(0,T; W¢), Assumption A2
(see (6.82)) and proof of Theorem 6.40 (see (6.92)). After summation over all
K for (6.99), we have

[o =Tl 20,722 () < CROHA=F271, (6.100)

Now, the proof can be completed taking into account (6.98) and (6.100).
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6.3.2 Galerkin finite element methods with limited global
information

We have proposed some analysis for modified MsFEMs in [103] and [3]. The
main idea is to show that the pressure evolution in two-phase flow simulations
is strongly influenced by the initial pressure. To demonstrate this, we consider
a channelized permeability field, where the value of the permeability in the
channel is large. We assume the permeability has the form kI, where [ is an
identity matrix. In a channelized medium, the dominant flow is within the
channels. Our analysis assumes a single channel and is restricted to 2D. Here,
we briefly mention the main findings. Denote the initial stream function and
pressure by n = ¥(z,t = 0) and ¢ = p(x,t = 0) (¢ is also denoted by p*P
previously). The stream function is defined as

31/)/8.171 = —U2, 8#1/8:22 = V1. (6101)

Then the equation for the pressure can be written as

8% <|k|2/\(5)g§> + a% (A(S)g?) =0. (6.102)

For simplicity, S = 0 at time zero is assumed. We consider a typical boundary
condition that gives high flow within the channel, such that the high flow
channel will be mapped into a large slab in (n,() coordinate system. If the
heterogeneities within the channel in the 7 direction are not strong (e.g., a
narrow channel in Cartesian coordinates), the saturation within the channel
will depend on (. In this case, the leading-order pressure will depend only on
¢, and it can be shown that

p(n,(,t) = po(¢, t) + high-order terms, (6.103)

where po((,t) is the dominant pressure. Note that this result is shown when
A is smooth. This asymptotic expansion shows that the time-varying pressure
strongly depends on the initial pressure (i.e., the leading-order term in the
asymptotic expansion is a function of initial pressure and time only). We note
that (6.103) does not hold when A has discontinuities. In this case, our results
hold away from the sharp interfaces and one can localize the interface by
updating some basis functions. Our numerical results show that this update
does not improve the results substantially. We believe this is because the
discontinuities in A\ are small compared to heterogeneities in porous media, the
effects of which we capture using limited global information. In our analysis,
we assume that |[p(x,t) — p(p®P, t)| g is small.

Because the analysis of the multiscale finite element methods is carried
out only for the pressure equation, we assume ¢ (time) is fixed. We recall the
assumption.

Assumption G. There exists a sufficiently smooth scalar-valued function
G(n) (G e W32s/(s=9 s > 4) such that
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lp— G(p™)|1,e < C6, (6.104)

where p°P is single-phase flow pressure and § is sufficiently small.

We note G is po({, 1) at fixed ¢ in (6.103). Moreover, one does not need to
know the function G for computing the multiscale approximation of the solu-
tion. It is only necessary that G have certain smoothness properties, however,
it is important that the basis functions span p°? in each coarse block.

Theorem 6.47. Under Assumption G and p*? € Wh4(Q2) (s > 4), the Ms-
FEM converges with the rate given by

p—prlie < C5+ Ch' /0. (6.105)

The proof of this theorem is given in [3]. Note that Theorem 6.47 shows
that MsFEM converges for problems without any scale separation and the
proof of this theorem does not use homogenization techniques. Next, we
present the proof.

Proof. Following standard practice of finite element estimation, we seek
pr = ¢;¢p;, where ¢; are single-phase flow-based multiscale finite element basis
functions. In the proof, we assume that |¢X|; x < C. Then from Cea’s lemma,
we have

0 =il < [p—G@P)|1,0 +|GDF) — cidil1,0- (6.106)

Next, we present an estimate for the second term. We choose ¢; = G(p*P(z;)),
where x; are vertices of K. Furthermore, using a Taylor expansion of G around
Dk, which is the average of p°P over K,

G(p*(2:)) =G(Px) + G (B ) 0™ (i) — Pi)
S — 2 ! (. .S — S 56107)
0 (w) =) [5G + s(p 7 @)
We have in each K
civi =G (Prc) Z bi + G (Pr) P°F (i) — Prc) b

0 (0) <P o [5G0 + (i = () s
=G@g) + G Pr) P (x:)d; — Dx)

1
+ (p°(2:) — P )i /O sG" (p°F (1) + s(Dx — P (x1)))ds.

(6.108)

In the last step, we have used ), ¢; = 1. Similarly, in each K,
G(p™(x)) =G(Px) + G (Br) (P (2) = Pi)
(6.109)

1
+ (PP(2) - Dr)? / G (p () + 5(By — p(x)))ds.
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Using (6.108) and (6.109), we get
|G(p°?) — cidili, e < |G' (k) (P () — ™ (2:) i) |1, 1

+ (P () — 1_7K)2¢i/0 sG"(p°P (i) + s(Pre — PP (:)))ds|1,x (6.110)

1
P (@) — i)’ / SG"(p () + s(Bx — p(2)))ds]1 k.

Because |p*?(x) — p*P (x;) d;
is the following,

1,k < Ch| f]

0,k , the estimate of the first term

|G'(Pr) (P (2) = p™ (2:)di) 1 < Ch|f o,k
For the second term on the right-hand side of (6.110), assuming p*(x) €
Whs () and s > 4, we have
1
(" () — ﬁx)%f/ sG"(p™ (x:) + s(Pr — ™ (2:)))ds|1,
0

< Ch|p8p|i4,K|¢f(|1,K
< Ch|P8p|i4,K,

where we have used the assumption |[¢X|; x < C and Wb € W4 (s > 4).
Here, we have used the inequality (e.g., [18])

lu(z) = u(y)| < Cla =y *|ul1s,x-

For the third term, a straightforward calculation gives

1
(p? (2) — Pr)® /0 sG"(p*(z) + s(px — ™ (x)))ds|1,x

<|l(p*(z) - ﬁK)QVps”(JJ)/O (1= 5)sG"(p(2) + s(Dx — p*()))ds]|

0,K

+ 207 (@) — i)V () / SG"(p () + s(By — pP(2)))ds]

< CR* 22| Vp [T 1) |G | psr oo 0y + CR' 5|1 s k[P 1,50
< Ch272/s||vpsp| %S(K) + C«h172/s|psp|17K

0,K

where we used the Holder inequality in the second step.
Combining the above estimates, we have for s > 4

G(0°") = cio* [1.c <ChIp™ [} 4

(6.111)
+ C«h2—2/s + Chl_Q/S‘pé;ph,K + Cth”O,K

Summing (6.111) over all K and taking into account Assumption G, we have
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p—prlio < OO+ R + Ch|Pspﬁ,4,n + Ch=24p*P|, o + Ch| fllo.o
< CE+h'"70) + Chlp™|3 o + Ch *|p*P |1 5.0+ Ch f 0,0

Consequently, if s > 4 (see e.g., [28]), the single-phase flow-based MsFEM
converges.

Remark 6.48. We can relax the assumption on G. In particular, it is sufficient
to assume G € W?2™ (m > 1). In this case, the proof can be carried out
using Taylor polynomials in Sobolev spaces. Also, if Vp*P € L>°(2), then the
convergence rate in (6.105) is Co + Ch.

Remark 6.49. One can similarly analyze Galerkin MsFEMs using multiple
global fields (see [3]). This analysis can be extended to parabolic equations
(see [163]).
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Basic notations

k(x) - coefficients (heterogeneous)

p - solution

v - flux (velocity)

T - space variable

t - time variable

R? - d-dimensional vector space

7T}, - coarse-scale partition

W}, - standard finite element spaces (e.g., piecewise linear functions)
P, - multiscale finite element “space” for the solution?

V), - multiscale finite element space for the flux

pp, - approximate solution obtained using MsFEM?

pr.p - fine-scale approximation of the solution (for nonlinear MsFEM only)
2 - global domain

K - coarse grid block

h - coarse mesh size

e - small physical (characteristic) scale

¢; - multiscale basis functions from Py

(/)9 - standard (e.g., linear) basis functions from W},

X - solution of auxiliary periodic problem (linear case)

N - solution of auxiliary periodic problem (nonlinear case)
qt, G - source terms

f - source term; also the flux function

n - outward normal

fractional flow - fraction of the displaced fluid (see (2.43))
water-cut - fraction of water in the produced fluid

PVI - pore volume injected (see (2.44))

! for nonlinear problems, it is not a linear space
2 fine-scale approximation for linear problems and coarse-scale approximation for
nonlinear problems
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Review of homogenization

B.1 Linear problems

In this appendix, we use the notations commonly used in the homogenization
literature and these notations can be different from those used in the main
text of the book. Consider the second-order elliptic equation

_ i (aij (z/€) (3(37) Ue + ag(x/€)ue = f, uclon =0, (B.1)

5mi j

where a;;(y) and ag(y) are 1-periodic in both variables of y, and satisfy
a;;(Y)&:& > a&i&, with ao > 0, ap > ag > 0, and bounded. Here we have
used the Einstein summation notation; that is a repeated index means sum-
mation with respect to that index.

This model equation represents a common difficulty shared by several
physical problems. For porous media, it is the pressure equation described by
Darcy’s law with the coefficient a. = (a;;(x/€)) representing the permeability
tensor. For composite materials, it is the steady heat conduction equation
and the coefficient a. represents the thermal conductivity. For steady trans-
port problems, it is a symmetrized form of the governing equation. In this
case, the coefficient a. is a combination of transport velocity and viscosity
tensor.

Homogenization theory studies the limiting behavior u. — up as € — 0.
The main task is to find the homogenized coefficients, ai; and ag, and the
homogenized equation for the limiting solution u

0

* a *
o (aijé‘xj) ug + ajug = f,  uplan = 0.

We define the bilinear form

ou Ov
¢ = C(x)=— d Guv du.
a(u,v) /Qam(x)awj oz, er/anuv x
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The elliptic problem can also be formulated as a variational problem: find
u. € H,
a(ue,v) = (f,v), forall ve Hi(£2),

where (f,v) is the usual L? inner product, [, fvda.

B.1.1 Special case: One-dimensional problem
Let 2 = (29, 1) and take ag = 0. We have

d du, .
—dx(a(a:/e)dl;>:f, in 2,

where u.(zg) = uc(x1) = 0, and a(y) > ag > 0 is y-periodic with period yo.
By taking v = u, in the variational problem, we have

el < C.
Therefore one can extract a subsequence, still denoted by wu., such that
ue —u in HY(2) weakly.

Next, we introduce

& =a s

Because a¢ is bounded, and du¢/dx is bounded in L?(§2), so £€ is bounded in
L2(£2). Moreover, because —d¢€/dx = f, we have £€¢ € H'(£2). Thus we get

€ —¢ in L*(2) strongly,

so that 1
—¢&¢ — m(1/a)¢ in L*(2) weakly.
aE
Furthermore, we note that £¢/a¢ = du®/dxz. Therefore, we arrive at

dug
dx

On the other hand, —d¢¢/dx = f implies —d¢/dx = f. This gives

4L duw) _ f
de \m(1/a) dz )
This is the correct homogenized equation for u. Note that a* = 1/m(1/a) is

the harmonic average of a°. It is in general not equal to the arithmetic average
a® =m(a).

=m(1/a)¢.
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B.1.2 Multiscale asymptotic expansions.

The above analysis does not generalize to multidimensions. In this subsec-
tion, we introduce the multiscale expansion technique in deriving homogenized
equations.

We look for u.(z) in the form of asymptotic expansion

Uue(x) = uo(z,x/e) + eus (z,x/€) + e2u2(:c,w/e) + o

where the functions u;(xz,y) are periodic in y with period 1.
Denote by A€ the second-order elliptic operator

0 0
A= —— | a4 — .
oo (s @/ 5 )
When differentiating a function ¢(z, x/€) with respect to x, we have
0 0 10
—_— =,
Ox; Ox;  €0y;

where y is evaluated at y = x/e. With this notation, we can expand A€ as
follows,

146 = 6_2A1 -|— 6_1A2 -|— €0A3, (B2)
where
0 0
A = ~ o (aij(y)ayj) )
0 0 0 0
Ay = ~ <az’j(y)axj> ~ 9z (aij(y)ayj> ;
0 0
Az = _57%- (aij(y)afvj> +ag . (B.3)

Substituting the expansions for u. and A€ into Au. = f, and equating the
terms of the same power, we get

A1U0 = 0, (B4)
Aquy + Asug = 0, (B5)
A1U2 + Agul + A3U0 = f (BG)

Equation (B.4) can be written as

J

0 0

where wq is periodic in y. The theory of second-order elliptic PDEs [132] im-
plies that ug(z,y) is independent of y; that is ug(z,y) = ug(x). This simplifies
(B.5) for uq,
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o (w3 ) = (i) (o)

Define x7 = x?(y) as the solution to the following cell problem

0 0 ; 0
() — Vv = — .
oy (am (y) ayj) X W aij(y) »
where x/ is periodic in y. The general solution of (B.5) for u; is then given by

w(z,y) = xj(y)gg:(af) L)

Finally, we note that the equation for uy is given by

0 0
87% (aw(y)ayj> Uug = Aguy + Agug — f . (B7)
The solvability condition implies that the right-hand side of (B.7) must have
mean zero in y over one periodic cell Y = [0, 1] x [0, 1]; that is

/ (Agul + Agug — f) dy = 0.
Y

This solvability condition for second-order elliptic PDEs with periodic bound-
ary condition [132] requires that the right-hand side of (B.7) have mean zero
with respect to the fast variable y. This solvability condition gives rise to the
homogenized equation for wu:

o (., 0 B
~ o (a”jax) u—+mag)u=f, (B.8)

where m(ao) = (1/|Y]) [y ao(y) dy and

o1 '
aij—m(/y(a” alkayk)dy). (B.9)

It is often difficult to compute the homogenized coefficients when the pe-
riodic cell problem requires very fine discretization. In this case, the bounds
for the homogenized coefficients can be very useful. Finding accurate bounds
depending on heterogeneities is a difficult task. There have been many works
in the literature where bounds are computed and the corresponding optimal
microstructures are determined. In the presence of tight bounds, one can avoid
solving the cell problems for the computation of the homogenized solutions.
We refer to [202, 74] for descriptions of various bounds and the literature
reviews.
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B.1.3 Justification of formal expansions

The above multiscale expansion is based on a formal asymptotic analysis.
However, we can justify its convergence rigorously.
Let 2z = ue — (uo + euy + €2uy). Applying A€ to z., we get

€
Az, = —er.

where r. = Agug + Agu + €Asus. Thus we have ||re||co.0 < C.
On the other hand, we have

Zelog = —(eur + €u2)|an-

Thus, we obtain
||Ze||oo,8(2 < ce.

It follows from the maximum principle [132] that
HZGHOO,Q S CE
and therefore we conclude that

lue — wolloo,2 < Ce.

B.1.4 Boundary corrections

The above asymptotic expansion does not take into account the boundary
condition of the original elliptic PDEs. If we add a boundary correction, we
can obtain higher-order approximations.

Let 0. € H'(£2) denote the solution to

div,(a°V,0.) =0 in 2, 0. =ui(x,x/€) on 012
Then we have
(ue — (uo + eur(x,xz/€) — €b.)) |on = 0.
Moskow and Vogelius [204] have shown that

||Ue — Up — €U1(=’C,$/€) + EQGHO,Q SCwEIer”UO”Q—i-w,Qa (B 10)
[ue — uo — eur(z,x/€) + €0cl[1,0 <Celluo|l2,0, '

where we assume v € H2T¥(£2) with 0 < w < 1, and §2 is assumed to be a
bounded, convex curvilinear polygon of class C*°.
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B.1.5 Nonlocal memory effect of homogenization

It is interesting to note that for certain degenerate problems, the homogenized
equation may have a nonlocal memory effect.
Consider the simple 2D linear convection equation:

Ouc(z,y,t) n Ou(z,y,t)

ot wl) =5, =0

with initial condition wu.(z,y,0) = ug(z,y). Note that y = x2 is not a fast
variable here.

We assume that a. is bounded and uy has compact support. It is easy to
write down the solution explicitly,

ue(xa Y, t) = uo(x - ae(y)t, y),

however, it is not an easy task to derive the homogenized equation for the
weak limit of ..

Using the Laplace transform and measure theory, Luc Tartar [255] showed
that the weak limit u of u. satisfies

D ey, ) + Ar () Lo t)—/t/éﬂ< (= ),y 8)dpy (V) d
atu z,Y, lyazu z,Y, - al'qu 5),Y,S)Afy S,

with u(z,y,0) = uo(z,y), where A;(y) is the weak limit of a.(y), and p, is a
probability measure of y and has support in [min(a.), max(a.)].

As we can see, the convection induces a nonlocal history-dependent dif-
fusion term in the propagating direction (x). The homogenized equation is
not amenable to coarse-scale computation in general because the measure i,
cannot be expressed explicitly in terms of a..

B.1.6 Convection of microstructure

It is most interesting to see if one can apply the homogenization technique
to obtain an averaged equation for the large-scale quantity for incompress-
ible Euler or Navier—Stokes equations. In 1985, McLaughlin, Papanicolaou,
and Pironneau [200] attempted to obtain a homogenized equation for the 3D
incompressible Euler equations with a highly oscillatory velocity field. More
specifically, they considered the following initial value problem,

ou
i (u-V)u=—Vp,

with V - u = 0 and highly oscillatory initial data

u(z,0) = U(z) + W(x,x/e).
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They then constructed multiscale expansions for both the velocity field and
the pressure. In doing so, they made an important assumption that the mi-
crostructure is convected by the mean flow. Under this assumption, they con-
structed a multiscale expansion for the velocity field as follows:

0@ &g t) + euy (B0 L og 1) 4+ O(e?).

€ e e e’

uf(z,t) = up(z,t) + w(

The pressure field p° is expanded similarly. From this ansatz, one can show
that 0 is convected by the mean velocity:
@—&—uo-VQ:O, O(z,0)=x.
ot

It is a very challenging problem to develop a systematic approach to study
the large-scale solution in three-dimensional Euler and Navier—Stokes equa-
tions. The work of McLaughlin, Papanicolaou, and Pironneau provided some
insightful understanding into how small scales interact with large scales and
how to deal with the closure problem. However, the problem is still not com-
pletely resolved because the cell problem obtained this way does not have a
unique solution. Additional constraints need to be enforced in order to derive
a large-scale averaged equation. With additional assumptions, they managed
to derive a variant of the k — ¢ model in turbulence modeling.

Remark B.1. One possible way to improve the work of [200] is to take into
account the oscillation in the Lagrangian characteristics .. The oscillatory
part of 6. in general could have an order-one contribution to the mean veloc-
ity of the incompressible Euler equation. In [148, 149, 150], Hou, Yang and
co-workers have studied convection of the microstructure of the 2D and 3D
incompressible Euler equations using a new approach. They do not assume
that the oscillation is propagated by the mean flow. In fact, they found that it
is crucial to include the effect of oscillations in the characteristics on the mean
flow. Using this new approach, they can derive a well-posed cell problem that
can be used to obtain an effective large-scale average equation.

More can be said for a passive scalar convection equation.

ov 1 .
5 + zle (u(z/e)v) = alwv,

with v(x,0) = vo(z). Here u(y) is a known incompressible periodic (or station-
ary random) velocity field with zero mean. Assume that the initial condition
is smooth.

Expand the solution v¢ in powers of €

v =v(t, ) + evy (t,z,x/€) + vt  z,x/€) + - -
The coefficients of ¢! lead to

alAyvy —u-Vyvr —u-Vyo =0.
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Let ey, k£ = 1,2,3 be the unit vectors in the coordinate directions and let
x"*(y) satisfy the cell problem:

aAka7u~Vkafu~ek:0.

Then we have
v(t, x)

viltzy) = X 4) =

k=1

3

The coefficients of €¥ give

v

alyvy —u - Vyvg = u-Vyur — 20V, - Vyur —adv + 5

The solvability condition for v, requires that the right-hand side have zero
mean with respect to y. This gives rise to the equation for homogenized solu-
tion v,

— =alAv—u-Viuy.

ot
Using the cell problem, McLaughlin, Papanicolaou, and Pironneau obtained
[200]
ov 5 0%v
— = 0i ) —
315 Z (04 J + aT”)Gxiaxj

ij=1

where ar,; = —u;x7.

B.2 Nonlinear problems

We briefly discuss homogenization for general nonlinear elliptic equations,
ue € Wy (£2),

— div ae(z, ue, Vue) + ag (2, ue, Vue) = f, (B.11)

where a.(z,n,£) and ag(z,n,€), n € R, £ € R? satisfy assumptions given
by (6.42)—(6.46), which guarantee the well-posedness of the nonlinear ellip-
tic problem (B.11). Here 2 C R? is a Lipschitz domain and e denotes the
small scale of the problem. The homogenization of nonlinear partial differen-
tial equations has been studied previously (see, e.g., [220]). It can be shown
that a solution u. converges (up to a subsequence) to ug in an appropriate
norm, where ug € VVO1 P (£2) is a solution of a homogenized equation

—diva®(z,ug, Vug) + ai(z, u, Vug) = f. (B.12)

The homogenized coefficients can be computed if we make an additional
assumption on the heterogeneities, such as periodicity, almost periodicity, or
when the fluxes are strictly stationary fields with respect to spatial variables.
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In these cases, an auxiliary problem is formulated and used in the calculations
of the homogenized fluxes a* and af. Next, we discuss this.

We assume that a and ag are periodic functions with respect to the spatial
variable. Then, the homogenized fluxes are defined as follows,

me=LMWM+WMAM@, (B.13)

@mo:L%mmwvwmwm% (B.14)

where a* and af satisty the conditions similar to (6.42)—(6.46). Here N, ¢ €

WE(Y') is the periodic solution (with average zero) of

—div(a(y,n,{ + VyNye(y))) =0in Y, (B.15)

where Y is a unit period. We do not present the proof of the homogenization
here and refer to [220], for example.

Next, we also present the homogenization results for the random homoge-
neous case. Homogenization in random homogeneous media for linear prob-
lems ([43, 164]) has been a pioneering work in this direction. We start with a
description of random homogeneous fields on R? which is shown to be useful
in homogenization problems (e.g., [164]). Let (U, X, 1) be a probability space.
A random homogeneous field is a measurable function on U and f (7T (z)w) are
realizations of the random field. The realizations are well-defined measurable
functions on R? for almost all w € U. Consider a d-dimensional dynamical
system on U, T(x) : U — U, x € R%, that satisfies the following conditions:
(1) T(0) = I, and T(z + y) = T(x)T(y); (2) T(z) : U — U preserve the
measure y on U; and (3) for any measurable function f(w) on U, the function
f(T(r)w) defined on R? x U is also measurable (see [164]). Let LP(U) de-
note the space of all p-integrable functions on U. Then U(z) f(w) = f(T(z)w)
defines a d-parameter group of isometries in the space LP(U), and U(x) is
strongly continuous [164, 220]. We further assume that the dynamical system
T is ergodic; that is, any measurable T-invariant function on U is constant.
Denote by (-), the mean value over U,

(= [ $@)dnte) = B (7).
Denote by D! the generator of U(x) along the ith coordinate direction;

that is,
. T(x;))w) —
D _ i 1000 = ()
6—0 1)

The domains d; of D!, are dense in L?*(U), and the intersection of all D! is
also dense.

Next following [220] we define potential and solenoidal fields. A vector field
f € LP(U) is said to be potential (or solenoidal, respectively) if its generic
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realization f(7T,w) is a potential (or solenoidal respectively) vector field in
R?. Denote by L}, (U) (respectively, L” (U)) the subspace of LP(U) that
consists of all potential (respectively, solenoidal) vector fields. Introduce the

following notations,

Voor ={f € Lyoi(U), (f)u =0}, Vg ={f € L, (U), {f)n = 0}.
The following properties are known (see [220], page 138)

LP

pot

sol(U) - ‘/s;l:)l & Rd?

U)=vh, eRY L?

L;‘Iol(U) = (Vp

1
pot)

’ Lgot(U) = (Vp

i
sol)
Next, we consider (B.11) with the assumptions given by (6.42)—(6.46),
which guarantee the well-posedness of the nonlinear elliptic problem.
It is known (e.g., [220]) that as ¢ — 0 Vu, converges to Vuy weakly in

LP(£2) for a.e. w, and ug is the solution of
— div(a* (ug, Vo)) + a(ug, Vug) = f, ug € Wy'*(£2). (B.16)

Furthermore, a* and af; can be constructed using the solution of the following
auxiliary problem. Given 1 € R and ¢ € R? define Wye € Vlf . such that

(o}

a(w,n, € +wye(w)) € LL (U)% (B.17)

sol

Then a*(n, ) and ag(n, ) are defined as

a” (777 5) = <a(wa 7, 5 + wn,ﬁ(w)»m

ag(n, &) = {ap(w, N, & + wy ¢ (W))) - (B.18)

Moreover, a*(n,§) and af(n,§) satisfy similar estimates as a and ag with
different constants [220].

For parabolic problems, the homogenization also yields the macroscopic
equations of the same class. If we consider

Ou,
ot

where a.(x,t,1,&) = a(z/e’,t/€*,n,&) aoc(w,t,1,&) = ag(z/e’,t/e*, 0, &).
The homogenization of nonlinear parabolic equations depends on the ratio
between « and [ and is presented in [111]. The following cases are distin-
guished: (1) self-similar case (o = 23); (2) nonself-similar case (o < 20); (3)
nonself-similar case (o > 203); (4) spatial case (o = 0); and (5) temporal case
(8 =0). To introduce the homogenized operator, we introduce fast variables
y = x/e’ and 7 = t/e®. Moreover, denote by (-), . the average over y and
7. If a single variable y or 7 is used as a subscript, then the average is taken
with respect to that variables. Similarly, we denote by II, , the periodic box

- div(ae(x, ta Ue, VUF)) + aO,e(xa t7 Ue, vue) = f7 (Blg)
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in space and time, and correspondingly II, and IL, are periods in space and
temporal variable. The homogenized operator is given by

8u0

— —div(a*(x,t,u, Vug)) + ai(z, t,u, Vug) = f,

ot

where the homogenized coefficients are defined below.

For self-similar case (a = 2(3),

a*(n,€) = (a(y, 7,1, + VNpe))y.r,
ao™ (1, €) = {ao(y, 71, § + VNyg))y,r,
where N, ¢ is the unique solution of
ON, ¢
or

—divy a(w,n,§+ VyNy¢) =0

in IL, .
For nonself-similar case (a < 203),

a*(% g) = <a(yv 7,1, f =+ vNV],f»y,T?
a0*<77) 5) = <a0<ya 7,1, f + VNU,E»Z/,T?
where N, ¢ is the unique solution of
—divy a(y, 7,m,& + VyN,e) =0
in II, -.
For nonself-similar case (« > 2),
a*(777 5) = <a’(y7 T, g + an,E»yﬁ”
ao™(n,€) = {ao(y, 7,1, § + VNye))y.r»

where N, ¢ is the unique solution of
—divy, a(y,n,{+ VyNye) =0.

a(yv , 5) = <a(y’ 1, €)>T
For spatial case (a = 0),

a* (ta 777 g) = <a(y7 t: T]v § + VNn,§)>y
aS(t7 7, 5) = <a0(ya t, m, f + VNn,£)>ya

where N, ¢ satisfies

—divy a(y,t,n,£ + VyNye) =0

in IT,, for each ¢ (assuming the coefficients smoothly depend on ¢).
For temporal case ( = 0), the homogenized fluxes are defined by

a*(%mQ = <a(x77—7nu§)>‘r7
a?)(%%ﬁ) = <a0(w777a€)>'r~

(B.20)

(B.21)

(B.22)

(B.23)

(B.24)

For the results concerning the random homogenization of nonlinear
parabolic equations we refer to [111].
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