Multiscale model reduction methods for flow
in heterogeneous porous media

Assyr Abdulle and Ondrej Budac

Abstract. In this paper we provide a general framework for model reduction meth-
ods applied to fluid flow in porous media. Using reduced basis and numerical homog-
enization techniques we show that the complexity of the numerical approximation
of Stokes flow in heterogeneous media can be drastically reduced. The use of such a
computational framework is illustrated at several model problems such as two and
three scale porous media.

1 Introduction

Fluid flow in porous media is an important and extensively studied process
in various applications. Depending on the application, different model and
description of a porous medium are used. One of the oldest models is the
Darcy equation, which is an elliptic partial differential equation (PDE), that
describes an effective fluid flow and pressure in a porous medium [12]. The
porous structure, whose geometry is not present in the Darcy model, is ac-
counted for in a permeability tensor. A more precise description is obtained
by considering the porous structure explicitly. Knowledge of the geometry of
the porous material allows to use a standard model of a fluid flow around ob-
stacles. One can use the Navier-Stokes equation but also the Stokes equation,
since the Reynolds number in porous media is often very small.

Let us briefly compare the aforementioned Darcy and fine scale Stokes
models. To apply the Darcy model, the permeability tensor of the material
is needed. It may be known for standard materials, it can sometimes be
obtained experimentally, or, as we present below, it can be computed from
the fine scale material structure. The fine scale Stokes approach does not
need any effective material property but the computational effort of a direct
numerical implementation scales with ratio between the macroscopic domain
of interest and the size (typically micrometer) of the pore structure. Hence,
this approach is unfeasible for fine porous structures since the number of
degrees of freedom is prohibitive.

Numerical methods that combine both models and bridge the Darcy and
the Stokes scale have been developed, see [2,8,10] and the references therein.
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The Darcy model is used on the macro scale and the effective permeabil-
ity is upscaled from localized fine scale Stokes computations. This upscal-
ing is based on the homogenization theory [16,17,7], which established that
a suitable upscaling of the Stokes model leads to the Darcy model. As an
example of a numerical realization of this mathematical upscaling proce-
dure we briefly describe the Darcy-Stokes finite element heterogeneous mul-
tiscale method (DS-FE-HMM) that was introduced in [2]. The finite element
method (FEM) with numerical quadrature is applied at the macro scale to
discretize the Darcy equation and the permeability tensor is recovered at
suitable quadrature points. Around every quadrature point we sample the
microstructure of the material and solve a Stokes micro problem in a micro
domain. The velocity solutions of the micro problems are then avereged to
obtain an approximation of the effective permeability that is in turn used to
solve the macroscopic Darcy problem. This approach avoids discretization of
the whole fine scale porous structure of the material and only zooms on the
microstructure where needed.

Most of the multiscale numerical methods for fluid flow in porous media
are indeed two-scale, since they consider only the macroscopic (Darcy) scale
and the microscopic (Stokes) scale. In practice, however, there are interesting
physical processes at more than two scales, for example manufacturing of
textile microstructures [13]. Such materials do not fit well into the two-scale
setting and modeling that goes beyond two scales is needed. We mention
for example [14,1] where multiscale methods for n—scale model (all of which
of Darcy type) have been developed. For simplicity, we consider here three-
scale models but with different physical model at each scale. The macroscopic
description is again the Darcy model with a permeability recovered from a
mesoscopic scale, where the fluid flow is described by the Stokes-Brinkman
equation. The structure of the porous parts of the mesoscopic domains is
described at an even finer scale, the microscopic scale, where the Stokes
model is used. We note that the Stokes-Brinkman equation provides a simple
coupling of the Stokes equation in the mesoscopic fluid part and the Darcy
equation in the mesoscopic porous part. The permeability in the mesoscopic
porous part is upscaled from the Stokes micro problems.

Both two-scale and three-scale numerical methods are computationally
intensive since we compute a large number of local meso or micro problems
(“the cell problems”) that are used to upscale the permeability tensor. Errors
that are committed by numerical approximation on all scales need to be
balanced to obtain an efficient method. While the time cost of such coupled
micro-meso-macro multiscale methods does not depend on the pore sizes, it
still grows quickly while refining the macroscopic domain. One approach to
reduce the computational time cost is to adaptively control the refinement
on each scale, which was successfully applied in the two-scale settings [2].
Further reductions are possible by exploiting redundancy in cell problems.
Model reduction techniques such as the reduced basis (RB) method [3] can
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be applied to select only the most significant cell problems which can lead to
a speed up of orders of magnitude [4].

In this paper we review two-scale and three-scale porous media and multi-
scale model reduction methods for fluid flow in such media. The cell problems
(micro and meso) can be paramterized and formulated in a common frame-
work that is suitable for the RB method. The main element of the RB method
is an affine decomposition of the parametric problem, which needs to be pro-
vided for the cell problems. The empirical interpolation method (EIM) [9] is
an important tool to obtain such an affine decomposition of the meso scale [5].

This paper is structured as follows. In section 2 we introduce the two-
and three-scale porous media and the corresponding flow models. Numerical
homogenization methods for such models are described in section 3 and the
combination with model order reduction techniques is presented in section 4.
Numerical experiments that illustrate the behavior of the multiscale model
reduction methods are provided in section 5.

2 Multiscale porous media and flow models

Let d € {2,3} and 2 C R? be a connected bounded domain in which we
consider a porous medium represented by a fluid subset 2. C {2, where e > 0
denotes the microscopic feature scale. Fluid flow in (2. can be modeled by
the Stokes equation: find a velocity field u® and a pressure p° such that

—Au® +Vp* =1 in (2,
divu® =0 in {2, (1)
u®=0 on 9f2,

where f is a given force field. For ¢ < diam({2) the geometry of §2. is too
complex, which makes its meshing and direct numerical solution to (1) pro-
hibitive. Instead, we examine the limit behavior of the solution (u®,p®) for
¢ — 0, which is studied by the homogenization theory. An effective limit so-
lution can be derived in various situations, in particular for periodic porous
media [6,16,17] and locally periodic porous media [11,2], as follows. First, we
extend the solution (u®,p®) from (2. to {2 and denote it (U, P¢). Second, it
can be shown that there exist a homogenized pressure p° and a homogenized
velocity field u® such that P¢ — p° strongly in L2 (£2)/R and U¢/e? — u®

weakly in L2(£2). Finally, the homogenized pressure p° is shown to be a so-
lution to the Darcy problem

V-a®(f-=Vp®) =0 in £,

2
a®(f—Vp") - n=0 ondf, @

where the effective permeability a° is related to the porous structure of 2.
as is presented below. Moreover, we have u® = a°(f — Vp?).

In the next two sections we describe the two- and three-scale porous media
that are illustrated in Figure 1.
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Fig. 1. The construction of 2. (top) and (2, ., (bottom).

2.1 Two-scale porous media

We recall the definition of periodic and non-periodic two-scale porous media
2. C 2. Denote by Y the d-dimensional unit cube (—1/2,1/2)%, let Ys C Y,
and set Yr = Y'\Ys. Here and subsequently the subscripts F and S stand for
the fluid and solid part, respectively. We define a two-scale periodic porous
medium in §2 by 2. = 2\ Upeza €(k + Ys). Homogenization theory requires
additional assumptions on Yg and Yy, but they are not too restrictive. We
assume that Yg is closed in Y, both Y5 and Y& have positive measure. More-
over, the sets Yy and R%\ U, czq (k+ Ys) are connected, have locally Lipschitz
boundaries, and are locally located on one side of their boundaries.

We define non-periodic porous media by allowing for a deformation of the
reference pore geometry. Consider a continuous map ¢ : R? x Y — Y such
that for every x € R? the function o(z,:) : Y — Y is a homeomorphism
with ¢(z,-), p(x,-)~t € Wh(Y). For any x € £2 we define the local porous
geometry as Y& = ¢(z,Ys) and Y7 = Y'\YS. We define a non-periodic two-
scale porous medium by

Q. = O\ Upega e(k + YER).

In the two-scale setting the homogenization theory relates the local porous
geometry (Y, YS) to the effective permeability as follows. For any point
x € Randi € {l,...,d} we solve the Stokes micro problem: find the velocity
field u>® and pressure p>* such that

—Au"" + VphT =e' in Y, u"* =0 on Yy,

. 4 4 3
divu"® =0 in Yy, u*® and p"* are Y-periodic, )
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where €’ is the i-th canonical basis vector in R?. We then define
a?j(x) :/ el utdy Vi,j €{1,...,d}. (4)
Y§

An explicit expression for a’(z) is generally unknown and must therefore be
computed numerically using (3) and (4).

2.2 Three-scale porous media

We consider porous media with a characteristic geometry at two different
scales €1 and €5, where €; > 5 > 0. If we apply the two-scale framework
with € = €1, parts of the micro domains Y}7 will contain a characteristic
geometry at scale e5/e; < 1. In other words, a part (or whole) of V¥ can be
considered as a porous medium with pores at scale €5 /e1. In this situation, a
direct numerical approximation of the micro problems (3) can become very
costly, if not impossible.

We now embark in defining a three-scale porous medium (2, ., C {2. Let
us start with the description of the meso scale. Let Yp C Y and Yy = Y\ Yp,
where P stands for porous part. We call (Yr,Yp) the reference mesoscopic
geometry. To provide a variation at the meso scale we consider a continuous
map o1 : R xY — Y with the same properties as the map ¢ defined for two-
scale porous media. For any x € 2 we define the local mesoscopic geometry
as Y = ¢1(z,Yp) and Y¥ = Y'\YZ.

The porous structure of Y7 is described by the micro scale. Consider a
continuous map @5 : R x R x Y — Y such that for every z,y € R? the map
@2(z,y,+) : Y — Y is a homeomorphism such that oo (x,v, ), pa(z,y,-)" 1 €
Whee(Y). Since we often fix parameters z and y, we simplify the notation
by denoting a pair of x and y simply as s = (z,y). That is, we can write
©2(2,Y,2) = pa(s, z). Let Zs CY and Zr = Y\ Zs be the miroscopic refer-
ence porous geometry. For any s € R? x R? we define the local microscopic
geometry as Z§ = @a(s,Yg) and Z§ = Y\ Z§.

For any x € {2 we have now two different ways to view the local porous
structure at z. First, we have the local mesoscopic geometry (Yi¥,Y7). Sec-
ond, we can use the micro structure to define a fine scale description

V& = Y\ Upega (e2/e1) (k + 255, ¥F = Y\YE.

Notice that Y# UYF = Y UYZ and Y§ C Y§¥ hence Y# C Yi#. We define a
three-scale porous medium in {2 by

.(251752 = Q\ UkGZd El(k/’ + }7S€1k>.

A fluid flow in §2., ., can be modeled by the Stokes equation as in (1).
If we apply a two-scale numerical method to the three-scale medium, we will
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need to solve the Stokes micro problems (3) in the domains }713” , that is: find

the velocity field »* and pressure p*% such that

—ART 4 VT =e' in Y§E, a® =0 on YT, )

diva®*® =0 in 1713”, %% and p*® are Y-periodic.
As we mentioned, a direct numerical solution to (5) might be infeasible due
to the complexity of Y/F? We overcome this issue by an approximation to (5)
using again a homogenization-based approach. As a first attempt, one can
try applying the Stokes model in the fluid part Y% and the Darcy model in
the porous part Y. The permeability at any y € Y5 can be upscaled from
the micro geometry Zz¥. However, the Stokes and Darcy models would need
to be coupled at the interface of ¥;¥ and Y§'. Such couplings, for example the
Beavers—Joseph interface conditions, are non-trivial due to different orders of
the models. We prefer a different approach that avoids interface conditions
completely by using the Stokes—Brinkman equation at the mesocopic level.
We thus consider the following mesoscopic problem: for any = € {2 and i €
{1,...,d} find the velocity u>®* and pressure p** such that

—Aub" 4+ Vpht 4 Ko%uh® = e in Y, u”? p* are Y-periodic,
diva** =0 inY,

where
Kooy — | G/ @) ity evg
’ 0 otherwise.

and the microscopic permeability b°(z,y) is defined below in (9). We set
ol (z) :/ e wrdy,  Vije{l,...d (M)
Y

The micro permeability tensor 8° : 2 x Y — R%*? depends on the micro
porous structure. For any s = (z,y) € £2xY we can compute b°(s) = b°(z,y)
by solving the Stokes micro problems

—Au®® + Vph® =€’ in Z3, u"* =0 on 07§, ®)
divu®* =0 in Zg, u®® and p»® are Y-periodic
for the velocity u”® and pressure p*, where i € {1,...,d} and define
0 _ 30 _ i -
bij(s)—bij(ﬂc,y)—/yme -u?’ dy Vi,je{1,...,d}. (9)
F

We have seen a two-scale and a three-scale model problem. In the two-scale
problem we use the macroscopic Darcy model (2) and the microscopic Stokes
model (3) with the effective permeability (4). In the three-scale problem
we use the macroscopic Darcy model (2), the mesoscopic Stokes-Brinkman
model (6), and the microscopic Stokes model (8) with the effective perme-
abilities (7) and (9).



Multiscale model reduction methods for flow in porous media 7

3 Numerical multiscale methods

We briefly describe here the numerical multiscale methods developed in [2]
to solve the model problems from section 2. We start with the macro scale
discretization, which is the same for both methods. In section 3.1 we outline
the discretization of the micro and meso problems, which are collectively
called cell problems. A common framework to work with all cell problems is
presented in section 3.2.

Let {7y} be a family of conformal, shape-regular triangulations of (2
parametrized by the mesh size H = maxgec7;, diam(K). We consider the
macro finite element space S'(Tz) of degree I € N given by

S'(Tu) = {a € H'(2); q|x € P'(K), VK € T},

where P!(K) is the space of polynomials of total degree [ in element K. For
every K € Ty we consider a quadrature formula (v, wk;)j=1,... Jm.. With
integration points xx, € K and positive weights wy . To achieve the optimal

Jmac

order of accuracy we assume that [, ¢(z)dz = > im wi,q(wk;) for any

qge P’ (K), where I’ = max(2] — 2,1). A direct application of the FE method
to (2) reads as follows: find p € S!(T)/R such that

Bu(p",¢") = Lu(d")  vq" € S"(Tu)/R,
where the discrete macro bilinear form and right-hand side are given by

Jmac

Bu(p",q¢") = Z Z wr;a" (2, )V (2k,) - V@ (2k;,),
KeTu j=1 (10)

Jmac

Ly(¢™) = Z Z wr,a" (zi,)f(zk,) - V' (2K, ).

KeTu j=1

The tensor a" that appears in (10) is a numerical approximation of a°
from (7) if we are in the three-scale settings. We use the tensor a” (a nu-
merical approximation of (4)) if we are in a two-scale setting.

3.1 Cell problems transformation and discretization
We recall that by cell problems we mean either

— the mesoscopic problem in the three-scale method (6), (7),
— the microscopic problem in the three-scale method (8), (9),
— or the microscopic problem in the two-scale method (3), (4).

The cell problems share many similarities. First, the unknowns are always
velocity and pressure. Stable FE discretization for such problems are well-
known and we will pick the Taylor—-Hood finite element pairs. Second, the
pressure is unique only up to an additive constant. Third, the velocity fields
are always integrated to obtain an effective parameter for the coarser scale,
see (7), (4), (9). To discretize any cell problem we proceed in several steps.
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1. A weak formulation is obtained with the help of a Lagrange multiplier
to normalize the pressure in order to obtain a unique solution in finite
element spaces of periodic functions.

2. A change of variables is performed to map the physical sampling domain
to the reference domain (such as Yg or Zy).

3. A Taylor-Hood FE pair is used to discretize the problem.

4. A quadrature formula is used if permeability data need to be upscaled
from a finer scale (this applies to the meso scale problem, where an ap-
proximation to b° will be evaluated only at quadrature points in Yp).

5. A discrete approximation of the permeability to be upscaled is defined.

We briefly discuss the method developed in [5] for the meso scale problem (6)
in the three-scale method and refer reader to [4] for a detailed description of
the micro problems. The weak formulation of (6) with a Lagrange multiplier
to normalize the pressure reads as follows: for any « € 2 and i € {1,...,d}
find a velocity field u*® € le,er(Y)”l7 a pressure p"® € Ly(Y), and a Lagrange

multiplier A»* € R such that

/Y (zd: Vu;’x -Vv; — p“*div V) dy

j=1

—|—/ Ko(x,y)ui’m-vdy:/ e -vdy VVEHéer(Y),
Y Y (11)

/ (—qdivu™® + \"%q)dy = 0 Vg € Ly(Y),
Y
/ kp“®dy =0 Vk € R,
Y

where the space H!, (V) consists of Y-periodic functions from H!(Y). We

er
map the problem (lpl) into the reference meso structure (Yr, Yp) by applying
the change of variables yo1a = ©1 (2, Ynew)- Next, we sum the three equations
into one to obtain a compact form that acts in Xmes = Hpo (Y) X La(Y) x R.
The resulting problem, which is symmetric and non-coercive, and the output

of interest a’ (see (7)) are given by: find U%® € X, such that

Ames(UM* Vi) = G

mes

ad.(x) = Gt

17 mes

(V7x) YV € Xmesv (12)
(U]a$7x) VL] S {17"‘7d}' (13)

where the bilinear form Apes(-, 5 2) : Xmes X Xmes — R and the right-hand
side GL.o(;®) : Xmes — R contain integral terms with coefficients that
depend on the Jacobian V,¢1(z, y).

We now discretize the problem (12). Let 7, be a conformal, shape-regular
triangulation of Y, where h; = maxge7;, diam(K). We assume that for every
K € Tp, we have either K C Yr or K C Yp. Let k € N and define the Taylor-
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Hood P¥*+1 /P* FE spaces given by

Vi o= (v e S¥1(T,)% v is Y-periodic},

P, ={q € 5" (Th,); q is Y-periodic}.
Let XI}Illles - Vr‘fllés X Plgés xR C Xmes- For every K € 7;“ we consider a

quadrature formula (yx;, Wk, )j=1,...,/m.. With integration points yx, € K and
positive weights wyc,. An optimal order of accuracy is achieved if / xay)dy =

E;}“‘T wi,; q(yx,) for any ¢ € P2+ (K). A discretization of (12) then reads:

For any z € 2 and i € {1,...,d} find Ufl’m XM such that
Aes(UR], Vi) = Gy (Vi 2) vV € XL, (14)
all(z) = Gl (U7 ) vi,je{l,....d},

where

AL (U, Vi) = Al ((u,p, A), (v, q, k) 2)

mes mes

Jmes

= > ZwK— 2. 01(@,yx, ) alyi,) - V() dy

KeTr, NYp j=1

/Z sl ) -3;;—aim,y)(g;;qﬁu&p))dy (15)

3,7=1

+/YT(96,1/)(/\61+M1)dy,

Gl (Vi) = Gl (v )i2) = [ (ag)e’ v,
Y
where we denote the Jacobian J = J(z,y) = Vyp1(z,y) and define

det(J)(())T )7, olz,y) = det()J T,
det(J).

p(x

r( (16)

Y) =
Y) =
In (15) we denoted by b"2 the numerical approximation of the micro perme-
ability b° defined in (9). While the formulation (15) can seem complicated,
it suffices to keep in mind the compact formulation (14).

We can apply the same approach to all the cell problems. The micro
problems need to be mapped to their respective micro domains (Yr in the
two-scale method and Zp in the three-scale method). For the micro problems
a quadrature formula is not required as there is not a finer scale than the
micro scale. To summarize our numerical procedure we sketch both numerical
multiscale methods in a diagram in Figure 2.
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[BH(pH gt = LH(‘JH)j
x €N
y\:’; meS UlljliE )
7 J,T, i
a‘z ( ) Gmlc(Uh ,1‘) [AﬁlleS(U;;T7 V; 17) Gines( )]

s=(z,y) €A xY
b7 (s) = Grase (U755 8)

mic

Fig. 2. A diagram of the two-scale method (left branch) and the three-scale method
(right branch). Vertical direction: the Darcy macro scale (top), the Stokes-Brinkman
meso scale (middle) and the Stokes micro scale (bottom).

3.2 General form of a cell problem

The various cell problems in our numerical models can be written in the
following abstract form. Let D be parametric space of dimension at most
2d and X be a finite-dimensional Hilbert space. We are given a symmetric
parametric bilinear form A : X x X x D — R and parametric linear forms
G': X xD —Rforiec{l,...,d} with the inf-sup stability property

A(U,V;
inf sup AU, Vi)

> >0 Yu € D.
dele S ol VI = % h

We are then interested in the evaluation of the output of interest ¢ : D —
R%*4 that is defined via the following variational problems: for any yu € D
and i € {1,...,d} find U* € X such that

AU, Vi) = GH(V; ), YV eXx (17)
Cl](/’[/) = Gl(UJ’M) V’L,] € {L?d} (18>

We see from Figure 2 that all cell problems can be written in the form (17), (18).

4 Model-order reduction

Both the two and the three-scale methods presented in the previous section
rely on the solution of a large number of cell problems of type (17) with
different parameters and the construction of an upscaled permeability (18) to
be used at a coarser scale. The effective permeability depends on a parameter
inD =80 or D= xY of dimension at most 2d, where d is the physical
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spatial dimension d = 2,3. The repeated evaluation of the permeability for
different values in D is a costly procedure as each evaluation relies on a
PDE solve. Model order reduction can be used in this situation to build
a low dimensional approximation of the solution manifold {U%*; u € D}.
In or approach, we use the reduced basis (RB) method to construct such a
low dimensional approximation space. The Petrov—Galerkin RB method [3]
has been successfully applied to the two-scale problem [4] and to the three-
scale problem in [5]. In section 4.1 we present an abstract version of the RB
methodology and apply it to the micro scale in section 4.2 and to the meso
scale in section 4.3.

4.1 Petrov—Galerkin RB method

For any i € {1,...,d} we construct a linear subspace X; C X that is spanned
by a small number of solutions to (17). We then project (17) to the solu-
tion space X; and a parameter-dependent test space Y} = T'(X;; i), where
T:X xD — X, called the supremizer operator, is defined below. The RB
approximation of (17), (18) then reads: find U} € X; such that

AU, Vip) = GY(Vip) YV ev) (19)

We define a RB approximation of ¢(p) with quadratic accuracy (see [15]) by

cii (1) = G'(Ufs ) + G (Ui p) — AU, Ui p)- - (20)

For any 4 € D and U € X we define T(U; ) € X as the unique element of

X such that (T'(U; ), V)x = A(U,V; u) for every V € X. The supremizer

operator T'(U; i) is well-defined and linear in U. Selecting Y/* as the test
space makes the method provably stable [3].

How do we construct a good solution space X;? And how can we quickly

evaluate (20) for any p € D7 Answers to these questions rely on splitting the

RB problem (19) and evaluating (20) at two different stages: an offline and
an online stage.

— The offline stage is run only once and it is used to construct the RB
space X; and precompute necessary values for the online stage.

— The online stage can be run after the offline stage repeatedly and it
provides a cheap and accurate approximation ¢*B(u) for any u € D.

The RB space X; is defined as the span of solutions U%* to (17) for
a carefully selected small set of parameters S° C D, where N; € N. Let
us denote (U»', U2 ... U»N) the result of applying the Gram-Schmidt
orthogonalization procedure on these solutions. We thus have

X; =span{U"", U"? .. UM},

The set S is constructed in the offline stage for every i € {1,...,d} using a
greedy algorithm. Given any S; (even empty) and a corresponding space X;,
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we can show that ||[U%# —U?{% lx < AE(p) for every parameter y € D, where
the accurate a posteriori error estimator AF(u) can be evaluated cheaply for
any p € D (see [4] for details).

Algorithm: Greedy RB construction. Select a training set = C D and a
tolerance &0 > 0. For each i € {1,...,d} we start with S* = () and repeat:

1. Find 2 € Z for which the value AF(1) is the largest.

2. If AB(f1) < gt01, we stop.
Else, we add i to S*, update the space X;, and continue with step 1.

The offline-online splitting requires an additional assumption: existence
of an affine decomposition of A and G*. Indeed, we assume that there exist
Q4,Qc < dim(X) and

— symmetric bilinear forms A%(-,-): X x X - R for g € {1,...,Qa},
— linear forms G%(-): X - Rforge {1,...,Qg} and i € {1,...,d},
— vector fields ©4 : D — R¥4 and ¢ : D — R,

such that for any U,V € X, parameter u € D, and i € {1,...,d} we have
Qa 4
A(U7 V’ /J’) = Zq:l 9q (/J’)Aq(Ua V)7

_ Go _ (21)
GU(Viu) =D~ OF (WG (V).

One can then apply an affine decomposition (21) in the system (19)
writing the RB solution as a linear combination Upf € X; in the form

Uik = SN @imUin ) where ot = (al”) .. ,af)T € RN is a vector of
unknowns. This transformation yields a dense linear system of low dimen-
sion. This linear system can be assembled in the online stage in a time cost
independent of dim(X) and the computation of solution a’# is usually very
fast. Thus, we can obtain a’* without reconstructing the complete RB solu-
tion U and use this information in (20) to compute the output of interest

cPB(u), again with a time cost independent of dim(X).

4.2 RB method at the micro scale

Micro problems in the two-scale and three-scale numerical methods are al-
most equivalent with the main difference being the parametric space. We have
D = {2 in the two-scale model and D = {2 x Y in the three-scale model. For
simplicity of notation we consider just one of them, the three-scale model.
Hence, we have a microscopic mesh size ha, a microscopic reference mesh 7p,,
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a Hilbert space X2

mic

Ah2 (U,V-s) Ah2 ((u,pJ),(v,q,ﬁ);S)

mic mic

/Z Z Pl ) g '8v._"ij(w)(g;waufp))dz

F =1 9y, dy;

and for any parameter s = (z,y) € 2 x Y we have

(22)
+ /ZF 7(s,2)(A\g + Kkq) dz,

Glzmlc( ) Gfmc((V7QaK‘);3) = / T(S,Z)ei 'VdZ,
Zy

where we denote the Jacobian J = J(s, z) = V,¢a(s, z) and define the coeffi-
cients p(s, z), 7(s,z), and o(s, z) exactly as in (16). To successfully apply the
RB method, we need to construct an affine decomposition (21) of the forms
Al and Gﬁmc The main obstacle in doing so are the coeflicients p;;, 03 ,
and 7. If we could express them in the following affine form

a1(8)b1(2) + - - + an(s)bn(2) (23)

we could factor the s-dependent terms outside the integrals and an affine
decomposition will be obtained. Decompositions of type (23) are not possi-
ble for arbitrary maps 2. However, if we assume that ¢ is piecewise (in z)
affine, then the Jacobian J will be piecewise constant, which yields a simple
decomposition of type (23). Assuming that ¢ is piecewise affine is a common
practice in RB methodology for varying geometries. In case that this assump-
tion is not valid, we can still rely on the empirical interpolation method (see
section 4.3) to obtain (23) at least approximately.

4.3 RB method at the meso scale

The micro scale forms (22) and the meso scale forms (15) are very similar.
They have the same terms containing p, 7, and o that we dealt with in the
previous section. Hence, it suffices to assume that ¢y is piecewise affine (in
y) and all but one term in (15) inherit an affine decomposition of the type
(23). The only problematic term in the meso problem (15) is the term con-
taining b™ (x, 1 (z,y)) . Following the finding of [5] we apply the empirical
interpolation method (EIM) [9] to obtain a decomposition

bhl ($7 501($7y)>_1 ~ a‘l(‘r)bl(y) + an(‘r)bn(y)7 (24)

where the number of terms n controls the precision of the approximation.
The EIM consists again of two stages: an offline stage and an online stage.
The offline stage is a greedy algorithm that runs only once. The online stage
allows a fast computation of the coefficients ay(z),as(x),...,a,(z) for any
given z € {2 by evaluating the left hand side of (24) for n selected values
of y. To achieve the best performance in the three-scale method, one should
combine the RB at meso and micro scale, which means that in (15) and
in (24) we the tensor use b®P instead of b"2.
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—0.2

Fig. 3. Numerical approximations to the solutions p® to the fine scale problem (1)
fore =1/4,1/8,1/16.
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Fig. 4. Macroscopic mesh Tz (left), solution p to the reduced basis two-scale
numerical method with 30 basis functions (middle), and an accurate approximation

of p° (right).
Yr possible local geometries Y

Fig. 5. From left to right: micro reference geometry Y, the microscopic mesh 7p,

and division of Y to nine subdomains, and two examples of a local porous geometry
Y&

5 Numerical experiments

We illustrate the presented techniques with a two-scale numerical experiment.
The code is implemented in Matlab and uses Matlab’s mldivide to solve
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dense and sparse linear systems. We use Py /P; Taylor—-Hood FE on the micro
scale and P; FE on the macro scale.

Let the macroscopic domain {2 and the initial macroscopic mesh Ty be
as depicted in Figure 4 (left). We assume that the straight edges on the top
and bottom of {2 are connected (periodic boundary conditions) and that the
force field is constant with £ = (0, —1). The reference microscopic domain is
depicted in Figure 5. The domain Y contains four holes that represent solid
obstacles. The domain deformation function ¢ can rotate the four obstacles
around and uniformly scale their size and position. To illustrate the range
of micro geometries, two examples of the deformed micro domains Y7 are
provided in Figure 5 . Moreover, we show how Yy can be divided into nine
parts such that ¢ is affine in each of them.

In Figure 3 we show the global variation of the porous structure for some
(relatively large) values of ¢ and solutions to the fine scale problem (1). In
the two-scale model we used reduced basis at the micro scale. Setting the
tolerance of the greedy algorithm to e¢,; = 0.01 we obtained the reduced
basis of size Ny = Ny = 40. The solution p is depicted in Figure 4 along
with a very accurate numerical reconstruction of p°. The numerical solution

pH is in agreement with the fine scale solutions as can be seen in Figure 3.

References

1. A. ABDULLE AND Y. BAI, Adaptive reduced basis finite element heterogeneous
multiscale method, Comput. Methods Appl. Mech. Engrg. 257 (2013), 201-220.

2. A. ABDULLE AND O. BUDAC, An adaptive finite element heterogeneous mul-
tiscale method for Stokes flow in porous media, Multiscale Model. Simul. 13
(2015), 256—290.

, A Petrov—Galerkin reduced basis approximation of the Stokes equation in
parameterized geometries, C. R. Math. Acad. Sci. Paris 353:7 (2015), 641-645.

, A reduced basis finite element heterogeneous multiscale method for
Stokes flow in porous media, accepted in Comp. Meth. Appl. Mech. Eng., 2015.

, A three-scale offline-online numerical method for fluid flow in porous
media, preprint, 2016.

6. G. ALLAIRE, Homogenization of the Stokes flow in a connected porous medium,
Asymptot. Anal. 2:3 (1989), 203-222.

, Homogenization of the Navier-Stokes equations in open sets perforated
with tiny holes i. abstract framework, a volume distribution of holes, Arch. Ra-
tion. Mech. Anal. 113:3 (1991), 209-259.

8. S. ALYAEV, E. KEILEGAVLEN, AND J. M. NORDBOTTEN, Analysis of control
volume heterogeneous multiscale methods for single phase flow in porous media,
Multiscale Model. Simul. 12:1 (2014), 335-363.

9. M. BARRAULT, Y. MADAY, N.-C. NGUYEN, AND A. T. PATERA, An ‘empiri-

cal interpolation method’: Application to efficient reduced-basis discretization of
partial differential equations, C. R. Math. Acad. Sci. Paris 339 (2004), 667-672.




16 A. Abdulle, O. Bud4¢

10. D. L. BRowN, Y. EFENDIEV, AND V. H. HOANG, An efficient hierarchical
multiscale finite element method for Stokes equations in slowly varying media,
Multiscale Model. Simul. 11:1 (2013), 30-58.

11. D. L. BRowN, P. Porov, AND Y. EFENDIEV, On homogenization of Stokes flow
in slowly varying media with applications to fluid-structure interaction, GEM Int.
J. Geomath. 2:2 (2011), 281-305.

12. H. DARCY, Les fontaines publiques de la ville de Dijon: Exposition et application
d suivre et des formules d employer dans les questions de duistribution deau,
1856.

13. M. GRIEBEL AND M. KLITZ, Homogenization and numerical simulation of flow
in geometries with textile microstructures, Multiscale Model. Simul. 8:4 (2010),
1439-1460.

14. V. H. HoANG AND C. SCHWAB, High-dimensional finite elements for elliptic
problems with multiple scales, Multiscale Model. Simul. 3:1 (2005), 168-194.

15. N. A. P1ERCE AND M. B. GILES, Adjoint recovery of superconvergent function-
als from PDE approzimations, SIAM Rev. 42:2 (2000), 247-264.

16. E. SANCHEZ-PALENCIA, Non-homogeneous media and vibration theory, Lecture
Notes in Phys., vol. 127, Springer, 1980.

17. L. TARTAR, Incompressible fluid flow in a porous medium—convergence of the
homogenization process, ch. Appendix, pp. 368-377, Vol. 127 of Lecture Notes
in Phys. [16], 1979, pp. 368-377.



