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ABSTRACT

Multiscale Numerical Methods for Some Types of Parabolic Equations. (August
2008)
Dukjin Nam, B.S., Hanyang University, Korea;
M.S., Hanyang University, Korea

Chair of Advisory Committee: Dr. Yalchin Efendiev

In this dissertation we study multiscale numerical methods for nonlinear parabolic
equations, turbulent diffusion problems, and high contrast parabolic equations. We
focus on designing and analysis of multiscale methods which can capture the effects
of the small scale locally.

At first, we study numerical homogenization of nonlinear parabolic equations
in periodic cases. We examine the convergence of the numerical homogenization
procedure formulated within the framework of the multiscale finite element method.
The goal of the second problem is to develop efficient multiscale numerical techniques
for solving turbulent diffusion equations governed by celluar flows. The solution near
the separatrices can be approximated by the solution of a system of one dimensional
heat equations on the graph. We study numerical implementation for this asymptotic
approach, and spectral methods and finite difference scheme on exponential grids are
used in solving coupled heat equations. The third problem we study is linear parabolic
equations in strongly channelized media. We concentrate on showing that the solution
depends on the steady state solution smoothly.

As for the first problem, we obtain quantitive estimates for the convergence of
the correctors and some parts of truncation error. These explicit estimates show us
the sources of the resonance errors. We perform numerical implementations for the

asymptotic approach in the second problem. We find that finite difference scheme



v

with exponential grids are easy to implement and give us more accurate solutions
while spectral methods have difficulties finding the constant states without major
reformulation. Under some assumption, we justify rigorously the formal asymptotic
expansion using a special coordinate system and asymptotic analysis with respect to

high contrast for the third problem.
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CHAPTER I

INTRODUCTION

The purpose of this dissertation is to develop and analyze effective numerical
methods for multiscale phenomena. Multiscale phenomena are involved in many
areas, such as oil and gas science, earth atmospheric science, plasma physics, and
so on. Analyzing and simulating directly these phenomena are difficult due to a
wide range of scales. Consequently, in order to perform analysis and simulation of
multiscale problems, it has been considered to use several ways, such as singular
perturbation methods [6], asymptotic analysis, upscaling, homogenization, and so
on. In this dissertation, we focus on developing numerical methods for the problems
for porous media simulations and turbulent flows.

Our methods use homogenization theory to study the limiting behavior of the
solution, as the microscopic scale tends to zero. The main idea of numerical ho-
mogenization procedure is to obtain the numerical solution of large-scale equations
including all the effects of small-scales. Recently, many numerical methods for multi-
scale problems have been proposed. Among them, a multiscale finite element method
(MsFEM) for elliptic linear problems was designed and discussed in [20]. This method
is one of the numerical homogenization techniques for the problems which contain dif-
ferent spatial scales. It can capture the small-scale details by using oscillatory basis
functions in finite element methods. This idea is naturally generalized to nonlinear
elliptic problems, which is proposed and analyzed in [9], by considering a multiscale

map from the coarse grid space to the underlying fine grid space, instead of using
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the basis functions. It was also applied to a numerical homogenization of nonlinear
random parabolic equations [10]. Furthermore, numerical correctors for the solution
of nonlinear parabolic equations is constructed to obtain the convergence of gradients
of the solutions for our numerical scheme.

In Chapter II we analyze MsFEM for nonlinear parabolic problems, which is pro-
posed in [9], in periodic media. Previous studies were limited to more general cases
and did not study scale interaction issues properly. In particular, explicit convergence
rates cannot be obtained for problems investigated in [10] due to general assumptions
on heterogeneities. We study the convergence of the numerical homogenization pro-
cedure formulated within the framework of the generalized MsFEM for periodic case.
The numerical homogenization procedure proposed in the paper uses general finite
element procedure and solves local problems that are further coupled in the global
formulation. We introduce appropriate correctors to approximate the solutions of the
local problems, where the correctors are periodic with respect to the fast variables in
both space and time. The local problems are formulated in the domains with selected
boundary and initial conditions. Our goal is to obtain the convergence for the numer-
ical homogenization procedure. Estimates for corrector approximations are obtained
in the Section B of Chapter II. Once the estimate for the correctors is found, we can
obtain the convergence of the numerical homogenization using comparison principles,
compactness arguments, and discrete Meyers type estimates. Note that the numeri-
cal homogenization provides us an approximation for the homogenized solution. To
obtain the approximation for oscillatory solutions, we introduce numerical correctors
and find the estimates for the convergence of the numerical correctors.

In Chapter III, we focus on developing efficient numerical techniques for turbulent
diffusion transport governed by cellular flows. According to the asymptotic approach

proposed in [24], the full problem can be reduced to a system of one-dimensional



heat equations on a graph. We present the procedure to solve the system of heat
equations using spectral methods and finite difference methods on exponential grids.
Spectral methods, e.g. Galerkin approach [18, 28] and collocation method, are consid-
ered to solve heat equations over the unbounded domain. The Laguerre and Hermite
functions are used as basis elements in the Galerkin formulation. Although the com-
putational cost of the spectral approach is usually inexpensive and the method is
fast, it is not easy for the spectral method to find the constant to which the solution
of the heat equation tends at infinity. We note that these basis elements vanish at
infinity and the Hermite functions are either even or odd. Hence we consider the
decomposition of the approximate solution by even, odd, and constant parts. Since
the basis functions are defined over the whole domain, it is difficult to manipulate
processes effectively, described in Section A.1 of Chapter III, restricting the function
over the positive and negative half intervals, and gluing the restrictions together. In-
stead, finite difference methods on the non-uniform exponential grids are performed
to capture the constant for each cell. Note that the Laguerre and Hermite functions
decay exponentially and it is expensive to use finite difference scheme with uniform
grid points over unbounded domain. Thus, we develop the finite difference approach
on the exponential grids.

We perform numerical tests to find the periodic solution of the reduced asymp-
totic problem for each case where a square domain has some number of cells. Our
numerical results demonstrate that our approach is working efficiently. Furthermore,
in one-cell case, we reconstruct the solution from the periodic solution over the some
restricted region of the domain of the full problem.

In Chapter IV, MsFEM was modified to solve some types of problems, for in-
stance, for the porous media with channelized features. A modified MsFEM was

proposed and discussed in [8] to use a global information in constructing finite el-



ement basis functions. In Chapter IV we perform some analysis for the modified
MsFEM for a simple and symmetric channelized porous media.

We consider 2-D model of the advection-diffusion problem in a bounded domain.
We are interested in the case of small molecular diffusivity € or large Péclet number
Pe, where the Péclet number indicates the relative dominance between advection and
diffusion in the transport. This problem was studied in previous findings, such as
numerical studies [1, 3, 5, 17, 25] (where not all of them were focused on large Péclet
number) and physical and the mathematical studies [27, 30]. In particular, [15, 16,
19, 23] are concerned with finding bounds on the effective diffusivity. In [27, 30]
the boundary layer analysis is used to show the asymptotic behavior of the effective
diffusivity in the special case of symmetric square cells. The effective diffusivity
was studied in [15, 16] by using variational principles instead. It has been recently
generalized to non-square periodic cells using probabilistic techniques [23]. Uniform
estimate for the effective diffusivity in the periodic cellular flows was derived and
justified in [19].

It was proved in [24] that there is a constant outside the boundary layer of the
width O(y/€), to which the solution converges in each cell without any assumptions
on periodicity or symmetry for the flow. Next, the “water-pipe network” problem was
introduced reducing the domain on the boundary layer and shown that the solution
of the “water-pipe network” problem can approximate the solution of the original
problem in L., norm. Finally, the reduced Childress asymptotic approach finding
a periodic solution of a system of one-dimensional heat equations on a graph was
studied, which was based on the analysis of [4]. Furthermore, the asymptotic approach
for the one-cell case over a square domain was discussed in [15]. It was proven in [24]
that the solution of asymptotic approach approximates the solution of the “water-

pipe” model.



This dissertation is organized as follows. In Chapter II, we collect some basic
facts that are used later. We introduce MsFEM for nonlinear parabolic problems and
perform the analysis of MSFEM. Next, we present the corrector results. In Chap-
ter III, we introduce the main problem related to advection-diffusion equation in the
limit of small diffusion coefficients. The summary for an asymptotic computational
approach proposed in [24] is presented as background. We discuss the numerical dis-
cretization techniques to implement the asymptotic approach. Some numerical results
are presented. In Chapter IV, the analysis of the modified MsFEM for high contrast
parabolic equations is presented. Finally, Chapter V provides some conclusions and

future works.



CHAPTER II

NUMERICAL HOMOGENIZATION FOR NONLINEAR
PARABOLIC EQUATIONS IN PERIODIC MEDIA

A. Preliminaries

In this chapter, we introduce the numerical homogenization method for the nonlinear

parabolic equations in a periodic media and study the convergence of the method.
Let © € R? be a bounded open set with Lipschitz boundary [2]. Let Y be a unit

square (0,1)? in R? and Ty be a unit interval (0,1) in R. We consider the nonlinear

parabolic problem
Dy, —div(a(x/e” 1/ u., Dyue)) +ag(z /e, t/e* ue, Du.) = f in Qx (0,7T), (2.1)

with initial condition u.(z,0) = ug(z) and boundary condition u.(z,t) = 0 on 92 x
(0,T). Here T > 0 is a fixed time, and ¢ and & represent the microscopic scales
in time and length, respectively. The operators a and ag are satisfying the following

assumptions from R% x R x R x R? into R? and R, respectively.
A1l polynomial growth:
la(, - n, O]+ lao(-, -0, &) < C(L+ [P~ + ¢,
for every n € R and & € RY.

A2 monotonicity with respect to &:

(a(-, - m,&) —al,+n,82), & — &) = Cl6 — &,

for every n € R and &1, & € RY.



A3  coercivity:

(CL(', '7”75)7 g) + (10(', '7”75) n Z C‘g‘p’
for every n € R and ¢ € RY.
A4 continuity: For each 11,1, € R and &, & € R?

la(-,m, &) = al-,me, &) < C(LA+ [mlP~" 4 &P~ v(m — m2])

FOL+ P77 + G796 — &,

where v(r) is the modulus of continuity, i.e., v(r) is continuous in R, such
that

v(0) =0, v(r)=1for r > 1, and v(r) > 0 for r > 0,
and s > 0 with s € (0, min{p — 1, 1}].
From now on, we assume that
p=q=2, (2.2)

and s = p — 1 throughout this chapter. In addition, let C', C' and ¢ denote generic

positive constants in this dissertation and g be the number defined by 1/p+1/q = 1.
Now, we consider the homogenization of the problem (2.1) with u. € L?(0,T;

WyP(Q)). Tt was proved in [26] that u. converges to u weakly in LP(0,T; W, ?(Q)) as

e — 0, where u is the solution of the homogenized problem
Dyu — div(a*(u, Dyuw)) + ag(u, Dyu) = f, (2.3)
where a*(n, ) and af(n, ) are defined by

o (0, €) = /T /Y aly,7.1,€ + DN, e(y))dydr,



aé(m&)z/T /Yao(ymn,erDyNnvs(y))dydT,

and N, ¢ is a solution of the following problem for each case:

e self-similar case (a = 203),

DyNy¢ — div(a(y, 7,1,§ + DyNpe(y))) =0, (2.4)

e non-self-similar case (a < 24),

—div(a(y, 7,7, €+ DyNye(y))) = 0, (2.5)

e non-self-similar case (a > 2),
—div(a(y,n,{ + DyNye(y))) = 0. (2.6)

Here

d(y’ ;s 5 + DyNT?,ﬁ) = <a(yv T 1, 5 + DyNU7§)>T>

where (u), is the mean value of u with respect to the variable 7

Note that the calculation of a* and af; depends on the ratio between o and [ [10].

We consider a standard finite element space S® over a coarse triangulation 7}, of
Q. In other words, S" consists of the functions v, € C°(Q) such that the restriction
of vy is linear over each triangle K € 7, with diam(K) < Ch,. Furthermore, we
consider 0 =ty < t; < -+ <ty <t, =T and max(t; — t;_1) = hy.

For fixed p € [2,00) we let Uy = LP(t,, t,y1; LP(K)) and Vi = LP(ty, tyi1; WP
(K)) with its dual space denoted by Vj. The duality pairing on Vj, x Vi is defined
by

tnt1
o= [ s gty

The numerical homogenization procedure is defined in the following way. For



each linear function vy over K, we solve
Dy, — div(a(z/eP,t/e*,n", Dyv.)) = 0in K X (tn, tns1),
ve(t =t,) = wo,
Ve |aK = Yo,

where " = ﬁ | & Vodz. Then the homogenized flux can be approximated by
tn+1
a*(n", D,vg) :/ / a(x/P t/e*, n™, Dy, )dx dt,
tn JK

tn+1
aé(n”O,vao)Z/ /00(5’5/56>t/5a>77v0,vaa)d$dt-
tn JK

We introduce the multiscale mapping EMsFEM . Gh — V1 in the following way.

_ EMsFEM

For each v;, € S" there exists v v, satisfying

Dyl — div(a(z/eP,t/e, n, Do) = 0in K X [ty, tai],
Vit =t,) = v, (2.7)
U? ‘BK = U,

where n*r = ﬁ Il - Undz for each K. Then multiscale finite element formulation for
the nonlinear parabolic equations is defined in the following way. Find wuy(t) € S"

such that
tnt1 tn+1
/ D,upwpdzx dt + (A?uh, wy) = / fwpdzdt for all w, € S™, (2.8)
tn J tn J

where (A, wy) is defined by

(Alup,wp) = ) /

KeT, tn

tn+1

/ (ala/<P /%, i, Do), Do)
K

+ag(x /P, t/e®, n Dyul)wy,)dz dt,

(2.9)

where u” is the solution of (2.7) and n*» = |—11(‘ [i undx. Here, the methods for time-

discretization of the formulation (2.8) can be performed in either implicit or explicit
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way. For example, an implicit scheme can be implemented in the following way.

tnt1
/(uh(th) — up(tn))wpdr + (Aluy, wy) = / / fwpdx dt  for all wy, € S™,
Q tn JO

where uy,(z,t,,1) is taken in computing the term (A"uy, w;) (see (2.9)). On the other

hand, for the explicit scheme uy,(z,t,) is taken within (A", wy) (see (2.9)).

B. Analysis of Numerical Homogenization

In this section, we investigate the convergence of the numerical homogenization pro-
cedure formulated in the previous section. We begin with an estimate for the solution
of the local problem (2.7), and obtain a comparison principle. After introducing a
numerical corrector, we present estimates for the corrector. We derive the corrector
estimate which is one of our main results. We use the idea described in [22] (see page
28 in [22]) to prove this corrector result. By the comparison principle, the corrector
result can be estimated by addition of two terms, and we obtain explicit estimates for
those two terms. Next, we show the coercivity property for A" and finally the con-
vergence property will be given by showing that truncation error tends to zero. We
note that this is the first work where resonance errors are quantitatively estimated.

Now we start to examine the convergence.

Lemma I1.1. Let v. be the solution of
Dy, — div(a(z/e?,t/e%,n, Dyv.)) = 0in K X (ty, tas1),
ve(t =t,) = wo,
ve loxk = o,

where vy is a linear function and n is a constant in K. Then we have the following
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estimate
tn+1
/t ; | DyvelPdz dt < C(|K X [tn, tpa]| + [0l + [ Davollz, ),
where C' s independent of €, h, and vy.
Proof. Let v. = v. — vg. Then
Dt(,ﬁe + UO) - diV(CL(,’L’/567 t/gav 7, Dw(rz}& + UO))) =0.

Since vy is linear over K, D, vy = £, where £ is a constant. And hence D;vg = 0. Thus
we get
Do, — div(a(z/e?,t/e%,n, Do, +€)) = 0in K X (t,, tps1),
Ve(t =t,) = 0,
f)a |8K = 0.

Multiplying by v. on both sides and integrating by parts give us

tnt1 tn+1
/ D,v, - v.dx dt + / / (a(x/eP, t/e* n, Dyb. + &), Do, )dx dt = 0.
¢ tn JK

n K

Adding the same number on both sides makes

1

tn+1 tny1
5/ D, |5.)? d:zsdt+/ / (a(x/eP t/e*, m, Dy, + &), & + Dy, )dx dt
tn

n+1
/ / (z/e” /e n, Dy, + €), €)da dt.
From the initial condition for v, at t = t,, we obtain

1 tn+1

5 [ nmtae+ [ @/t Db+ 0.6+ D d
K tn K

tnt1

= / / (a(z/e” /e n, Dy, + €), €)dx dt.

tn JK

Since the first term is non-negative and by the coercivity assumption A3 of the
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operator, we have the following inequality:

tny1 tn+1
/ |Dyv.|Pdzdt < C / (a(z /e’ t)e® n, Dy, + €), &)dx dt
tn K tn K
tnt1
= o [ (atafe e D+ ). Dy
tn K
tnt1
< C/ /(1+|77|p_1+|vaa|p_1)|vao|d:rdt.
tn K

By Holder’s inequality with ;1 = ¢ and ro = p and Young’s inequality appropriately,

the latter is at most

tnt1 1/q o1 1/p
c{/ /(1 PP + \Dmve\p)d:cdt} {/ \Dmv0|pdxdt}
tn K tn K

cs [t C
< —/ / (L+ 0| 4+ |Dyv.|P)dx dt + _||DrU0HZK-
q Ji, Jk Po

When we choose § > 0 so that %5 < %, then the term including | D,v.|P can be moved

to the left hand side. So we get the following estimate:
tn+1
/t i | DovelPda dt < C(|K X [tu, tua]l + [I0llz,, + 1 Davollz,)-

0

Further we have the following comparison principle which will be used in proving

our main results.

Lemma I1.2. Suppose v. is the solution of the equation

Dy, — div(a(z/e?,t/e% n, Dyv.)) = 0,
'Ua(t:tn) = Yo, (210)

Ue‘aK = UO(t)v
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and w. 1$ a solution of the equation

Dyw, — div(a(z/eP,t/e® n, Dyaw.)) = 0,

wolt =ta) = wo, (2.11)
Welog = wo(t).
Then we obtain
e = vell,, < ClID(wo = wo)ligh" ™" + CllDulvo —wo)llf,  (212)

where C = Co(|K % [tn, tuar]| + [0ll + 1 Davollf + | Datwolfy ) =1/,

Proof. Let 0. = v. — vy and W, = w. — wy. Then the equations (2.10) and (2.11)

become
Dy, — div(a(z/e?,t/e% n, Do, + Dyvg)) = — Dy,

v, = 0Oatt=t,,

IN)alaK = Oa
Dy, — div(a(z /e t/e%,n, Dytv. + Dywg)) = —Dgwy,
w. = 0att=t,,
ﬁ}alaK = Oa

where —D,vy and —Dywy belong to Vj. Since the norm || D,ul|r» is equivalent to
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l|w|lwrr on Wy and by monotonicity, we have

|we — UEHI)ZK

tn+1
<C / (a(x/e” t/e™ n, Dyw.) — a(x/e” t/e* 1, Dyv.), Dyw, — Dyv.)dx dt
tn JK
tnt1
= C’/ /(a(m/&ﬁ, t/e*n, wae)—a(a:/aﬁ, t/e* n, Dyve),
tn JK
Dyt + Datwo— Dy — Dyvg)da di

tn+1
= C’/ / (a(x/eﬁ,t/aa, n, Dyw.) — a(m/éﬁ, t/e*,m, Dyve), Dy, — D, 0. )dx dt
tn JK
tnt1
+C/ / (a(x/z—:ﬁ,t/eo‘,n, D,w.) — a(:v/eﬁ, t/e* n, Dyv.), Dywy — Dyvg)dax dt
tn JK
tnt1
= / / (a(:)s/sﬁ,t/go‘, n, Dyw,) — a(:v/eﬁ, t/e% n, Dyv.), Dywy — Dyvg)dax di
tn JK
tn+1
+C/ / (a(x/P t/e% n, Dyw.) — a(x/e’,t/e® 0, D)) - n (0, — 0.)dS dt
tn  JOK

_C’/tij{(diV(CL(I/aﬁ7 t/e*n, Dyw.)) — diV(a(SL"/gﬁ’t/é«a, 1, Dy0.)))

(e — 0. )dz dt.

Since v, and w, are zero on the boundary of K, the second term of the last expression
will be zero. From the given equations we get Dyw. = Dyw. + Dywy and Dyv. =

D;v. + Dyvg. Thus the last expression becomes

tn+1
C’/ / (a(z/eﬁ,t/eo‘,n, D,w.) — a(x/z—:ﬁ, t/e* m, Dyve), Dywo — Dyvg)dax dt
tn JK
tn+1

—C Dy(w. — .) - (. — 0.)dx dt

tn K

tn+1
+C/ / (—tho + Dt’Uo)(’(IJE — @e)dl’ dt.
tn K

Since Dy(w, —0.)- (W, —0.) = 1 Dy|(w.—10.)|* and when we apply the initial conditions

for w. and v, the second term is non-negative, and hence by disregarding the second
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term, the above expression is at most

tnt1
C'/ / (a(z/e” t)e% n, Dow,.) — a(x /e’ t/e% n, Dyv.), Dywy — Dyvo)da dt
tn JK
tnt1
—I—C/ / (—Dywo + Dyvg)(w. — e )dx dt
tn JK

tn+1
SO/ /u+mw+fﬂaww*ﬂ+wwx*ﬂMMw—%w
tn K
| D, (wo — vo)|dx dt (2.13)

tnt1
—I—C/ / (—Dywo + Dyvg)(w. — e )dx dt. (2.14)
tn JK

After applying Holder’s inequality with r; = zﬁ’ r2 = £, and r3 = p, we have the

following bound for (2.13) in the last expression:

tnt1 (p—1-s)/p
c{/ /(1+ nl? + | Do | + \Dmve\p)dxdt}
tn K

tnt1 s/p bttt 1/p
X {/ | D, (w. — v.)|Pdx dt} X {/ | D (wo — vo) |Pdx dt}
tn JK tn JK

p—S p—1l=s
CW(IK X [tn, tnsa]l + [0l + 1 Dawellgy, + [ Davellgy, ) 7=

2 0s
X[ Da(vo = wo)llg + C;IIDx(we — V) [zt

IA

p _ p—1—s
< O = (K X [t tusal | 4 [l + 11 Do + 1Dave )7

2 0s
X[ Da(vo = wo)llg + C?Hwa — Ve[

By Lemma 3.1 and choosing > 0 appropriately, we have

p—s—1

[ve = welly,, < CUK X [tn, tnsa]l + (10l + 1Dav0llz + 1 Dawollzy, ) 7=

tn+1
|| Dy (vo — wo) [/ + C / / (—Dywo 4+ Dyvo) (. — 0.)da dt.
tn K

By Holder’s inequality with r; = ¢ and ro = p and Young’s inequality appropriately,
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the last term is

tn+1
C/ / (—DtUJ(] + Dt’Uo)(wg — @e)diﬁ dt S CHthO — Dt’U()’ V;{ u~)€ — 'DEHVK
tn K

< C’5||Dt(w0 — ’Uo)|

%1)}} + C5||U7€ - 776”@1{'

The comparison principle (2.12) is obtained from this inequality by choosing 6 > 0

appropriately. O

Now we introduce a numerical corrector. For n € R and ¢ € R? let us define a

corrector P by
Prely) =&+ Dny;,g(?/%

where N,;f ¢ 18 a zero mean periodic solution of
pD-N}' ¢ — divy(a(y, 7,1, + DyN}(y))) = 0,
for some constant p. Then we obtain the following estimation for the corrector P.
Lemma I1.3. For every n € R and ¢ € R? we have
1Pl ooy < CL+ Il + €)Yz x Tl

where Y is a period of size €° in space and Ty is a period of size €* in time, i.e.,

Y. =£PY and Toe = eTyp.
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Proof. By monotonicity we have

1Pl 7oz, oono ()

:/ |P,e — 0[Pdx dt
TO, Ye
< C’/ / (a(x/aﬁ,t/éo‘,n, Pe) — a(x/aﬁ,t/éo‘,n,O),ng —0)
TO,E 5
:C’/ /(a(z/eﬁ,t/eo‘,n,PM),Pn,g)d:)sdt—C’/ / (a(x/sﬁ,t/ea,n,O),Pn,g)dxdt
TO,E 5 TO, 5
¢ [ [ @/t g+ DN, o
TO,E 5
+C/ / (a(z /e’ t/e* n,& + D,N), D,N)dz dt
TO 5
—C’/ /(a(x/aﬁ,t/ao‘,n,O),Pn,g)dxdt
TO,E 5

:C’/ /(a(m/aﬁ,t/&to‘,n,Pn@),g)dxdt—C’/ /(a(a:/eﬁ,t/ea,n,O),Pn,g)da:dt

To,e/ Ye To,e/ Ye

<[ [armrteip g ieina e [ s mpripdin. 215
TO,s 5 TO, 5

By Holder’s inequality with ;1 = ¢ and ro = p and Young’s inequality appropriately,

the last expression (2.15) is bounded by

1/q 1/p
c{//(1+|n|P+|Pn,§|P>dxdt} {/ \g\pdxdt}
To,e/ Ye To,e/ Ye
1/q 1/p
+C / / (1+ |n|?)dz dt / P, ¢[Pda dt
TOE T()s)/é

—/ /(1+|n|p+\Pn5\p)dxdt+— €Pdz dt
To,e/ Ye To,e/ Ye

/ / (1+|n|") d:l:dt+ — | P,.e|Pdz dt.
To e TOE Ys



Choosing 6 > 0 appropriately, we get the following estimate:

1Pyl oy < C / / (1+ P + |EP)de dt
0, 5

< O+ " + €)Yz x Toe.

We have the following corollary.
Corollary II.4. For every n € R and & € R? we have

||DyNZ§||I£p(TO,E;Lp(Y5)) <O+ [nfP + [EP)Ye x Toel,

[N el T Tooirevey < O+ 0"+ [€7)|Ye X Tol.
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In the previous section, we discussed that the homogenization of parabolic equa-

tions depends on the relation between o and 3. The solution N can be obtained by

solving different types of equations (2.4), (2.5), and (2.6) for each case. Furthermore,

we have the following convergence properties.

Lemma I1.5. Let us consider the e-dependent auziliary equations

uD,;N¢ —diva(y,7,n,&+ D,N°) =0,

(2.16)

where 1 = €292, Then the solution N¢ of (2.16) converges to the solution N of the

auziliary problems (2.4), (2.5), and (2.6), respectively, satisfying

/ / |D,N¢ — D,N|Pdx dt — 0,
To JY

as € tends to zero.

The above lemma was proved in [26] for each case. One of our main results is

the following corrector result.
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Theorem I1.6. Let vy, be bounded in Vo = LP(t,, tnpr; WoP(Q)) and let v! satisfy

Do —div(a(x/e” t/e* 0", Dywl)) = 0 in K X [ty ta1),
o = v, on 0K,

VMt =1t,) = wp
Then
tn+1 h 86 » »
[ [ 10aat - prazde < € (5) 09 s tusall + lunll + 1Dl (217
where Ug = LP(t,, t,r1; LP(2)) and h is chosen so that h = h, = hy. Here
Pyon pyv, = Dovy + €" Dy Ny o, (2/€°, /%),
where Nyv, p ., @S a zero mean periodic function satisfying the following:
pDN —div,(a(y, 7,n"", Dyvy, + DyN)) = 0,

where n¥h = ﬁ [y vndx and pp = e~

Proof. Let v = vy, + e®N + 0.(x,t) and w" = v, + €’ N. Then D" = :—zDTN(y,T)
and D,w! = D,v, + D,N(y,7) = £ + D,N(y,7). In other words, D,N = i—;th?
and £ + D,N = D,w!. Thus we get

80&

:ugTﬁthg - divx(a(x/aﬁ, t/gav tha wa?)) = 0’

which is same as Dyw! — div,(a(z/e”,t/e% n" Dywh)) = 0. Thus w satisfies the
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following boundary value problem:

Dyw! — div(a(z/e”,t/e* n*", Dyw")) = 0in K,
wh = o, + 55]%%@1% (x,t) on 0K,

w?(t = tn) = Upt gﬁervthzvh (SL’, tn)v

with Nyow poo, = Nyon Dov, (2, 1), Where ¢ € C° such that ¢(z,t) = 1 on a strip of
width &; adjacent to 0K for all ¢t with ¢, < t < t,11, ¢(z,t) = 1 on K for every ¢
with ¢, <t < t, + dz, and 0 elsewhere (see Figure 1). We denote this strip by S.. By

Lemma II.2,

Fig. 1. The strip S. in K X [tn, tpi1]

tn+1
/ | Dl — PPdx dt
tn K

IA

Cllv? —wz|,

< ClIDa(vn = vn = &* Ny ) 17 + ClIDu(wn — v = &° Ny )15

< ClleP DNy Do 1177 + Cl|e? DNy Dy |

. (2.18)

We will show the convergence of the last two terms in (2.18) separately.
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Step 1. First we study ||66D$N77U}L7Dzvh“ZK’ Let JEXminel — (7 ¢ 7441 (Y, x
To)' N (K X [ty, tnga]) # 0, (Yo x To )" \ (K X [tn, tnra]) # 0}, where (Yo x Tp)' =
i+ Y, x Tj . is the translation of Y, x T .. Let FEKX[t"’t"“] = UieJKx[tn,tn+1] (Yz x To,a)i

be the union of the periods which intersect with the boundary of the domain. Then

- tn+1
le” DaNi Doy By = €™ / D (N ., )P dt
tn K

< ey DNy ey 0)|Pd dt

jeg X tintngal (YexToe)!

< ey / (ID.NPlpl? + |NP|Dypl?)de dt.
; ()/EXTO,E)

7
7

Since |D,p| < C/é; and by Corollary I1.4, we obtain
1€° D Ny . 4

1
CePp (1 - —p) > / (|DoNP + |N|P)dx dt
51 i ( 5><T()’5)7:

]‘ v 7
cer (1 * 6_{’) S+ [P+ [Daonl?) (Ve x T )|

(2

C\ =) 2o (L7 + [Davnl?) (hg™" 01 hy + h3ds)
51 ) hih,

IA

IA

IA

IA

AN 0
Cl=) [+ ) (K X o tagall + [0 [ + 1 Devnlfy)-
51 h:c ht
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Step 2. Next, we show that ||”D; Ny p,u, |

te — 0 ase— 0. Indeed,
K

B tny1 -
DSl = [ 1Dyt
tn

~ q
/tm <55DtN, ¢>
= sup —————dt
n o peW,P(K) H¢Hq

— /t”“ sup (P(DN)o + "NDip, 4)" dt
tn  peW, P (K) Il b
— /t”ﬂ sup ([i e (DiN)ppda + [ 55N(Dt¢)wdx)th
o 9T,
< / o sp ' (Jk (DN )Wdz)th (2.19)
< )L VI,
+/tn+1 . 2071 ([ EﬁN(DtQP),@Ddx)th. (2.20)
e I,

The estimation for the last expression will be split up into two parts (2.19) and (2.20).

Step 2.1. First, we estimate the inside of supremum. To keep calculation simple,
we will not carry time integration for now. The inside of the supremum in (2.19) is

q

{ /K (DtN)gm/J}q = { /K div(a(x/aﬁ,t/éo‘,n”h,Dmvh—l—Dx&BN))gm/de} .

Since 1) € W, P(K), the integration by parts gives us

{/K(a(:)s/sﬁ,t/go‘,n”h,vah + DIEBN),Dx(ap@/)))dx}q
<C {/ (a(x/P t/e* n", Dyvy, + DyeP N), (Dmgo)zﬁ)dx}q (2.21)
+C {/ (a(x/e’ t/e* n", Dyvy + Dye’ N), gp(DI@D))das}q. (2.22)

Now let I ={ieZ!: Y CK}UJE with JE ={i e ZT . Y NK #0,Y\ K # 0}

and [ = (5 € Z 0 T C [ta,tap]} U S0 with gl = (e 7
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T3 N [t tusr] # 0, T3\ [t tata] # 0}, Then (2.21) is bounded by
q

3 [ (ala/e t/e ", Do+ DN, (Dap)iha

eIk
q

<Cc{Y / (14 [P~ + | Dyvp, + Dye® NP~ | Dyl |t]dz 3 . (2.23)
ielK Ye
Since |D,p| < C'/§; and ¢ is nonzero near the boundary of K, the right hand side of

(2.23) does not exceed
q

C
¢ Z/Y_(1+|77”h|p_1+|vah+Dx5ﬁN|p‘1)|w|dx
ieJK g

C q
< S { [ @b+ D+ DN et |

3
€

By Holder’s inequality with r; = ¢ and 75 = p, we obtain an estimate for (2.21)

C {/ (a(x/eP, t/e*, n", Dyvy + DyeP N), (Dxcp)@b)dx}q
K

qa/p
<S5 { [ arrp s inans v { [ jorac
1 Y Yi

ieJK €

C
35_;12

ieJK

{ [ e p 41D+ DN I,

On the other hand, (2.22) can be estimated similarly
q

042 /Yz-(a(f’f/ e% /%™, Dyon + Dag®N), p( Do) d

eIk

P~ 4 |Dyup, + Dx55N|p_1)|<p||Dx¢|dx

<C Z/(Hm”h
vi

ielK
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Since |p| < 1, we have

q

<C Z/ (1+ 7P~ + | Dyvp, + Dy’ N[P7H)| Dy |d

ieJK

<CZ{/ (1+ [

GJK 5

q
p—1 |vah+Dx55N|p_1)|Dx¢|dx} )

By Holder’s inequality with r; = ¢ and r, = p again,

(2.22) < CZ{/ (14 |noef?

ieJK

O { [t e+ ipaan Dl

ieJK

q/p
+ | Dyvp, 4+ Do’ N|P)d } { |wa\pdx}
Y’L

IA

Thus, (2.19) is estimated by

sup dt

YEWDP () 115,

/t"“ 2a—1 (fK 55(DtN)<p@/)dx)q

tnt1 1
< C/ sup €% <5q + 1) > {/ (L + ™| + |vah+DmaﬁN\p)dw}
tn ) e

wEW()l'p(K Z'EJEK €

e,
i,

tnt1 1
§C’/ P <5q —I—l) Z {/ (1+|77”h|p+|vah+stﬁN|p)dx} dt
tn %

ieJX ¢

1
<Caﬁq<5q+1) > Z/ /l1+|n”h|p+|Dvh|p+|DN|p)d:cdt

jEI[t" stnt1l seJK

dt




Corollary I1.4 implies the estimate for (2.19)

[ T ON,
tn  YEW,P(K) ||¢H({p

1 v i
<ot (1) U PHIDml) Y Iex T

KX [tn,t
icJ! [tn,tni1]

IA

B\ ¢ .
c(5) armrreinan X 00x T

KX [tn,t
jeg K lintnal

IA

66 ! h’fnlh’t vy |P P d—1 d

5 D)
<C =2 ) (K X [ty taa]| + 107 e + 1 Davnlfy,)-
51 he |y
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Step 2.2. Now let us move on finding an estimation for the other term (2.20). Note

that we assumed p = ¢ = 2 in the previous section (see (2.2)). (2.20) becomes

c / - U MDipjodr”,
weW”’(K) H¢H

{ZzeIK fyz DtSO ¢d$}th

<C Z % sup ol
7p

i 1,
[tntn41] TOL,E veW, P(K) |
el

Since |Dyp| < C/ds and by Schwarz inequality, we have

tnt1 (D dx}d
/ Ba sup {fK vp)pdr} dt
tn

Q

YEW P (K) ||¢|| 1,p
AN > i [N[[Y|dx}a
<C (E_) Z sup =i ng 7 dt
0 tmitnaq] L T0.c YEWSP(K) WHLP
jerlmintt € 0
(65)2 {Xicse{ Sy INPdz}{ [y |¢\2d:c}
<C|+ Z sup
52 [tn tn41] Té,s ¢€W01,2( ) H¢||

Jele
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By Corollary 11.4, we obtain an estimate for (2.20)

C / o U NDrp)vdo}?
wewl P(K) WHLP

B8
(6 ) S Z/ |N|2d:):dt
2 h"tn+1Z€JK
P )
<C| = |N|*dx dt
62 X Kx[tn tnt1] ( sXTO,s)i
Eﬁ vy |2 i
<C 5— (L+ ™2 + [ Dyon )| (Y x To.e)'|
2 . Kx[tntn+1]
B dh
<0 (DY B e Dy + sy
09 hdh,
P ) .
<0 () (2 B) (6 ¢ ot + I + U0

Step 3. By taking the results from the Step 1 and Step 2 into account with the

assumption s = p — 1, we have

(2}
/ /\DU — P|*dx dt

o, 6\ . .
C 0 BN K ] £ M2 + I DevnllZ, )
61 h h

IA

5 6 )
e Ly D) (1K frtal] + I+ D00l
51 he Iy
5 b .
e 4 220 U ] 7y + 1D0nl)
52 he Iy
26 525 51 52 v
= (G5 ) (B 2) U8 x o tunll + 1™ By + D)

1 1\ /6 & )
- (52 ’ 5—) (J * ,j) (K [t bl + 1™ By + 1 D0l ).
2 x

Here we choose 6; = 0, = €% and h, = h; = h. Then we obtain the following estimate:

B
€ v,
Dol = Pl < C5(1K x [t bl + ™ [y + 1Dl
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Note that Jensen’s inequality implies

17 oy < Cllonllzo)-

Finally, summing over all K € 7, we have

tnt1 tn+1
/ | Dot — PPPdedt = Z/ | Dt — PI%da dt
tn Q K tn K

8
3
C D (K X [ty twsa]l + lonllZy, + 11 Dovnll,)
K

8
3
= O (192 % [t tasal + llonllig, + [1Davnll,)-

IN

We have the following coercive property for the operator A"

Theorem I1.7. There exists a constant C' > 0 such that for each vy, € S"

tn+1
() > CIDanlly, = eane S [ @ e
 Jtn JK

for sufficiently small h.

Proof.

(2}
o) = Y [ e/ = Dt Do)
tn K

KeT,
+a0(:c/5ﬁ, t/e* ", Dmvf)vh)dm dt
tn+1
= 3 [T ates g Dt D)
~ Jt. JK

+ao(x/e” /e ™, Dy ynn)da dt (2.24)

tn+1
+ Z/ / ao(z /e t/e*, n, Do) (vy, — nn)dx dt.  (2.25)
Let 0! = v — vy, where v = EMsFEMy, - Then 0" € LP(t,, ths1; Wy P(K)) satisfies

5_

D" — div(a(z/e” t/e*,n", Do + D)) = 0.
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Multiplying by ©? on both sides and integrating them by parts imply
" Dol — div(a(x /P, t/e%, n", D" + Dywy))ol =0
n+1 tn+1
/ / " Dy dx dt + / / (a(z/e” /e n", Dol + D), Dpol)dx dt = 0
tn K tn K
tnt1 1 tnt1
/ iDt\17?|2dx dt +/ / (a(z /e t/e® n", D"+ Dy, Do) da dt = 0.
tn JKE tn JK

From the initial condition for o at t = t,, we obtain

(2}
/ |02 (tn 1) *de = — / / (z/e%,t/*, n, D™ + Dyvy), Do) da dt.

The first term (2.24) becomes

tn+1
Z/ / ((a(x/567 t/gaa 77%, D:cf)? + D:(:'Uh)a Dx'Uh + D:cf)?)
w Jtn JK
+ag(x /e’ 1/ 0 D" Dyvy)n" da dt

tn+l
—Z/ /(a(x/eﬁ,t/ea,n”h,Dme?+Dmvh),Dx17£)d:cdt

n+1

C’Z/ | Doy, + D, ﬁh|pd9§dt+ / [T p(t = tni)|?dx

v

> CZ / |Dvp, + D, 0" Pda dt.

The fact that |v, — n*"| < Chy|D,vy| in each K implies an estimate for the second

term (2.25)
t7L4*1
50 [ o e Dt = ey
~ Jt. JK
tnt1
<on Y / / ao(x/°, /% ™ Dol | Dyvnld dt
~ Jt. JK

tn+l
SChmZ/ /(1+W’”\p_1+\Dmv?\p_l)wwvh\dxdt.
X Jtn JK

Holder’s inequality with 7 = ¢ and 7, = p and Young’s inequality give us the further
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estimates for (2.25)
tnt1
> / / ao(x/e” 1/, n", Do) (v, — 0" )dz dt|
% Jtn JK
tng1 1/q tng1 1/p
< Chxz {/ / (1 + [°"|P + | Dgvl|P)da dt} {/ | Dyvp,|Pdx dt}
tn

tnt1 1 thil
Chy, Z ( / / (L+|n P + |Dwvh|p)dx dt + — / | Doy |Pda dt)
K
tnt1
Cth/ / (1+ [P + | Dgvl [P + | Doy |P)da dt.
K tn K

| /\

IA

Thus, we have

tn+1

(Alvy,,vp) > CZ/ | D v Pda dt
tnt1
—clth/ /(1+\nw+\Dmvg\uwmvh\p)dxdt
= Jt. Jk
o1
- (c—clhx)Z/ /\Dmvf\pdxdt
 Jtn JK
tnt1
—ah, Y / / (1 + [ P + | Dyvn|?)da dt.
— Jt. JK

Denote K a reference triangle such that diam(K) = O(1), y = x/h,, and 0! =
v2(yhy). Then applying the trace inequality ||ul|zr@or) < ||Doul|re(r) and the fact

| Dol r@y = Cllu — f(u)||wir(g), where @ is a Lipschitz domain and f(u) can be
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chosen to be the average of u on 0@, we can obtain

tn+1 hd tn+1
/ |D vl Pdxdt = ﬁ / | DyotPdy dt
t K T Jtn K

n

vV
8

hd tnt1 N ~
iz [ I = iyt

nin«kl
[ i
n JOK

vV
8

hk |

hd tn+1

= Ch—;f/ / |(Dyvn, y — yo)|[Pdy; dt
e Ji, Jok

tn+1
— c/ h;l|vah|p/A |(epyvns ¥ — Yo)|Pdy dt.
t oK

n

Here " = W—lff\ Joz vndyr and vy, = 7" 4+ (Dyvp, y — o), where yo = @ Joi vdyi. Tt
was proved in [9] that [, |(ep,v,, ¥ — ¥o)[Pdy; is bounded below independent of Dyuvy,.

Hence we have

tnt1 tn+1
/ |D vt Pdzdt > ccy / he| Dy |Pdt
tn K tn

tn+1
= C'/ | Doy |Pd dt.
tn JK

Finally, we obtain
n—+1

t
(Alvp,v) > (c—crhy)CY / | Dvp |Pda dt
K tn

K

tn+1
—clhmZ/ /(1+\n”h\p+|Dwvh\p)dxdt
tn+1
> C|| Dyl —clhmZ/ /(1+|n”h|P)dxdt,
K tn K
for sufficiently small h, > 0. O

Next theorem is one of the our main results which shows the convergence of the
solution of the numerical homogenization procedure. We note that the proof assumes

that p =q = 2.
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Theorem I1.8. Suppose vy(t), wy,(t) € S™ where Dyvy, is uniformly bounded in LP(t,,
toi1; LPTNQ)) for some A > 0 and Dywy, is uniformly bounded in LP(t,, t,1; LP(S2)).

Let A* be the homogenized operator defined by

n+1
<A vh,wh / / ’Uh, x’Uh D U)h) -+ CLO(’Uh,D vh)wh)dx dt
KeT,

for every v, (t), wy(t) € S*. Then we have
lii%mgvh — A*vp,wy) = 0. (2.26)
Proof. Given vy,(t) € S*, we define the corrector P by
P = Dyvp, + DyNpoy, poo, (Y, 7),
where Nrv, p ,, is defined in Theorem I1.6. Then we have

(Ahvh — A*Uh, wh)

tnt1
/ / (z/e%,t/e*, n, Do), Dawy) — (a* (vn, Dyvy), Dewy)dx dt - (2.27)
KeT/tn

(2}
+ Z / / ao(x /e, t/e, n, Dyv™) — a (v, Dpvp))wy, de dt. (2.28)

KeT,
Adding and subtracting same quantities gives us that (2.27) can be split into three

terms

tn+1
Z {/ /( (z/e” t/e* n", Davt) —a(x/eP /%, n", P), Dywy,)dx dt  (2.29)

KeT,,

n+1
/ / (a(x/<P, ¢/, n™ P) — a* (5", Dyuy), Dywp)da dt (2.30)
t7l

/my (n™, Dyvy) — a*(vp, Dyvp), Dywy,)da dt} (2.31)
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Similarly, we split (2.28) by

tnt1
{/ / ag(z /e, t/e* ", Dyvt) — ag(x /P, t/e* n'", P))Dywydx dt (2.32)

KeTy,
tnt1
+/ / (ap(z /€7 /%, n, P) — al(n'™, Dyvp,)) Dywpda dt (2.33)
tn JK
(2}
+ / / (ag(n*", Dyvy) — ag(vp, Dyvp)) Dywpda dt} ) (2.34)
tn JK

By the continuity assumption A4 for the operator a(-,-,n,&) and applying Holder’s

inequality, the inside of the first sum (2.29) can be estimated

tn+1
/ / (a(x /2%t /=%, 5 Dyo) — a(z/P /e n™, P), Dywy)de dt
K

tn+1
< c/ |Dyvl — PIS(1 + |0 |P71° + | Dol P75 4 | PIP=17%) | Dywy, |da dt
tn K

tnt1 s/p tnt1 1/10
<c {/ | Dot — P|Pdx dt} {/ | Dwy |Pdx dt}
tn K tn K

tna1 (p—1-s)/p
R R e e ) S
K

The last term is bounded above by

g1 (p—1-s)/p
. (/ / (14 [ 7 + | Dy + | P|P)da dt)

tnt1 tnt1 tnt1 p 1- s)/
—c(/ / (1+|n™P) dzdt—l—/ / |D, vh|pd9§dt+/ / | P|P) d:vdt)

< c{IK X [tns tnsa]l + 0™ 17, + CUK X [tns tnal | + 107 17 + | Davallf,)
v (p—1-s)/
+ C(K 5 tn, tua]| + 177 [ + 1 Davnlif )}

C(IK X [ta, tasa]| + l[vally, + | Dovnl, )P~ 7. (2.35)

Summing up those estimates (2.35) over all K € 7, and by Theorem II.6, we have
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the following estimate for (2.29)
tnt1
Z/ / (a(z/e” t)e* n", Do) — a(x /P t/e™ 0", P), Dywy)dx dt
~ Jtn JK

5 s/p
<c (ﬂ@ X [tn, taal + llvall, + IIvahHZQ))

(p—1-s)/
X (192 % [ta, tsal + lonlley, + 1 Dovillz,) ™" % | Down s,

B\ /P
e
<0(5) (0 tusall + il + 10,001E,)" 1Dstnli

which implies that the last inequality tends to zero as € approaches zero.

In order to estimate the second sum (2.30), let [t = {i € 2" : (Y. x
Tpo) C (K X [tn, tns1])} and JEimil — £ 7440 (Vo Ty )0 (K X [t g ]) 7
0, (V2 % Too)'\ (K X [tn, tni1]) # 0}, Let B0 =g

FgKX [tn7tn+ﬂ

se X tnstn ] (Y: x Ty 5) and
= . e Xttt (Y x Ty ). By the definition of homogenized fluxes and

the fact that D,wy, is constant in K, the second sum (2.30) can be expressed by
tn+1
Z/ / (a(x /e t/e® n", P) — a* (0", Dyvy), Dowy)da dt

= Z Z / (a(x/eP t/e* n", P) — a*(n®, Dyvy), Dywy,)dx dt

K>< [tn tna1] =xTp,e)’

_'_Z/ Kx[tn n+1 x/gﬁ t/é 7777-}}7, P) —a (T]Uh D ’Uh) D wh)d$dt

Z Z / I/gﬁ t/E anvh Dx'Uh‘l’D th vah)

K>< [tn tna1] =xTh,e)?

IN

—a(x/e” t/e* "™, Dyvy, + DyN, o0z, ), Dywy,)da dt (2.36)

+y / ((a(x/e% t/e® ", P) — a*(n, Dyvy,), Dywy)|da dt. (2.37)
% FEKX[tn’t"Jrl]

Note that (2.36) becomes zero if a = 243, i.e., p = €2’ = 1. By the continuity

assumption A4 and Holder’s inequality with r; = zﬁ’ ro =2, and r3 = p, we get
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an estimate for (2.36)

Z > / (a(w/e” /e, 0™, Dyvn + DyNy,, pauy)

se KX [tnstn gl =xTp,c)!
—a(x/” t/e* 0", Dyvy, + DyN, .00, Dywy,)d dt
<ZZ/ L+ 0" [P+ | Dyvt Dy Ny po, [P+ Dat Dy Ny o, P77

sijs

X |DyN;Uh,Dm’Uh - DyNn“h7vah|8 | Dywp,| d dt

<y e

sijs

1
Z / Dy Nz o= Dy N oy [Pt ZZ/ |DywyPddt
exTo,e)’ =xTo,e)?

By Lemma II.3, the above estimate does not exceed the followings

p—1—s
p

PHDypvit DyNpoy, p o, |PH DoVt Dy Ny D[ )dxdt}

p—1—s 1

C{ZZ(H‘|77vh|p+|Dth|p)|(YeXTo,a)i|} p {ZZ|wah|P|<Y;xTo,e>i|}
drx )

< C{Z(l + ™7 4 [Davn|P) [ K X [tn, tn+1]l} {Z | Dawn[P| K X [tn, tn+1]l}
K

K

dry ]

p
< C (1 % [t taga] | + [lvalley, + 1 Dzvnllzy,)

drx

which tends to zero as € — 0 by Lemma II.5.

P
|DyN;“h,Dmvh — DyNyen poo, |Pd dt}

sijs

1
P

P
|DyN;Uh,Dm’Uh - DyNn”h7vah|pdfl7 dt}

sijs

L A

—1-s
* (I Dawnlify,)

Al

|DyNgvh Doy, — DyNopn Dy, |Pd dt} ,

sijs

On the other hand, by Holder’s inequality and Lemma I1.3, the second sum (2.37)

is estimated by
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> X / (alw/", /2%, 1™, P), Dywn)|+1(a” (7", Dyn), Doy dod

K gfox tnotnal =xTo.e)

<CZ§§/ HWWﬂWWﬁWwWﬂwawmmwmmwmw

= xTo, s

< CZZ/ 1 + [ P+ |PIP 4 | Dyog [P | Dywn|da dt

= xTo, s

|D wh|pdzdt>

<ZZ/ 1+|77”h|”+|P|p+|D vp|?) d:)sdt) (ZZ/
(ZZ L+ 0P + | Dyvp |P)|(Ye x Ty 2)' ) (ZZ|D wp|P|(Yz x Ty.)' |>

EXTO s

| /\

FKx[tn tnt1] | a
< C K tn7tn 1 Up |P Dm p €
B ;| X [ +1]|( +‘n ‘ _'_‘ Uh‘ )‘KX [tmtn—l—l”

|FK>< tn, tn+l]| P
| K X [tn, tns1]] | Dowp|?
<Z i | [tnatn+1]|

|FK><[tn7tn+1}| %—’_
|K X [tnatn—i-l”

L A

Q[
ST

(1925 [tn, tna] |+ [1onllfi + 1 Davnllzig) * (I1Dzwnllfy,)

< C’max(

eP 7
<C (ﬁ) (|Q X [tnutn+1” + HUhHZQ + HDwvhHZQ) ! HmehHZ@’

From the analogous fourth assumption A4 for the homogenized fluxes and by

Hoélder inequality, we have the following estimate for the third term (2.31)
tn+1
@) < C [ QP Do o) ™ ) Dot
tn JK

tnt1 1/‘1
<o ([ Do) vin -ulided) 1Dl
K

Hence we sum up those estimates over all K € 7},
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tnt1 1/q
o ([ [t s 1Dant + o) ol = s de) Dl
tn Q
tnt1 1/‘1
<C </ /(1 + |vp|? + | Dyvn [P + |oalP) v(In™ — vy |)dx dt) | Dywh, |[ese -
tn Q

Since D,vy, € LP(tn, tni1; LPTANQ)), Dywy, € LP(t,, ty1; LP(2)) and 0¥ — vy, converges
to zero in LP(t,,t,11; LP(€2)), the summation of the estimates for (2.31) over all K
vanishes as £ goes to zero.

We can get the estimates for the terms (2.32), (2.33), and (2.34) in a similar

way. ]

We note that Theorem II.8 implies the operator A* is type M [12], in other
words, if wuy converges to u weakly in Vo, A*u, converges to g weakly in V§, and
(A*up, up) converges to (g, u), then A*u = g. Finally our main result follows from

the Bardos-Brezis theorem (see [29] p. 128).

Theorem I1.9. Let u be the solution of the homogenized equation (2.3) and uyp, is a
MsFEM solution given by (2.8). Then we have

lim [Jup, = ullv, =0,
where h = h(e) > ¢ and h — 0 as e — 0.

Remark I1.10. In [12], it is proved that D,uy, is uniformly bounded in LP(t,, t,41; LPT*

(Q)) for some A > 0.

In conclusion, first, we were able to obtain explicit corrector estimates for mono-
tone operators in terms of #. This is not known before for the nonlinear parabolic
equations and gives us quantitative estimate of the convergence. Second, we were

able to quantify parts of the truncation errors (A"v;, — A*vy,, wy) in (2.26). More pre-
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cisely, we obtained explicit estimates for (2.29) and (2.37). Both of these estimates
show the existence of resonance errors appearing in the form of % We note that the
resonance errors from (2.29) are due to linear boundary condition imposed on local
problems. Because the actual solution is not linear along coarse grid boundaries, this
mismatch results in resonance errors. The resonance errors from (2.37) are due to
the fact that the coarse grid block does not contain integer number of periods. These

types of resonance errors are also observed in linear problems [20].

C. Correctors

In this section we study the convergence of a class of correctors for the monotone
parabolic operator [7, 31]. In order to extend the results in [31] to our case, we will
follow the similar approaches and notations in [31]. Furthermore, we focus on the
case of a = 20 in the homogenization of parabolic equations. The main result we
will present is proved in the following way. At first, we present some properties for
correctors, for instance, estimates for correctors and difference of two correctors over
a period. The main result is proved by applying the monotonicity assumption A2 and
splitting into two terms after adding and subtracting same quantities. Furthermore,
the first term can be expanded into four different terms. By showing each of the four
terms converges to same quantity, we verify the first term tends to zero. We apply
Holder’s inequality and Young’s inequality with appropriate constant to prove the
second term approaches to zero.

Let us begin with introducing the Y x Ty-periodic function

P(yaTalr]?g) = Pﬂ,ﬁ = 5 + Dmeﬁ(y?T)u (238>
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defined on R? x R x R? x R. We define the piecewise constant function M, by
O ) = 53 o) 1y (0 o [ [ otwmavin @)
iel. jeJe € = b, Y2
where I, = {i € Z¢ : Y/ C QY and J. = {j € Z : TJ. C (0,7)}, and 1, is the
characteristic function of a set A. Then we have the property that M.p converges to
einU = LP(0,T; LP(Q2)) [31].

Here is the main result in this section, which is proved for a = 2.

Theorem II.11. || P( 6%, M.u, M.Dgyu) — Dyue || poo1:00))— 0 as € — 0,

e’

where u is the solution of the homogenized equation (2.3).

Before we prove this main result, we present some properties for correctors defined
in (2.38). We recall that it was shown in Lemma I1.3 that for any € R and ¢ € R?,
we had || PyellTog, oopny) < C(L+ 0P+ [EP)|Y: x Toe|- In addition, the following

property for the correctors will be used in proving the next lemma.

Lemma I1.12. For every n;,m2 € R and &, & € R we have
||P(> 51, 51) - P(’ 512, 52)||I£p(T075;LP(YE))
o — Gl

+C/ / (L + " + &) v(|m — n2)?da dt.
TO,E 5

< O+ mlP + 1&17)

Y; X TO,&|

Proof. By the monotonicity assumption A2 of the operator and adding and subtract-
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ing same quantities, we obtain the following estimates

||P(7 5T, 51) - P(v 5 T2, 52)||1[)/P(T0,5;LP(Y5))

:/ ‘P(%’a%7n17£1) _P(§7€%7n27£2)‘pd$’dt

TOE Ye

SC’/T /(a(g’a%’nhpmél)_a(%a5%7771,Pn2,52),Pm’&—Pm@)dxdt
0,e 5

:C/T /(a(§’a%’nljpm’gl)_a(g’E%’n2’P772752)’Pn1,€1_Pn27§2)dzdt
0,e 5

+C/T / (a(ga 5%7 2, Pnz,ﬁz)_a(§> e%’ m, P772,€2)> Pn1,€1 _Pnz,ﬁz)dx dt.
0,e €

Due to the periodicity of P(-,-,n,&) = £+ DyN, ¢ and continuity assumption A4, we

get further estimates

HP ) 77]1751) ( ) 7”27£2>HLP(TOE7LP(Y5))
<C/ / 575277717 171,51) (575%77]27P172,§2>7£1_52)dxdt
TOE €

+C/T / (a(gv 5%7 2, Pnz,&)_a(%v 5%7 M, Pﬂz@)v Pﬁ17§1 _Pnz,&)dx dt

0,e 5

= C/T /(1+ |771|p_1_8+|772|p_1_8+|P771,€1|p_1_8+|P?72,€2|p_1_8)|P?717§1_P772,€2 |S|§1—§2|d$dt
0,e 5

+O/T / L P P By P [P (112 ]) Py P |t 2.40)
0,e 5

By Holder’s inequality with r; = ¢ and ry = p and Young’s inequality appropriately,

the second term of (2.40) is at most

1

C{/ / 1+ [ [P 2P~ | Py 6, [P | P 7€2|p—1)qV(|m_n2|)qudt}
T
0,g )
X {/ ‘P(gﬁa%anlagl) _P(§7EL2’772>€2) }pdl'dt}
TOE Ye

< —/ / 1‘|‘|771|p—|—|772|p—|—| 17§1|P_|_| 2752|p)7/(|771|_|772|)qd$dt
TOE €

/ | m,1 Pﬁ27§2|p dx dt.
TOE Ys
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By Holder’s inequality again with r; = p/(p — 1 — s), 79 = p/s, and r3 = p, the first

term of (2.40) is at most

p—1l—s
P

{/ / (L4 Il + [1al? + PGy, €01 + 1P ,n2,52>\p>dxdt}
T()s 5 1

X {/ |P(%, Z.m, &) —P(%,E%,ng,gg)\l’d:cdt} {/ S §2|pd$dt}
T() Y TOE Ye

1P = Prool” 160 = &2

s Csé
||§1 §2||p <+ —H n,61 Pn2,€2||p'

SO+ mfP + [naf + |&ufP + |§2|p)

C(p—s)
j2)

p—1—
(L [mu P+ |ma P+ |0 [P 4 [E2|P) 7=

VAN

Here the last inequality holds by Young’s inequality. Therefore, by taking the results

from the above estimates into account, we obtain the conclusion. O

We have another technical property for the correctors. We will use the following
sets in this lemma. At first, for each 0 < k& < m, let € and (0, T'); be proper subsets of
Q2 and (0,7, respectively, satisfying |0Q| = [0(0,T)| = 0 and (2N 2;) x ((0, 7). N
(0,7);) = 0 for k # 1. Furthermore, we have the sets I* = {i € I. : Y} C O},
Jr={je T, COTh}, F={el:YInQ #0, Y\ #0}, JF={je
Jo i T30 (0,T), # 0, TI\ (0,T) # 0}, EF = UY. x Ty, withi € I¥,j € JF,
Eik = Y. x Ty with i € I¥,j € J*, and Q. x (0,T). = Y. x T). with Y C Q
and T3, C (0,7) for any & > 0.

Also we define I, = {i € Z - Y/ NQ # 0, YI\Q # 0} and J. = {j € Z :
T3.N(0,7) #0, T\ (0,T) # 0}

Lemma I1.13. Let 6 > 0 be given, and ¢ and 1) be simple functions defined by
Z%lgk )11, (1), Z¢k19k z) 101, (1),

with ¢y, € R\ {0}, ¥, € R\ {0} such that ||[u— ¢|ly <0 and ||Dyu — |l < 6. Then

we have
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limsup || P(-, -, Meu, M.Dyu) — P(-, -, ¢, 0)|l,

e—0

< (12 x (0, T) [+ Met s+ | Me Dyl + [+ 1 ]lr) 7

IDuwh-Wm

Proof. Let us set Qo = Q\ U}~ Q. (0,7)o = (0,T7)\ U;—,(0,T)x, and ¢g = 1hy = 0.
Then ¢ and ¢ can be rewritten as ¢(z,t) = > /", drlo, ()10, (t) and P(x,t) =
Yoo Urla, () 1om), (t). If we take ¢ > 0 sufficiently small, then we have € x
(0, 7)), C Q. x (0,7), for all k& # 0. Therefore, the definition (2.39) of the piecewise

constant function M. and the simple functions ¢ and v imply

\P(-,-, Mcu, M. Du) — P(-, -, ¢, @D)”LP(OTLP Q)

— / ‘P 5,ltz,]\fu M.D,u) — (§’5L2>¢k>wk)‘pdatdt
T)e

<Z/ ‘P(E tzMuMDu) (£%¢k¢k)‘pdxdt

B ik g e L 5, b,

+Z/~Uk }P(g,atz,Mu M.D,u) — (gvaizv%ﬂﬁk)‘pdxdt.

Now we put

1
Nij = / / u(z, t)dz dt, §ij = —————— Dyu(z, t)dz dt.
‘YZ X Toj TJ i |Y;Z X T0j78| Tg,s yi

€
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Then by the lemma I1.12, we obtain

HP(-, ) M€u7 MeDacu) - P('a ) ¢7 w>||;zp(o7T;Lp(Q))

< Z Z/T({E/Y;' ‘P(gvg%unijagij) _P(g’;_%(?kawk)}pd:cdt

=012
+ZZ/./_‘P(§>§JM>€U) — P (%, %, én,n) [ dadt
k=0 fi i/ T0.7 Ve
< 0> O+ okl el + ) T = el 75 YE X T,
=015

e / | / (Lt PG+ 17+ [0el?) (s — ) et
Tg,s sl

YIXTy

el

+Z Z{C(1+\Uij|p+‘¢k|p+‘fij|p+|¢k|p)pgigs §ij—¢k|”%

k=0 [1, ]2

+C/- /-(1+|77ij|p+|¢k|p+|€ij|p+|¢k|p) v(|nij— dk|)!dxdt} .
T3 Ve

By the Holder’s inequality with ry = pf T and r; = p—s and the Jensen’s inequality,

we obtain

HP(7 ) M€u7 MED:EU) - P(7 K ¢7 ¢)||I[)/P(07T;LP(Q))

p—1—s
< C’{Z(‘EQH +/ | MulPdadt+|piP | EZ| + ..‘MstU|dedt+\¢k|p\E§jk|)
k=0 EYF ik
|| M. Dy — || 7=
‘|‘CZ /ijk(l + |M€u|p + |¢k|p + |M5Dxu|p + |,¢k|p) V(|nij_¢k|)qd:1;’dt
k=0 € N
of (et ataasatstonE21 oo 24
k=0 EY it

X|[ M. Dy — |75

403 [ Ml + 64 + DDl + [l?) vl — du] s
k=0 7 B

It follows that, for the last integral on this estimate, it goes to zero generically.
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Therefore,

|P(-, -, Mcu, M. Dyu) — P(-, -, ¢, )|,

p—1l—s
s

<O % (0,1)] + | Meullfy + 191, + IMeDaullf, + 1118) 7 || Do — 91l

p—1l—s
+OOS B |+ [MeuPdedid el |EZH+ | |M.DyulPdadt-+]iyP| EP¥
: Eéﬂ‘ € E::]k €

k=0

XHMED:BU - ¢||ZF

+o(1).

Since |9,| = |96 = 0 for k # 0, |[E¥* — 0 as e — 0 for all k. Thus we get the

result we desired. O
The next lemma shows us the uniform boundedness of P(-, -, M.u, M.D,u).

Lemma I1.14. We have the following property for P(-,-, M.u, M.D,u):
|P(-, -, M.u, Meru)||’£p(07T;Lp(Q)) <C,
with constant C' > 0 independent of €.

This lemma can be proved in the similar way in [31]. Now we prove main theorem

in this section.

Proof of Theorem II.11. The monotonicity assumption A2 of the operator and adding
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and subtracting same quantities imply
// |P(2, %, Mou, M. Dyu) — Dyu.|’ da dt

<C// e 4w, P(2, 4 Mo, MoDyw)) — a(Z, 4, e, Do),

P(%, %, M., M.Dyu) — Dyu.) de dt

57527

T
:C//(a(i,az,ug,P(ﬁ,;,Mu M.D,u))— (i,;z,Mu P(E,EZ,MU M.D,u))
0oJa

+a(%, 5, Mou, P(2, 5, Mou, M.Dyu))—a(%, %, ue, Dyue),

£ g2

P(%, % Mou, M.Dyu) — Dyu.) da dt|

€

T
// g 52)“8? §75L2aM€u>MEDxu))_a(§7 etQaMu P(€> EtQaMauaMEDxu))a

P(£, 4, Mou, M.D,u) — Dyu.) dx dt| (2.41)
T
// (£, %, Mou, P(£, 5, Mou, M.D,u)) —a(2, 5, ue, Dyu,),
P(%, %5, Mou, M.Dyu) — Dyug) da di| . (2.42)

The second term (2.42) is split into the following four terms

T
C//( (£, % Mo, P(%, %, Mou, M.D,u)),P(%, %, Mou, M.Dyu)) dadt(2.43)
0JQ

) 627
T
—C//( (2, %, Mo, P(£, %, Mu, M.D,u)), Dyu.) du dt (2.44)
Q
T
—C'// (a(%,E%,ug,Dmue),P(f,a%,Meu, MeDmu)) dx dt (2.45)
0Ja
T
+C’// (a(%, 5, ue, Dyu.), Dyu.) da dt. (2.46)
0Ja

We are going to get the limit in each term as £ — 0.

Step 1. In (2.43), the domain of integration can be divided into inner cells and
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boundary cells. Thus, (2.43) can be rewritten as

T
// (a(2, &, Mo, P(2, %, Mou, M.D,u)), P(2, %, Mou, M.D,u)) da di
0

=>.> / | / (a(2, . Mou, P(2, &, Mo, M.Dyu)), P(%, &, Mo, M.Dyu))da dt
icl. jeJ.” To. Ve
+/ / (a(%,5,0,P(%,4,0,0)), P(%£,4,0,0)) dx dt. (2.47)
(0 TN\O.1)e 2\

By the definition of the piecewise constant function M.u the first term in (2.47) is
going to be

Z Z/ ) / _(a(gv 5%7 Nij gij+D$Nnij7§ij(%v E%))? gij_'_DmNnij&ij(%? a%)) dx dt
T3 Ve

i€le jeJe

- Z Z/TJ /}Yg(x) 1T3,5(t) <(a(-, '7mj’gij_'_Dmijv&j)vgij"i_Dwijv&j» dxdt
0,e €

i€le jeJe

-y /T j / (o) gy (0 (00,6 + DaNoy ), 69)) dudt (2.48)

1€l: jeJ:

—I-Z Z/TJ /1 ly:(x) 1T3,g(t) <(a(., .>771']',fij—I-Dmej@j),Dmej&j)>dxdt.

1€l jeJe

The average value in the second term of (2.48) is computed in the following way:
((als Mg, &g + DaNuy ), DalNye,) )
= — <(div as Mgy §ig + DalNas ei) ij,&j)>
= - <(DtN77ij7£z‘j’ N7h‘jv§l‘j)>
— <%Dt Ny e 2> — 0,

which implies that the second term of (2.48) will be zero. Thus, (2.48) becomes the
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followings

zz/

i€l. geJ 7§

/ (8) (a"(mij» &ij), &5) dz dit
0Jo

which converges to
T
//(a*(u,Dxu),Dxu) dx dt, (2.50)
0Ja

as ¢ tends to zero. Indeed, we consider the difference between (2.49) and (2.50), and
we add and subtract same quantity. Then we obtain the following estimates for the

difference by using Holder’s inequality
T T
//(a*(Mgu, Meru),MgDmu)d:L’dt—//(a*(u, D,u), Dyu)dzdt
0Jo 0Jo
T
://(a*(Mgu, M.D,u) — a”*(u, Dyu), M.Dyu) dx dt
0Jo

T
+//(a*(u, Dyu), McDyu — Dyu) dxdt

(// |a”(Meu, MeDyu) — a(u, Dxu)|qd:):dt) <//|MD ul? d:rdt)l/p
([t araca) ([ [ s papisa)”

By the continuity assumption A4 we have the following estimate
T
// la*(Mou, M.D,u) — a*(u, Dyu)|? dz dt
0/a
T
//(1+|M€u|+|M8Dxu|+|u|+|Dxu|)pu(|Mau—u|)qudt
0/o
T
+//(1+|Mau|+|Manu|+|u|+|Dxu|)(p_1_5)q|Manu — Dyl
0/o

which converges to zero as € — 0. This implies that the difference between (2.49) and

(2.50) tends to zero as € approaches zero. Therefore, the first term of (2.47) converges
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to
T
/ / (a* (u, Dyut), Do) da dt,
0JQ

as € — 0. It remains to show that the second term of (2.47) goes to zero as ¢ tends

to zero. The continuity assumption A4 implies that
/ / (a(%,5,0,P(%,4,0,0)), P(%£,4,0,0)) dx dt
(0,1\(0,1)e / O\

S C/ / (1+|P070|)pdl’dt+/ / (a(%,e%,o,O),Pop)dl’dt
(0,7)\(0,T)e v Q\Qe (0,7)\(0,T)c v Q\Qe

< O\ Q) x (0,T)\ (0,).)] + / / (PoolPdedt
(0,7)\(0,T)e 4 2\ Qe

1/q

_ 1/p
+C ‘Y;Z X T]€| (/ / |P070‘p dl‘dt) .
Z Z o (0,7)\(0,7) J O\ Qe

jed. iel.

Since, as £ — 0, |(2\22) x ((0,7)\ (0.T).)| tends to zero and ¥,_;, Sy, [VEx T4,
goes to [0 x 9(0, T)], it is enough to show that [ 1\ .. Joq [ Fo0lPdzdt approaches

to zero. Indeed, by Holder’s inequality with r; = 1‘% and ry = 1’% for some v > 0

we have
/ / |P070|pdl’dt
(0,7)\(0,7)e J Q\Qe
P

-
< C Z Z ||P0,0||§tzv(To,s;Lp+v(y€z‘)) [(Q2\ Q) x ((0,T)\ (0, 7))+

jed. iel.

o
< O D IWEXT] 1@\ 2) x ((0,7)\ (0,T).)[,
J. I

which converges to zero as € tends to zero.
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Step 2. The second term (2.44) is
T
// ( ”EE,;Q,MU P(a,;z,Mu M.D,u)), Dxue) dx dt
Q
T
= // (CL("E, EQ,M u PMsu MsDccu> - a(f, a%’ (b, Pfi)ﬂﬁ)’ Dxug) dx dt (251)
0Ja
T
+// (a(£, 5,0, Pyy), Dyue) dz dt, (2.52)
0Ja

where ¢ and 1 are simple functions satisfying the conditions in Lemma I1.13 for any

9 > 0. The second term (2.52) is equal to

Z/OT /S;k g 627¢k7 (g 527¢k,¢k>) ;pug) dx dt. (253)

Now we claim that D, u. is bounded in L?(0,T; LP(Q)) and a(%, &, é, P(%, &, dr. Vi)
is bounded in L"((0,7T)g; L"()) for r > ¢q. Indeed, since ||P(-,-,,n,&)|lx < C(1 +
[nP+1£[)|2x (0,T)| and by using Meyers type estimates, || P(-, -, ¢x, ¥x) || Lo+ (0.7: 10+
() 18 uniformly bounded in LP*7(0, T; LP*7(€2)). This implies that a(2, &, ¢y, P(2, &,
¢r,Yx)) is uniformly bounded in L"(0,T; L"(2)) for r > q. Therefore (a(2, &, ¢x, P(
2 L, O, Yn)), Dyue) is bounded in L7(0,T;L7(Q)) for o > 1. Thus there exists
a subsequence such that (a(Z, %, ¢r, P(£, 5, ér, ¥r)), Dyus) converges to gj, weakly.
On the other hand, a(Z ,Eg,qﬁk, P(%, e—g,qﬁk,@bk)) converges to a*(¢g, ) weakly in
L9(0,T; L(S2)). By the compensated compactness, gx = (a*(¢g, ¢¥r), Dyu) as € — 0.
From the boundedness of D u., D,u. converges to D,u weakly. Consequently, (2.53)

converges to

- T
kZ:o/((LT)k /Qk (a*(¢w, Yr), Dyu) dz dt = /O/Q(a*(¢,¢),DxU)dxdt.
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Now, we go back to (2.51). The fourth assumption A4 implies that

T
[ [ @tz Mo, P Mot M. D) = a2 6. P2, 0,0), Do)
0Ja

T
< C//(1+ [ Mol ™"+ |P(, -, Mow, McDpu) P~ + [P~ + | P(, -, 0,9) P
0/

xv(|Mou — ¢|)| Dyl dx dt (2.54)

T
+C//(1+‘M€u|p_1_s+|P('7'7M5u7 M_D,u)|P 5 [P 5 | Py -, 0, 0) [PEF)
0/a

X|P(-, -, Mou, M.Dyu) — P(+, -, 6,0)|° | Dyue|dx dt. (2.55)

By the Holder’s inequality with = ¢ and o = p, the first term (2.54) is at most

! 1/q
C(// (14| Meul?+ | Py s Dol + 107+ Py y|7) V(|Meu—¢|)|qudt)
0Ja

T 1/p
. (// |Dxu€\p) ,
0JQ

which converges to zero as ¢ — 0, since |M.u — ¢| — 0 in LP(0,7; LP(Q2)) and
fﬂﬂ | Dyu|Pdx dt is bounded. For the second term (2.55) we apply Holder’s inequality

again with r = Iﬁ, ro =2 and r3 = p:

T
C// (1+|MEU|P—1—8+|P(., ',Mau, Mngu)|p_1_S—|—|¢|p_1_5—|—|P(-, -,gb, w)|p—l—s)
0JQ
X|M5Dmu - w|8 ‘Dmue|dl’ dt

p—1—s

' r
SC’{// (1+|Mau|p+|P(','>Mgu,Mngu)|p_|_|¢|p_|_|P(.’.’¢’¢)|p)dxdt}
0Ja

T s/p T 1/p
X {// |P(a aMauaManu) - P(a ,¢,¢)|pdl’dt} {// |Dxua|pdzdt} :
0JQ 0J

So by the Lemma I1.13 and Lemma I1.14, we get

z

T
//(a(ga 22 Mau> PMgu,Mngu) - CL(%, 5%7 ¢7 P¢,¢)> Dxua)dz dt' = 0.
0JQ

lim sup
e—0
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Therefore, the second term (2.44) converges to

T
//(a*(u,Dxu),Dxu) dx dt,
0Jo
as € — 0.

Step 3. The third term (2.45) can be modified in the following way:
T
// (a(%, %, ue, Dyug), P(%, %, M., MeDmu)) dx dt
0/a
T T
://(a(f, E%, Ug, Dmue), Pfi)ﬂlf) dxdt+//(a(§, E%, Ug, Dmug), PMstsDccu_Pd)ﬂlJ) dxdt
0/a 0Ja
- Z/ / (a(g, 2, Ue, Dyue), Pdmp) dz dt (2.56)
k=0 Y (0,T)k J
T
+ // (CL(%, E%, Ug, Dxua), PMgu,Mngu — P¢7¢) dx dt. (257)
0Ja

We note that, in (2.56), a(%, &, ue, Dyu.) is bounded in L9(0, T L%(Q)) and P(%, &4, ¢, 1))

e g2

is bounded in LP*™7(0,T; LP*7(Q2)). Similar to the Step 2, we claim that

m T
Z/ / (a (2,5, ue, Do), Pyy) d:cdt—>//(a*(u,Dwu),qb)dxdt.
=0 Y (0,7), S, 0JQ

The Holder’s inequality and the analogous arguments in step 2 imply that the second

term (2.57) converges to zero. Thus, we get the third term (2.45) converges to

T
//(a*(u,Dxu),Dxu) dx dt,
0Ja

as € — 0.
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Step 4. The fourth term (2.46) is

T
// (a(%75%7u€7DfEu€)7Dxu5) dx dt
0JQ
T
- _// div(a(faa%vué‘vaus))Ugdl'dt
0JQ

T
- _// (Dtua_‘_a’o(%’aL%uEanua)_f)ugdl’dt
0/

- - <Dtu67ua> + <_a'0 (%7 5%) Ue, D:L‘ue) _l_ fa u£>

1

= =5 (D) = 0 (0) ) + (a0 (2, & D) + £ ).

When we pass to the limit in the right hand side, we have
1 *
=5 (D172 = 1)) + (=45 (u, Dyw) + fru)
= - <Dtu>u> + <_a3 (U, D:cu) + f> u>
T
= —//(Dtu+a3 (u, Dyu) — f) udx dt
Q
To
= //(a*(u, D.u), Dyu)dz dt.
0/o

By assembling the four results from the four steps, we conclude that (2.42) converges
to zero as € — 0.

The only remaining thing we have to show is (2.41) converges to zero. Since
D, u, is bounded in LP(0,T"; LP(Q2)) and by Lemma I1.14, Pys_y, a1, p,u—D2 - is bounded

in LP(0,7; LP(2)). By Hélder’s inequality with m = ¢ and 7, = p and Young’s
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inequality for some & > 0, we have

T
r t r i
// (a(ga 2 uaPMgu,MsDzu) —CL(;, 2 MeuupMsu,MsDzu)7PM5u,M5Dzu_Dxue) dxdt
0J0Q

C T
S % // ‘ (a(%7 5%7 u€7PM5U7M5Dzu>_a(%7 5%7 ME“? PMsuyMsD:cu) ‘qudt (258)
0J0Q

cs [T )
+— ‘PMé‘uyMED:Eu — Dxug\ dx dt. (259)
P JoJa

The continuity assumption A4 implies that

T
// ‘(a(%7 5%7 u€7 PMsuyMsDcvu) - a(%? 5%7 ME“? PMEU,MsDzu>‘q d'r dt
0J/Q
T
< C// (14 ue|” + | Meul? + | Paounr. ppu|?) v(|ue — Moul)?dz dt.
0J/Q

By Lemma I1.14, Py y . p, is bounded in LP(0,T; LP(Q2)), and hence (2.58) con-
verges to zero as ¢ tends to zero. On the other hand, (2.59) can be moved to the
left hand side by choosing 6 > 0 appropriately. Therefore we get our conclusion as

desired. O

D. Numerical examples

In this section, we perform numerical homogenization of nonlinear parabolic equa-
tions. We consider the following nonlinear periodic parabolic equation in two dimen-
sions:

Dy, — divy(a(z/e°,t/e® u)Dyus) = f in (0,1) x (0,1), (2.60)

with the zero initial condition and the following boundary conditions: u. = 0 on

the left vertical edge, u. = 1 on the right vertical edge, and homogeneous Neumann
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conditions on the both lateral edges. Here a is given by

d(1+ F'(u.)) —H(x/eP t/e*)F'(u.)
H(x/eP t/e*)F'(u.) d(1+ F'(u.))

the number d is the molecular diffusion of a periodic convection and periodic diffusion

equation
1
Dyu, — gv(x/éﬁ,t/éa) D F(u.) —d(1+ F'(u.))Agpu: = f,

which is equivalent to (2.60), F' is a flux function, f is a given source term which
will be assumed to be zero in this section, and H is the stream function satisfying
v = (g—g, —g—i), where v is the velocity field such that div,v = 0. In addition, the
nonlinear operator a(z/e”,t/e%, u.) D u. satisfies the assumptions A1-A4.

Homogenization theory [11] gives us that u. converges to u, where u is the solution

of the homogenized equation
Dyu — div,(a*(u)Dyu) = 0.

Here a*(n)& = (a(y, 7,1)(§+ DyN,.¢)), where N, ¢ is the solution of an auxiliary prob-
lem which depends on the ratio between o and [ (see (2.16)). However, we consider
only the case of & = 23 in this section. We note that, from the homogenization the-
ory, N, e = xV(0)& + xP (y)és, where € = (&1,8)T, and V) and y@ are solutions

of
DX — div(aly, 7,m)(V(X" +41))) =0,

Dox® = div(aly, 7. )V + 1) = 0.

respectively. This implies that Dy N, ¢ linear in £, that is,

axM  ax®
oy Oy 51
DyNye =
’ D 9@ 5
2

0y2 Oy
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Thus, the homogenized coefficient a;; can be computed by

aji(n) = d(1 + F'(n)0i; + (HyF' (0)55), (2.61)

) Oy

where H;j is the component of stream function matrix H satisfying div,H = v. Here
the second term on the right-hand side of (2.61) is the enhanced diffusivity matrix
because of the periodic flow.

Now we consider the numerical homogenization procedure. At each time step we
calculate the average of u. over the domain. And then we use this average to solve
the local problem and compute the enhanced diffusion. The numerical results will be
presented to show the importance of the enhanced diffusivity, that is, we will compare
them with the averaged solution without the enhanced diffusion.

We choose the period € = 0.1 and the molecular diffusion d = 0.1. In addition,

the periodic stream function H for convection terms is defined by
H(z/e,t/e?) = {sin(2mx/e) sin(2my/e) + 6 cos(2mx/e) cos(2my/e)} cos(t/e?),
and the flux function is taken to be Buckley-Leverett function
F(u) = v?*/(u® 4+ 0.2(1 — u?)).

Here, we vary 0, 6 = 0.1,0.2,0.3,0.4,0.5. In Figures 2-6 we compare the results with
the enhanced diffusion on a coarse grid with the averages obtained from the solutions
of original equations on a fine grid. In addition, the solutions of the equations without
the effect of the enhanced diffusion are given. The averaged solution as a function
of time is presented on the left figure of Figures 2-6. The solid line indicates the
solution of fine scale equation, the dotted line stands for the solution of the equation
obtained by the numerical homogenization procedure, and the dashed line designates

the results without the enhanced diffusion in each figure. The solutions averaged in
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the horizontal and vertical directions at the time ¢t = 0.5 are plotted on the middle and
right figure of Figures 2-6, respectively. The figures in all cases show the importance
of the enhanced diffusion. The coarse models with the enhanced diffusion match well
with the results of fine scale equations.

Next, we perform the same experiments except choosing ¢ = 0.05 instead of
e = 0.1. We demonstrate the results in Figures 7-8 for 6 = 0.4,0.5. These results also
show that the effect of the enhanced diffusion. We note that the coarse models with
enhanced diffusion overapproximate the fine scale solutions, while they underapprox-

imate in the case of € = 0.1 (see Figures 5-6).

04 T T T T 04 T T T T 1

—fine model —fine model —fine model
0 - - averaged (no enhanced diffusion) - - - averaged (no enhanced difiusion) 0 - - averaged (no enhanced diffusion) ;'
0.3homogenized (with enhanced diffusion) B R homaogenized (with enhanced diffusion) ||+ homogenized (with enhanced difusion) ,"
025 "”’A 06 Ill
02 i /
015 4 /Y

03 B

0t /.

02 /
005/

0 o TR

0 0l 02 03 04 0 T 02 04 06 08 1 0 02 04 06 08 1

Fig. 2. Left figure: The solutions are averaged over the spatial domain. Middle figure:
The solutions are averaged in horizontal direction. Right figure: The solutions

are averaged in vertical direction. 6 = 0.1, = 0.1
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Fig. 3. Left figure: The solutions are averaged over the spatial domain. Middle figure:
The solutions are averaged in horizontal direction. Right figure: The solutions

are averaged in vertical direction. § = 0.2, = 0.1
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005t
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0 0l 02 03 04 0 D 02 04 06 08 1 0 02 04 06 08 1

Fig. 4. Left figure: The solutions are averaged over the spatial domain. Middle figure:
The solutions are averaged in horizontal direction. Right figure: The solutions

are averaged in vertical direction. § = 0.3, = 0.1



57

04 04 w ! w
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Fig. 5. Left figure: The solutions are averaged over the spatial domain. Middle figure:
The solutions are averaged in horizontal direction. Right figure: The solutions

are averaged in vertical direction. § = 0.4, = 0.1
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Fig. 6. Left figure: The solutions are averaged over the spatial domain. Middle figure:
The solutions are averaged in horizontal direction. Right figure: The solutions

are averaged in vertical direction. § = 0.5, = 0.1
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Fig. 7. Left figure: The solutions are averaged over the spatial domain. Middle figure:
The solutions are averaged in horizontal direction. Right figure: The solutions

are averaged in vertical direction. § = 0.4, = 0.05
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Fig. 8. Left figure: The solutions are averaged over the spatial domain. Middle figure:
The solutions are averaged in horizontal direction. Right figure: The solutions

are averaged in vertical direction. § = 0.5, = 0.05
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For the next set of numerical tests we replace nothing but the diffusion term
d (14 F'(u.)) by dk(x/e, t/e2) /(1 4+ u.)F@/=/e)+2 for some positive periodic function
k(x/e,t/e?). Thus we have another types of periodic convection and periodic diffusion

equations (2.60) such that

d k(x/e,t/e?) /(1 +u k@22 —H(z/e,t/e*) F'(ue)
H(:L’/a, t/52)F/(u€) d ]{Z(l’/é?, t/62)/(1 + ug)k(x/£7t/52)+2

Here we take ¢ = 0.1 and 0 = 0.1. We also investigate the importance of the en-
hanced diffusion in numerical homogenization procedure by taking various periodic
functions k: k(z/e,t/e?) = sin(2rx/e) + cos(2my/e) + 3, k(x /e, t/e?) = (sin(2rx/e) +
cos(2my/e) + 3)(cos(t/e?) + 2), k(z/e, t/e?) = ;ﬁgiggﬁg + ;ﬂgiggg@ + 3, and

2+1.8sin(2mx 2+1.8sin(27
]{7({17/8, t/62) - <2::-—1.8cos((27ry73 + 2-—::1.8 COSEZWZ//EE)) + 3) (COS(t/€2) + 2)

Figures 9-12 show us the comparison of the homogenized solution with the en-
hanced diffusion with the fine scale solution and averaged solution without the en-
hanced diffusion as we did. Likewise, the left plots of each figure illustrate the be-
havior of solution averaged over the spatial domain, and the right plots of each figure
indicate the solution averages in the vertical direction at ¢ = 0.5. The results on the
left plots of the figures give us the averaged solutions without the enhanced diffusion.
We observe that the solutions agree well with the solutions of fine model in the early
stage, however, as time goes on, homogenized solutions with the enhanced diffusion
are getting closer to the fine model. The right plot of each figure makes us confirm the
importance of the enhanced diffusion. In fact, although the coarse solutions without
enhanced diffusion effect look better than homogenized solutions in the comparison
of averaged solutions over the spatial domain, homogenized solutions are better when

comparing of averaged solution in vertical direction.
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Right figure: The solutions are averaged in vertical direction.
k(z/e,t/e*) = (sin(2rx/e) + cos(2my/e) + 3).
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For the third set of numerical tests we use the stream function A which is from
random velocity field (see p265-266 in [10]). By taking it into account, we have

random convection and periodic diffusion equations (2.60) satisfying

d k(x/e,t/e?) /(1 + u )@= _H ' (u,)

H F'(uc) d k(z/e,t/e2) /(1 + u.)k@/at/e)+2

with ¢ = 0.1 and 6 = 0.1. Further, we use the same periodic functions k as we did
in the second set of numerical tests. We present the results of these experiments in
Figures 13-16, and we have similar results to the second set of tests. These com-
parisons show that the effect of the enhanced diffusion is significant in numerical
homogenization procedure. Similar to the second set of numerical tests, coarse so-
lutions with enhanced diffusion close to fine scale solution on the left plots of each
figure, and right plots of the figures enable us to notice that homogenized solutions

with enhanced diffusion in the coarse models match well with reference solution.

0.4 w 1 ‘
—fine model —fine model K
039 -averaged (no enhanced diffusion) 08l -averaged (no enhanced diffusion) ’
0.3 homogenized (with enhanced diffusion) | 1 || homogenized (with enhanced diffusion)
o 0.6 II’
0.2r ’,‘\f::"’“ ,'I
015/ 04
0.17 ' .
Y 0.2 e
0057 . I
0 0.1 0.2 0.3 04 0.5 0 0.2 0.4 0.6 0.8 1
Fig. 13. Left figure:  The solutions are averaged over the spatial domain.
Right figure: The solutions are averaged in vertical direction.

k(z/e,t/e?) = (sin(2mz/e) + cos(2my/e) + 3).
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Fig. 14. Left figure:  The solutions are averaged over the spatial domain.
Right figure: The solutions are averaged in vertical direction.
k(z/e,t/e?) = (sin(2mx/e) + cos(2my/e) + 3)(cos(t/e?) + 2).

For the last set of numerical tests, we again use the same stream function H from
random velocity field and the same periodic function k as in the previous examples.
However, we change the diffusion term by dk(z/e,t/e*)(|Vu.| + i) with integer i.

Then we have another nonlinear parabolic equation (2.60) such that

dk(z/e t/e®)(|Vu.| +1) —H F'(u.)
H F'(u.) d k(z/e,t/e?)(|Vue| + 1)

Here we choose © = 1, ¢ = 0.1, and 6 = 0.1. In Figures 17-20 we compare the
solutions of fine scale equations with the solutions of homogenized equations as we
did before. These results also support the significance of the enhanced diffusion in

numerical homogenization scheme.



0.4

0.357
0.37
0.25¢
0.2
0.15¢

0.1

Fig. 15. Left figure:
Right
k(z/e t/e?) =

0.4

0.357

0.37

0.25¢

0.2

0.151

0.05

Fig. 16. Left figure:
Right

—fine model
- - averaged (no enhanced diffusion)

““““ homogenized (with enhanced diffusion)

005"

The solutions
The

2+41.8sin(2wz/e)

figure:

solutions

0.87

0.6

0.47

0.2

are
2+41.8sin(2wy/e

64

—fine model ’
- - averaged (no enhanced diffusion)

““““ homogenized (with enhanced diffusion)

2+41.8 cos(2my/e) +

—fine model
- - averaged (no enhanced diffusion)

““““ homogenized (with enhanced diffusion)

The solutions

figure: The

solutions

2+4+1.8 cos(2mx /e

are averaged over

are

are averaged over the spatial domain.
averaged in vertical direction.
s +3.
1 1
—fine model !
08l™” -averaged (no enhanced diffusion)

domain.

the spatial

averaged in vertical direction.

Bofz, /%) = (3omns

2+1.8 cos(2my/e)

24-1.8 sin(27
2——::1.8 COSEQWZ//EE)) + 3) (COS(t/Ez) + 2)



0.67

0.57

Fig. 17. Left figure:

Right figure: The solutions are averaged in vertical direction.

—fine model
- - averaged (no enhanced diffusion)

““““ homogenized (with enhanced diffusion) =]

|

0.87

0.6

0.47

0.2

—fine model o
- - averaged (no enhanced diffusion)

““““ homogenized (with enhanced diffusion)

7

k(x/e,t/e?) = (sin(2wz/€) + cos(2my/e) + 3).

0.7

0.67

0.57

Fig. 18. Left figure:

Right figure: The solutions are averaged in vertical direction.

—fine model
- - averaged (no enhanced diffusion)

““““ homogenized (with enhanced diffusion) ||

0.87

0.6

0.47

0.2

—fine model C1
- - averaged (no enhanced diffusion)

““““ homogenized (with enhanced diffusion)

7

k(z/e,t/e?) = (sin(2mz/e) + cos(2my/e) + 3)(cos(t/e?) + 2).

65

The solutions are averaged over the whole spatial domain.

7 = 1 and

The solutions are averaged over the whole spatial domain.

7 = 1 and
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The solutions are averaged over the whole spatial domain.
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CHAPTER III

MULTISCALE NUMERICAL METHODS FOR TURBULENT DIFFUSION
EQUATIONS*
In this chapter we present an approach to solve turbulent diffusion equations governed
by cellular periodic flows. First, we briefly describe the asymptotic way, proposed in

[24], to solve the problem.

A. Background

Let Q be a simply connected, bounded domain in R?. We consider the time-dependent

advection-diffusion equations for periodic flows

oT
— =eAT —v-VT 1
5~ ¢ v-V (3.1)

T(O, Z, [L’g) = To(l’l, 1'2).

Here, v(x1,x9,t) is the fluid velocity which is heterogeneous (with fast temporal and

spatial variations) time-dependent (in general) and incompressible:
dive = 0,

and € > 0 is the molecular diffusivity which is small. Since the flow v is assumed to be

incompressible, there is a stream function ¥ (zy, 3) such that v = V¥ = (g—;l;, —g—f’l).

We assume v is a time-independent and incompressible flow with mean zero.

“Portions of this chapter are reprinted with permission from “Boundary layers
for cellular flows at high Péclet numbers” by A. Novikov, G. Papanicolaou, and L.
Ryzhik, 2005. Comm. Pure Appl. Math., 58, 867-922, Copyright [2001] by John
Wiley & Sons, Inc.
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Then there is a skew-symmetric matrix H = (H,;(x)) such that

divH = v.
Thus (3.1) becomes
or
which can be rewritten to
T < 0 oT
- 2o (15,). &

where
aij(x) =& 52’]’ + HZ](ZL')

Note that (a;;) is not symmetric, but the right hand side of (3.2) is uniformly elliptic.

Assume that the flow is cellular with the cell size §. Then we have

0T~ 0 ., T
o 2o () (3:3)
under the assumption 7(0,z) = To(x). Due to the uniform ellipticity of the periodic
diffusivity coefficients in (3.3), the solution T'(¢,z) = T°(t, z) of (3.3) converges in L>
to the solution T'(t, z) of
T~ 0T -
_— = _’i S~ T O, - T
5 = 2 g (0,2) = Tp(x)

To obtain the symmetric effective diffusivity matrix (a@,;), we solve the following cell
problem:
For each unit vector e, let x = x(x, e) be the unique (up to a constant) periodic

solution of

2
0 ox(z) 0
- a—%aij(ff)—axj = Z 8@-&”(@6]

ij=1
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Then @ is determined by
ae-e=(a(Vx+e) (Vx+e)),

where ( ) denotes the average over the cell.

The cell problem for (3.2):
div[(el + H)(Vx +¢)] = 0. (3.4)
The effective diffusivity matrix (@) is defined by
ac-e=e((Vx+e) (Vx+e)).
Since divH = v, (3.4) is equivalent to
eAx—v-Vx+v-e=0. (3.5)

Consider the above cell problem (3.5) with the stream function given by W(x1, xs) =
sinx; sin zy. Then the periodic function x(z1,z2) (0 < 21 < 7,0 < 23 < 7) can be

determined up to a constant. When e = (1,0), if p = x + 1, then we can get

eAp—v-Vp=0,
p(O,l’g) = Oa p(ﬂ-VIQ) =T, (36)
dp dp

0—1'2(3:1’0) = 72(1'1,77') = 0,

Motivated by the above cell problem (3.5), we consider the following steady

advection-diffusion problem
eA¢" —v-Vo© = f, (3.7)

where the flow v is incompressible, div v = 0, and nonpenetrating through the bound-
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ary of , i.e., v-n = 0 at 0L, and ¢° is a temperature in turbulent flows and f is a given

source term. The small parameter ¢ = Pe™! < 1 is the inverse of the Péclet number,

vl

where Pe = 7, where v is the velocity, [ is a length scale, and D is the molecular

diffusivity. Equation (3.7) is supplemented by the Dirichlet boundary data:
¢°(x) = To(x), z € 99, (3.8)

where Ty is a given temperature.

1. Asymptotic computational approach

At high Péclet numbers the numerical solution of (3.7) becomes expensive if a dis-
cretization method does not take into account diffusive boundary layers which arise
where the stream function W (xq, z5) for the incompressible flow v vanishes: W (zq,z5) =
0. We propose here to use a detailed analysis of (3.7) developed in [24]. Let us sum-
marize some results obtained in [24].

As ¢ tends to zero, the solution to (3.7) converges to a solution of a coupled one-
dimensional heat equations on a graph. This diffusion on a graph modelis independent
of Péclet number, and the relative H' error between the solution to (3.7) and the
solution to the diffusion on a graph model was estimated a priori as O(£'/2) (Theorem
6.1 in [24]).

The edges of the graph are associated with the separatrices of the fluid flow, and
the vertices of this graph are associated with saddle-points of the stream function

U(z1,xq). Let us first describe the simplest case when we have just two vertices.

a. The two-cell case

We describe the asymptotic problem first on the simplest example of a domain €2 that

consists of two cells C; and Cy depicted in the left plot of Figure 21. We denote by
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T(e,) ~

§§7

'7WIlﬂﬂllﬂlllll

T(Q,)
Fig. 21. The two-cell problem (left) and the gluing procedure (right).

ejo = 002N AC;, j = 1,2, the part of the boundary of Q2 along the cell C; and by e;2
the common edge of the two cells. We also introduce the boundary layer coordinates
h and 0i2, 60, 7 = 1,2. The coordinate 6,5 represents parameterization along the
edge e12 = {h =0} N {0 < 612 < l;5}, while the coordinates 6;, parameterize along
the boundaries ejo = {h = 0} N {li2 < B;0 < ljo}. We first solve the heat equation

"along e15”:
Ofiz 0 fio

a0 = o2’ h e (—O0,00), 0< 912 < llg (39)
12

with prescribed initial data f{, and the decaying at h = +oc:

lim 8fl2 (9127 h’)

Jim =R =0, (3.10)

Then we solve two half-space problems ”along the outer boundaries e;o” with the

prescribed Dirichlet data that comes from (3.8):

0 0?
a%iz: a}’;‘), o0 < h <0, Iy <6 <l (3.11)
and
2
af20 = 0 f20 0<h< o, l12 < ‘920 < l20 (312)

00sy  Oh2
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with (3.10) h = £oo, and with the Dirichlet data f;o(6,0,0) = T5(0j0) at h = 0. The
initial data for (3.11) and (3.12) comes from (3.9):

fio(hiz, h) = fia(lia, ), —o0 < h <0, (3.13)

f20(l12, h) = f12(l12, h), 0<h< 0.
Finally we glue together the functions fio(li9, 1), h < 0 and foq(l2,h), h > 0:

fio(lo, h), —oco<h <0
fo(h) = (3.14)
f20(l20,h), 0 < h < o0,

The asymptotic problem is to construct a periodic solution of the above, that is,
to find a function f%(h) so that f(h) = fi5(h), h € (—00,00). This problem is
described schematically in the right plot of Figure 21. There exists a unique function
Iy € L*(—00,00) such that f{ = f{, (Proposition 5.1 in [24]).

An alternative approach to the proof of the existence of a periodic solution of
(3.9)-(3.14), that is somewhat less transparent in the two-cell case but is easier to
generalize to the case of multiple cells is as follows. We introduce an operator £ =

Lis ® Lig ® Loy defined on L*(R) x L*(R_) x L*(R,) as

fi2 Lis fro
L fio | = | Liofio
fa0 Loy fao

We also define a re-distribution operator R on the same space L*(R) x L?*(R_) x
L*(Ry) as
fi2 Glf10, fao
R1fo|= R fi2
f20 Ry fiz
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Fig. 22. The velocity profile (left) and the graph (right).

Then the existence of a unique function f% € L?(—o0,00) such that f{, = f{, means

fia(h) g(h) fia(R)
RL fro(liz, h) | + 0 = | fiolli2,h) | (3.15)
f20(ll27 h) 0 f20(ll27 h)

where the function g(h) is obtained by solving (3.9)-(3.14) with f{, = 0 and inhomo-
geneous boundary conditions. Equation (3.15) has a straightforward generalization

to the case of more than two cells.

b. The general multiple-cell case

We now consider the general case when the domain {2 consists of a finite number of
cells. The asymptotic model is described in terms of an oriented graph constructed
using the stream function ¥ as shown on Figure 22. The vertices of this graph are
associated with the saddle points of . The edges e;; of the graph are associated with
the separatrices of the stream function. The direction of an edge is determined by
the direction of the velocity field on the corresponding separatrix. The length of an
edge is determined by the length of the separatrix in the boundary layer coordinate
0 associated with W. The boundary edges are those that are associated with the

separatrices at the boundary of the domain. The cells C; are quadrangles (or triangles)
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bounded by minimal cycles of the graph. The interior edges (drawn as solid arrows
on the right figure of Figure 22) are indexed so that a common edge of two cells C;
and C; is denoted by e;;. The boundary edges (drawn as dotted arrows on the right
figure of Figure 22) are indexed so that the outer part of a boundary cell C; is denoted

by e;o. The boundary value problem is:

e [i] Given the values of the temperature Tj on the boundary edges e;, determine
the values of the temperature f;; on all the edges. Note that the value of f;;

may vary along each edge.

e [ii] Given the values of f, on all the edges, find the solutions f; of the Childress’

problem for each cell C;:

p

Oh? 00

Pfi _ Ofi _ 0,
h € [0,00), 6 €] — o0,+0o0],
filh=0,0) = fu(6), (3.16)

limy, oo 22 (R, 0) =0,

fi(h,0) = f(h,0 +1;),

\

where the index k takes four values of the adjacent cells, [; = lix, + -+ + lig, 18
the length in @ of the four edges e, ,. .. ei,, bounding C; and fix(0) = fu, (9),

oy fi(0) = fir,(0) are the values of the temperature on respective edges.

e [iii] When any two cells C; and C; share a common edge, the normal derivatives

from the left and from the right match point-wise on this edge:

A
oh

df;

h=0 ' Oh ln=o

=0 on €ij-
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There exists a unique solution of the boundary value problem [i], [ii], [iii] (Theorem

5.2 in [24]).

B. Numerical discretization techniques

In this section, we assume that the domain  of the problem (3.7) is the square
(0,7) x (0,7) in R?, which can be either one cell or two or four cells. In the case of
two cells, we assume that the separatrix is the line z; = 7. For the spectral methods,
we impose the homogeneous Dirichlet boundary condition on the left vertical edge,
identically constant 7 on the right vertical edge, and the homogeneous Neumann

boundary condition on the lateral sides.

1. Spectral methods

In order to solve the heat equation (3.16) over the unbounded domains, the Laguerre
functions will be used as basis elements in Galerkin methods for one-cell case prob-

lems. On the other hand, we use the Hermite functions for two-cell case problems.

a. Preliminaries

For a natural number n the nth Laguerre polynomial on positive real numbers R, is

defined by
1 d
L = —e"—(2"e" =0,1,2,....
n([lf) n!e dflfn(x € )7 n Oa » <

These polynomials have the following recursive property:

LQ(ZIZ’) = 1, Ll(llf) =1- Z,

2n—1—=x n—1
Ln(llf) = TLn_l(l') —

L, o(x) forn>2
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and the orthonormal relations
/ L, (z) Ly, (x)e dx = §ppy, for n,m > 0.
0

The Hermite polynomials are defined on R by

22 d” g2

dm”e

H,(x)=(=1)"e

22

These polynomials are orthogonal with respect to the weight function e™*", i.e., we

have

/ Hp(2)Hyp(z)e ™ da = nl2"/T8pm.

Similar to the Laguerre polynomials, the Hermite polynomials satisfy the recurrence

relation

Ho(l') = 1, Hl(l’> = 2LU,

Hy1(x) =22H,(z) — 2nH,_1(x) forn >1,

and

H! (z) = 2nH,_(x).

The Laguerre function L,(z) and the Hermite function H,(z) of degree n is

defined by

Lo(z) = Ly(x)e™"? on R,
(2) (x) + (3.17)

A

H,(z) = Hy(z)e "/ on R,
respectively [18, 28]. Due to the orthonormal relations of the Laguerre polynomials,
the Laguerre functions form a orthonormal basis for L*(R, ). On the other hand, we

use the normalized Hermite functions



7

as the basis elements for L*(R).
In computing the integration from Galerkin formulation we use the Gaussian
quadratures for Laguerre functions and Hermite functions. The Gaussian quadrature

for Laguerre functions over R, is

0 N
/ f(x)e ®dx = Z f(z;)w; for any polynomial f of degree < 2N + 1,
0

i=0
where the Laguerre-Gauss-Radau points {z;}Y are the roots of 2L}y, (z) and w; =

m, fori =0,1,---, N [28]. Similarly, the Gaussian quadrature for Hermite
N\ T

functions over the R is

0o N
/ g(y)e‘y2dy = Zg(yi)wi for any polynomial g of degree < 2N + 1,

o0 i=0

where {y;}¥, are the roots of Hy41(y) and w; = SF VT fori=0,1,---,N

2NFL (Hyy2(vi))??

[18].

b. Galerkin approach

We approximate the solution of the Childress’ problem (3.16) via the following Galerkin
methods:

Find f € Xy such that

Ofn Ofy Ov 5
—_— —_— =) = for all X
(89’U)+(8h’0h) 0, forall ve Xy,

where (-,-) is the standard inner product of L2(R) or L2(R,). Here Xy is a finite

dimensional space generated by either Laguerre or Hermite functions. We use the

backward Euler method for time-discretization with step A# of the above formulation:

af](\?-i-l) @
oh " Oh

(40, 0) + 26( )= (), forallve Xy, (318)
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where f](\? ) is the approximating solution at the nth time step.

(a) One-cell case. We assume the domain 2 consists of one cell only. In the boundary

layer coordinate system, as € — 0, the problem (3.7) becomes

(1) ZL_9%_09  h>0, 0<0<dn,

(2)  f0,0)=m, 0<6l<m,

3) 200,6)=0, 7<6<2m,

3)  5:(0,0) (3.19)
(4)  f(0,0)=0, 2m<6<3m,

(5)  &L(0,0)=0, 37 <0<dn,

(6) %(c0,0)=0, 0<6<dn

Note that the approximate solution we seek is periodic in the variable 6, which im-
plies that the function f(h,0) at initial time is unknown. We let f(h,0) be expressed
in the form of the linear combination of the Laguerre functions Lii= 0,---,N. Since
the operator corresponding to the heat equation (3.19) is linear, it can be represented
by the matrix, denoted by A, corresponding to the linear transformation. Each col-
umn of the matrix A can be obtained by solving the equations (3.19) sequentially
with homogeneous Dirichlet data and each initial function f)l(z =0,---,N). On the
other hand, we denote by ¢ the solution vector by solving the heat equation (3.19)
with zero initial condition and non-homogeneous Dirichlet conditions. Then that

is the coefficient vector of the periodic solution f(h,0) at 6 = 0 is equivalent to:
Au+ g = u.
Finally we have the system of linear equations

(I-—Au=g (3.20)
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to obtain the periodic solution.

In order to formulate the matrix A and the solution vector g, we find numer-
ical solutions of the heat equations with a given initial function and corresponding
boundary conditions at h = 0: homogeneous Dirichlet, non-homogeneous Dirichlet,
and homogeneous Neumann conditions. We present the numerical scheme for each
case.

First we consider the heat equation with homogeneous Dirichlet boundary con-
dition at h = 0 and the initial condition f(©. Let @;(h) = L;(h) — Lis1(R) so that
Xy = span{ o, 1, ..., Pn_1}. Let In : CRy) — Py be the interpolation operator
based on the Laguerre Gauss-Radau points {h;}Y [28], where Py = {u : u = ve™"/?

for all polynomials v of degree at most N,h € R, }, and set

N
I = InfO =" eLi(h),
=0

f](\?) = ;(")géi(h) forn=1,2,---
i=0
and forn =0,1,2,---
a = ( ~(n+1)7 fl(n—‘rl)’ et ~](\;Lj—11)>T

Z_) = ((f](\?)v @0)7 (f](\;L)a @1)7 LI (ug\?)v @N—l))T
Sij = (@;a @), S= (8ij)ij=0,1,- \N—1,

mi; = (¢j>¢i)> M= (mij)i,jzo,l,---,N—L
Using the formulation (3.18) we arrive to the following system of linear equations:
(M + A0S)u = b.

Now, for non-homogeneous boundary condition f(0,0) = a, where constant a
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equals to m or 0 in (3.19.2) or (3.19.4), respectively, we write the solution f as f =
f + ae "2, where f is the solution of the problem with homogeneous boundary
condition:

Find f € L*(0,0; H}(R,)) so that:

of &*f _ Q@ _hp2

90 oz 2°

f(h,0=0)= f(h,0=0)—ae "2

where © is a fixed constant which is the length of the edge corresponding to the
boundary condition. Here ©® = 7 for each case of the one-cell problem. The above
Galerkin procedure can be applied in order to approximate f.

Finally, for the homogeneous Neumann boundary condition at h = 0, the varia-

tional formulation is:

Find f € L?(0,0; H'(R,)) such that

0 of o
(8—£,v) + (8—£, 8_;1) =0 forallve H'(R,).
Let
. . . . i+ 3 .
QOZ(h) :L,(h)—azLHl(h) Wlth ai:m, ZZO,"' ,N—l,

and Xy = span{@, @1,...,Pn_1}. It is easy to check that each @; satisfies the
homogeneous Neumann boundary condition at A = 0. Then the Galerkin method for
this problem is the following.

Find fy € X such that

Ofn

by O O
26’

W,%):O fOI'aH'UEXN.

)+ (
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After using the backward Euler method for time-discretization we have

8f](\;l+1) @
oh ' Oh

( ](\;L—I—l)’v) + Ae( ) = ( ](\;L)’U) forall v e XN- (3'21)

In computing the right hand side at the initial step (n = 0) we obtain
N
(f, @) = <Z CnLn>S5z') = C; — @ Ciy1,
n=1

due to the orthonormality of L;’s.

(b) Two-cell case. Next we consider a two-cell case. Similar to the one-cell problem,
the problem (3.7) becomes the following system of heat equations in the boundary

layer coordinate system. First, for 0 < 6 <7

#r o5
W_@—O’ —o0 < h < o0, (322)

with the homogeneous Neumann boundary conditions at 0o and unknown initial

data fY(h) which will be determined below in (3.25). Next, for 7 < 6 < 37 we consider

two problems for positive and negative half real lines on the variable h, respectively:

+ 2 £+
%_8@}{2 =0, h>0, m<6<3m,
af+ _ 3
W((],e) = 0, T<0< DR (323)
70,0 ==, ¥ <6<,
_l’_
%(0,9):0, % <0< 3m,
and gt g
%— 8;:2 =0, h<0, w<6<3m,
af— _ 3
W((],e) = 0, T<0< DR (324)
f7(0,0)=0, <6<,
of”

o (0,0) =0, 2Z <0< 3m,
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with the initial data
fr(h,m) = f(h,m), h>0,

f=(h,m) = f(h,7), h<O,
where f solves (3.22), and the homogeneous Neumann boundary conditions at +oo.

Hence due to the periodicity we have

N
fo(h) = Frsm, =0 (3.25)
f~(h,31), h<o0.

Instead of using Laguerre functions as in the one-cell case, we use the Hermite
functions to solve the two-cell problem, because the heat equation has to be solved

in (—o0,00). In addition, we write the solution in the following form:
f(h,0) = ap(B)erf(— +Zal H; (k) + C = fi(h,0) + folh,0) + C,  (3.26)

where ag(f) and «;(0) are the 6-dependent coefficients in the expansion of f(h,#).

Here erf(h) is the Gauss error function given by

erf(h) = % /0 ' et

and f1(h,0) denotes the odd part of the solution f(h,0)!, fo(h,8) the even part which

vanishes at h = oo, and C the constant part defined by

¢ - % (hlggo F(h,60)+ hggloof(h,e)) |

Note that developing Galerkin approximation we use an even integer N in order to
include 0 in the quadrature points. Due to the property that the Hermite functions
with Hermite polynomials of odd degree are odd and the Hermite functions with

Hermite polynomials of even degree are even, the linear combination of the Hermite

L4odd” part of solution f is foaq = w and “even” is feoyen = W
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functions can be split into the linear combinations of the odd part and even part.
Hence, we solve the equation for the even part and the odd part separately, splitting

the initial function into the even and odd parts, respectively.

9232_75 0=n
he(0,+0)
f- r f
h e((—o0,+00)
9K
2
0=0
0=37

Fig. 23. Two cell problem

Next we are going to describe the method to obtain the periodic solution for the
two-cell problem. In the same way as for the one-cell case, we formulate the overall
matrix equation (3.20) to find the periodic solution. The matrix A and the vector g
can be obtained by solving numerically the system of heat equations (3.22)-(3.24) with
homogeneous Dirichlet conditions and each Hermite function as an initial data, and
non-homogeneous Dirichlet conditions and zero initial condition, respectively. Thus,
we present the procedure in steps 1-3 to solve a set of heat equations (3.22)-(3.24)
sequentially with an initial function. In step 1, we show the way to set up the equation
and the initial data to solve the problem (3.22) denoted by I' shown on Figure 23
corresponding to the intermediate layer in boundary layer coordinates h € (—o0, 00).

In step 2, we rewrite the solution function f(h, ) obtained from step 1 in order to
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use f(h,m) as an initial data for the rest of the problem. In step 3, different types of
basis functions are used in our Galerkin formulation, since the equations (3.23) and

(3.24) have the various types of boundary conditions.

Step 1.  We begin with solving the problem in I' numerically. Here the initial

function can be rewritten into sum of even and the odd parts

F(h,0=0) = fo(h) = fo(h) + fo(=h) n fo(h) — fo(_h)'

2 2
We consider the problem for the even part
0 f _Of —
Oh? 00 ’
fo(£o0) = 0, (3.27)
h) + fo(—=h

On the other hand, since the odd part fi(h,6) in (3.26) does not necessarily vanish
at h = +oo, we do not apply our Galerkin approach for f;(h,#). Instead, we consider

the problem for its derivative which is an even function p;(h, ) = %(h, 0):

Op1 _on - 0
oh? 00 ’
pi(fo0) = 0, (3.28)
h) 4+ po(—=h
m@=0) = po(h) 2290( )7
where po(h) = %(h). Since the derivative of erf(%) and odd Hermite functions are

expressed in terms of even Hermite functions, and this problem is exactly same as the

problem for f5 (3.27) except the initial function. Later we would be able to reconstruct
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the function fi(h,0) from its derivative p;(h, ) using condition f;(0,60) =0

N_q N_4q
£1(1.0) = [ (0, 0)dn = /Zam V()i =3 ) [ fn)an.
=0

where aip;(6) are the coefficients of the linear combination representing p; (h, 6). After

solving both equations (3.27) and (3.28) for 0 < # < 7, we obtain the function

f(h,7) = fi(h, ) + fo(h,7) + C, (3.29)

which will be used as initial functions for the next problems. The value of “constant

part” of f stays the same in time since any constant satisfies the equation (3.22).

Step 2.  After solving the problem in I', we split the solution into two defined
for h > 0 and h < 0, respectively. We use the functions as initial functions of the
equation (3.23) and (3.24), respectively. Furthermore, we consider the projection of
the Gaussian error function onto the subspace spanned by the Hermite functions. The
Gaussian error function tends to +1 at 00 but our Galerkin formulation needs that
any function should vanish at +co. Thus, different modifications are considered over
the positive and negative half spaces in performing the projection of the Gaussian

error function:

lerf(Z5) +1] =1, for h <0

erf(—) =

Sl=

erf( L =) —1+1, for h>0.

Sl

2Note that the antiderivative of even Hermite function contains erf(h/+/2), which
implies that fi(h,0) is expressed by the linear combination of the Gaussian error

function and the odd Hermite functions. In finding the coefficient of erf(h/+/2) in the
expansion of fi(h, ), we use the following formula:

/Flgn(h)dh Y M l)erf(h/\/i) +

2
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Then the solution at # = 7 can be rewritten by

f= = Bolerf(d5) + 1]+ 3L, BiHia(h) +C = fy,  for h <0,
Flh,m) = A A

fr = Bolerf(dg) =11+ .5, Bifli1(h) + C + By, for h >0,
where ; are the coefficients in the expansion of fi(h,7) + fo(h, ) in (3.29). Hence,

we can decompose f(h,n) into even and odd Hermite functions and constant over

regions h < 0, h > 0.

Step 3. Next, we consider the problems (3.23) and (3.24) for positive and negative
half spaces. Furthermore, for each half space problem we separate it into the problems
for the even and odd parts. Note that the odd Hermite functions satisfy the zero
Dirichlet boundary condition at h = 0 and the even Hermite functions satisfy the
zero Neumann boundary condition at h = 0. These properties imply that the odd
Hermite functions can be used as basis elements to solve the half space problems for
the odd part with zero Dirichlet boundary condition. Similarly, the even Hermite
functions can be used to solve the half space problems for the even part with zero
Neumann boundary condition.

On the other hand, the different types of basis functions are used in solving the
half space problems for the odd part with zero Neumann boundary condition and
the half space problems for the even part with zero Dirichlet condition at h = 0,

respectively. Namely, we use

. 1 . 1 -
Yi(h) = mHZ(i—l)(h) - ffzi(O)Hzi(h) (3.30)

as basis elements in formulating stiffness and mass matrices in the Galerkin approach

solving the half space problems, for the even parts with zero Dirichlet condition at
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h = 0, and we use the functions

~ 214+ 1 - .
i(h) = 2 Hy;—1(h) + Haira(h)

as basis elements in solving the half space problems for the odd part with zero Neu-

N
N

mann condition at h =0, with ¢ =1,2,--- |

Here, the half space problems with Dirichlet conditions should be considered
carefully. Since the odd Hermite functions vanish at h = 0, the odd parts f; spanned
by the odd Hermite functions satisfy zero Dirichlet condition. Thus, the sum of the
even fo and constant parts should have same Dirichlet boundary conditions as f has.
Since any constant is one of the solutions of the equation in solving the problem in
I', we decompose the even part of the solution into the constant and even Hermite

functions. However the even and constant parts are considered simultaneously as for

the half space problems with Dirichlet data, that is,

8f2_82f2 3m 5

20 = G 7<9<7, h<0orh>0,
folh =0.0) =a—C,

Ofa,, _

%(h—oo,9>—0,

where f5(h, 37”) found earlier is used as the initial data and a is the number corre-
sponding to the boundary condition (3.8) of the original problem, that is, a = 0 for
the left cell (h < 0) and @ = 7 for the right cell (b > 0). Note that the boundary
conditions a — C at h = 0 are generally not zero. In the case of non-homogeneous

_ 12
o—h2/2

problem, we assume the solution has the form fo = f + (a — C’) , where f, is
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the solution of the following homogeneous problem

ofy  0*f, B A (12 —h2/2 31 o
W_W_m_c)(h_l)e , 7<9<7, h <0orh>0,
fa(h, 0 = 32) = fo(h, 3) — (a — C)e™*/2,

falh =0,0) =0,

Ofs _

ah( = 00,0) = 0.

Finally, the Galerkin method with basis elements {1;} defined in (3.30) can be applied

to obtain f, from which one obtains fo = f5 + (a — )e_hQ/ 2

c. Collocation approach

In this section we consider a collocation method. Its main idea is to write differential
equations at certain collocation points, which are chosen later. We assume that the

approximate solution of the heat equations is

= F(O)Ti(h

where Ty(h) = 1, Ty (h) = erf(%5), To(h) = Ho(h), Ts(h) = Hy(h), - --. Furthermore,
we assume we have some grid points {h;} in the domain (—o0,00). Then for each
grid point h; the equation becomes
F;'n+1 n n+11
R i
where F"*! is the approximating solution at the nth time step. Then it can be

rewritten by

> ATi(hy) = AT (hy)} U = ZT (3.31)
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Hence, we obtain the system of the linear equations Ax = b, where
aji = Ti(hj) = AOT!(hy), by =D Ti(hj)F}', ;= F'

In computing aj;, it is easy to find the second derivatives T{/(h) and T7'(h), but
it is not obvious to find T/ (h) for ¢ > 2. Since the Hermite polynomials satisfy the
differential equation

H"(h) — 2hH! (h) + 2nH,(h) = 0,

and the relation

H,,(h) = 2nH,,1(h),
we have the second derivative of the Hermite polynomial
H!(h) = 2hH/ (h) — 2nH,(h) = 2n(2hH,_1(h) — H,(h)).
Thus the second derivative of Hermite functions can be obtained by
H"(h) = {4n(n — 1)H,_s(h) — 4nhH,_y(h) + (h* = 1)H,,(h)}e "/?,
and for ¢ > 2, we have

aj; = Ti(hy) — AOT"(hy)
1
== Hi_th —At4l—2 ’i—BHi_4hj
T Hi-alh) — AHAG - D0 = 3 Hiea(h)
—4(i — 2)h;Hys(h;) + (13 — 1) H_s(hy)}] e/,

Since all T;(h) satisfy the homogeneous Neumann boundary condition at +oo, the
above formulation (3.31) solves the problem I'. In solving the half space problems
with Dirichlet boundary conditions after splitting into positive and negative parts,
we formulate the system of the linear equations By = z by modifying the matrix A

slightly, that is, the matrix B is the same as the matrix A except the row correspond-
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ing the grid point z; = 0 satisfying
£(0,0) = Fo(6) + Fy(0)exf(0) + > Fy(0)H;_5(0) = D(6),
i=2
where D(0) is the Dirichlet boundary conditions at A = 0, which are described in

2

(3.38) and (3.39). Here y; = F"*', and z; = b; for i # j and z; = D(0).

2. Finite difference methods on exponential grids

Finding approximate solutions of the Childress’ problem (3.16) for each cell, we use
the finite difference scheme instead of spectral methods described in the previous
section. For the infinite and semi-infinite domain (—o0, 00), (0, 00) we do not use a
finite difference scheme over the uniform grid. Instead, we use an exponential grid.
Note that the Hermite and Laguerre functions decay exponentially. Here we define an
exponential grid. Let {0 = yo,y1, - ,yny = 1} be the uniformly distributed points in
the interval [0, 1]. Then for an appropriate positive constant C' which is a stretching

parameter, the positive part of the exponential grid points are defined by
tj=—-Clny;, foreach j=1,--- N. (3.32)

We define the negative part of the exponential grid points by reflecting the points
t;}N about the origin. Thus the all grid points {z; }?~~! can be obtained by merging
JJi=1 =1

those two parts
T = —l1, 0= —tlg, - ,on = —tny =0, N1 = tNn_1, "+, Ton—1 = 1.

We considered the general multiple-cell case for the asymptotic problem ex-
plained in Section 3. However, we start looking at simplest case of the problems.
For one-cell case it is obvious how to use this approach and hence we begin with

investigating the two-cell case.
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a. Two-cell problem

Now we consider the two-cell problem (3.22)-(3.24) again. Similar to the spectral
approaches, we develop the overall matrix equation (3.20) to find the periodic solution.
The matrix A and the vector g for two-cell problem with finite difference methods
are determined as follows. Each “hat” function is used as an initial function to solve
the problem (3.22), where “hat” is a function taking the value 1 on a subinterval
(i, zi41), and zero elsewhere. In addition, the restriction of f(h,7) in (3.22) over
the (0, xon_1) is used as an initial condition for (3.23) and the restriction of f(h,)
in (3.22) over the (z1,0) is used as a initial condition for (3.23) with zero Dirichlet
boundary condition at h = 0. Each column of the matrix A is the solution of the
above procedure for each hat function of the grid. On the other hand, we obtain
the solution vector g by solving (3.22)-(3.24) sequentially with zero initial condition
and non-homogeneous Dirichlet boundary conditions. Then we have the system of
the linear equations (3.20). Thus, we present the procedure to find an approximate
solution of a sequence of heat equations (3.22)-(3.24) with an initial function by using
finite difference scheme on the exponential grid points. We approximate the solution
of the problem (3.22)-(3.24) by the solution of the same equations in the interval
(r1,7on_1). Here we impose the Neumann boundary condition at end points of the

interval

of
oh

of

(hle,e):%

(h = ToN-1, 9) =0.

First, we consider the problem (3.22) in (xy,x9n-1). Integrating the equation

over each subinterval [z;, z;11], i =1,--- ;2N — 2, gives us
Ti41 8f Tit1 02]0
—dh = —=dh
A
of of of

%Ai’f = %(L’H) - %(!Ez’), (3.33)
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where Az = 2,41 — x;. Following the standard practice of finite volume methods [14],
for each subinterval (z;,x;41), the solution has only one value, denoted by f; 12, due

to piecewise constant approximation. Then (3.33) can be rewritten by

Ofiv1/2 _of of
20 Azr = %(ZZ}'HJ) — %(fﬁl)

By applying the finite difference scheme for % and using the backward Euler method

in time-discretization with step size A#, we obtain the difference equation at (n+1)th

time step
n+l _ rn n+l _ rn+l n+l _ rn+l
i+1/2 i+1/2 N Ji3)2 i+1/2  Jit1)2 i—1/2 (3.34)
Af Tiy3/2 — Tit+1/2 Tiy1/2 — Ti—1/2
fori=1,--- 2N — 2. For ¢t = 0,2N — 2 we use Neumann boundary conditions:
Af 1 Af 1
Lt e i - e = 3.35
( Al’l’g/g —1'1/2) 1/2 Al’l’g/g —1'1/2 3/2 1/2 ( )
(1 + Ae 1 ) n+1 Ae 1 n+1 _ fn
Ax Ton_3/2 — Tan—5/2 =32 Ag TaN-3/2 — LaN—-5/2 2N=5/2 2N-3/2

(3.36)
and then the numerical solution f(h,m) of (3.22) can be obtained by solving the
matrix equation (3.34)-(3.36) from the backward Euler method.

Next we consider splitting the problem into (3.23) and (3.24). Since the basis
functions are defined in the whole domain (—o00, 00) in spectral approach, it is hard
to split and merge a function into positive and negative parts. However, the fact
that the functions in finite difference method are defined pointwise enables to make
splitting and merging procedures easily. The half of grid points associated to positive
part {x;}2%y! is used to solve the problem (3.23) and half of grid points associated
to negative part {x;}&, is used to solve the problem (3.24). We use the formulation
(3.34)-(3.36) to solve those half space problems with the corresponding boundary

conditions at h = 0.
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Our numerical results for two-cell problem will be presented in the next section.

b. Four-cell problem

Another example is four-cell problem with the exponential grid technique. We con-
sider the same equation as the two-cell case except that the domain €2 is divided into

four cells whose separatrices are the line z; = 4 and x5 = 7 (see the Figure 24).

6= 8=3m/2 B=nt
fi fa
i {Q:ZH
8=11/2 fl 9;(; r fz B=m/z
fi f2
0=11 6=31/2 f=11

Fig. 24. Four cell problem

We start solving the Childress’ problem (3.16) at the center point in four-cell
problem. Since the flows at the center point have opposite directions, the solution at
the center points have two different forms, and f; and f, denote the solution at the
center point going to left and right directions, respectively.

First for 0 < § < 7, we solve the problems in I', where I is the region (—o0c, 00)

for boundary layer variable h along separatrices, for f; and fs independently,

2
%—%:0, —00 < h < 00,

) )
% 8f2:0, —00 < h < 00,

00  Oh?
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with the homogeneous Neumann boundary conditions at 0o and a prescribed initial

functions f2(h) and f2(h) determined below by periodicity. At § = Z we split the

solution into two corresponding to A > 0 and h < O:

2

h >0,
h <0,

h <0
T/2 <0<,

T <0 < 3m/2.

h <0
T/2 <0<,

T <6<3r/2

£ (h,7), h >0, [ (h,7),
fith,m)y =4 " falh,m) =4
fi(hym),  h <O, f5 (h,m),
and use those functions as initial conditions of the half space problems
(Off  O*f S
o0 " ow ~ 0 =0 o o
fi7(0,0) =0, T/2 <8 <m, fr(0,0) =,
of ofy
\ Zh (0,6) =0, T <0<3m/ L S (0,0) =0,
and
(0fy  Pf _ (0fy  Pfy _
o0 o~ M0 0 " o
£2(0,0) = 0, T/2 <8 <m, f5(0,0) =,
ofy afy
e — 2 - —=
o (0,0) =0, T <0 <3m/ . n (0,0) =0,

At 0 = 37” we glue those functions together in order to solve the problems in I'.
We define f; and fo by
.fl-‘r(ha 37”))
fa (h. %),

h >0, ~

5 h > 0,
f2(h'7 %) =

fo (h,30),
fr(h, %),

.]Fl(h'v %T) =

h <0, h <0,

and use them as initial data of the equation (3.37) for 3% < § < 2m. After getting
fi(h,2m) and fo(h,27), we split fi(h, 27) and fo(h, 27) two corresponding to h > 0
and h < 0 and glue them together by

fit (b, 2m),
fz (h,2m),

h >0, £ (h,2m),

fr(h,2m),

h >0,
fl(h, 27'(') = fQ(h, 271') =

h <0, h <0,



in order to match the solutions with initial data

fI(h) = fi(h,2m),
f2(h) = fa(h, 2m),

—o0 < h < o0,

—o0 < h < o0,
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which implies the periodicity of the solution. The numerical results for the four-cell

case problem will be given in the next section.

C. Numerical results

In this section, we present some numerical results which are obtained from the cases

discussed above. First results we show are for the one-cell problem solved by the

spectral Galerkin method. Figure 25 illustrates the periodic initial condition for

reduced Childress’ problem (3.19) for one-cell case. Furthermore, the Lo-norms of

the difference between initial function and solution function on [4M7,4(M + 1)x] are

computed for M = 0,1,2,3 in Table I, which shows the periodicity of the solution.

Table I. Ly-norms of the difference between initial and solution functions on
[AMm, 4(M + 1)7](M =0,1,2,3)

M Lo-norm
0 7.2721e-15
1 2.8771e-15
2 1.1075e-14
3 3.6108e-15

In Figure 26 we plot the periodic solution. The left plot represents a periodic

solution of reduced equations related to Childress’” problem (3.16) in the region h >

0, 0 < 0 < 4m, and the right plot shows the reconstructed solution in the original
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domain €2 from the periodic solution of the left plot.

0.2

o initial curve

|| —curve at t=4mt

Fig. 25. Initial and final curve of periodic solution

Fig. 26. Periodic solution (left) and reconstructed solution of Childress problem
(right).

Next we present the solution of the two-cell problem using the finite difference
scheme on exponential grids. The stretching parameter C' in (3.32) was chosen to
be 5. In Figure 27 we present the periodic solution for the two-cell problem (3.22)-

(3.24). The left figure there indicates the periodicity of the solution we obtained. In
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the right figure we make a comparison with a curve from the 2-D solution we obtained

by MATLAB PDE toolbox for e = 1073,

3 : : w w w 3 w
initial curve ---2-D
2.5} © curve at 6 =3 \ — 2.5 —periodic solution .'7\\
2r 1 2r
1.5¢ ] 1.5¢
1r 1 1r
0.51 \ ] 0.5/ \/
—%O -20 -10 0 10 20 30 —%0 -20 -10 0 10 20 30

Fig. 27. Periodic solution at t = 0 and ¢ = 37 (left), and comparison of initial curve

from periodic solution with curve from 2-D solution (right).

Next results we show are for the four-cell problem solved by the finite difference
methods on exponential grids. Figure 28 demonstrate the periodic initial curve at
the center point of four-cell. Note that there are two curves at the center point due
to the separation of the flow at that point and the behavior of the solution along the
opposite edge are different. We present the solution of the four-cell problem for some
small number £ = 1073 by using MATLAB PDE toolbox in the left of Figure 29 and
the comparison our periodic initial curve with some curve from the solution in the
left of Figure 29.

Finally, we consider another two-cell problem with Dirichlet boundary condition
flz,y) =2 on 0.

For this boundary conditions, the system of the heat equation (3.22)-(3.24) is changed

slightly. We begin with the equation (3.22) for 0 < 6 < m. Next we consider splitting



1.6 : ‘ 25
—initial curve
14l o curve at 6 =21 ﬁ
1.2r
2,
1,
0.8r J P
—initial curve
o curve at 6 =21
-30 -20 -10 0 10 20 30 1430 -20 -10 0 10 20 30
Fig. 28. Periodic solution u; (left) and uy (right) at 6 =0
1.6 w
---2-D
14 —initial curve
1.2
1,
0.8 \ ;
-30 -20 -10 0 10 20 30

Fig. 29. Comparison of periodic solution with curve from 2-D solution

98
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for positive and negative half spaces for the variable h, respectively:

%f—;—a;—i;rzo, h>0, m<6<3m,
f10,0) = (0 —m) + 7/2, T <0 <3m/2, (3.38)
f10,0) =, 3m/2 < 6 < 5m/2,
f1(0,0)=—(0 —57/2) + 7, 5w <6 <3m,

and of- -
W_afﬂzo’ h <0, 7<#6<3m,
f7(0,0)=—0—m)+7/2, m<6<371/2, (3.30)
f7(0,0) =0, 31/2 < 0 < 57/2,
f7(0,0) = (6 — 57/2), Sr < 0 < 3.

with homogeneous Neumann boundary conditions at h = £oo. Figures 30- 33 show
the solution of the system of heat equations (3.22), (3.38), (3.39) at some particular
time. Especially, the curve in the left plot of the Figure 30 is the periodic initial
condition which is obtained by solving the system of the linear equations (3.20) for
two-cell case. In addition, we compare the initial curve in Figure 30 with the curve
from the solution which is obtained by MATLAB PDE toolbox and Figure 34 shows

us that there is a curve matching with the periodic initial condition.

1. Truncated region approach

We mentioned “water-pipe network” modeling to approximate the solution of the
steady advection-diffusion problem (3.7) by restricting the domain to the region of
width K\/e near the separatrices for some positive fixed number K. Here we present
a so-called the “truncated region” approach is described as follows. The domain is

restricted to the region Q5 = QN {|¥(z)| < K+/e} and hence the boundary of Q5
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Fig. 30. Periodic solution at t = 0 and ¢t = 37 (left) and at ¢t = 7 (right)
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Fig. 31. Periodic solution (negative and positive parts) at t = 2
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Fig. 33. Periodic solution (negative and positive parts) at ¢t = 37
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Fig. 34. Comparison of periodic solution with curve from exact solution

consists of 02 and the level curves [ = {x € Q : ¥(z) = K+/e}. Then we approxi-

mate the solution of (3.7) by the solution of the following equation
eAP —u-Voi =0, xey

with the boundary conditions

9%

)y =T; =0.

lx

We perform numerical tests for this approach with MATLAB PDE toolbox and
focus on the one-cell and four-cell cases in these test. The square (0,1) x (0,1) and
(—1,1) x (=1,1) in R? are considered as the domains for one-cell and four-cell cases,
respectively. We set the stream function W (z) by V(zy,x9) = sin(wzy) sin(mxs), and
the small molecular diffusivity by ¢ = 1072 and € = 1072 for one-cell and four-cell
case, respectively. The positive number K was chosen by 5 in both cases.

According to the right plot of Figure 35 the solutions of the truncated region

approach approximate the solutions of the (3.7) presented in Figure 29 in the case
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Fig. 35. Approximating solutions by truncated region approach

of 1073, However, it turns out that the method with MATLAB PDE toolbox is not

good for much smaller parameter £ due to difficulty in mesh generation in the narrow

pipes.
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CHAPTER IV

EFFICIENT MULTISCALE METHODS FOR PARABOLIC EQUATIONS IN
HIGH CONTRAST MEDIA

In this chapter we discuss an efficient multiscale methods for parabolic equations in
highly contrast media. A modified multiscale finite element method for the compu-
tations of two-phase flows was proposed in [8]. The main idea of this approach is
to use a global information in constructing finite element basis functions. This ap-
proach is intended for the problems without apparent scale separation. We analyze
the asymptotic results needed for the analysis of global MsFEM. In particular, we
show that under some assumptions the solution is a smooth function of the steady

state solution. We note that these results are used in [21] for analysis of MsFEM.
We begin with describing the domain 2 which is a unit square in R2. We assume
that there is a high permeable channel in €2, that is, the permeability in the channel

is larger than outside the channel (see, e.g., Figure 36).

ity

Fig. 36. High flow channel
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Consider the following parabolic equations
Dip —div(a(z)Vp) =0 in €, (4.1)

where we impose the boundary conditions in the following way: p = 1 on the left

vertical edge, p = 0 on the right vertical edge, and no flow condition on the lateral

edges. Initial condition is given by the function defined by p = 1 on the left vertical

edge, and p = 0 elsewhere. Here the velocity field v is assumed v = a(x)Vp =
oV 0w

a(z)IVp. Furthermore, The stream function V¥ is defined as v = (==, 7-).

Let us denote by py the steady solution of the parabolic equation satisfying
div(a(x)Vpg) =0,

with the same boundary condition as in (4.1). Denote by Wy = U(t = 00) the stream
function at steady state defined by zero at the bottom edge. For the analysis, we

use streamline-pressure coordinates n = Wy, ( = py. We note that (U, pg) define

an orthogonal curvilinear coordinate system. Indeed, since v = (a(x) gi‘l’ ,a(x) gz;’) =

(_?)—\ij;)v%—ijf)v

dp, 0¥,  Op, 0¥,
p L op _

v, - = =
v 0 vpo 0:)31 0:)31 81’2 81’2

0.

In the streamline-pressure coordinate system, the second term div(a(z)Vp) in (4.1)

is changed to

(4.2)

div(a(z)Vp) = \/det(g) <a% ('W|2Wp) + a2vp> ,

[Vp|* 0¥ op?
where g is the associated Euclidean metric tensor [8]. It is also mentioned in [8] that

_ vy

alz) = [Vp|
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Then the equation (4.1) becomes (taking (4.2) into account)

_ P (0 0P O
Dtp‘a(x)(an“)) +a<2)'

Under some assumptions, we justify rigorously the formal asymptotic expansion

P(Tla Cvt) = pO(Cvt) + 5]91(77, Cvt) Ty

which implies that the pressure mainly depends on (. Now let us consider the following

equation
) &%p
Div=gl0.6) (om0 + 2. (43)

where ¢ is positive in the domain 2. Since the channel has high permeability, the

flow will change in the channel rapidly. And hence we use the time scaling 7 = £ and

)

define the function ¢ by g = %q. Then the equation (4.3) is changed to

2
Dyp = a(n.) (a%h(n L+ 27) , (1.4)

And we perform formal expansion for pressure p and the function ¢:

am,¢) = a(C)+anq) (4.5)
p(77>Cat) = pO(Cat)+pl(n>Cat)>

where pg is the solution of the equation

82170

o (4.6)

Dy po = qo

imposing the same boundary conditions and initial condition with p, and ¢y(¢) is

computed by the average of q(n, () over each vertical line in the domain 2. In addition,
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we assume that & CPQO is bounded in L*°(2). Plugging those into (4.4), we have

d(po + p1) 82(170 +p1)

DT(po +p1) = (QO + Ch) (%h(ﬁ, C) on + aC2 ) )

After simple computations we get

2

82
S a0 055

0 0 9po
(9, )22+ go(¢) T e

on on ac? >+ (1, O

D'r Do + DTpl = C.I(77> C)

Taking into account (4.6) in the above equation produces the equation for p;:

0? Do
oc?’

D = a1 €))% — a0 O G = 1(0.)

(4.7)

Now we consider the simplest layered case such that the boundary of the channel
is parallel to the boundary of the domain 2 and the permeability of each region
is constant. Then the functions ¢ and h depend on 7 only, and the equation (4.7)

becomes

0 0 0? 0?
Deps = aln) g -hn) 5ot = al) 5 = a5 (4.8)

Integrating (4.8) after multiplying by p; makes

30 [t [angrn L~ [ awGhn = [ G
by — 877 aﬁpl Qqn 3C2p1 Q(h Ui a<2p17

1 o . Op 0*p1 / 9po
=D 2 i) — — —p1 — = —P1- 4.
5T [p1l7 () /QQ(n)anh( )877 b1 /96_1(77) ac? D1 qu(n) ac? b1 (4.9)

Integration by parts on the third term in the left hand side gives us

. 1 _ P’py
| [atnmGaacan =~ [aw [ G dcan
B Op1 9p1 9ps
=~ [atn) [ »Gpasin+ [ aw) [ G2 Tracan

dp1 Op
= ——d(dn,
IRCYE

which is positive. In order to compute the second term in (4.9), let us divide the
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domain €2 into three parts in the streamline-pressure coordinate system: let €2; denote
the subdomain which is corresponding to the inside of the channel, and let 25 and
Q23 denote the subdomains corresponding to each of the outside of the channel. Since

q and h are constant on each subdomain, we have

0 Op
~ | ato) ) B anc

0 Opy 0 ,0m

= — | p=—2ldnd¢ — § p1—6°Ldnd(¢
/Ql Yonon T Jouoas Pron” an "
a2291

b
N on?

2 2
nde —* [ P apac — g0 [ O

D prdndC. 4.10
Qo 8772 Q3 8772 ! ( )

After integrating each of those by parts (4.10) becomes

op1 / op1 / Op1 Opy
— [ Zpd “Lpd L2 dnd
/62 877191 n+ : 877191 n+ o O on nd¢

Op Op1 Op1 Opy
3 — [ [ S —
+0 < on pldn+/62 on prdn + - dnd¢

op1 / op / Op1 Opr
63— ——pid ——pid — ——dnd
+ ( /63 87]191 n+ : 87]]71 n+ . 0 On nd¢

apl 51?1 3 apl apl 3 51?1 apl
L2 dnd¢ + 6 / L2 dnd¢ + 6 / L 22 dndc,
/Ql on On Q, On On 0, On On

due to the boundary conditions for p; and the symmetricity of p; over the domain

2. And hence the second term in (4.9) is also positive. Thus we have the following

inequality:

1

D 2, < Fpo
5 il z2) < Q|611(77)||Z91| ac
9%po

By the assumption for the e and the Cauchy inequality we get

dnd(.

Dol < C / 01 (m)| |1 dnd
C
< Oy [ ImPandc+ o [ latnPand
Q Y Ja

C
= Ol + 5 |l Pandc. (4.11)
7 Ja
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Now let a(7) = [|pill2(q) and B(7) = |la1ll72) = Jqolar(n)[*dnd¢. Then (4.11)
implies

a(r) < Cyal(r) + %ﬁm,

for a.e. 0 < 7 < T. Therefore the differential form of Gronwall’s inequality (see, e.g.,

[13]) gives us the estimate

o) < (a@+ £ [(o9as) <7<

Since a(0) = Hp1(0)||2L2(Q) = 0, we obtain the estimate

max 1|2 < C / / a1[2dndcdr = O(5).

0<r<T

Thus we can say that p; is of order § in L>(0,T; L?(€2)).

On the other hands, integrating (4.8) after multiplying by p; produces

[ 30t [ Lo in = [ [ aonGeen= [ ]
o Q2 Tpl 0 Qq/r/ a/r/ a/r/ 1 8C2 pl ql a<2p1

From the initial condition for py we have

L%Ipl(n,C,T)lz—AZq(n)%h %pl—// Czpl //m Cgpl

(4.12)
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Integration by parts on the second and third terms in the left hand side gives us

o —p1+Q( )ip;pl
// 877 a¢

- a7 M1 1 a7 M1 1
O an C2 Qa2UN3 an 84-2

a a a oy |?
= // ﬂpldnjt// p1p1d77+// p1 %
€2 e3 Q1 n
Op T Op 317 8p ?
+6 / / —1p1d7]+ / h(n —1p1d7]+ / / ! !
e1 0Jez Qo 877 877
T a a oy |?
+6 // —p1d7]+// h(n ﬂpldm// oni | 1om ")
e3 0Jeq Q3 87] 877

Because of the boundary conditions for p; and the symmetricity of p; over the domain

Q, we get

// = —p1+q( )%zglpl
/ / 5]?1 apl / / apl / / 51?1
a, Q Q

which is exactly the same as the energy norm ||p;||% for this problem. Since the first

apl 2
077

apl

Y

term in (4.12) is non-negative, we obtain the following inequality:

I3 < / / ()l

By the assumption for the %QC%O and the Cauchy inequality we get

dnd(dr.

a@

T
Il < C / / a1 ()| [paldndcdr
0J0

T T
< C / / Ip1|*dnd¢dr + C / / g1 (n)|2dnd¢dr < C6.
0JQ 0JO
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CHAPTER V

CONCLUSIONS AND FUTURE WORK
In the dissertation, we consider multiscale numerical methods for 3 parabolic equa-
tions. In all cases, the parabolic equations have some small scale involved and our
goal is to design and study numerical methods which can capture the effects of the
small scales locally.

In the first case, we consider multiscale numerical methods for nonlinear parabolic
equations where the coefficients have both spatial and temporal heterogeneities. Our
numerical methods are based on previously developed numerical homogenization tech-
niques. The main goal of this approach is to find the coarse-scale solution via the
solutions of the local problems. In this dissertation, we study nonlinear periodic prob-
lems with periodic heterogeneities. The novelty of my work is in providing quantitive
estimates for the convergence of the correctors for monotone operators as well as
the quantitative estimates for some parts of the truncation error presented in (2.26).
These error estimates show that numerical homogenization methods suffer from the
resonance errors. Our analysis reveals the sources for these resonance errors. In par-
ticular, we show that the first resonance error is due to linear boundary conditions
which are imposed on local problems. Because the actual solution does not vary
linearly on a coarse grid level, the linear boundary conditions result in a mismatch
between the solution and the local problems. The second resonance error is due to
the fact that the period does not contain integer number of periods. In future work,
we would like to extend these results to almost periodic and stochastic cases. In these
cases, the resonance errors are known only for linear problems.

In the second case, we consider singularly perturbed parabolic equations and are

interested in the computation of effective diffusion coefficients. The effective diffusion
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coefficients are computed via the solution of the local elliptic problem. This ellip-
tic problem is a convection-diffusion equation with very small diffusion. Our goal
is to approximate the solution of the convection-diffusion equation as the diffusion
coefficient approaches to zero. We are interested when the fluid velocity has cellular
nature which often occurs in turbulent flows. In this case, the solution can be approx-
imated by the solution of one dimensional coupled parabolic equations on the graph
and the solution away from separatrices of the flow is constant. In the dissertation,
we study several methods for finding an approximate solution of the nearly degen-
erate convection-diffusion equation. One of the difficulties is in designing numerical
approaches which can approximate the constant states of the solution, which occur
away from separatrices. We study spectral and finite difference methods on exponen-
tial grids. We find that finite difference methods are easy to implement and provides
accurate solutions while spectral methods have difficulties finding the constant states
without major reformulation. In future, we would like to provide an error analysis
and present numerical results for more general flows with a large number of cells.

In the third case, we study a special problem where linear parabolic equations
with high contrast coefficients are studied. In this problem, our goal is to show that
the solution smoothly depends on the steady state solution under some assumptions.
Our methods use special coordinate system and employ asymptotic analysis with
respect to high contrast. Our results show that the solution is smooth function of the
steady state. These results are used in numerical convergence results [21]. In future,
we would like extend these results to compressible two-phase flow which consists of

both elliptic and hyperbolic equations.
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