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Abstract

Simulating complex processes in fractured media requires some type of model re-
duction. Well-known approaches include multi-continuum techniques, which have been
commonly used in approximating subgrid effects for flow and transport in fractured
media. Our goal in this paper is to (1) show a relation between multi-continuum ap-
proaches and Generalized Multiscale Finite Element Method (GMsFEM) and (2) to
discuss coupling these approaches for solving problems in complex multiscale fractured
media. The GMsFEM, a systematic approach, constructs multiscale basis functions via
local spectral decomposition in pre-computed snapshot spaces. We show that GMsFEM
can automatically identify separate fracture networks via local spectral problems. We
discuss the relation between these basis functions and continuums in multi-continuum
methods. The GMsFEM can automatically detect each continuum and represent the
interaction between the continuum and its surrounding (matrix). For problems with
simplified fracture networks, we propose a simplified basis construction with the GMs-
FEM. This simplified approach is effective when the fracture networks are known and
have simplified geometries. We show that this approach can achieve a similar result
compared to the results using the GMsFEM with spectral basis functions. Further,
we discuss the coupling between the GMsFEM and multi-continuum approaches. In
this case, many fractures are resolved while for unresolved fractures, we use a multi-
continuum approach with local Representative Volume Element (RVE) information.
As a result, the method deals with a system of equations on a coarse grid, where each
equation represents one of the continua on the fine grid. We present various basis con-
struction mechanisms and numerical results. The GMsFEM framework, in addition,
can provide adaptive and online basis functions to improve the accuracy of coarse-grid
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simulations. These are discussed in the paper. In addition, we present an example of
the application of our approach to shale gas transport in fractured media.

1 Introduction

Multiscale phenomena in fractured media. Subsurface formations with discrete frac-
tures, faults, thin features are common in many applications. These include fractured sub-
surface formations, fractured composite materials, and so on. A main challenge in simulating
complex processes is due to multiple scale and high contrast. The material properties within
fractures can be very different from the background properties. Due to complex fracture
configurations, there are multiple scales and high contrast.

Fine-grid simulation for fractures. Constructing a fine-grid simulation model is
typically done in several steps (we refer [21] for the overview). As a first step, an unstructured
grid is used to describe the fractures. Then, the flow/transport equations are discretized on
the unstructured grid. A variety of techniques have been applied for flow simulation in
porous media with discrete fractures using both finite-element and finite-volume methods.
Within the finite-element framework, the standard Galerkin formulation ([5, 20, 23], 25]),
the mixed finite-element method ([15, [19] 26, 27]), and the discontinuous Galerkin method
([14], [18]) have been used to simulate single-phase and multiphase flow in discrete fracture
models. Within the finite-volume framework, formulations have been presented by, e.g.,
[, 17, 22, 29, 31, B3]. A hybrid approach combining the finite-element method for the
pressure equation and the finite volume method for transport has also been investigated
([16, 28, [30]).

The need for model reduction. Because of multiple scales and high contrast, some
type of model reduction is needed for simulating physical processes in fractured media.
Typical approaches divide the domain into coarse grids, where effective properties in each
coarse-grid block are computed [I1, B5]. The standard upscaling methods compute the
effective properties using the solution of local problems in each coarse block or representative
volume. However, it is known that these approaches are not sufficient as each coarse block
contains multiple important modes. This led to multi-continuum approaches [4, [, 24], 32,
341, 36], where several equations are formulated for each coarse block. In particular, the flow
equation for the background (called matrix) and the fracture are written separately with
some interaction terms. These approaches make several assumptions such as each continua
connected throughout the domain and the form of the coupling. Our goal is to show a
relation between these approaches and some multiscale finite element methods and further
discuss generalizations based on these approaches.

Brief introduction to the GMsFEM. The GMsFEM [9, 10} 12] follows the framework
of the Multiscale Finite Element Method (MsFEM) and is introduced to systematically add
new degrees of freedom in each coarse block. The new basis functions are computed by
constructing the snapshots and performing local spectral decomposition in the snapshot
space. It was shown that there is a spectral gap and the eigenvectors corresponding to
very small eigenvalues represent the connected high-conductivity networks. These dominant



eigenvectors represent fracture networks and can be thought as reduced degrees of freedom
representing each continua as explained later.

This paper. In this paper, we discuss a relation between the GMsFEM and the multi-
continuum approaches. As mentioned, the dominant eigenvectors represent the connected
fracture networks. For example, if there are n separate fracture networks within a coarse
block, then we will have n very small eigenvalues and the corresponding eigenvectors rep-
resent these fracture networks. We give a detailed comparison between the multi-continua
approaches and the GMsFEM in the paper. We discuss the interaction between different
continuum media. In multi-continuum approaches, this interaction is modeled based on
physical principles, while the GMsFEM approach provides a rigorous coupling between mul-
tiple continua. We note the GMsFEM automatically takes into account the interaction of
various continua between different coarse blocks, while in multi-continuum approaches, this
interaction is stated apriori based on physical principles [37]. We also present simplified basis
functions that are related to fractures if the fracture networks are identified.

In the paper, we discuss a coupled GMsFEM and the multi-continuum approaches by
considering fractures over a very rich hierarchy of scales. Our approach uses multi-continuum
at the fine grid and the GMsFEM for modeling the fractures that can be resolved on the
fine grid (see Figure . In this case, the method deals with a system of equations coupled
with the fracture network. First, we discuss a GMsSFEM for this system. Secondly, we
discuss approaches for computing the parameters of the multi-continuum system based on
local Representative Volume Element (RVE) computations. We discuss the setup of local
RVE problems and compute the parameters for the multi-continuum fine-grid discretization.
Since these parameters, in general, are heterogeneous, the use of coupled basis functions is
crucial, and their constructions will be presented. We will also discuss a relation between
the GMsFEM and the Multiple Interacting Continua (MINC) [32].

On the other hand, we establish a relation between offline GMsFEM and the multi-
continua approaches. The GMsFEM has several important fundamental ingredients that
can further be used to achieve higher accuracy and more efficiency. The first ingredient
includes the adaptivity. The GMsFEM’s adaptivity can be used to add multiscale basis
functions in selected regions. This concept can be effectively used to add new multiscale
basis functions in selected regions. The second ingredient of the GMsFEM is online basis
functions. These basis functions are constructed using the residual information (adaptively
in space and time) to speed-up the simulations. This can be used to speed-up the convergence
of the proposed method.

We will show numerical results. First, we discuss the GMsFEM’s basis construction and
numerically show how to identify the number of continua based on local spectral decompo-
sition and the spectrum. Then, we present a simplified basis construction and numerical
results for the GMSFEM using both simplified basis construction and a general approach.
In the second part, we demonstrate numerical results when the GMsFEM and the multi-
continuum approaches are coupled. In this case, the multi-continuum approach is used on
the fine grid. Our numerical results use both coupled and un-coupled basis functions and
show that the GMsFEM is able to couple with the multi-continuum appraoch and gives



accurate solution using few basis functions. The GMsFEM can be used for heterogeneously
varying multi-continuum problems. In [2], we have applied the GMsSFEM to shale gas flows
in multi-continuum media. In this paper, we also present an example of the application of
our proposed approach to shale gas transport.

Furthermore, we will present an analysis for the GMsFEM when the fine-scale problem is
described by a multi-continuum approach. In this case, the method gives a system of coupled
equations. We study the convergence of the GMsSFEM for cases when basis functions are
independently constructed and in a coupled fashion. In both cases, convergence results are
obtained.

The paper is organized as follows. In Section [2] we discuss the relation between the
GMsFEM and multi-continuum approaches. We develop simplified basis functions and show
numerical results. In Section [3] we discuss the coupled GMsFEM and the multi-continuum
approach. We also show numerical results in this section. The analysis is given in the

Appendix [A]

2 Relation between the GMsFEM and multi-continuum

The goal of this section is to highlight the similarities between the multi-continuum ap-
proaches and the GMsFEM. We assume that the fractures are resolved on a fine grid. We
show that (1) the GMSFEM can identify fracture networks and result in a similar system as
a multi-continuum approach, (2) the GMsFEM can resolve the detailed fracture and matrix
interaction, and (3) the GMsFEM basis functions can be computed in a simplified way.

2.1 Fine-grid equations in fractured media

We consider a detailed fine-grid discretization of the flow equation in the fractured media

c@ = div(kVu) + ¢, (1)
ot
where w is the solution, ¢ is the source term, s is permeability and c is porosity. The
permeability is large within fractures and the porosity has a smaller value in the fractures.
Fractures are modeled as one dimensional objects.
The domain D is divided into the fracture and the matrix region

D = D, ®; d;Dy,, (2)

where m and f represent the matrix and the fracture regions. d; denotes the aperture of the
i-th fracture and ¢ is the index of the fractures. We denote by k; the permeability of the
i-th fracture. D, is a two-dimensional domain and Dy, is a one-dimensional domain. The
system is written in a finite-element discretization. We introduce the concepts of fine and
coarse grids. Let TH be a coarse-grid partition (computational grid) of the computational
domain D into finite elements (triangles, quadrilaterals, tetrahedra, etc.). We assume that
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each coarse element is partitioned into a connected union of fine grid blocks. The fine-grid
partition will be denoted by 7", and is by definition a refinement of the coarse grid 7.
We use {z;}Y, (where N denotes the number of coarse nodes) to denote the vertices of the
coarse mesh 7 and define the neighborhood of the node z; by

= U{K] € TH; x; € KJ} (3)

See Figure [1] for illustration.
The bilinear form for the resulting system is

ouy,
/m m vhdx+z cf7 vhdac

Dy,i
+ / kmVuy - Vo, dr + Z/
m D

where vy, is the fine-grid finite element function, Vy is the derivative along the fracture lines,
¢m and Ky, porosity and permeability in the matrix, cs; and xf; porosity and permeability in
the fractures, and ¢« = 1, ..., N. The fracture permeability and porosity include the aperature
information d;. We remind that in our setup, we assume that a fine grid resolves some set of
fractures (very detailed), while each fine grid can contain many small fractures (see Figure
, i.e., multi-continua.

(4)
KfiVpup - Vo do = /quh dx,

fe

TH (CO&.I”SG Gl"ld) Multi-continuum
Fine Cell

V. RVE

Multi-continuum
Fine Cell

Wi

Coarse .

Neighborhood RVE

Figure 1: Illustration of a coarse neighborhood and coarse element.

2.2  Multi-continuum approach. A brief summary.

The multi-continuum approach is an average model, which is solved on a coarse grid. We
denote the solution for i-th continuum by wu; and assume that each continuum interacts with



every other, for the sake of generality. Then, we can write the resulting system as

ou; .

C”W = dlv(mVui) + Qi(ul, ey UN), (5)
where Q;(uy, ..., uy) is an exchange term, which can contain both space and time derivates
of w;’s [4, 6, 24], 32, [34], B6]. In a special case when each continuum only interacts with the
background, if the background is u;, then

sz% = div(k; V) + Q;(u1, u;) +q,

where ¢ is the source term. We write this equation as

/Cu»%vdm—f—/ /{iVui-Vvdx—/ indx:/qum, (6)
p Ot D D D

where u; is solved on a coarse grid using standard basis functions and v is a standard basis
function.

2.3 A brief overview of the GMsFEM.

We discuss the use of the GMsFEM on a coarse grid. The GMsFEM uses the coarse grid 77
and constructs a local reduced-order model for each coarse block, by constructing snapshot
solutions and extracting basis functions. Snapshots are constructed by solving local problems
subject to some boundary conditions. Below, we briefly discuss the snapshot calculations
and the basis computations.

2.3.1 Snapshots and multiscale basis.

We briefly describe the construction of the snapshot space Vi, . We refer to [9,12] for further
discussions. The snapshot space consists of local solutions. Harmonic functions can be used
to construct a snapshot space. We define 6'(z), where §/'(z) = 0,4, VI,j € Ju(w;), where
Jin(w;) denotes the fine-grid boundary node on dw; and solve the local problems with 6)(x)
as boundary conditions. More precisely, given a fine-scale piecewise linear function defined
on Ow (w is a coarse block and we omit the index i), we define ¢;”**" by the following

variational problem

owi™0) = [ U Gonde 3 [ T G =0 e ()

Ji f.i0w

and ;™" = §(x) on dw. Note that the source is also placed on fracture boundaries. The
snapshot space is defined as

‘/snap = Span{wlsnap : 1 S l S Ll}?



where L; is the number of functions in the snapshot space in w (a generic coarse block). We
also denote

o snap snap
Rsnap—[l vy WL ]

We note that the randomized boundary conditions [8] can be used to reduce the computa-
tional cost. In particular, we solve local problems subject to the boundary condition

where r; takes independent random values at every grid block in an oversampled region w™,
w C wt (see [§] for details). In this way, we can compute only n + 4 snapshots for n offline
basis vectors.
To construct the offline space, V., the local spectral problem is solved in the snapshot
space [13]. More precisely,
Aoff\l,off )\OHSOH\IJ (8)

where

A = lay,] = / o VU5 - V5 dx+z / oy VU 7 (e

Df me
S = [s5m] = / S U 3 [
Df jNw

To compute the offline space, we choose M smallest eigenvalues and form 1 = Z L Wollymap
form =1,..., M%. Furthermore, the partition of unity functions x; (taken to be linear ba-
sis functions supported in w;) is multiplied by the eigenfunctions in the offline space V. to
construct the resulting basis functions

1/}2,] l/le,off for 1<i< N and 1< ] < sz (9)

Here M3 denotes the number of offline eigenvectors that are selected for each coarse node
1. With the partition of unity functions, we obtain conforming basis functions in the space

Vo =span{e; ;0 1 <i< N and 1<j < Mg} (10)

We can write Vog = span{t;}, where N, = SN | M“i (here, we use a single index) and
define
= Wh---ﬂﬁ%]a

where 1); are nodal values of each basis function defined on the fine grid.

We remark that there are other discretizations, such as discontinuous Galerkin methods,
hybridized Galerkin methods, or other methods. Multiscale basis functions can be con-
structed following a general framework [9]. The use of discontinuous basis functions coupled
within DG can be an attractive approach for these applications and we will study it in the
future.



2.4 A numerical example demonstrating fracture networks and
associated eigenvalues

Next, we discuss some properties of multiscale basis functions, which show that the GMsFEM
basis functions can identify the fracture networks in a general case. Further, we present
some simplified basis computations, when the fracture networks have simplistic geometries.
We note that each basis function represents a connected fracture network. To show this,
we depict an example in Figure [2] with several fractures. In the figure, we also show the
eigenvalues. It can be observed that there are three very small eigenvalues and the fourth
one is large. The eigenvalue distribution shows that there are three fracture networks.
Our construction can detect the fracture networks when fractures have a complex spatial
distribution. Moreover, multiscale basis functions can capture the interaction between the
fracture and the background media.

ARSI AT L DT ST 2 832601 on 0 1416001 1677601 008 0 0094 1877201
. T 28X . - .
e L o o

Figure 2: GMsFEM basis functions in a domain w. The eigenvalues are \; = 1.26 - 10714,
Ao =23-10"", A3 =7.0-10"7, Ay = 0.16.

2.5 Simplified basis functions.

For simple cases, simplified basis functions can be constructed. For these basis functions,
we can choose constants within fracture networks and solve local problems. In this way, we
can avoid a general procedure. Our main approach, which we will test, is the following. For
each w, we define the fracture networks I'Y, ..., T, (see Figure {4). Each fracture network

I«
intersects with the boundary of w at the points B,”. Then, the multiscale basis functions

are defined as
rv
¢m(B;”) = Omj-
Here, L corresponds to the local solution operator @ These basis functions are multipled
by the partition of unity functions. The basis functions are plotted in Figure

Remark 1. There are other possible approaches that can be considered. For example, the
following approach can be an alternative. We denote each rectangle K C w and denote
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Figure 4: Illustration of coarse neighborhood and simplified basis functions.

internal edges by Ow!. We denote the fractures by TX ... TX in K and the boundary nodes
Bi=B,".
Then, the multiscale basis functions are defined as
L(¢m) =0,
Om(Bi) = i



2.6 Relating basis to fractures
If we denote the basis function for the i-th network by ¢.”, as described above, then

_ wj L wj
Uz‘—E ¢l

J

i

In this case, the coarse-grid equation obtained by the GMsFEM for the basis representing
the i-th fracture network can be written as

o dq:—i—/ V-V oy daj:/ q¢;" dx— /C—S S dx— /HVUS'V¢ZJZ dr,
/D ot : ¢ a9 2 Rk 2 :

Il =1,... The last two terms represent the interaction of the i-th continuum with the other
continua. In a special case when the interaction is only with the background, this implies
that the support of ¢;" and ¢;™ is empty unless j = 1 or j = 4. In this case, the equation
reduces to

/ e dz”/ WV Vi dr = / 497" dz — / O d / KV, - V6 da.
b t D D D ot D

Note that

2.7 A numerical example

In this example, we take D = [0,60]? and solve

c@ —div(kVu) =0, xz€D
ot

by resolving the fractures with an embedded fracture model on the fine grid (see e.g., [1]).
The model for & is shown in Figure [I We choose initial conditions u = uy = 1 and, as
the boundary conditions, we set u = 0 at the two points (0,24) and (0,48) and on other
boundaries we use zero Neuman boundary conditions. Here, T},,, = 300 is the final time.
We set ¢, = 0.1, k,, = 1072 for the matrix coefficients and ¢; = 0.01, k; = 10* for the
fracture.

We will compare the results in the weighted L§(u) norm and weighted H{(u) semi-norm
computed as

leullr, = v —unllL,/unl Ly leulm = [u—unlm, /|unl6,,

where ||ul|}, = [, ku®dz, |ul}y, = [(k Vu,Vu)dz, u, and u are the fine-scale and coarse-
scale (multiscale) solutions. In the simulation results, we use M to denote the number of
basis functions per coarse element for u and DOF' is the number of degrees of freedom.
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In Figure , we show solutions at the final time T,,,,. In Table , we present relative
errors for GMsFEM and simplified basis functions. The top portion of the table (“Standard
GMsFEM”) uses multiscale basis functions constructed from the spectral problems and take
the equal amount of basis functions in each coarse region. Here, M refers to the number
of basis functions per node. As we observe that if we take 4 basis functions per node, the
error is below 5%. In the second portion of the table, we show the results if basis functions
are selected based on small eigenvalues. M) refers to the case when we take only very small
eigenvalues that represent the fracture networks. In this case, the error is small. My —1 and
M, + 1 refer to the cases when we take one less or one more basis functions in each node.
In the bottom portion, we use simplified basis functions. As we observe that the simplified
basis captures the networks and provide a small error.

077 1.000e+00 0 0.77 1.000e+00

? 0‘521 O‘S-S\IIH O.32I_ O‘S%HHII i O‘BQI 0.5.5””‘.

Figure 5: Single-continuum background results. Left: Fine-scale solution DOF = 8917.
Middle: Coarse-scale solution DOF = 396 using GMsFEM. Right: Coarse-scale solution
DOF = 268 using simplified basis functions.

0.77 1.000e+00

3 The coupled GMsFEM and multi-continuum

In this section, we discuss a combined GMsFEM and multi-continuum method. We assume
that some fractures are resolved on the fine grid, while other fractures are represented using
a multi-continuum approach at the fine-grid level. As a result, we deal with a system of
equations with reaction tensors. We note that each continuum interacts with the resolved
fractures and, also, they interact among themselves. We discuss coupled and un-coupled
basis constructions. The coupled basis functions are important for some flow scenarios as
we discuss. The analysis of the method is given in Appendix [A]

We will consider two cases. In the first case, we simply use some values for transfer
coefficients ) and in the second case, we compute these transfer coefficients from RVE sim-
ulations. In both cases, we assume that each continuum is connected to the fracture. Thus,
the fractures are added to each continuum equation with an appropriate weight ~;, which
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M dn(Vor) | T30 [ AT
Standard GMsFEM

1 121 49.067 | 79.885

2 242 9.116 | 36.499

3 363 2.325 | 8.099

4 484 1.413 | 3.919

5 605 0.883 | 2.658

6 726 0.708 | 1.795

8 968 0.253 | 0.348

16 1936 0.095 | 0.089

GMsFEM by A
My —1 184 13.554 | 45.342
My 275 2.651 | 11.377
My+1 396 1.582 | 4.414
Simplified basis functions
all [ 268 | 1.850 | 3.799

Table 1: Single-continuum background. Numerical results of relative errors (%) at the final
simulation time. DOFy = 8917.

represents the amount of the fluid passed to the fracture network from the i-th continuum.
We can assume ) . y; = 1. The resulting equations have the following variational form

Oug Oug
/mcmsgv dzr + zl: /DN Cis U dz
—|—/ /iSVus-Vvdx+Z/

s = 1,...,N. Here, K, 5 is the fracture permeability that takes into account the interaction
of the s-th continuum with the resolved fracture network and ¢;, is the mass exchange
term that take into account the interaction between the fracture and the s-th continuum.
Note that ¢; 5, ki s, and ()5 depend on ~y,. This is a coupled system of differential equations
with multiscale high-contrast coefficients. The coupling is done via the right hand side and,
thus, multiscale basis functions can be constructed for separately for each equation using the
high-contrast permeabilities or jointly.

In our numerical simulations, we will consider two approaches for constructing multiscale
spaces as described in Appendix In the first approach (called un-coupled), multiscale
basis functions will be constructed for each continuum separately by considering only the
permeability x; and ignoring the transfer functions. This is the same as using single-phase
flow basis functions for each continuum and follows the GMsFEM approach discussed above.
In the second approach, the multiscale basis functions will be constructed by solving a

(11)
KisVus - Vodr = / Qsvdx,
D

fit
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coupled problem for snapshot spaces and performing a spectral decomposition as discussed
in Appendix [A] The resulting GMSFEM procedure is the same as the one presented in
Section [2.3], except that the construction of the snapshot functions is replaced by the coupled
approach discussed above. Note that a different spectral problem is used for a coupled basis
construction.

We present numerical results. We consider the model shown in Figure I} We consider a
dual porosity system for un-resolved fractures (uy) and matrix flow (u,,). For the un-resolved
fractures parameters, we set Ky = 107% and ¢; = 0.1. For the matrix parameters, we use
Km = 1077 and ¢,, = 0.01. Using DFN (discrete fracture network), we implement a resolved
fracture network (up), which interacts with both the un-resolved fracture system (80%) and
the matrix system (20%). That is both matrix and un-resolved fracture system communicate
with the resolved fractures. We set kr = 103, cp = 0.1. Here, we use the transfer parameter
Q = 250 - Ky, and Tpne, = 5000. In Figure 6], we show solutions at the final time. In Table
[, we present relative errors for GMSFEM and simplified basis functions. In this table, we
present the results when the basis is computed in a coupled way and separately for each
continuum using the flow equation (without transfer functions). From this table, we observe
that the GMsFEM using coupled basis functions provides better accuracy compared to that
computed with un-coupled basis functions. Moreover, we observe that when choosing 6 basis
functions per coarse node, we can obtain an excellent result using the GMsFEM. We have
also tested the GMsFEM with simplified basis functions. The results are similar to those
obtained from above. In particular, we observe a similar accuracy if we choose only basis
functions corresponding to very small eigenvalues. We observe large errors if we do not
choose eigenvectors corresponding to very small eigenvalues.

Fine-scale Coarse-scale
ompem 025 0s 05 ’ o

—

Figure 6: Dual-continuum background. Left: Fine-scale solution DOF = 17834. Right:
Coarse-scale solution DOF' = 536 using simplified basis functions.

3.1 RVE-based multi-continuum computations

A representative volume element can be used to compute the parameters in multi-continuum
equations. We follow a known procedure (see e.g., [21]). In this approach, we compute the
transfer parameters based on RVE simulations. We consider a case of two-continua at the
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M [ dim(Ver) | Lg(er) | Hi(er) [ L§(co) | Hi(ca) | H®(c1, 00)
Standard GMsFEM (un-coupled)

6 1452 0.846 | 1.966 | 0.846 | 15.938 4.519

8 1936 0.297 | 0.379 | 0.297 | 15.835 4.093

12 2904 0.148 | 0.188 | 0.148 | 14.213 3.670

16 3872 0.106 | 0.087 | 0.106 | 11.769 3.041

Simplified basis functions (un-coupled)
all | 536 [ 2.386 | 3.831 | 2.386 | 21.765 | 6.713
Standard GMsFEM (coupled)

6 1452 1.919 | 2.767 | 1.919 | 9.919 3.588

8 1936 1.052 | 1.154 | 1.052 | 2.840 1.335

12 2904 0.354 | 0.550 | 0.354 | 1.325 0.628

16 3872 0.124 | 0.102 | 0.124 | 0.643 0.194
Simplified basis functions (coupled)

all | 830 [ 2056 | 3439 | 2.056 | 6.234 | 3.690

Table 2: Dual-continuum background. Numerical results of relative errors (%) at the final
simulation time. DOFy = 17834. () = 250 - Ky,.

microscale and compute the transfer function based on RVE simulations. For this reason,
we solve the local problem with DFN (corresponding to (7))

0
ca—i — div(kV¢) = 0 in the RVE
and impose ¢ = 1 at the fracture nodes. One can also use a source term in the fracture or the
local eigenvalue problems see [21]. It is assumed that zero Neumann boundary conditions
are imposed on the rest of the boundaries. Then, the transfer coefficient is defined as

Q(t) = Ffrac(t)/(l - <€>matrix(t))‘

Q(t) will quickly reach an asymptote, which is used as a transfer coefficient. Here (&)matrix
is the volume average over the matrix region.

We present results for a dual-continuum coupled with the GMsFEM. We set ¢; = ¢,,, =
0.1, Ky = 1073, Ky = 1077, and ¢p = 0.01, kp = 10® for the fracture. Using DFN, we
implement the resolved fracture network with 80% in ¢y and 20% to ¢, as well as Ty, =
5000. Here, we use the transfer functions ¢y = 500 - &, for y < 5L, /10, Q2 = 920 - ,, for
y > 7L,/10, and linearize @) in between them, i.e., y € 5L, /10,7L,/10). The values of @
are computed using local RVE simulations. In particular, we set the pressure to be one and
compute () as the flux over the pressure difference in the fracture and the average pressure
in the matrix (see [21]).

In Figure [7, we plot both the fine-scale and the coarse-scale solutions at the final time,
and in Table[3] we report the relative errors for GMsFEM and simplified basis functions. The
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numerical results are obtained using the parameters as follows: ¢y = ¢, = 0.1, Ky = 1073,
km = 1077 and cp = 0.01, kp = 10° for the fracture. The resolved fracture network is
implemented using DFN with 80% in ¢; and 20% to ¢,,. In addition, we take the transfer
function @ = 250 - Ky, and T4, = 5000. The final time solution plots are shown Figure [7]
and the corresponding relative errors are reported in Table (3] where the results are shown
when the basis are computed in a coupled way and separately for each continuum using flow
equation (without transfer functions). Based on these results, we conclude that the GMsFEM
using coupled basis functions provides better accuracy compared to that computed with un-
coupled basis functions. Furthermore, we observe that when choosing 6 basis functions per
coarse node, we can obtain an excellent result using the GMsFEM. On the other hand, we
tested the performance of our method using simplified basis functions, and observed a similar
accuracy. Finally, we observe large errors if we do not choose eigenvectors corresponding to
very small eigenvalues.

Fine-scale Coarse-scale
omDexm® 025 0s 2 0s o 1 cooer oo’ oz oS o

Figure 7: Dual-continuum background with @ = @Q(x). Left: Fine-scale solution DOF =
17834. Right: Coarse-scale solution DOF = 536 using simplified basis functions. ) =
250 - Ky, and Qo = 920 - Ky,

Remark 2. We remark that the RVE can be used to approximate the effective properties.
To show this example, we assume that in each fine-grid, the multi-continua can be resolved.
In this case, we construct multiscale basis functions via local spectral decomposition in the
form

QSZ}ine = X%;equvﬁne'
As we discussed above, this equation is a multi-continua model obtained via the GMsFEM and

can be related to multi-continua (@ by constructing the basis for the corresponding continua.
When using RVFEs, the main challenge is to define

/ /@qu:j%e . quﬁfrf’ﬁne dx
D

using RVE computations. This is based on a localization assumption, which we introduce
next.
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M [ dim(Vor) | Lg(er) | Hi(er) [ L§(co) | Hi(ca) | H®(c1, 00)
Standard GmsFEM (un-coupled)

6 1452 0.837 | 1.925 | 0.837 | 30.542 13.869

8 1936 0.293 | 0.358 | 0.293 | 26.427 11.912

12 2904 0.148 | 0.193 | 0.148 | 23.165 10.440

16 3872 0.108 | 0.089 | 0.108 | 17.945 8.086

Simplified basis functions (un-coupled)
all | 536 [ 2343 | 3.870 | 2.343 | 36.649 [ 16.872
Standard GmsFEM (coupled)

6 1452 1.944 | 2.584 | 1.944 | 6.942 3.934

8 1936 1.070 | 1.200 | 1.070 | 2.197 1.452

12 2904 0.359 | 0.544 | 0.359 | 0.788 0.606

16 3872 0.129 | 0.105 | 0.129 | 0.375 0.193
Simplified basis functions (coupled)

all | 830 [ 2105 | 3.399 | 2105 [ 4.122 | 3.557

Table 3: Dual-continuum background. Numerical results of relative errors (%) at the final
simulation time. DOFy = 17834. ()1 = 250 - K, and Q2 = 920 - Ky,

We consider H”, which is the harmonic expansion in w, which is defined by solving local
problems in each K. We can use

/D KVHY (¢z ﬁne) VH (¢m ﬁne) dx

to approzximate the elements of the stiffness matriz. Our localization assumption uses the
local snapshots computed in the RVE for each w;, which we denote by RVE;. We denote

these RVE snapshots by @Z)fj‘;iz Then, we propose the following localization assumption

w w ./ w; RVE;
/I;KV% J(¢z ﬁne) VH l(¢m ﬁne) dx ~ /DKV%RVE] (Xﬁne i,fine ) ’ VHRVEZ (Xﬁne1/}:;‘;gle)

3.2 Numerical simulation of the shale gas transport

In this section, we add a case study for our method. We follow the example considered in
[2], where a shale gas transport with dual-continuum (organic and inorganic pores) (see also
[3]) is studied. In inorganic matter, we have

nplg = div((p;D; + cZRT . )Vc) + Qi

where ; is the inorganic porosity, D; is the tortuosity corrected coefficient of diffusive
molecular transport in the inorganic matrix, x; is the inorganic matrix absolute permeability,
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Thki =
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Computational mesh with fractures for shale gas transport.
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D has a length of 50 meters in both directions. The other model parameters used are as
follows. R = 831[J/(K - mol)], T = 323.0[K]|, Z = 1.0, p; = 20 - 10°[Pal, pyey = 5 -
10%[Pal, p;, = 10°[Pa, cinit = pi/(ZRT)[mol/m?], cypen = puwen/(ZRT)[mol/m?], p; = 0.025,
or = 0.025, o = 0.01 x; = 107[m?], k= 0.0[m?], K,y = 107m?], kpy = 107 [m?],
D, = D; = Dy, = 1078[m?/s], kg = 0.1, u = 107°[Pa - s]. For transfer functions, we set
o =10.0 [1/m?].

As we remarked, the purpose of this example is to show the geo-application of our ap-
proach. In Figure [9 we depict the solutions at the final time T}, = 500 days. We observe
that the GMsFEM with simplified basis functions provides a good agreement. In this case,
we have observed less than 1% in L? norm.

Fine-scale Coarse-scale
a1 a 149 E s e

2135

Figure 9: Dual-continuum background for shale gas transport. Left: Fine-scale solution
DOF = 18064. Right: Coarse-scale solution DOF = 938 using simplified basis functions.

4 Conclusions

In this paper, our goals are: (1) to investigate the GMsFEM for fractured media; (2) to study
the relation between the GMSFEM and the multi-continuum approaches; (3) to develop a
coupled GMsFEM and multi-continuum approaches for highly heterogeneous fractured me-
dia. First, we show that GMsFEM basis functions represent each continuum and these mul-
tiscale basis functions correspond to the eigenvectors associated with very small eigenvalues.
We propose simplified basis functions when fracture geometries are simple. Multiscale basis
functions contain the spatial information representing the interaction between the matrix
and the fractures. Numerical results show that the GMsFEM can provide an accurate so-
lution if we include multiscale basis functions corresponding to very small eigenvalues. The
latter represents the number of the continua in each coarse block. In the second part of
the paper, we develop a coupled GMsFEM and multi-continuum approaches. In this case,
fractures at the fine-subgrid are represented by a multi-continuum approach. As a result,
the GMSFEM is needed for a system of equations. In this case, we use un-coupled and
coupled basis functions. In the latter, the multiscale basis functions are constructed for
subgrid multi-continuum media in a coupled fashion. We present numerical results, where
we compute the parameters of the multi-continua from a subgrid problem. Our numerical
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results show that the GMsFEM is able to give solutions with good accuracy. The accuracy
is better when using coupled basis functions.

A Convergence analysis

In this appendix, we present the convergence analysis of our schemes. We will consider both
the un-coupled multiscale basis functions and the coupled multiscale basis functions as well
as an abstract formulation to be defined in the following. Note that the abstract formulation
can be applied to the practical cases presented in this paper. We consider the N-continuum
problem: find u = (uy, ug, - - - uy) such that u,;(¢,) € H(Q),i=1,--- , N, and

8ui
Z Ci (E’ vz-) = — Z a;(u;, v;) + q(u,v) + (f,v), te (0,7) (12)

7

for all test functions v = (vy, vy, -+ ,vy) with v;(t,-) € H (), where
ci(u,v):/ czuvdml—Z/ cjiuvde,
m Df]
ZZQZ/ u;)v; de,
JoiAd
a;(u,v) = / k;Vu - Vodr + Z/ ki Vu-Vvde.
m Df]

Note that all the summations are summing over all continua, that is, they are summing over
i,7=1,2,---  N. Next we define two global bilinear operators c(-,-) and a(-,-) by

c(u,v) = Zci(ui, v;), a(u,v) = Z a;(u;, v;).

Clearly, we have q(u,v) = q(v,u) and q(u,u) < 0 for all u(t,-),v(t, ) € [H}(Q)]". Equation
) defines our multi-continuum problem
We next define the operator a ( -) by

a® (u,0) = ( /

J

k;Vu-Voudr + Z/ ki Vu - Vv da
1 Dflﬂwj

for all u(t,-),v(t,-) € Hy(w;). This operator corresponds to the contribution of a;(u,v) in
the coarse region w;. We also define the corresponding global operator

a(j)(u, U) _ Z a(])<uz7 Uz)

i
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Finally, we define two bilinear operators ag)( -,-) and ag(-,-) by

ag)(u,v) = ql) (u,v) — q(u,v), ag(u,v) = a(u,v) — q(u,v)
for all u(t,-),v(t,-) € Hy(w;).

In the following, we will present the definitions of the un-coupled multiscale basis func-
tions and the coupled multiscale basis functions. For each case, we follow the general proce-
dure to first construct a local snapshot space for each coarse region w;, and then construct
an offline space (consisting of multiscale basis functions) using a suitable spectral problem
defined on the snapshot space. Note that the snapshot functions and the basis functions are
independent of time.

Coupled GMSFEM (snapshot space)

For each coarse region w;, we obtain the k-th snapshot function by solving the following local
problem: find 7" ¢ [V}, (w;)]" such that

aD (7 v) — g 0) =0, Vo € [Vio(w;)]Y,

Jj),snap __ Sk
- 9

with the boundary condition w,i on Jwj,

where V},(w;) is a fine-scale space and V}, o(w;) is the subspace of V},(w;) containing functions
with zero trace on the boundary of w;. In the above definition, the discrete delta function
Jr is defined as 0y = (9k.1, k2, -+ , Ok n) and each Iy ; is the discrete delta function such that
0 = 1 at the fine-grid node x;, € dw; and d;; = 0 at all other fine-grid nodes on dw;. Using
the above snapshot functions, we can define the local snapshot space by

Vinap(w;) = span{i? P - vk},

Coupled GMSFEM (offline space)

We will construct the offline space in this section. The offline space is spanned by all
multiscale basis functions. To find the multiscale basis functions, we use a local spectral
problem defined in the snapshot space. More precisely, for each coarse region w;, we consider

the following local eigenvalue problem: find the k-th eigenfunction ¢§€j ) e Vinap(wj) and the
k-th eigenvalue /\,(j ) such that

0 (6, 0) = AP sV(6(,v), Vo € Vinap(y),

where the bilinear form s is defined as

s9 (u,v) = Z (/ kil VX [Pu v do + Z/D /fl,ilvij|2uvd:r>
w; 1 /Dy

%
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and the eigenvalues are arranged in ascending order. Using the eigenfunction gzﬁg ), we can

define the k-th multiscale basis function by é; = X]¢ , where {x;} is a set of partition
of unity functions for the coarse-grid partition of the domain (2. Finally, the local offline
space is defined by Vg (w;) = span{gg(])| i < L;}, which is formed by using the first L;
eigenfunctions. In addition, the global offline space, Vy, is defined by Vg = Z Vi (w;).

Un-Coupled GMSFEM (snapshot space)

Now, we will present the construction of the basis for the un-coupled case. We first consider
the construction of the snapshot space. For each coarse region w; and for each continuum

i, we obtain the k-th snapshot function by solving the problem: find w(j e V) (wj) such
that

@w&“@,w=a Vo € Vio(w)),

with the boundary condition wk PP =6k, on Ow;.

Then, the local snapshot space for the coarse region w; and for the i-th continuum is defined
by |
1749, (w;) = span{w(j PP vk}, i=1,2,--- N.

snap

Un-Coupled GMSFEM (offline space)

We will construct multiscale basis functions for each coarse region w; and for each continuum
1. To do so we consider the following local eigenvalue problem: find the k-th eigenfunction
<;5,“ e Vi, (w]) and the k-th eigenvalue )\ ; such that

a?(90),v) = AN sP(¢Y), ), Vo e VI (w)),

1

where
s9 (u, )—/ EZ\VX]\qud:U—i—Z/ kil Vx| Pu e da.
wj Dfl

We assume that the eigenvalues are arranged in ascending order Usmg the above eigenfunc-
tions, we can define the k-th multiscale basis function by gf)k g X]gf)k ;- To define the offline
space for the i-th continuum and for the coarse region w;, we take the first L; eigenfunctions
and define V(i) (wy) = span{égﬂ k < L;}. Note that L; can depend on 4, but we omit this
1ndex to snnph %7 the notation. Then the global offline space for the i-th continuum is given
by VH =>.V ). Finally, the offline space, Vg, is defined by Vg = VA x V& x - x V.

Analysis

Now we are ready to present the analysis. We will first prove the following best approximation
estimates (see Lemmall]and Lemma[2)). We will compare the difference between the reference
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solution u, defined by , and the multiscale solution u,,s € Vg defined by

ch <8umsz, ) = =D ai(tmsis i) + 4(ms, 0) + (f,0), Yo € Vi, t € (0,T).  (13)

We also define the following norms
lulle = e(w,u),  ullz = alu,w),  ullf, = ag(u,w).

Lemma 1. Let u be the reference solution defined in (@ and U,s be the multiscale numerical
solution defined in . We have

T
lult, ) — s (£, )12 + A ot = a2,

. Th0(w —u)y 12 g 2 2
<cint ([ |5 [ o= i+ o) - . 12).

Proof. We write tps = (Ums 1, , Ums.n), Where s, is the component for the i-th contin-

uum. Using and , we have

(14)

8 mS
c( (u—u )JFZ&Z Ui = Umsi, V) — (U — Ums,v) =0, Vv e Vg, te(0,T).

Let w € Vi and v = w — u,,s in the above equation, we obtain

(W — Ups)
C <_ 5 ms - W — Ums> + ;az(wz — Ums,i, Wi — ums,i) — q(w — Ums, W — Ums)

O(w — u)
=cC (T > + Z az — Ui, W ums,i) - Q<w —u,w — ums)

O(w
< || == e = sl + e = wlagllew = el
t c
Therefore, integrating the above in time, we obtain ({14]). O

In the next lemma, we prove a similar result as by assuming an additional condition
on ¢, namely,

—q(v,0) < Dlllz, ¥V wve[H Q)Y (15)

Lemma 2. Assume that —q(v,v) < D|v||?,Vv € [HY(Q)]N. For the same u and u,, as in
Lemma[1], we have

T
lu(t, ) — s (8, )] + A = a2

. T 8(1U-U)2 r 2 2
<ot ([ |F5 a0+ [ o=l oo, - o, 2).
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Proof. Since fOT |t — s ||2 dt < fOT [t — s 2, dt and —q(v,v) < D|jvl[3, we have

T
lut, ) = tma(t, )2 + /0||u—umstdt
T
< Jlut, ) — st I + .A ot = a2,
T a _ 9
SCTmf(/ wﬁz_@
0 c

weVy 8t

<o ([ 125

This completes the proof. O

[ =l = gt = 0 = ) e+ 0. = (0, ) )

(D+1) [l =l de+ (0, = u(0.)[2).

We will use the above two lemmas to prove the convergence of our scheme. In particular,
we need to find a suitable function w € Vg and estimate the difference w — w in various
norms. The following is our strategy. We define the snapshot projection ugpap € Vinap by

usnap ZX] snap’ with ugrzapbwj - u|6wj7 (16)

where V4, is the snapshot space obtained by collecting all snapshot functions. We note that,
since the snapshot functions for each coarse region w; take all possible values on dw;, the
problem in is well-defined. Since w—u = W —Uspap +Usnap — U, it suffices to estimates the
two terms w — Uspgp and Ugpqp —u. Note that the term wugy,4, —u corresponds to an irreducible
error of our scheme, since this error cannot be improved by using our scheme. We assume
that this irreducible error is small by using a large set of snapshot functions. Based on this
argument, it suffices to estimate w — g,y by choosing an appropriate function w € Vy.

Note that ug,qp is in the snapshot space, which means that we can represent v as a linear
combination of all multiscale basis functions. To define w € Vg, we will take w as the
projection of ug,,, in the offline space. More precisely, we use the following construction.
First, for the case of un-coupled basis functions, we can represent

Usnap = (usnap,la Usnap,2; * *° usnap,N Usnap,i = Z Z Ck; i XJ ( )( ) (17>

Then the projection w of u in the offline space is defined as

w = (wy,ws, - W Z Zc,“ ]gj)(x). (18)

J k<L;

Second, for the case of coupled basis functions, we can represent
Usnap = Z Z Ck; Xj (J)< ) (19>
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Then the projection w of gy, in the offline space is defined as
w=">">" & t)x; (@)} (). (20)
j k<L,

Next, we will state and prove the main results (Theorem [1| and Theorem of this
appendix. As we will see, Theorem [I] and Theorem [2] follow from Lemmas [3], 5| and [6]

Theorem 1. For the un-coupled GMsFEM, let w and g,y be the reference solution and
snapshot projection in (@ and and let w € Vi be the projection of wsnq, defined in

(@. We assume . Then we have

[
(/ o

where A; = mlnjz{AL +1, i}

T
ﬁ+/uw—%mMﬁ+wm»—%mmwm
0

[tz w.12).

Theorem 2. For the coupled GMsFEM, let w and uspq, be the reference solution and snapshot
projection in (@ and and let w € Vi be the projection of ugs,q, defined in @ Then

we have
usnap ’ 2 2
/ H dH/ lw = wanapllZ,, A + 000, ) = (0,2
0

02 u T
S || dt 2 dt 0. )12
- A2 (/() H ot ag +/0 ||uHaQ + ||u< ) )HaQ) )

where Ny = minj{)\gj)ﬂ}.

w — usnap)

2
T
ot Cdta fo ”U) -

Usnap||?, fOT [ = Usnapll5, dt, and [[w(0, ") — tsnap(0, )| separately in the following lemmas.
Unless otherwise specified, the constant C' is independent of any scales and continuum.

We will proof the above two theorems by estimating fOT H

Lemma 3. Let u, Ugpqp, and w be defined as in Theorems and @ For the un-coupled basis
functions, we have
T 10w — Usnap) (|2 CE || 0uy2
e K
0 at Cc Al at
For the coupled basis functions, we have

/T H (W — Ugpap)
0 ot

CiX? Cl,iX? }
kil VX1 ki Viex;?)

_Ag‘at

‘IQ

where F = max; ;; {
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Proof. We will present the proof for the case of un-coupled basis functions. First, note that

Usnap,i ackl 2
H(usnap)t_thz S ZHZ X] p - ]¢kz
k<L;
() ?
2
Ci X ausna i acki )
=D / O | Lt 5 20 g
Z; oy VG = A
2
2 (4) (4)
Xj 2 ausnapi acki )
" / i— 3l VXl =), %ki | dr
% Dy Nw; ’fl,i|vaj|2 ’ 8t k<L; at 7
. 0Nt ) <= Oc(1)
() ki (4) (4)
< DEY Y 57| D 500k D —a %k
i j k>L; k>L

J

with D = maxgern{Dk} where Dk is the number of coarse neighborhoods intersecting
with K. By using the orthogonality of eigenfunctions, we have

| (1) ) = () IO
() ki (4) ki ©) kyi )
S Z ot k,i’kz: ot ki S Z /\(]) a; ( kz?qbk z)

) ot
>L; k>L; "k,

; 2
1 O\ 0
<30 Z(T 0 (61 6x))

Lj-i-l,i k
(4)
_ 1 CL( ausnapz ausnap,i ‘
N S
Lj+1y

Since u(j) is the a

snap,i

)_harmonic expansion of u; in w;, we have

a? (i) u) ) < a? (u;,u;)

(4) (4)
a(]) 8usnap,i 0usnap,i < a(J) 8Uz auz '
Z ot ot )= ot ot

and similarly
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Therefore, by summing over all 4, j, we obtain

del)(t) acd)(t) 1 du; du
() ki) () () [ Ui O
ZS Z o1 o D ot vl <> NG a;’ <8t’ 8t>

k>L; k>L; R
S0 Za’w(at’aJ
mlni,j{)\Lj-f-l,z’} 4.J

< D <8u 3u>
a mlnl]{)‘L 11, z} ot’ ot

For the case of coupled basis functions, we have sU)(-,-) = 3. Z(j)( ,+). By using the

same arguments, we have

. acﬁf < ) o) = 94 ®)
|(ana)e = will? < DEY 59| S0 =520, Y 0 =50
j k>L; k>L;
and
. dc? (t) ¢ () . 1 [0ul, oull,
() Z k ¢ Z k @] « _—_,0 '
ot k7 ot R | T\ e ot ot
k‘>Lj k’>L] L]+1
Since uéj,;)ap is the ag)—harmonic expansion of u; in w;, we have
ag) (48 ullly) < ) (u, )
and G
ausjna ausna i ou Ou
ag) p, P < ag) — = |-
ot ot ot’ ot
Therefore the proof is complete. 0

Before we estimate the terms fOT |w — Ugnapl||? dt and fOT [ — Usnap |2, dt, we first prove
the following lemma.

Lemma 4. For the case of coupled basis functions, if u satisfies

Z/ KkiVu; - Vvldrlr—i-Z/

Dflﬁw]

K1V pui-Vpvg doe —q(u, v) :/ fodz, Yov e [Hy(w;)]Y,

then we have

> / oiVul e+ 3 /D L mad Vgl = alguge) de
<cy (/

d |V x; [2u? dx) / AV oexlPu? de ).
w/{z|VX]|2f x+[JH| XJ|U“ x+z D /{l,| fX]|u x>

FNwj
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For the case of un-coupled basis functions, if u satisfies
/ ki Vu - Vo da + Z/ K1V pu - Vv de = / fuode, Yue Hi(w),
wj 1 Df 1MNw; wj

then we have

Z/ zX]|VuZ|2dx+Z/ l@m‘XﬂVfUPdl’

Dflﬂwj

<CZ (//{/ |VX |2f dx+/ K1|VXJ|2U2dLU+Z/ Kl,l|vij|2u2dx>
7 wj D

f1Nw;j

Proof. For the case of coupled basis functions, we take v = X?u and obtain

Z/ ki Vu; - V(X?ui) dzr + Z/ AR Vf(xfui) dr — q(x;u, xju) = / X?fu dzx.
i Jwi I w

Dy iNw; j

This implies

>

i wy

:/w.x§fud:c—2z</w_

J

<C / 2das+/ Kki|V da:—l— /
Z( Hz‘vX]Pf wj ’ XJ Z D

This completes the proof for the case of coupled basis functions. For the case of un-coupled
basis functions, the proof is similar and is therefore omitted. O

kx| Vug|* do + Z / kG |V pual da — q(xgu, x;u))

Dl Zr"le

KiXjwiVu; - VX do + Z/ KXWV fi; - VX dx)
1 Dflﬁw]

ki | Vx| u? dx) .

£0w;

Lemma 5. Let u, uspqp and w be defined as in Theorem and @ For the case of un-coupled
basis functions, we have

T C
/ ||w_usnap||2dt < ||u||2
0 Ay

For the case of coupled basis functions, we have

T C
/ [Jw = Usnap”iQ ||u||aQ7
0

where Ay and Ay are defined in Theorem [1] and [3
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Proof. We first define egj ) by
(9)
80 (t) )

Yo L i for un-coupled basis functions,

o) —

3% ()

aﬁkj ), for coupled basis functions.

Zk’>L

Note that

[lw — usnap”2

=z(/ W el Vel b+ 3 [
i Dy inw;
SDg Z(/ ki Ve (j|2dx+2/
SC’DZ(/ /ﬁlxj|Ve |2dx+2/
ij  \7%i b

In addition, we have

—q (Z xje(”,ije“)) < DZ D, ye?)
J J

where D is defined in the proof of Lemma [3]
For the case of coupled basis functions, using Lemma [4 we obtain

Z/ ki VX; Z”)|2dx+2/ ksl xe? P de — q(xge?, xseP) < € 59 (e, ey,

Dflﬂw]

kY xiel vy > et dx)
i i

ml,i|VfXje§j)|2 dm)

f1Nwj

m,¢X?|erZ(»j)\2 dz + s9 (e, ez(»j))> :

F1Nw;

Therefore, we have
lw = wsnapllag, < lw = Usnapl; — DZ )

< C sV (W, ),

For the case of un-coupled basis functions, using Lemma [4] again, we obtain

Z/ /ii|VXJ ]2 dx+2/ ml,k|vije,(€j)]2 dz < C sV (eV) W),
kUi

Dflﬂwj

Therefore, we have

[Jw — usnap”?z < Cz Sz(j)(ez(j)vez('j))-
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Finally, by the definition of the eigen-projection, for the case of coupled basis functions, we
have
1 . ) ) 1 . 1 .

a3 (e, eV)) < ———a¥ (Ugnap: snap) < A(Tagy(u, )

s(j)(e(j),e(j)) < < 45
>‘L]j+1 Lj+1

=3

and, for the case of un-coupled basis functions, we have

N 1 N 1 . 1 ;
s (e e) < el (e ) < 0 (anapss tanap) < i (. )
)‘L i+1,0 )\L i+1,0 )\Lj+1,i
This completes the proof. O

Finally, by using arguments similar as in the proof of Lemma(3] we can prove the following
lemma.

Lemma 6. Let u, Ug,qp, and w be defined as in Theorem and . For the case of un-coupled
basis functions, we have

CFE
Hw(O, ) — usnap( )HE < A_||U(O7$)||Z

For the case of coupled basis functions, we have

10, ) = Usnap(0, ) < C—HU(O 7)laq
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