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ABSTRACT. In this paper we propose and analyze a class of finite volume element method
for solving a second order elliptic boundary value problem whose solution is defined in more
than one length scales. The method has the ability to incorporate the small scale behaviors
of the solution on the large scale one. This is achieved through the construction of the
basis functions on each element that satisfy the homogeneous elliptic differential equation.
Furthermore, the method enjoys numerical conservation feature which is highly desirable
in many applications. Existing analyses on its finite element counterpart reveal that there
exists a resonance error between the mesh size and the small length scale. This result
motivates an oversampling technique to overcome this drawback. We develop an analysis
of the proposed method under the assumption that the coefficients are of two scales and
periodic in the small scale. The theoretical results are confirmed experimentally by several
convergence tests. Moreover, we present an application of the method to flows in porous
media.

1. INTRODUCTION

Understanding and quantification of the phenomena and processes arising in engineering
and physics often involve solving boundary value problems with many scales. The existence
of heterogeneities, such as in the flow in porous media formations for example, occurs
either globally or locally which influence the behavior of the phenomena under investigation.
Consequently, attempts to primitively solve these problems numerically are challenging since
a vast amount degree of freedoms have to be devoted in order to produce the most accurate
predictions.

Besides utilizing the parallel computing technology which does not actually reduce the
problem size, there have been significant efforts to develop methods of obtaining effective
parameters that are defined on coarser models. This is also in conjunction with engineering
work that often requires only the knowledge of the processes on the large scale. The common
terminology for this practice is upscaling. Among the many literatures that deal with these
issues are [5, 7, 8, 11, 20] and references cited therein. In general, the more simplified
mathematical descriptions were motivated by homogenization theory (see, e.g. [18]).

A somewhat new direction in tackling this problem has been developed recently (cf.
e.g. [1,9, 15, 16]). The numerical methods presented in these papers have the ability to
capture the small scales effect on the large scale solution without resolving the small scale
details. In [15, 16] for example, this is implemented by devising the so called oscillatory
basis functions which are incorporated into the finite element formulation on the coarse grid,
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hence the name multiscale finite element method. The basis functions serve as the building
block of all small scales structures inherited from the original problem, so that they are set
to satisfy the leading order homogeneous elliptic equation in each coarse element. It should
be noted that the effectiveness of the multiscale finite element method is more significant
when the coarse element size is substantially larger than the small scale length.

The analyses and convergence tests for the case of two-scale periodic coefficients reported
in [15, 16] reveal that there exists an interaction between the coarse element size and the
small scale length. This kind of error, referred to as resonance error, is the ratio of these
two numbers. In effect, the error becomes large when these two numbers are close to each
other. This brings the use of oversampling strategy reported in [10]. Since it is believed that
the resonance error is originated from the boundary layer in the first order corrector of the
local solution, then solving the basis functions on larger domain than the specified coarse
element would diminish the boundary layer. This is the meaning of oversampling. One
drawback of the oversampling technique is that the resulting solution is nonconforming.
However, for some practical purposes where the sought quantity is the gradient of the
solution (flux) nonconformity should not cause a serious harm. The errors associated with
this nonconformity have been studied in [10, 21]. In particular, the authors of [21] have
shown that by a careful choice of global formulation of the problem, one can reduce the
nonconforming error.

In addition to capturing small scale effects on the large one, many engineering and phys-
ical applications such as those arising in the petroleum reservoir simulations, groundwater
hydrology and environmental remediation, desire to develop numerical methods that have
certain conservation features. This may be achieved by using mixed finite element, dis-
continuous Galerkin finite element, and finite volume methods. The finite volume method
(box schemes) has the simplicity of the finite difference method [13], and at the same time
enjoys the flexibility of the finite element method. For this reason this method is referred
to as finite volume element method [12, 19]. Recently, the trend is to view the finite vol-
ume element method as a perturbation of finite element method using certain interpolation
operator. This way, analysis of the method uses substantially the existing finite element
results and techniques [2, 3, 4].

In this paper we propose a two-scale finite volume element method for solving a class of
second order elliptic boundary value problems. We will follow the ideas from [10, 16, 15]
for the construction of the basis functions. An oversampling strategy will be utilized to
produce the nonconforming basis functions. The difference is the variational formulation
will be defined through finite volume method. Similar procedure has been implemented
in [17]. For the analysis, we concentrate on the two-scale periodic coefficients, so that we
may use the technique of the homogenization theory to obtain asymptotic expansion of the
solution. The main result is based on estimating the perturbation of this two-scale finite
volume element method with respect to its finite element counterpart.

The paper is organized as follows. In section 2 we present the model problem and revisit
several existing notations and tools required for developing the two-scale finite volume
element method and its analysis. Then section 3 is devoted to presenting the formulation of
two-scale finite volume element method. It includes an overview of homogenization theory
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FIGURE 1. Left: Portion of triangulation sharing a common vertex z and its
control volume. Right: Partition of a triangle K into three quadrilaterals

that will be used in the construction of the oversampling method and also in the subsequent
analysis. The method is focused on a two-dimensional space problems. However, extension
of the method to three-dimensional problems is straightforward. In section 4 we give an
H' estimate of the error, which will be for the case when the mesh size is larger than the
fluctuating scale of the continuous problem. Numerical examples aimed to investigate the
convergence and accuracy of the method are given in section 5 on problems with periodic
and random coefficients. Section 6 is reserved for concluding remarks.

2. MODEL PROBLEM AND PRELIMINARIES

We seek the solution u, = u(x,z/e) of the following boundary value problem:
Leue = —V - (A(x/e)Vue) = f(x) in Q C R?

2.1
(2.1) ue =0 on 0L,

where Q C R? is a bounded polygonal domain, ¢ > 0 is a small parameter, and A(z/¢) =
(Aij(z/€)) is a 2 x 2 symmetric positive definite matrix, i.e., there exists constants 3 >
a > 0 such that al¢|? < ¢PAE < BI€J? for any vector € € R? and for almost every z € €.
Furthermore, we assume that the coefficients A;;(y) is sufficiently smooth periodic functions
(with period 1) in y in a unit square Y = [0, 1] x [0, 1]. In our analysis it suffices to assume
that A;j(y) € W2(Y) (p > 2).

In what follows we describe some preliminaries that are necessary for the description of
our numerical method and its analysis. Let {T},}.;,.; be a family of quasiuniform trian-
gulations of a bounded polygonal domain €2, with hx denotes the diameter of the triangle
K € Ty, and h = maxg{hk}. Given the triangulation T} we describe the construction
of the control volumes as follows. 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 Zj, = |J; Z(K), and Zg = interior vertices of Zj,.
The control volume V, is defined as the union of the quadrilaterals K, sharing the vertex z
(see Figure 1). Let K be a domain in R?. We denote by Ly(K), the space of square inte-
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grable real functions over K, (-,-)x the inner product in Lo(K), || - | gm (k) and | - |gm (k)
the norm and seminorm of the Sobolev space H™(K) for m € N. We also introduce the
“broken” norm || - [|;,5 such that [[v[lmn = {> ker, HvH%m(K)}l/Q, and its corresponding

seminorm |- |, , such that [v]y,n = {> ger, |v|§{m(K)}1/2. Also we denote by |- |lwm (x) and
|- |szn(K), respectively the norm and seminorm of the Sobolev space W (K), m € N, p > 1.

Finally we designate by (-)x the mean of a function over K. We note that we suppress
the K in the notations whenever K = (), and suppress the index m whenever m = 0, i.e.,
H°(K) = Ly(K). Throughout the paper, C' and ¢ (sometimes with indices) will denote a
generic constant independent of A and e.

We denote the following two finite dimensional spaces:

(2.2) Xpn = {x € Hy(Q) : x |x is linear, x |so= 0},

2.3 Yy, = {€ € Ly(Q) : £ |y, is constant, z € Z0, € |y.=0ifz € 0Q} .
z h z

In the sections that follow we use the following interpolation operator I : X, — Y}, such
that Vx € Xp

(2.4) Inx =Y x(2)¥.,
ZGZ(’)L

where W, is the characteristic function of the control volume V,. Below we list several
properties of I, (see [2, 4] for details):

(25) (X7Ih¢) = (¢7 IhX) ) VX, ¢ € Xha

(26)  allxl® < [IxX|I” < c2llxl?, Yx € Xn, e2>e1 >0, [[IxIII* = (x. Inx)

(2.7) / Ipx dx —/ xdzx, Vx € Xp, for any K € Tp,
K K
(2.8) /Ihxds = /de, Vx € Xy, for any sideeof K € Ty,
& &
(2.9) Xl Lo (e) < XN Lo (e)s ¥ X € Xp, for any side e of K € T,
(2.10) IX = InxllL, () < Chilxlwix), VX € Xn, 1<p<oo.

3. A Two-SCcALE FINITE VOLUME ELEMENT METHOD WITH OVERSAMPLING

This section is devoted to the formulation of two-scale finite volume element method for
solving (2.1) and its necessary venue for the analysis. In subsection 3.1 we briefly review a
homogenization theory that will be needed for this purpose. The detail of oversampling is
presented in subsection 3.2. Then the formulation of the finite volume element method is
elaborated in subsection 3.3. In the following, the Einstein summation is assumed wherever
it applies.
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3.1. Overview of homogenization theory. Here we review some results from homog-
enization theory. First we define Ni(y), & = 1,2 to be the periodic solution in the unit
square Y with (Ny)y = 0 that satisfies the equation

(3.1) V¥ (A(y) VY Ni(y)) = =V A (y).

Here VY is the gradient with respect to the variable y and Vi?’ is the i-th component of the
VY. By homogenization theory (cf. [18]), the solution of (2.1) can be expanded as

(3.2) ue = ug + € Ni(x/€) Viug + €6,

where Vi is the k-th component of V. The function ug is the solution of the following
homogenized boundary value problem:

-V . (A"Vug) = f inQ,
ug =0 on 99,

where the entries of A*, denoted by Aj;, is expressed as

(3.3)

(3.4) Afj = /YAik ((5@' + VZN]') dy.
Regarding 0", we have the following estimate [18]:

Lemma 3.1. Let 6" be the corrector in (3.2). Then there exists a constant C' > 0 indepen-
dent of € such that

(3.5) e|0"h < C Ve

3.2. Oversampling and construction of the solution space. In this subsection we
present the oversampling strategy that will be combined with the finite volume element
method. We construct an intermediate basis functions {1#2,1’ =1, 2,3} in an oversampled
triangle domain S D K, diam(S) > 2hg by solving

(3.6) Ll =~V (A(x/e)Vyl) =0 in S,

where ¢! is piecewise linear along 95, and 1 (s;) = d;;, with s;, j = 1,2, 3 being the vertices
of S (see Figure 2). It follows from this construction that ¢¢ exhibit similar structure to u..
To be specific, ¢! has the following asymptotic expansion:

(3.7) WL = b + € N(z/e) Vih + €6,

where 1 is the linear homogenized part of 1!. Furthermore, we may write 0° = 1y V1§,
where i, k = 1,2, satisfy the following problem:

V- (A(x/e)Vne) =0 in S
Nk = Nk on 0S.
The function 7 enjoys the following property [10]:

Lemma 3.2. Let K € T}, such that K C S. There exists a constant C > 0 independent of
€ and hg such that

C
. < —.
(3.9) IVl Lo () < T

(3.8)
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S3

S1 S2

F1GURE 2. Oversampling of basis functions on a substantially larger domain
than triangle K.

Next, the basis functions {qbi,i =1,2, 3} on K are constructed by linear combination of

{yii=1,2,3}:

3
j=1
Substituting (3.7) to (3.10), we see that ¢! can be expanded as follows:
(3.11) ¢! = ¢h + € Ni(z/€) Vioh + € ci 07,
where
(3.12) =D i
j=1

The constants ¢;; are obtained by setting ¢6(zj) = 0;; which gives a system of linear equa-
tion. It is straightforward to see that the 3 x 3 matrix in this linear system is invertible.
Furthermore, since the oversampled domain S is not extremely larger than the triangle K,
the matrix is well conditioned. Now we denote the space of the approximate solution by
Vi, which is defined as the space spanned by ¢!|. We note that by this construction, the
basis functions are not continuous across K. We also set the basis functions to be zero on
0. Consequently V}, is no longer a subset of H!(Q).

Now we have the tool to expand the functions that belong to the space of our approximate
solution V4. So consider v € V},. Since the expansion of the basis functions was conducted

on a triangle K, we will also have the asymptotic expansion for vj on K. First we write
v = vl(z) ¢k, zi € Zy(K). Moreover, since 67 = Vi) we may define 6" using the

following equivalent representations:

(3.13) 0" = vl (21) cij 07 = v (i) cij i Vil = vh (22) me Viedh = mi Vil

Then by setting v = vl(2;) ¢! for z; € Z(K), and using (3.11) and (3.13), we have the
following asymptotic expansion for v € Vj,:

(3.14) ol = ol + eNp(z /) Vil + b

e —



ANALYSIS OF TWO-SCALE FINITE VOLUME ELEMENT METHOD FOR ELLIPTIC PROBLEM 7

on each triangle K € T},

3.3. Formulation of the method. At this point, we are in a position to describe the
two-scale finite volume element method for (2.1) that incorporates the small scale features:
to seek u? € V}, that satisfies the following local conservation property:

(3.15) —/ (A(z/e)Vul) -iids = | fdx, VzeZp,
oV, Vz

where 7 is the unit normal vector pointing outward on 0V,. Obviously, this construction
requires that the number of control volumes V, be equal to the dimension of V}. We note
that this formulation may be equivalently written as the following variational problem: Find
ul € V}, such that

(3.16) amv(ul, x) = / fdr VYx e X,
ZGZO

where the form apy(-,-) : H x H? — R is defined by

(3.17) arv @) == Y1) [ (Ale/vo)-ds,

zeZg oVz

with ﬁ,% = H*(Q) 4+ V, and H? = H*(Q) 4+ X;. In [2] it has been shown that using the
interpolation operator I in (2. 4) we have

(3.18) / fde = (f, ).

ZGZO

Now we can give another equivalent representation of ary (v, x). Consider a triangle K and
a control volume V. such that K NV, # ¢. Then using Green’s formula we get

(3.19) /K | Lavde= - /8 o AV ds - /8 L (A - ds

This equality and the interpolation operator Ij allows us to get

ary (v,x) Z Z / A(z/e)Vv) - i Ipx ds

(3.20) 8 i i
- Y {(Lev,Ihx)K + ((Al2/)V0) 7 Iix) o )
KeTy

By combining all these identities we may write the following equivalent Petrov-Galerkin
formulation of the two-scale finite volume element problem: Find u” € V}, such that

(3.21) apy(ul,x) = (f,Inx) VX € Xn,
with apy(-,-) as in (3.20).

In the standard finite volume element method, there is well developed technique for the
error analysis based on the existing results from its standard finite element counterpart (see
[2, 4] for detail investigation). The main idea is in viewing the finite volume element as a
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perturbation of finite element method with the help of the interpolation operator Ij. This
way, one can tap into existing analysis in the Galerkin finite element method to derive the
error estimates for finite volume element method.

In this paper we will follow similar procedure. However, due to the specific construction
of the basis functions and the corresponding finite dimensional space of the approximate
solution V},, that accounts for the scale features, we will employ Petrov-Galerkin formulation.
First, we introduce the Petrov-Galerkin formulation of the two-scale finite element problem
associated with (2.1): Find @ € Vj, such that

(3.22) arp(@l,x) = (f.x) ¥x € Xy,

where

(3.23) arp(,x) = Y (A@@/e)Vu!,Vx), Vol € Vi, x € Xy
KETh

By Green’s formula we may write arg(-,-) as
(324) aFE(”?vX) = Z {(Levéle)K + (A(x/e)Vv? ’ ﬁa X)@K}’ VU? S VhaX € Xp.
KeTy,

Moreover, by the construction of the basis functions of V} we have
(325) (LevélthX)K = (LGU?,X)K = 07 VU? € VhaX € Xh'
Using (3.24) and (3.20), we may define the following bilinear form D : V}, x X}, — R:

D!, x) = arp(v!,x) — arv (v, Ix)

(3.26) = > ((A@/e)Vol) it x — Inx) o
KeTy,

This bilinear form characterizes the two-scale finite volume element method as the pertur-
bation of two-scale finite element method. Our aim now is to estimate (3.26) , and in turn
use the existing results of the two-scale finite element method to obtain the convergence of
the two-scale finite volume element method.

4. CONVERGENCE ANALYSIS OF THE METHOD FOR CASE € < h

As mentioned earlier, the analysis proceeds with quantification of the perturbation be-
tween the two-scale finite volume element method and its finite element counterpart. In this
section we estimate (3.26), show the inf-sup condition of the bilinear form guaranteeing the
existence and uniqueness of the solution, and prove the error estimate. First we establish
the following lemma that will be used in the subsequent proof. We define a 2 x 2 matrix
B(z/€) such that its entries are written as

(4.1) Bij = Aij + € Ay, Vi N5,

where Nj is as in subsection 3.1.
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Lemma 4.1. Assume that there exists co > ¢1 > 0 such that

(4.2) alél? < &B;& < eol¢)? VEER
Then there exists Cy > Cq > 0 such that
(4.3) 01|VU?|K < |V7J6L|K < CQ|V'U?|K

for every v? € Vi, and for each K € T},

Proof. In what follows all the estimates are taken over the triangle K. Using (3.14) and
(3.13) and noting that v(})’ is linear in K, we have the following equality:

AV ol = AVl + AV (eNkVivlh) + €Ay V6"
(4.4) = (Ayj + €Ay ViNj + €Ay Vin;) Vvh
= (Bij + €A, Vin;) Vjvg.
Multiplying (4.4) by Vv we have
(4.5) Vv Ai; Vvl = Vg (Bij + €A Vi) V0.
Now by Lemma 3.2 we may use the assumption (4.2) to the term B;; + €A4;,Vn;, so that
(4.6) BIVug| |Vl > Vb Ay Vol = Vol (Bij + €A Vin;) Vvl > e1 |Vl |2,

from Which we obtain the right hand side inequality of (4.3). Similarly, multiplying (4.4)
by Vv, and by positive definiteness of A, we obtain the result for the left hand side of
(4.3). O

4.1. Estimate on the functional D. In this subsection we estimate the functional defined
n (3.26). By substituting (3.14) in (3.26) and noting that v{ in (3.14) is piecewise linear,
we may rewrite (3.26) in the form

D!, x) = Z ((B(x/e) V) i x — IhX)aK

KeTy

+ Z ( (z/€) eVGh) ﬁ,x—Ihx)aK

KeTy

(4.7)

for any x € X}, where the entries of B are as in (4.1). The following two lemmas are devoted
to estimate the two terms in (4.7).

Lemma 4.2. Assume that the coefficient matriz A(y) is 1-periodic functions along each
edge e of a triangle K. Then for every x € Xy, there exists constant C > 0 independent of
€ and h such that

(48) / (Bl /) -7 (x ~ Tux)ds < C°% [o sy Il o

for every edge e of a triangle K.
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s

4

Fi1cURE 3. Partition of an edge e into sub-segments Y, of size € and possibly
two segments Yj of size less than e.

Proof. Since the matrix A is 1-periodic along the edge, so is the matrix B defined by (4.1).
Choose a constant matrix B whose entries will be determined later. Since Vvé’ -7 is constant
on e, by (2.8) we have

/(B(rr/e)Vvé’) -7t (X — Inx) ds = /((B(rr/e) — B)Vog) i (x = Inx) ds
(4.9) ¢ ¢ N
=Ny, Vjvg /(BZ](.’/U/G) — Bz‘j) (X — IhX) ds,

where we have used Einstein’s summation on the last line. We note that I, x is discontinuous
along the edge e. Let z; and z, be the two vertices connected by edge e, and z,, be the
point of discontinuity (which is the midpoint e), and thus the integration in (4.9) may be
broken up into integration along (z;, z,) plus integration along (z,, z,). Starting from z,,
we may break up the segment (2, z,,,) into a number of sub-segments Y each of which has
size € and possibly one sub-segment Yj of size § < € (see Figure 3). Similar partition may be
implemented for segment (z,, z,). This partition implies that the integration in (4.9) may
be broken up into the sum of integral over all the sub-segments. Now it is obvious that the
matrix B is periodic with respect to the sub-segment Y. In what follows we will estimate
the integral (4.9) over the sub-segments Y, and Ys5. We choose the matrix B to have the
following entries:

~ 1

Obviously the estimate for integral over Y; is straightforward, since we have |B;; — BVU]
bounded, and |x — I x| < C'|Vx|e in Y/. Hence,

2
—~ €
(4.11) /Y (Bij — Bij) (x — Inx) ds < CE IX| i ()
8

where we have used the inverse inequality for x. Moreover, by choosing B as in (4.10), we
have the following indentity:

@12 [ By =By (I ds = [ By~ By)xds = [ (B~ Bi) (=) d,
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where

~ 1

4.13 X = x ds
(419 il b

Consequently, Poincare-Friedrich inequality and scaling argument gives us

(4.14) |Bij = Biill vy < CVEIVYBijll a0 < C Ve
Furthermore, due to the fact that x is linear on the edge e, we also have
(4.15) X = Xl Lo(v) < C €2 [Vx.

Hence, using (4.12), Cauchy-Schwarz inequality, (4.14), and (4.15) we have the following
estimate:

/ (Bij — Bij) (x — InXx) ds < ||Bij — BijllL,vo) IX — Xl 22 (v2)

€

(4.16) <Ce Vx|
62
<C i IX|m ()

Now we may sum over all Y, and Y/ and note that all terms on the (4.11) and (4.16) are
independent of € except the € itself. Thus,

/Zm (Bij — Byj) (x —Inx) ds = > / (Bij — Bij) (x — Inx) ds

#l Ye,Y!

(4.17) SC%’X’Hl(K) 3
Yov!

< Celxlm (k)

The same procedure described above may be implemented for (z,, z,) so that summing up
result from these two segments and applying inverse inequality to v(’)‘ give us

-~ €
(4.18) n; Vjvg/(Bz'j(x/E) = Bij) (x —Inx) ds < C 5 o6 | e (1) 1X 11 (1) -

Then the right hand side of (4.3) in Lemma 4.1 finishes up the proof. O

Lemma 4.3. Let e be an edge of triangle K, and 0" be as in (3.13). Then for every x € Xj,
there exists constant C > 0 independent of € and h such that

= €
(4.19) [ A/ V87 (= 1) ds < € 5 lellascae Wl o
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Proof. Using (3.13), Lemma 3.2, and the fact that x is linear on e, we have

[ At/ 0" i (1) ds < £ Vel [ - Tids

IN

€
C —|Vol'| h|x — Inx e
o IV b~ Il

N

€
Cy |06 |1 () [V x| P

€
< Cﬁ 06 [ (i) X ()

where we have used inverse inequality for Vv and Vy. Then right hand side of (4.3) in
Lemma 4.1 finishes up the proof. O

Theorem 4.1. For v! € Vj, we have
€
(4.21) D) < Cap 0 Ixlm Y x € X,

Proof. Considering (4.7), we may break up the integral over OK into the sum of integral
over the edges e. Then the estimate is obtained by straightforward application of Lemmas
4.2 and 4.3. O

4.2. Inf-Sup conditions and error estimates. We start by establishing the inf-sup con-
dition of the finite element bilinear form. Similar proof has also been conducted in [21].
Moreover, in [21] the authors derived an Ly error estimate for the two-scale nonconforming
Petrov-Galerkin finite element and demonstrated the smallness of the nonconforming error.

Lemma 4.4. Assume that (4.2) holds. Then the finite element bilinear form (3.23) satisfies
the inf-sup condition, i.e., for v? € Vi, we have

h
(4.22) sup arp(ve.x) Cre [0 ll1,n
xexn Xl
for some constant Cy. > 0 independent of €, h.
Proof. Let us define a 2 x 2 matrix M (z/e) whose entries are defined as
(4.23) M;; = Bij + €A Vin,

where B;;, V}, and 7; are as in section 3.1. By using the expansion (3.14) and noting that

vl is piecewise linear, we may write (3.24) as

(4.24) arp(vt,x) = Z (M(x/e)va,Vx)K.
KET,

Now by Lemma 3.2 we may use the assumption (4.2) to the term M;; = B;; 4+ €A, Vin;,
and thus by taking x = vé’ we have

h vh |2
(4.25) up WPECEN) 5 ] 2'1”‘.
xex,  Ixllm 06 11,1
Left hand side of (4.3) in Lemma 4.1 and the Poincaré-Friedrichs inequality finish up the
proof. O
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This inf-sup condition guarantees that there exists a unique solution to our two-scale
finite element problem. Now we may establish a variation of Céa’s Lemma written in the
theorem below.

Theorem 4.2. Let u. and @ be the solutions of (2.1) and (3.22), respectively. Then

(4.26) lue = @¢llin < (14 Cre) inf lue = v 1.
eV,

Proof. Let v € Vj, and x € Xj,. We have app(a? —v?, x) = arp(uc —v?, x) +app(@?, x) —
(f,x), where the last two terms cancel each other. Using this fact and in view of Lemma
4.4 we have

h
- aArp \Ue — UV, X
i@ — "l < Cpo sup “FEW ZVEX)
(4.27) XEX, x|z

< Cfellue = v [l -

The result follows from the triangle inequality ||ue — @1 n < |lue — vP{|1n + G2 — P14
and by taking the infimum over all elements of V},.

Next lemma is devoted to establishing the inf-sup condition of the two-scale finite volume
element bilinear form. The proof uses a standard procedure for the finite volume element
method perturbation argument.

Lemma 4.5. For sufficiently small ratio €/h the finite volume element bilinear form (3.20)
satisfies inf-sup condition, i.e., for v? € Vi, there exists a constant Cpy > 0 such that

h 1
(4.28) sup arv (e, Inx) Cro [0} 1,0

XEXp x| 7
Proof. Using (3.26) we may write
(4.29) apy (v, Inx) = app(vl,x) — D", x)

By Lemma 4.4 and Theorem 4.1 we have

hT
(4.30) sup VYOI 5 (00, ) ol
xexn  Ixllm h
Thus for sufficiently small €/h we have Cy, = Cy. — Cqe/h positive. O

Hence, as in the finite element case, we guarantee the existence and uniqueness of the two-
scale finite volume element solution by this inf-sup condition. We note that the following
lemma is a consequence of Lemma, 4.5.

Lemma 4.6. Let u € Vj, be the solution of (3.21) associated with (2.1). Then
(4.31) [ullin < CISI-
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Proof. By Lemma 4.5 and (3.21) we have

fidnx
(4.32) Crollutlon < sup YrinX),
N

Now using Cauchy-Schwarz inequality and (2.6) we have the result. O

Next we show that the difference between the two-scale finite volume element and two-
scale finite element solutions is small.

Lemma 4.7. Let ul € Vj, be the solution of (3.21), and 4" € Vj, be the solution of (3.22),
both associated with (2.1). Then we have

- €
(4.33) @t —wullin < (Crh+Cor ) IfI-
Proof. First we introduce a bilinear form

(4.34) d(f,x) = (fix —Inx) VY f€LyxeXp.

This bilinear form has the following approximation property [2, Lemma 5.1]:
(4.35) 1d(f, 01 < CRILFIIxH -

Using (4.34) and (3.26), we may write

(4.36) app(iy —ud,x) = d(f,x) = D(ul,x)  ¥x € Xp.

The terms on the right hand side of this equation are estimated in (4.35) and Theorem 4.1.
Dividing both sides by ||x||z: and taking supremum over all x we have

~h _ ..h
(4.37) sup arp (i — e, X)

€
< (Cahllf I + Carlful 1.0 -
vexn Il h

But Lemma 4.6 guarantees the boundedness of u”, and thus by Lemma 4.5 we have the

result. O

Theorem 4.3. Let u. and ul be the solutions of (2.1) and (3.21), respectively. Then,

€ .
(438) e~ s < (Coh+Co ) 1A 4+Co inf e — ol
eV

Proof. Let 4" be be the solution of (3.22). Using triangle inequality we have

(4.39) lue —wdln < Nue = g ln + @8 = ufll .
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h

In view of Lemma 4.7 it suffices to prove the first part. Now let v/

inequality, Lemma 4.4 and orthogonality of arg(-, ) we have

€ Vi. By triangle

lue = @l < llue = vl ln + llae = veln
~h . h
< Jlue — v} {lp + sup arp(lc — Ve, X)
XEXn x| 21
h
a U — V
:”ue_U?HLh—i— sup FE(uc — v, X)
XEX, x| 21
< Clfuc =1

(4.40)

Since v/ € V}, is arbitrary, we may take the infimum over all elements of V},, and the desired
estimate follows. O

Lemma 4.8. Let u, be the solution of (2.1). Choose v an element of Vi, such that for each

triangle K € Ty, vl (2) = uo(2), 2 € Zp(K), i.e., the homogenized part of v? coincides with
the homogenized part of u. on the vertices of the triangles. Then there exists a constant
C > 0 independent of € and h such that

€
(4.41) e = o2l < € (A luolse + 7 ol + V) -

Proof. By definition of the norm, it suffices to establish the estimate over a triangle K.
Using the expansion (3.2) and (3.14), we have

(4.42) e — v = (ug — V1) + eNpVi(ug — vf}) 4 €0, + €™

It has been well known that since v} is linear on K, the following estimate holds:
(4.43) luo — v | (1) < C o |uo] 20 -

Now since A;; € I/Vp1 (Y), e VN, is locally bounded. Hence

|eNE V(1o — v§) |11 (1) < max{e VN1l Lo x)s € IV N2l Lo a6 } 1o — o8 1)

(4.44)
<Ch ‘UO‘HQ(K).
Next using (3.13) and applying Lemma 3.2, we have

2
€
(4.45) 10" i) < € /K [Vl Vivg]* do < C 5 06 -

Moreover, it is clear that using triangle inequality, (4.43) we have

o6 |z 50y < C hluol 2y + [wol g ()

Finally, summing up over all triangles K € T} and using Lemma 3.1 to estimate 8%, we
obtain the desired estimate.
O

From Theorem 4.2, Theorem 4.3 Lemma 4.8 we immediately obtain the following:
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Corollary 4.1. Let u. and @ be the solutions of (2.1) and (3.22), respectively. Then there
exists a constant C' > 0 independent of € and h such that

(4.46) e — @l < clh+02%+cg Ve.

Corollary 4.2. Let u. and ul be the solutions of (2.1) and (3.21), respectively. Then there
exists a constant C' > 0 independent of € and h such that

(4.47) e — u|l1p < clh+02%+cg Ve.

Therefore, both finite element and finite volume element for two-scale method have the
same asymptotic convergence rates.

5. NUMERICAL EXAMPLES

In this section we present numerical experiments to assess the performance of the two-
scale finite volume element method. A convergence test of the method is reported which is
followed by an application to flow in porous media. In all of these computations, we have
used finely resolved numerical solutions obtained using finite volume method as reference
solutions. This is because it is extremely hard to come up with a boundary value problem
which has an exact solution. All the examples below use a unit square domain, 2 =
(0,1) x (0,1).

5.1. Convergence Test. For the convergence test, the methods are tested by solving (2.1)
with the periodic coefficient cf. [15]

Al fe) 2 4+ 1.8sin(27x1 /€) 2 + sin(2mxzy/€)
2+ 1.8cos(2mwa/e) 2+ 1.8cos(2mxy Je)

and

f=-L
The computation is implemented on a uniform rectangular mesh. Here N is the number of
coarse elements in each direction and n the number in each direction of sub-elements in a
coarse element.

In the following, the error is denoted by e = u, — u?, TS-FV denotes the two-scale
finite volume element method using conforming basis functions and TS-FV-O denotes the
two-scale finite volume element method with oversampling strategy. To investigate the
interaction between the components of error written in Corrolary 4.2, we show three sets
of scenario whose results are listed in three different tables. The first scenario deals with a
constant € while varying the number of coarse elements N. For this, the reference solution
is resolved on a mesh with 2048 elements in each direction. On the other hand, the second
scenario deals with a constant ratio €¢/h and a constant number of sub-elements n. Thus
once an € is given, the number of coarse element may be obtained from the specified ratio.
Consequently, for each case in this second scenario, the number of total elements used to
resolve the reference solution would be different. Finally, the third scenario uses a constant
number of coarse elements N, while varying the e (and consequently varying n also).



ANALYSIS OF TWO-SCALE FINITE VOLUME ELEMENT METHOD FOR ELLIPTIC PROBLEM

TABLE 1. Comparison of H' seminorm of solution error for e = 0.005.

N | TS-FV TS-FV-O
|6|1 |6|1 Rate
32 [ 64 | 2.142806 x 1072 || 8.188009 x 1073 | -
64 | 32 | 2.926952 x 1072 || 4.114026 x 1073 | 0.993
128 | 16 || 4.473100 x 1072 || 2.288907 x 1073 | 0.846
256 8 || 5.951678 x 1072 || 1.911220 x 1072 | 0.260
TABLE 2. Comparison of H! seminorm of error for ¢/h = 0.64 and n = 16.
N . TS-FV TS-FV-O
|€|1 |6|1 Rate
16 | 0.040 || 5.031755 x 1072 | 2.419640 x 10~2 | -
32 1 0.020 || 4.510508 x 1072 || 8.427971 x 1072 | 1.522
64 |0.010 || 4.475054 x 1072 || 4.388929 x 1073 | 0.941
128 | 0.005 || 4.473100 x 10~2 || 2.288907 x 1072 | 0.939

17

All results pertaining to the error of the solution in H' norm are listed in Tables 1, 2, and
3. In general we see a significant improvement using the oversampling strategy (TS-FV-O).
Table 1 shows comparison of the H; norm of the error of the approximation taken against
the number of elements N and n with a constant ¢ equal to 0.005. Obviously, TS-FV
gives the worst results for fixed N x n with n decreasing since we have introduced more
intercourse finite element boundaries, which in turn generate some errors. It may be seen
from Table 1, that when preserving the €, and letting the h decreases, the convergence in
TS-FV-O (also in TS-FV) deteriorates when €/h ~ 1. It should be pointed out that for
cases around this regime, Corrolary 4.2 might not be true anymore. In Table 2 we present
the corresponding error in the case of the ratio ¢/h = 0.64 and n = 16. From Table 2
we see that the first order convergence for TS-FV-O is relatively maintained irrespective
of the value of h. This phenomenon gives a hint that the O(e) constant (C3) in Corrolary
4.2 is smaller than the O(h) constant (C7). Finally Table 3 gives the comparison for a
constant N = 32 and varying €. The table indicates that the TS-FV-O errors do not change
significantly compared to TS-FV errors, which suggests that the O(e/h) is more dominant
in TS-FV than in TS-FV-0. This fact shows that the oversampling strategy has reduced
the resonance error inherent in the original two-scale method. Similar comparisons for Lo
norm errors are presented in Tables 4, 5, and 6. It is apparent that they exhibit similar
behaviors as in H; norm. This finding is consistent with the investigation conducted by the
authors of [21].

5.2. Application to Flow in Porous Media. In thissubsection we present an application
of the two-scale finite volume element method to a flow in porous medium. The problem
considered is typical representation of a cross section of a subsurface. In this case, (2.1)
governs a pressure distribution over the domain. As before we set our domain Q = (0,1) x
(0,1), with a given pressure on the left and right boundaries, i.e., u(x; = 0,22) = 1, and
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TABLE 3. Comparison of H' seminorm of error for N = 32.

TS-FV TS-FV-O
€ n
lef1 lel1
0.020 | 16 || 4.510508 x 10~2 | 8.427971 x 103
0.010 | 32 |/ 2.975713 x 1072 | 8.195283 x 103
0.005 | 64 || 2.142806 x 102 || 8.188009 x 10~3

TABLE 4. Comparison of Ly norm of solution error for ¢ = 0.005.

N | a TS-FV TS-FV-O
[lell llell Rate
32 | 64 | 8.735775 x 107° || 1.938853 x 10~ -
64 | 32 | 1.720292 x 10~* || 4.812917 x 1076 | 2.010
128 | 16 |/ 2.941193 x 1074 || 2.336342 x 1076 | 1.043
256 8 | 3.683877 x 1074 || 6.251241 x 10~7 | 1.902

TABLE 5. Comparison of Ly norm of error for ¢/h = 0.64, and n = 16.

N

€

TS-FV

TS-FV-O

el

el

Rate

16
32
64
128

0.040
0.020
0.010
0.005

3.898167 x 10~*
3.172062 x 10~*
2.986045 x 1074
2.941193 x 10~*

8.649052 x 107
2.146057 x 107
5.077901 x 1076
2.336342 x 106

2.011
2.079
1.120

TABLE 6. Comparison of Ly norm of error for N = 32.

TS-FV TS-FV-O
€ n
le]] le]]
0.020 | 16 | 3.172062 x 10~* || 2.146057 x 107>
0.010 | 32 | 2.086535 x 10~* || 1.886330 x 10~°
0.005 | 64 | 8.735775 x 1072 || 1.938853 x 10~°

u(x1 = 1,z9) = 0 while the top and bottom boundaries are closed to flow, i.e. ug,(z1,29 =
0) = ug, (1,22 = 1) = 0. For this example, the finely resolved model uses 1024 x 1024
elements.

Moreover, the matrix A is set to be a diagonal matrix with A;;(z) = k(x), which is
called the absolute permeability. Instead of using a periodic functions, we use k(x) as a set
of randomly generated numbers realized in 1025 x 1025 grid points, given its correlation
structures (I, and I, ), covariance model and overall variance quantified via ¢ which is
the variance of log k. We consider a GSLIB model developed in [6].

In the examples below, we concentrate on the anisotropic case, where in practical applica-
tion is the most difficult to upscale. We have used [, = 0.4 and [, = 0.01 with exponential
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7’45
140
135
130
125
120
115
FicUrE 4. Comparison of horizontal velocity for anisotropic absolute perme-
ability with o = 1.5: (left) finely resolved model with 1024 x 1024 elements,
(right) two-scale FVE with 64 x 64 coarse elements
TABLE 7. Results for anisotropic case, I, = 0.40, [, = 0.01, 0 = 1.0.
N | n e er (%) €, [N
323212260724 x 10~* | 0.039 |3.532075 x 1072 | 1.97
64 | 16 | 1.198503 x 10=* | 0.021 | 2.741758 x 1072 1.53
128 | 8 8.155836 x 107° | 0.014 |2.305173 x 1072 | 1.28
256 | 4 ]5.907592 x 1075 | 0.010 | 1.928818 x 102 1.07
TABLE 8. Results for anisotropic case, I, = 0.40, I, = 0.01, 0 = 1.5.
N | n e er (%) €, ez (%0)
32 (328140234 x 10~ | 0.141 | 1.197157 x 10~' |  3.80
64 | 16 | 4.406654 x 10=* | 0.076 | 8.694687 x 1072 2.76
128 | 8|3.198741 x 10~* | 0.055 | 6.950237 x 102 2.20
256 | 4] 2.022701 x 10~* | 0.035 | 5.643796 x 1072 1.79
covariance model, and ¢ = 1.0. Table 7 presents the pressure error e = |ju — u"|| and
the horizontal velocity error e;, = ||k(uz, — ul )|, and their corresponding relative errors,

er = e/||ul|, and ey, » = ez, /||kuy, ||. On the second example shown in Table 8, we use the
same correlation lengths and structures, and ¢ = 1.5. In all examples, we see that as h
decreases, the errors decrease as well. Comparison of the visualized horizontal velocities are

shown in Figure 4.
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6. SUMMARY

In this paper we have proposed a two-scale finite volume element method for solving
a second order elliptic problem with fluctuating/heterogeneous coefficients. The method
has the advantages of capturing the small scale effects on the large one, and numerically
conservative on the coarse mesh. The analysis presented reveals that in the case of periodic
coefficients, the method converges to the homogenized solution as ¢ — 0. Although the
analysis of the method was performed for periodic structures, the method itself is not
limited only to this case. We have employed the two-scale finite volume element method for
several applications such as upscaling for multiphase flow problem and nonlinear convective
and parabolic equations [14].
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