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A unified analysis of Algebraic Flux Correction schemes for

convection-diffusion equations
Gabriel R. Barrenechea, Volker John, Petr Knobloch, Richard Rankin

Abstract

Recent results on the numerical analysis of Algebraic Flux Correction (AFC) finite element
schemes for scalar convection-diffusion equations are reviewed and presented in a unified way.
A general form of the method is presented using a link between AFC schemes and nonlinear
edge-based diffusion scheme. Then, specific versions of the method, this is, different definitions
for the flux limiters, are reviewed and their main results stated. Numerical studies compare the
different versions of the scheme.

1 Introduction

Scalar convection-diffusion equations model the convective and molecular transport of a quantity like
temperature or concentration. In applications, the convective transport is usually dominant, which is
the case of interest in this paper.

Here, we_consider the steady-state situation, where the mathematical problem is formulated as follows:
Find u : €2 — IR such that

—cAu+b-Vu+cu=g in, u=up ondf2, (1)

where Q C R? (d = 2, 3) is a bounded polygonal or polyhedral domain with a Lipschitz continuous
boundary 0f2, ¢ > 0 is a constant diffusion coefficient, b € WLOO(Q)d is a solenoidal convection
field, c € L>(2) is a non-negative reaction coefficient, g € L?(2) is an outer source of the quantity
u, and u;, € Hz(9Q) N CO(H) is a boundary datum.

A characteristic feature of solutions of (1)) is the appearance of layers, i.e., of narrow regions where the
solution has a large gradient. These regions are usually so narrow that the layers cannot be resolved
by affordable grids. It is well known that standard discretizations cannot cope with this situation and
they lead to meaningless numerical solutions that are globally polluted with huge spurious oscillations.
The remedy consists in using stabilized discretizations. In the context of finite element methods, the
proposal of the streamline-upwind Petrov—Galerkin (SUPG) method in [13, 18] was the first milestone
in this direction. Solutions computed with this method have usually sharp layers at the correct position,
but there are still non-negligible spurious oscillations in a vicinity of layers. Since the publication of
[13/118] the development and analysis of stabilized discretizations for convection-dominated equations
has been an active field of research.

In this research, one can distinguish two directions. The first one is the development of stabilized
methods with a provable order of convergence in appropriate norms. Examples of this direction are
the continuous interior penalty (CIP) method (see, e.g. [14]) and the local projection stabilization (LPS)
method (see [10] for the first application of this method to a convection-dominated equation). The sec-
ond direction consists in finding stabilized methods that compute solutions without spurious oscillations
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and still with sharp layers. The property of being free of spurious oscillations can be expressed math-
ematically with the satisfaction of the discrete maximum principle (DMP). Usually, the satisfaction of
the DMP is proved by the sufficient condition that the matrix of a linear discretizatiorﬂ is an M-matrix.
However, it is well known that, in the limit case ¢ = 0, there is a barrier of the order of the local
discretization error for linear discretizations with M-matrices: these discretizations are at most of first
order, e.g., see [37, Thm. 4.2.2].

Since the property of being free of spurious oscillations might be of utmost importance for a method
to be applicable in practice, a significant amount of work has been devoted to the development of
such methods. Due to the order barrier for linear discretizations, nonlinear discretizations became of
interest. One further argument in favor of using nonlinear discretizations for a convection-dominated
problem stems from the fact that most of the applications in which convection dominates are modeled
by nonlinear partial differential equations. Then, the use of a nonlinear discretization does not consti-
tute a significant overhead. Since the late 1980s, there have been a number of proposals to remove the
spurious oscillations of the SUPG method by adding appropriate nonlinear terms. This class of meth-
ods is called spurious oscillations at layers diminishing (SOLD) methods, or shock capturing methods.
A comprehensive review was carried out in the companion papers [19, [20], and the main conclusion
of it was that none of the proposed SOLD methods reduced the spurious oscillations sufficiently well.

Algebraic stabilizations, so-called Algebraic Flux Correction (AFC) schemes, became of interest to us
as a result of numerical assessments of stabilized discretizations in [5, [19, 24, [23]. The main motiva-
tion for the design of AFC methods is the satisfaction of the DMP. In addition, they provide reasonably
sharp approximations of the layers. In contrast to SOLD methods, which are based on variational for-
mulations, the main idea of AFC schemes consists in modifying the algebraic system corresponding
to a discrete problem, typically the Galerkin discretization, by means of solution-dependent flux cor-
rections. Consequently, AFC schemes are nonlinear. The basic philosophy of flux correction schemes
was formulated already in [12,38]. Later, the idea was extended to the finite element context, e.g., in
[4]134]. In the last fifteen years, there has been an intensive development of these methods, e.g., see
[27, 28, 130} [31] [32].

None of the above references deals with the mathematical analysis of the AFC methods. In fact, the
first contributions to the numerical analysis of AFC schemes were presented only recently in [7, (8} [9].
The first paper [7] focuses on the solvability of the nonlinear scheme, while [8] presents the first
error analysis of the AFC schemes. Interestingly, the paper [8] also presented negative results, in
the sense that it was shown that unless some restrictions are imposed in the mesh, the numerical
scheme may not converge. Finally, in the recent paper [9] the role of the linearity preservation was
studied. This study is also complemented by the work [6], where a link between the AFC schemes and
a nonlinear edge-based diffusion scheme is presented, and the linearity preservation of the scheme
is also studied in detail. This latter reformulation offers the applicability of different tools than used so
far for the analysis of AFC schemes. In particular, it facilitated the a posteriori error analysis of the
AFC method, presented in [2]. Thus, the present paper aims at providing a review of these works, and
performing the analysis in a unified framework.

The rest of the manuscript is organized as follows. After having introduced AFC methods in Section[2]
a rewriting as an edge diffusion scheme is presented. A unified analysis is given in Section (3} covering
the existence of a solution, minimal conditions for the validity of the DMP, and finite element error
estimates. Three definitions of limiters are provided in Section |4] Strategies for the solution of the
nonlinear problems are discussed in Section |5 Numerical studies for different limiters used in AFC
schemes and the edge diffusion scheme proposed in [6] are presented in Section[6] Finally, Section

'A linear discretization of (1) is a discretization that leads to a linear system of equations.
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states the most important open problems in the field of AFC schemes.

2 The model problem and a unified presentation of AFC schemes

The weak formulation of () reads: Find u € H'(Q) such that u|,,, = up, and
a(u,v) = (g,v)a  Yov e Hy(Q), )
where (-, -)q denotes the inner product in L2(£2) or L?(2)¢ and the bilinear form a(-, -) is given by
a(u,v) = e(Vu, Vo)g + (b- Vu,v)q + (cu,v)q. 3)

Thanks to the Poincaré inequality, and the fact that b is solenoidal and ¢ is non-negative, this problem
has a unique solution.

To discretize the problem (1)), we introduce the following notation:

B {7, }1>0 denotes a family of shape regular simplicial triangulations of Q.
B For a given triangulation .7},, &), denotes the set of its internal edges.

B For every edge E € &), we denote by hp the length of £ and by T 1, T 2 the endpoints of
E. Furthermore, for every I/ € &), we choose one unit tangent vector ¢ . lts orientation is of
no importance.

B For every edge E € &), we define the neighborhood wy, := U{T € 7, : T N E # (}}.

B For a given triangulation .7}, {x,,...,xy} is the set of its nodes. We will assume that the
nodes x,,...,x,, are the internal nodes, and x,,,,, ..., &, are boundary nodes, i.e., the
nodes where the Dirichlet boundary condition is imposed.

B Foranodex, t=1,..., N, wedefine
&, :={F € &, : x, is an endpoint of F'} .
M Foranodex; i =1,...,N,wedefine A, :={T € .7, : x, € T}.
B For aninterior node x,,7? = 1, ..., M, we define the index set of its neighbors

Si={j€{l,...,N}\ {i} : «, and =; are endpoints of the same
internal edge £ € &)} .

B The finite element spaces used in this work are given by

Vii= {0, € C°Q) s oplp €PUT) YT € G}, Vi := Vi N HL(SQ).

B These spaces have standard nodal basis functions denoted by {¢,,..., @y}, uniquely de-
termined by the conditions ¢;(x;) = d,; for all i,j = 1,..., N. We further notice that
supp p; = A;.

DOI 10.20347/WIAS.PREPRINT.2475 Berlin 2018



G. R. Barrenechea, V. John, P. Knobloch, R. Rankin 4

B The Lagrange interpolation operator i;, : C°(Q2) — V/ is given by

N
ihv — Z U(mz) 2
i=1
In addition, we set
N
lhUp = Z up(z;) ¢ilan -
i=M+1

The Galerkin scheme associated to is given as follows: Find u;, € V), such that uh|aQ = pUp,
and

a(uy,v,) = (9,v,)q Y, € Vi (4)
This scheme is well known to lead to inaccurate results on affordable grids.

The first step towards the building of an AFC scheme is the writing of the Galerkin method (4) in matrix
form. For this, we introduce the matrix A = (a,;)/,_,, where a;; = a(p;, ;). Then, we represent

the discrete solution by a vector U € R¥ of its coefficients with respect to the basis {1, . . ., @ } of
V,.Then U = (uy, ..., uy) satisfies the following system of linear equations:
N
Zaijuj:gi, izl,...,M, (5)
j=1
u; = up(x;), i=M+1,...,N, (6)

where g; = (g, p;)q fori = 1,..., M. Thanks to the ellipticity of a(-, -) on V}, ,, the matrix (aij)%zl
is positive definite, i.e.,

M
Zuiaijuj>0 V<U1,,UM)€RM\{O} (7)
ij=1
Using the matrix A = (a;;)};_,, we introduce a symmetric artificial diffusion matrix D = (d;;);;_,
with entries
dij = dji = — max{al-j, O, aji} Y1 7& ] s du = — Z d’ij . (8)
J#i

The first step of defining an AFC scheme is then to add artificial diffusion to the algebraic system.
More precisely, the problem is replaced by

ui=up(x;), i=M+1,...,N. (10)

In practice, the solution of such a perturbed scheme, which corresponds to simple upwinding, is too
diffusive to be of interest. Then, the aim of AFC schemes is to localize this added diffusion in such
a way that the DMP is respected, while the internal and boundary layers are not too smeared. This
requires a finer analysis of the structure of the product ID U. Since the row sums of the matrix D
vanish, it follows that
DU);=>_ fi, i=1,...,N,
j#i
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Algebraic Flux Correction schemes for convection-diffuson equations 5

where fi; = d;; (uj —u;). Clearly, f;; = —fj; foralli,j = 1,..., N. Then, a further rewriting of (9)
reads as follows:
N
j=1
w =up(x;), i=M+1,...,N.
The next fundamental step in the building of an AFC scheme is to limit the fluxes f;;. In other words, the

idea is to localize the diffusion to the areas surrounding extrema and layers. To this end, we introduce
solution-dependent correction factors (or flux limiters) Bl-j € [0, 1], and replace system () by

N N
Zaijuj_l'z/Bij(U)dij(uj_Ui):giy izl,...,M, (11)
j=1 j=1
UZ:UD(ZEZ), i:M+1,...,N. (12)

For 3;; = 0, the original system is recovered. Hence, intuitively, the coefficients 3;; should be as
close to 0 as possible to limit the modifications of the original problem. So far, these coefficients have
been chosen in various ways, and their definition is always based on the fluxes f;;. To guarantee that
the resulting scheme is conservative, and to be able to show existence of solutions, one should require
that the coefficients 3;; are symmetric, i.e.,

51‘;':53‘1'7 Z,jzl,,N

This requirement also has a mathematical justification. As a matter of fact, in [7], the possible non-
existence of solutions has been shown if this restriction is ignored. Note that does not involve [3;;
with j € {M + 1,..., N} and hence these values can be chosen arbitrarily. We define them by the
above symmetry condition and by the requirement that 5@' =0ifi,je {M+1,...,N}.

2.1 A variational formulation and a rewriting as an edge diffusion scheme

Our starting point is the following variational formulation presented in [8] for problem (11), (12): Find
up, € Vj, such that up| g = ipup, and

a(un, vn) + Dp(up; un,vn) = (9,v)q  Yn € Viyo. (13)

Here, the nonlinear form Dy, (+; -, -) is given by

Da(z;0,w) = Y Bi(2) dij (v(x)) = (@) w(=;) .

i,j=1
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We now rewrite this nonlinear form using the symmetry of d;; and j3;;:

Dh(z’gug)ij(z) dij (v(@;) — v(;))w(z;) + ; Bij(2) dij (v(;) — v(@s))w(w;)
- zz::@j(z) di; (v(z;) — w(a;) +§ﬁﬂ (v(xi) — v(z;))w(z;)
- szﬁij(z) dij (v(z;) — v()) (w(i) — wj(wj»
= EEZ; Be(2) lde| (v(xp,1) — v(@Ee))(W(TE)) —W(TE2))

where we have denoted S, = §;; = B;; and dp = d;; = d;, for any edge E' € &), that has the
endpoints x; and x;.

Hence, with this rewriting of 1), we can state the following general form of an AFC scheme: Find
up, € Vj, such that up| g = ipup, and

ap(up; up,vp) = (g,vn)0  Yup € Vi, (14)

where a,,(z; v, w) = a(v,w) + Dp(z; v, w) with a(+, ) being defined in (@) and Dy, (+; -, -) given by

Z v, w Z BE |dE| ($E71) — U(CL‘EQ))(U}(CBEJ) — U)(ZBEQ)) . (15)

Ecé,

Since, for any function from V/,, the restriction to an any edge £ of &), is a linear function, one has

Z v, w Z BE ’dE’hE (VU tE,VU) tE) \ v, W € Vh. (16)

Eeéy,

From now on we will suppose that, for every edge I € &),, d is a real number, not necessarily linked
to the matrix A. This flexibility will allow us to include a wider class of methods in our presentation.

The solution-dependent limiters 3 are still assumed to satisfy Sz € [0, 1] and to assure the solvability
of (see the next section), we further make the following continuity assumption:

Assumption (A1): For any £/ € &, the function Sg(us)(Vus)|g - tr is a continuous function of
up € Vh.

It will be shown in Section [4]that the limiters defined in [6] 8| [9] satisfy Assumption (A1).

Remark 1 The fact that the restriction of the functions v and w to the internal edges is a linear function
is what makes it possible to obtain the expression for Dy,. This property also holds for unmapped
Q1 finite elements, and for mapped Q; finite elements on parallelepipeds, although in that case this
methodology would lead to a completely different method, as the cross-terms would not be included
in the method. The implications of this remark are the topic of current investigations and are to be
reported elsewhere. On a related note to the previous point, AFC-related schemes using higher order
elements combined with Bernstein basis functions have been developed recently in the work [33], but
the full stability and error analysis of the methods is lacking.
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3 General properties of the nonlinear scheme

In this section we present the main results associated to the nonlinear scheme (14). More precisely, we
present results on its solvability, minimal conditions for the validity of the discrete maximum principle,
and a first error estimate for the method. In the following section the conditions imposed herein will be
checked for different definitions of the limiters 5.

3.1 Existence of solutions

Lemma 1 (Consequence of Brouwer’s fixed-point theorem) Let X be a finite-dimensional Hilbert
space with inner product (-, -)x and norm || - ||x. Let T : X — X be a continuous mapping and
K > 0 a real number such that (Tx,x)x > 0 forany x € X with ||x||x = K. Then there exists
x € X suchthat||z||x < K andTx = 0.

A proof of Lemma[3.1] can be found in [35] p. 164, Lemma 1.4]. Now, the existence of solutions for the
nonlinear scheme (14) can be proved.

Theorem 1 (Existence of a solution of (14)) I/f Assumption (A1) holds, then there exists a solution
u,, of (14).

Proof For this proof only, we will consider constants C' > 0 that may depend on the data of (1) and
h. In addition, we will make use of a function Uy p € VL, which is an extension of the boundary datum
inup. Let us first define the nonlinear mapping 7" : Vj, o — [Vh.0)’ by

(Twn, wn) := alvn +wy p, wn) + Dy (0n 4wy, piva + w, p, wn) — (9, wn)g -

Since af(+, -) is a continuous bilinear form, Assumption (A1) implies that 7" is a continuous mapping.
Next, from the definition of a(-, -), it follows that, for any v, € V0,

G(Uh, Uh) =€ |Uh|iQ + (thv Uh) > € |Uh|i§2 :

Moreover, and the fact that S (vs, + u;, ) > 0 give

Dy (vn + up, pi vn, vn) = Z Be(vn + uy p) |dg| he [V - tE||(2),E = 0.
Ecéy,

Then, the definition of the operator T yields
(Tvn, vn) > elvnli o + aluy, p,vn) + D(vn + wy pi s p, vn) = (9, vn)e-
The terms involving v, ;, are bounded next. The Cauchy—Schwarz and Poincaré inequalities lead to

|a(uy, pyvn)| = |e(Vuy,p, Vor)a + (b Vay, p, vn)a + (cuy, p, va)g)

< elupplialvnlre + 1bllccq up,plie lvallog + llcllan lun,pllog llon

< Clluppllig lvnlig -

0,Q

In addition, using the shape regularity of the mesh sequence, S (-) < 1, and the local trace inequality,
one arrives at

| D (vp + uh,D;uh,Davh)‘

= Z Bp(vn +uy, p) ldg| he (Vuy, p - tg, Vo, - tp)e

Eeéy

< Z |dg| he ||vuh,D ’ tE”o,E Vo, - tEHo,E <C |uh,D’1,ﬂ |Uh’1,ﬂ-
Eeéy,
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Finally, the application of the Poincaré and Young inequalities gives

€
(Ton,vn) > el o = Clluy, pllialvalie = llglloallvnlloq > 5!%!?,9 —Co.
Thus, for v, € Vj o such that |vs]1.0 > (2 Co/e)% there holds (T'vp,, vy) > 0. Lemmaimplies
that there exists v, € Vj, o such that |v,|10 < 2 (Co/e)% and Tv, = 0. In other words, u;, =

Uy, + up, p solves (T4).

3.2 The DMP

In this section we shall formulate general properties of the limiters S under which the AFC scheme
satisfies the local and global DMP. The local DMP will be formulated on the patches A; defined
in Section

To prove the DMP, we make the following general assumption, which is a reformulation of an analogous
assumption introduced in [26].

Assumption (A2): Consider any u, € Vj, and any i € {1,..., M}. If uy(a;) is a strict local
extremum of uy on A, i.e.,

up(xy) > up(x) Ve A \{x;} o wup(x) <up(x) VaelA\{x},

then
an(un; 0j,00) <0 YV jE€S,.

Theorem 2 (Local DMP) Let u;, € V), be a solution of with limiters B satisfying Assumption
(A2). Consider anyi € {1,...,M}. Then

g<0 in4d; = maxwu, <maxu;, (17)
>0 in4d; = minwu, > min u, 18
g = i A; h — DA, h ( )

where u,” = max{0, u;} and u, = min{0, uy, }. If, in addition, c = 0 in A;, then

g<0 n A = max up = max Up 19
¢ Al 8A1 ’ ( )
g = ) ; h e h ( )

Proof Let u; € Vj, satisfy and let us denote u; = up(x;), i = 1,...,N. Then u; =
Zé\le u; p; and one has

N
Zfiijuj:gi, i:17...,M7 (21)
j=1

where

aij = apun; s 0:),  i=1,....M,j=1,....N,
gi=(g,0)a,, i=1,...,M.

DOI 10.20347/WIAS.PREPRINT.2475 Berlin 2018



Algebraic Flux Correction schemes for convection-diffuson equations 9

Moreover, for7 = 1, ..., M, one derives
@i > a(pi, i) > € leiliq >0, (22)
N
D iy = an(un; 1,0:) = (e, 0i)a, > 0. (23)
j=1

These properties follow from the fact that (b - Vv, v)q = 0 forany v € H}(Q), Dy (un; i, i) > 0,
and Zjvzl ;= 1inQ.

Considerany i € {1,..., M} andletg < 0in A; so that g; < 0. Let us denote A; = Zjvzl Qjj.
Since a;; = 0 forany j & S; U {i}, it follows from that
Az’ U; + Z 5¢j (Uj - UZ) =4g; . (24)

JES;

To prove (19), let ¢ = 0 in A; and assume that maxna, u, > maxpa, up. Since the maximum of
up, on A; is attained at vertices of the elements of .7, making up A;, this means that u,(x;) is the
strict maximum of u;, on A;. Then Assumption (A2) implies that the sum in is non-negative. Since
A; = 0 (see 23)) and a;; > 0 (see (22)), there is j € S; such that a;; < 0 and hence the left-hand
side of is positive, which is a contradiction.

For proving (17), it suffices to consider the case A; > 0. Let us assume that maxa, u, > maxga, u;
Then again maxa, up > maxga, up and also u; > 0. Like before, the sum in (24) is non-negative
and since A; u; > 0, the left-hand side of is positive, which is again a contradiction proving the
assertion.

The implications and follow in an analogous way.

Theorem 3 (Global DMP) Let u;, € V), be a solution of with limiters S satisfying Assumptions
(A2) and (A1). Then

g<0 inQ = maxuhgmaxu;{, (25)
Q Q0

g>0 in{) = minwu, > min v, . (26)
a 99

If, in addition, ¢ = 0 in €2, then

g<0 in Q) = max u, = max uy, (27)
a 89

g>0 inQ) = min u, = min uy. (28)
a 89

Proof The proof is based on the technique used in [25, Theorems 5.1 and 5.2]. Let u;, € V), satisfy
and let ¢ < 0in 2. Then the nodal values of u;, satisfy and, due to (7), one has

M M
ZviﬁijvjEZviaijvj>0 V(’Ul,...,’UM)GRM\{O}. (29)
i5=1 i5=1
Note that
max up, = max{w; : t=1,...,N},
Q

I%%th:max{ui ci=M+1,...,N}.
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Let
s=max{u; : i1=1,...,N}, J={ie{l,...,N}: u; =s}.

First, let us show that
aijgo VieJm{l,...,M},jg_iJ. (30)

Leti € JN{1,...,M}andj € S;\ J. Then a;; = a;; — fe(us) |dg|, where E is the edge with
endpoints ; and x;. For any k € N, define the function uf = uy, + ¢;/k. Then uf (x;) is the strict
maximum of qu on €2 and hence, in view of Assumption (A2),

(ai; — Be(uy) del) (u; —ub) = an(uf; @5, @) (uf —ub) <0,

where u} = uj(;) and uj = uj (x;). Since uy — wy, for k — oo, Assumption (A1) implies that

(aij — Br(un) ldel) (ui —u;) <0.

As u; —u; > 0, it follows that @;; < 0. For j & S; U{i}, one has a;; = 0, which completes the proof

of (30).

Now we want to prove that the relations (1), (23), (29), and imply and 7). If ¢ = 0in Q2
and hence Zjvzl a;; = 0fori=1,..., M (see (23)), then still holds if one adds a constant to

all components of the vector (uy, . . ., uy) so that one can assume that s > 0. If Zjvzl a;; > 0,then
s > 0 can be also assumed since otherwise trivially holds.

Thus, let s > 0 and let us assume that does not hold, which implies that J C {1,..., M}. We
shall prove that then

dkeJ: uk:225kj>0. (31)

jeJ
Let do not hold. Then, applying and (30), one derives forany ¢ € J
Ozzﬁijz—za’ijZO,
JjeJ J¢J

which gives

d Gy =0 Viel, ;=0 Yield jéJ.

jeJ
Thus, the matrix (a;;); je is singular and hence there exist real numbers {v; };c ., not all equal to zero,

such that )., @;;v; = 0for j = 1,..., M. Consequently, the matrix (a;;);_, is singular, which

contradicts (29). Therefore, holds and hence, denoting r = max{w; : i =1,...,N, 1 & J},
one obtains using (21), (30), and

Sukzzakjuj:gk_zakjuj < gk +rT Z(_akj) < T

jed Jgd Jgd

(note that the first inequality implies that » > 0). Hence, s < r, which is a contradiction to the definition
of J. Therefore and hence also holds.

The relations and can be proved analogously.
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Algebraic Flux Correction schemes for convection-diffuson equations 11

3.3 An a priori error estimate

The error estimate will be proven using the following mesh-dependent norm.

D=

[l = (el o + collvlige + Dy(univ,v))*

where D, is defined in and ¢y := inf essq c.

Theorem 4 (Error estimate) Let us suppose that the solution of belongs to H?(Q2) and that
co > 0. Then, there exists C' > 0, independent of h and the data of (), such that

1 . . 1
= unlly < C e+ {IbI% 0 + llelZ 0 B2} R lulyq + Dy (uns inu, inu)? .

Proof We decompose the error in the usual way u — u, = (u — ipu) + (ipu — up) =: p, + €,
First, we notice that D, (un; py,, p,) = 0, and then, standard interpolation estimates lead to

1
lpnlln < Cle+coh®)2 hlulyg .

To bound the discrete error e;, we use the ellipticity of a(-, ), the properties of D, (+;-,-), and the
relations and (2) to get

HehHiS a(en, en) + Dp(un;en, en)
= @(ih% €h> - {a(uha eh) + Dh(uh; Up,, Bh)} + Dh(“h? Ly, €h)

= —alpn,en) + Dp(un; iyu,ep) .
Next, the continuity of a gives
1 _1 _1
alpnsen) <[5+ 657 [Bllc) Ionlia + 60 el lonllog) llenl,
1 _1 _1
< C (&8 + 6" bl + <o lellh) B lulag llenlln-

Moreover, since Dy, (up; -, ) is @ symmetric positive semi-definite bilinear form, it satisfies Cauchy—
Schwarz inequality, which gives

.1
< Dp(un; ipu, i,w)?||eq]n -

N[

. !
Dy (un; ipu, en) < Dp(uns tyu, i,w)2 Dy (up; en, )
Combining the above relations proves the result.

A simple estimate of the consistency error Dh(uh; Th, ihu)% is given in the following lemma.

Lemma 2 (Basic estimate of the consistency error) Denoting
Ay, = max (|dg| K%
h Eeé&y, (| E| E ) ’

one has
Dh(uh;ihu,ihu) < CA, \ihuﬁﬂ Yu, €V, ué€ CO(Q) .

If, in particular, dr; are defined by (8), then

Dy, (unsinu,inu) < C (e + [|blloo b+ [lellco h*) linuli o -
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Proof Using S < 1 and the shape regularity of .7}, implies that
Dh(uh; ihu, @hu) S Ah Z hC]lE_l ||Vzhu . tEH(Q),E S CAh |zhu|iQ .
EEéy,

If d; is defined by (8) for an internal edge £’ with endpoints x; and x;, then

el < > (8 il @il e + llellor leillor lesllor
Teﬂh,xi,mjeT

8l {I9il i Iesllor + sl lpillor} )
< Ch? (e + blln b + llellwn h?)
which finishes the proof.

Lemma 3.3]shows that if d is defined by (), then the convergence order of ||u — ||, is reduced to
1/2 in the convection-dominated case and no convergence follows in the diffusion-dominated case. It
was demonstrated in [8] that these results are sharp. On the other hand, the results of [6l [9] indicate
that a better convergence behaviour in the diffusion-dominated case may be expected if the AFC
scheme is linearity preserving, i.e., if the stabilization originating from the algebraic flux correction
vanishes in regions where the approximate solution is a polynomial of degree 1. This property can be
formulated in terms of the limiters S in the following way.

Assumption (A3): The limiters S possess the linearity-preservation property, i.e.,

BE(uh) =0 if uh|wE € Pl(wE) VEEGE&,.

This property leads to an improved bound of the consistency error provided that the limiters satisfy the
following Lipschitz-continuity assumption.

Assumption (Ad): For any E € &), with endpoints x; and x, the function Bx(up)(Vun)|p - te is
Lipschitz continuous in the sense that

Be(un)(Vun)|g - te — Be(on) (Vo) g - tE‘ <C Z ’(V(uh —op))|e -t

Eleg’iU(%

Lemma 3 (Improved estimate of the consistency error) Let the limiters g satisfy Assumptions
(A3) and (A4). Then
2

Dy, (up; inu, ipu) < = lup — ipulf g + C ?h linuli g +eh?|ul3g .

DN ™

Proof The proof is a refinment of the technique used in [6, Theorem 4]. Let us write D, = EEG&L Dg
with
Dg(z;v,w) = Bp(2) |de| hp (Vv - tp, Vw - tg)p .

Then it follows from Assumption (A4) and the shape regularity of .7}, that, for any uy,, v, wy, € V3,

| Dg(up; up, w,) — De(vp; vp, wh)|

<Cldglhly Y |(Vluwn = vl - tor| [(Twn)ls - to
E’eé’iuﬁj
< Cldg| % [un — vnly ey, W10y - (32)
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Consequently,
| Dy (un; wn, wi) — Dy (vps vn, wi)| < C Ap [un — valy g [whl1q -
Like in Lemma[3.3] one also obtains
| Dy (un; vy wa )| < C A [on]y0 [waly g -
Using the last two estimates and applying Young’s inequality, one obtains

Dh(uh; ihu, ihu) = Dh(uh; ihu — Up, ihu)

+ { D, (up; up,ipu) — D, (ipu;ipu, ipu)} + Dy (ipu; ipu, ipu)
2
€ . . . . .
< 3 lup, —inulig +C ?h linulf o + Dy (inus inu, inu) .

To bound the last term, we use the linearity preservation and the Lipschitz continuity of Dg. More
precisely, for a given £/ € &}, we introduce the function ipu € P, (wE) as the unique solution of the
problem

(V’LEU, V@b)wE = (VU, Vw)wE V@D < IPl(wE) s (ZEU, 1)WE = (U, 1)wE .
Using standard finite element approximation results (see [16]), 2 gu satisfies
lu — iEU|1,wE < C’hE|u|2’wE . (33)

Outside wg, the function 7 gu can be arbitrarily extended to a function from V/,. In view of Assumption
(A3), one has Dg(igu;igu,inu) = 0 and hence, using (32), (33), and the shape regularity of .7},
one obtains

Dg(ipu; ipu, ipu) = Dg(iau;ipgu, ipu) — De(ipu;ipu, iyu)
< Cldgl h inu — ipuly,, linuly,, < Cldelh%* uly,, linul,, -
This implies that

C2A2

Dy (inusinu, ipu) < C Ay hlulyq linul; o < |Zhu|§9 +eh? |u|§Q ,

which completes the proof.

4 Various definitions of the limiters

4.1 The Zalesak limiter

The Zalesak limiter is a classical limiter that originates from ideas of [38] and it was proposed to be
applied in AFC finite element schemes in [29]. Numerical simulations with this limiter can be found
also in [5,[8]. The numbers dg in the definition of D, are given by (8) in this case.

After having presented the Zalesak limiter, we will show that it satisfies Assumption (A1) and, under an
additional assumption on the matrix A, also Assumption (A2). Consequently, the nonlinear problem
possesses a solution and satisfies the discrete maximum principle. It was demonstrated in [9]

DOI 10.20347/WIAS.PREPRINT.2475 Berlin 2018



G. R. Barrenechea, V. John, P. Knobloch, R. Rankin 14

Ex. 7.2] with the help of a numerical example that the AFC scheme with the Zalesak limiter is not
linearity preserving in general.

The definition of the coefficients for the Zalesak limiter relies on the values P.", P, Q7, Q; com-
putedforz =1,..., M by

Pr= Y fi. Pr=) f5. Qi=-)_1; Qr=-)_f5 @4

JES: JES: JES: JES;
aj; < agqj aji < a4
where fi; = di; (u; — w;), fii = max{0, f;;}, and f; = min{0, f;;}. These values can be
computed by performing a loop over all internal edges. After this loop, one defines
. QF _ . Qi :
RN :=min{1, 2%, R :=min<l, -5, i=1,...,M. 35
Z pe) m Py .
If P* or P vanishes, we define R := 1 or R; := 1, respectively. At Dirichlet nodes, these
guantities are also setto be 1, i.e.,
Rf:=1, R;:==1, i=M+1,...,N. (36)
Then, forany i, j € {1,..., N} such thata;; < a;;, we set
Rz_ if fij <0,

The final step consists in defining 8 := 1 — «; for any internal edge IV € & having the endpoints
i, Tj.

There is an obvious ambiguity in the definition of 3 if a;; = a;;. This ambiguity does not influence the
resulting method if min{a,»j, aji} < 0 since then dr = 0 and the respective term with 35 does not
occur in ({5). To fulfill the condition min{a;,;, a;; } < 0, which also assures the DMP (cf. Lemma,
it may help to replace the matrix corresponding to the reaction term by a lumped diagonal matrix, see
[8].

Lemma 4 The Zalesak limiter satisfies Assumption (A1).

Proof Let E be an internal edge that connects the nodes x; and x;. Then it suffices to show that
a;j(up)(u; — u;) is a continuous function of u;, € V. Because of Sg(u) = B = Bji, cuij = uj,
we can restrict these considerations to the situation that a;; < a;;. Moreover, it suffices to consider
d;; < 0 since otherwise a;; = 1.

As first case, uy, € V}, such that f;;(@,) > 0 will be considered. Then @; > u; and hence f;;(u;) >
0 in a neighborhood of %y,. Using (37), (35), and (34), we obtain

min{ P, QF ~
L (L e A D (39)
fii + B, Kes;
ag; < aik,k #j

aij(up) = R =

The numerator and the denominator are continuous functions and by assumption, the denominator is
positive in a neighborhood of u;,. Hence «;; is a continuous function at uy,. In the same way, we get
for the case f;;(wy,) < O first that u; < @; and second the representation formula

in{—P- —O° _
min{ =P Qi) i B — S (39)

ap; < ajp k£

aij(up) = Ry =
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Using exactly the same reasoning as above, we conclude that «v;; is continuous at uy, in this case.

The last case is f;;(@,) = 0 which leads to c;; (1) (u; — ;) = 0. Since ;; is bounded by definition,
a;j(up)(u; —u;) — 0 as u; — w;. Consequently, av;;(up,)(u; — u;) is continuous at .

Remark 2 In [8] it was shown that the terms «;;(uy)(u; — ;) are even Lipschitz-continuous. The
proof of this property is based on the representations and of the coefficients «;;. The sums
in these representations are Lipschitz-continuous and then one can show that the function which is
obtained by multiplying these representations with (u; — u;) is Lipschitz-continuous, too.

Lemma 5 Let the matrix of the system (5) satisfy
mln{a”,aﬂ}go VZzl,,M,]:1,7N,Z7£j (40)

Then the Zalesak limiter satisfies Assumption (A2).

Proof Consider any u, € Vj,, i € {1,...,M},and j € S;. Let u; := uy(a;) be a strict local
extremum of uy, in A;. We want to prove that

CLij + (]_ — ozij(uh)) dij S O (41)

If a;; < 0, then holds since (1 — ayj(up)) dij < 0.1f a;; > 0, then aj; < 0 due to and

hence Qji < Q5 and dij = —a < 0. Thus, if u; > wuy, for any ke SZ', then fij > 0 and fzk > 0 for
k € S;, so that av; = Rj = 0. Similarly, if u; < uy forany k € S;, then f;; < 0 and f;, < 0 for
k € S;, sothat a;; = R; = 0. Since a;; + d;; < 0, one concludes that holds.

4.2 A limiter leading to linearity preservation and DMP on general meshes
(BJK limiter)

Here we present a limiter recently proposed in [9] using some ideas of [30]. This limiter is designed in
such a way that the AFC scheme satisfies the discrete maximum principle and linearity-preservation
property on arbitrary meshes, which is a substantial improvement in comparison with the Zalesak
limiter. Like in the previous section, the numbers d g used in are given by (8).

The definition of the limiter again relies on local quantities P;", P, Q;, QQ; which are now computed
fortr =1,..., M by

Pi+:zz i}_7 Pi_::Z i;’

JES; JES;
QF = qi(w; —u™), Q= q; (u; —uj™),

where again f;; = d;; (u; — u;) and

= max _ uj, w;"" = min _ u;, G =i g dij
J€S;U{i} j€S;U{i} ,
JES;

with fixed constants 7; > 0. Then one defines the quantities R;" and R; again by and and
one sets

Rj— if fij>07
Ry it fi; <0,
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Finally, the limiters are defined by S5 := 1 — min{a;;, aj; } for any internal edge £ € &), having the
endpoints x;, ;.

Lemma 6 The above limiter satisfies Assumptions (A2) and (A1).

Proof The validity of Assumption (A1) follows analogously as in the proof of Lemma Let us
prove Assumption (A2). Consider any u, € Vi, @ € {1,..., M}, and j € S; and assume that
U; = uh(wz) is a strict local extremum of uy, in A;. Then we want to prove that

aij + (1 - min{&ij(uh), &]l(uh)}) dij S 0. (42)

If d;j = 0, then a;; < 0 and hence holds. Thus, let us assume that d;; < 0. If u; > uy, for
any k € S, then f;; > 0 and ul™ = u; so that P," > 0, Q] = 0 and &;; = R = 0. Since
a;j + di; < 0, one obtains (42). If u; < uy forany k € S;, follows analogously.

The constants «; can be adjusted in such a way that the linearity-preservation assumption (A3) is
satisfied. In fact, it suffices to use such constants that

U; — U?lin < Yi (uinax — UZ) Vuée Pl (Rd> . (43)

It was proved in [9] that holds with v; = 1 if the patch A, is symmetric with respect to the vertex
x;, and with

Jnax i — x5
Yi =

 dist(x;, OAT™)

in general, where A" is the convex hull of A;.
Lemma 7 The above limiter satisfies Assumption (A3).

Proof Consideranyi € {1,..., M}.Since R; (uy,) and R; (

uy,) depend on uy, only through up |,
it suffices to verify that, for any u;, € P;(R?), one has R; (uy,) =

R; (up) = 1. One obtains using

(43)
Pr=3" di(uy—w) <Y dyg (™ =) < diy (wi — w™) = QF
JES; JES; JES;
Uj < u;

and hence R;” = 1. Similarly, one obtains R; = 1.

Remark 3 Note that large values of the constants -; cause that more limiters «;; will be equal to 1
and hence less artificial diffusion is added, which makes it possible to obtain sharp approximations of
layers. On the other hand, however, large values of 7;’s also cause that the numerical solution of the
nonlinear algebraic problem becomes more involved.

4.3 A limiter based on the variation of the discrete solution (BBK limiter)
In this section we review briefly the limiter presented in [6] and its main results. In this case, the

numbers dg in the definition of D) are given by dg = th_l , Where 7 is a fixed parameter,
dependent on the data of (T).
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The limiters Bg, E2 € &), are given by the following algorithm: for w;, € V},, one defines &, as the
unique element in V;, whose nodal values are given by

% ses, (wn(@s) = wn(a;)|
Euy, () = Zjesi h

c i) Jwn(@:) — wi(a)] # 0,

)
wp (i) — wp ()| )

0, otherwise.

Then, on each E € &), B is defined by
Bip(wn) := max [€,, ()]” , p€ [1,+00). (44)

The value for p determines the rate of decay of the numerical diffusion with the distance to the critical
points. A value closer to 1 adds more diffusion in the far field, while a larger value makes the diffusion
vanish faster, but on the other hand, increasing p may make the nonlinear system more difficult to
solve. In our experience, values up to p = 20 are considered safe to use (see [6] for a detailed
discussion). In this section we will detail the proof of the results using p = 1, but these extend to
p > 1 without difficulty (see [6] for details).

Two remarks can be rapidly made about this definition of the limiter. First, if a function vy has en
extremum at an internal node x;, and E' € &, then [3(v,) = 1. This will be of paramount importance
for the satisfaction of the DMP. Moreover, for meshes which have a certain structure, the method is
linearity preserving, i.e., Assumption (A3) holds. More precisely, we will say that a mesh is symmetric
with respect to its inner nodes if, for every node x;, and every j € S;, there exists k € S; such that
x, —x; = —(x; — ;). So, if the mesh is symmetric with respect to its interior nodes, if £ € &), has
endpoints x; and ;, and v;, € P1(wg), then

> (vnl@i) —vn(x) =0 and Y (va(x;) — vp(ar)) =0,

lesS; lES]'
which gives 55 (v;) = 0. So, the method does not add extra diffusion in smooth regions, whenever
the mesh is sufficiently structured.

Remark 4 In |6l Remark 1] a process to generate a method which is linearity preserving on general
meshes is described. It involves a minimization process per node to determine a set of weights. The
same results that hold for the method presented in this work hold for that variant.

The next result states that the limiter defined in satisfies Assumptions (A1), (A2), and (A4).
Lemma 8 The limiter defined in this section satisfies Assumptions (A1) and (A4). Moreover, if the
triangulation 7, is such that

(VQOJ,VQOZ)QSO, izl,...,M7 jzl,...,N,
and~y > Co||bl| o 0+ C1 ||cllo.q I (where Cy and C, are two constants independent of h, but large
enough), then Assumption (A2) is fulfilled, too.

Proof To prove (A1) and (A4), let up, v, € V. First, in [6, Lemma 1] the following result is proven:
for any interior node x; the following holds

> mes M|V (un —vp) - te|
ZE’E& hE/(|vuh : tE’| + |VU]—L . tE’|)
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Let us now suppose that, for E' € &}, having end points x;, x;, Sg(up) = &, (x;) and Bgr(vy) =
&u,,(x;). Then, using that 0 < &, (x;) < 1 one obtains

Be(un)Vuy -ty — Be(vn)Vuy, -t < (&, (@) — &u, (25)) Vuy, - te
A [y (@) [V (un = vn) - te| + [&u, (x25) = &op (T5)] [Von - e

S (guh(l‘z) — §uh(wj))Vuh . tE +5 Z |V(uh — Uh) . tE/| .

E'es;

In a completely analogous way one obtains

Be(un)Vuy, - tg — Be(vy)Vuy, - tg
S (gvh(mz) - §Uh (m]))vuh : tE +5 Z |V(uh - Uh) : tE’| .
E'eé;

Thus, since &, (z;) — &, () > 0and &, (x;) — &, (z;) <0,

Be(un)Vuy, -ty — Be(vy) Vo, - tg
< min { (&, (%) — &u, (7)) Vg, - te, (&, (1) — &0, (x5)) Vg - tp )
+5 > [V(up— ) -t

E'E(%U(opj

<5 Z |V (up, —vp) -t ,

E’E(%Uéaj

which proves Assumption (A4) and hence also (A1).

To prove (A2) let us suppose that uy, solution of (T4), has an extremum at the internal node ;. Let
J € Si,and let E € &, be the edge with end points x; and x;. Then, as it was mentioned earlier,
Br(un) = 1. Thus, using the shape regularity of the mesh, one obtains

an(un; 05, 0i) = €(Vj, Voi)g + (b Vy, 0i)a
+ (cj, i) + 70 Be(un) h (Vs - by, Vi - te) g
< Co ||bll o0 b + Ch llello 0 h% — 10h%
= (Co bl + Ci llellooo b —0) W

and Assumption (A2) follows.

It follows from Lemmathat the consistency error Dh(uh; Th, ihu) can be bounded as follows:
Dy (up; inu, ipu) < Cryohlinulf g -

Moreover, if the mesh is symmetric with respect to its internal nodes, then Lemma[3.3]implies that the
following bound holds for the consistency error

2

. € _ h* .
Dy, (up; inu, ipu) < B lup, — Zhuﬁ,ﬂ + C’Yg = |Zhuﬁ,sz +eh? ’U@Q .

Thus, the method with the definition of the limiters from this section converges for every regular mesh,

and, in addition, in the case in which the limiters are linearity preserving, the convergence order in-
1

creases from O(hz) to O(h).
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5 lterative schemes for solving the nonlinear problem

Consider the weak formulation and the equivalent formulation (11), in matrix-vector notation.
These formulations represent a nonlinear problem since the coefficients 3;; depend on the finite el-
ement solution uy. Applying an iterative scheme for solving the nonlinear problem, our experience is
that usually damping is necessary to achieve convergence. Let ugm), m > 0, be a given approximation
of uy,.

A fixed point iteration can be defined as follows. In a first step, a finite element function agm“) is
computed by solving: Find u(mJr € Vj 0 such that
a ( 2m+1) vh> + Dy, (u}["); ﬂémﬂ), vh> = (g,vn)q Yon € Vip. (45)
The matrix-vector form of is
N
Z al] ~(m+1 + Z B(m) d ( m+1) Nz(m+1)> =4i, 1= ]-7 R M7 (46)
j=1

™t =g, z:M+1,...,N,

K3
where Bi(j = B (u™). In the iterations (@5) and (@8), the matrix of the problem changes in each
iteration.

It is also possible to perform a fixed point iteration in such a way that only the right-hand side changes.
Using the relation

N

N N N
D Bidig(wy —w) = dijuy —u; Y dig =Y (1= Bydy) (u; — w),
j=1 j=1 j=1

j=1
=0
one can consider instead of the iteration

N

Z (aZJ + dlﬂ) ~(m+1) =g+ Z (1 . ( )) dij <u§m) . uz(m)>

=1 =1

N

Z( ) o =1, M, (47)

i +1>:0, i=M+1,...,N.

Using a sparse direct solver, then the matrix of has to be factorized only once and in all subsequent
iterations, only the solutions of the triangular systems have to be computed.

Another approach for solving the nonlinear problem is a (damped) Newton method. Let us consider as
starting point for deriving this method the matrix-vector formulation (1), (12). Let the ¢-th equation be
written in the form

N

Fi(u) = Zazjuj—i-Zﬁm wj—u;)—g; =0, i=1,...,M,

7=1

then the intermediate solution in Newton’s method is computed by solving

DF (u™) @™ = DF (™) u{™ — F (u™) (48)
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where DF’' (u(m)) is the Jacobian, which can be computed by applying the product rule and the chain
rule, and observing that the derivative of the limiter with respect to the Dirichlet nodes is not needed
since these values are fixed

DF;(u)[v]
= Z @iV + Z Bii(u)dij(v; — vi) + Z (Z gﬁ: ) dij(u; — ui)

N
= Z aijvj + Z Bij(w)dijv; — (Z Bij (U)dij> v
j=1
+Z ( aﬁlk (u)di (ug — uz)> v;.
7=1

Hence, the entries of the matrix that has to be inverted in are given by

N
as + By Z da (™ —u™) i A,
=

8
N N
aii—Z@(}” Z Dik d ( )_ugm)> ife = j,

Jj=1
\ j#i

( (m)

fortr=1,...M,5=1,... N.The last N — M rows have just the diagonal entry 1. The derivatives
of the limiter with respect to the solution are needed. These derivatives depend on the particular limiter
that is used in the simulations.

Let w1 € [wp, 1], wp > 0, be a damping factor. The next iterate is given by

ugm+1) _ ugm) | (m1) (angrl) _ ugm) '
The choice of appropriate damping parameters is essential for the efficiency of the iteration. In [20],
an automatic strategy for adapting the parameter during the iteration is described. In [5], the use of the
so-called Anderson acceleration, proposed in [3}136], is advocated. The Anderson acceleration stores
vectors from previous iterations and builds with them second order information.

6 Numerical studies

6.1 The Hemker example

We will consider the so-called Hemker example, which was proposed in [17]. It models the convection
of temperature from a hot circle (2d cylinder) in a channel. The convection field is constant. There
are exponential layers a the circle and interior layers downstream the circle. The Hemker problem can
be considered as a standard benchmark problem for convection-diffusion equations. It was used in
[5] for comparing a number of stabilized discretizations. Here, the same setup as in this paper will be
considered.
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Figure 1: Hemker example: Solution for ¢ = 1074,

Figure 2: Hemker example: Grid 1 (left) and Grid 2 (right), both level 0.

This problem is defined in 2 = {[—3,9] x [=3,3]} \ {(z,y) : 2* + y* < 1}, the coefficients are
b= (1,0)T, ¢ =0, f =0, and the boundary conditions are given by

0, forz = —3,
u(z,y) =< 1, forz? + 2 =1,
eVu-n=0, else.

In [5], a reference solution on a fine grid was computed for ¢ = 10~*, see Fig.[1l Quantities of interest
defined in [5] are the magnitude of the over- and undershoots, the difference to the reference solution
on selected cut lines, and the smearing of the interior layer at a certain cutline downstream the cylinder.
For the concrete definition of these quantities, it is referred to [5].

The simulations were performed with P; finite elements on two types of grids, see Fig. |2l Grid 1
is aligned downstream to the convection and it has edges at the position where the interior layer is
expected. The stopping criterion for the nonlinear iteration was based on the Euclidean norm of the
residual vector, which should be smaller or equal than 103 (#dof)%, where #dof is the number of
degrees of freedom (including Dirichlet nodes) on the respected grid. As initial iterate, a function that
vanishes on all degrees of freedom was used. The linear systems were solved with the sparse direct
solver UMFPACK, [15]. The simulations were performed with the code MooNMD [22].

By construction of the Hemker example, the solution takes values in [0, 1]. The first quantity of interest
from [5] considers the violation of this range by the numerical solutions. Since the AFC methods satisfy
the DMP, it is expected that there are no violations if the nonlinear problems are solved exactly. In fact,
we could observe in the numerical results only negligible violations of the order of the stopping criterion
for the iteration of the nonlinear problem.

Another quantity of interest studies the smearing of the interior layer at x = 4, see Fig.[3] It can be
seen that the smearing introduced by the BJK limiter is always smaller than with the Zalesak limiter.
In particular, on the aligned Grid 1, the results with the BJK limiter are much better. This statement
is supported by considering the error to the reference solution at the cutline x = 4, see Fig. 4] To
compute the errors, 10001 equidistant points were taken on the cutline and the vector e contains
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Figure 3: Hemker example: Width of the interior layer at x = 4.
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Figure 4: Hemker example: Errors to the cutline at = = 4, left level 3 (nearly 10000 d.o.f.s), right level 5
(nearly 150000 d.o.f.s).
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Figure 5: Hemker example: Errors to the cutline at y = 1, left level 3 (nearly 10000 d.o.f.s), right level 5
(nearly 150000 d.o.f.s).

the differences of the reference solution and the numerical solution in these points. The errors in the
Euclidean norm ||e||2 and the maximum norm ||e||, are given.

At the cutline y = 1, the results obtained with both limiters are similar, compare Fig. 5| The negative
peak of the error is at the circle in a neighborhood of the point (0, 1). In this neighborhood, there is
the transition from the exponential layer to the interior layer.
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Figure 6: Hemker example: Number of iterations for solving the nonlinear problems, Grid 1 (left), Grid 2
(right); 100 000 iterations means that the stopping criterion was not reached.

Finally, the costs for solving the nonlinear problems is studied. In the used code, only the fixed point
iteration is implemented. Either, the selection of the damping parameter as described in [20] can
be used or the Anderson acceleration with [ > 0 vectors and a fixed damping parameter w. Results
are presented for w = 0.5. The numbers of iterations that were necessary for solving the nonlinear
problems are illustrated in Fig.[6] It can be seen that generally fewer iterations were needed for the
Zalesak limiter. On the structured grid, the variant with 25 vectors in the Anderson acceleration needed
often the smallest number of iterations and the fixed point iteration with an adaptive selection of the
damping parameter needed most iterations. But on the unstructured grid, there is no clear picture.
Using many vectors in the Anderson iteration did even result in failing to reach the stopping criterion
on certain levels. Altogether, these results show a bottleneck of AFC schemes that can hopefully be
reduced or cured by using more advanced methods.

6.2 lllustration of the smearing of layers

A motivation for studying convection-diffusion equations in channel geometries comes from the sim-
ulation of population balance systems in chemical engineering. For experiments, chemical engineers
often use long and thin pipes. That means, the diameter of the pipes is of the order of few millimeters
or centimeters and the length of the order of several meters. There are several specific properties
when considering convection-diffusion equations in pipes or channels. First, a preferred flow direction
exists. Second, the grids are eventually aligned with the flow direction and third, the mesh cells might
be anisotropic. For convection-dominated problems there is the experience that it is of advantage to
align the grid with the convection. In the literature, one finds already observations that report notable
smearing of layers for algebraic stabilizations in examples where the grid is aligned to the convection,
e.g., in [23 [11].

This example considers a straight 2d channel, where the convection is a constant vector pointing into
the direction of the channel. Let Q = (0,10) x (0,1) andlete = 10719, b = (1,0)",c = f = 0 be
the coefficients of the problem. The boundary condition is of impulse form at the inlet of the domain
and there is a homogeneous Neumann boundary condition at the outlet:

1 x=0,y €[0.375,0.625],
0 =0,y ¢ [0.375,0.625],
0 y=0o0ry =1,

eVu-n=0 onz =10,y € (0,1).
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Figure 7: Transport of an impulse: initial grid, level 0.
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Figure 8: Transport of an impulse: Solution obtained with the SUPG method on level 0.

Because of the very small diffusion coefficient, one expects that the initial condition is transported from
the inlet to the outlet.

The coarsest grid is presented in Fig. [/} There are horizontal lines at both position where the inlet
condition has its jumps. The same stopping criterion for the solution of the nonlinear problem as in the
Hemker example was used.

Applying the SUPG method, one obtains a solution with sharp layers in the whole channel and with ba-
sically no spurious oscillations already on level 0, compare Fig.[8| In contrast, the solutions computed
with the AFC schemes showed a notable smearing of the layers, in particular the solutions obtained
with the Zalesak limiter, see Fig. [9] One can see that the layers become sharper when refining the
grid. The solutions computed with the BJK limiter are considerably more accurate than those obtained
with the Zalesak limiter, compare Figs. [9]and We could observe that the solution for the Zalesak
limiter on level 3 looks similarly accurate as the solution of the BJK limiter on level 1.

The deeper understanding of the reasons for the smearing effect and the finding of remedies are
open problems. So far, the probably best explanation is given in [23]. Algebraic stabilizations are by
construction multi-dimensional schemes, i.e., there is no dimensional splitting in the construction of the
limiters. Such a splitting would be of advantage in this example since it is basically one-dimensional.
However, the limiters see the layers of the solution that are vertical to the convection and they do not
recognize that it is not necessary to introduce notable diffusion for preventing spurious oscillations.

6.3 A three-dimensional example

Let Q2 = )y \Q_Qwith Q= (0,5) x (0,2) x (0,2) and Q25 = (0.5,0.8) x (0.8,1.2) x (0.8,1.2).
We consider problem ({) with e = 107°, b = (1, g(z), g(x))” where g(z) = (0.1923 — 1.4222 +
2.382)/4, up = 1 on 9y, ¢ = 0, and up = 0 on I€s. An initial mesh containing 842 elements
was generated using gmsh and adaptively refined to a mesh containing 1,308,237 elements by using
an SUPG method combined with the a posteriori error estimator from [1]. This adaptively refined mesh
was then used to obtain approximations using various AFC methods. The nonlinear problems were
solved using the damped fixed point algorithm from [20, Figure 12], and the initial guess was obtained
using a standard unstabilized Galerkin approximation.

Slides along the plane z = 1 of the solution obtained with the different methods are shown in Figs.
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Figure 9: Transport of an impulse: Solutions obtained with the Zalesak limiter on levels 0 and 1.
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Figure 10: Transport of an impulse: Solutions obtained with the BJK limiter on levels 0 and 1.
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Figure 11: The 3d example: The slice at z = 1 of the approximation obtained using the SUPG method
on an adaptively refined mesh containing 1,308,237 elements.

—[14 To obtain a reference solution, we pursued this approach further and obtained a sequence of
adaptively refined meshes using the same error estimator until we built a highly refined mesh con-
taining 135,408,953 elements. A highly accurate (although not fullly resolved) SUPG solution was
computed in this mesh, and a slice of this solution along the plane z = 1 this is presented in Fig.
Finally, in Figure[T6] we compare all these approximations and depict the cross section of them on the
liney =z =1.

There is a slight violation of the DMP for the method with the Zalesak limiter. This violation is due
to the fact that the mesh does not respect the hypotheses under which the DMP can be shown, cf.
Lemma[4.7] For this mesh we have founds violations of this condition, which explains the numerical
results and confirms the sharpness of the analytical results. The boundary and inner layers are sig-
nificantly sharper for the method with the BJK limiter, although this comes at the price of having to
perform significantly more fixed point iterations than with the other methods.
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Figure 12: The 3d example: The slice at z = 1 of the approximation obtained using the (BBK) method.
It took 166 iterations for the Euclidian norm of the residual in the damped fixed point algorithm to be

less than the tolerance of 1076.

[fos

025

-9.64e-1 O-EO

Figure 13: The 3d example: The slice at z = 1 of the approximation obtained using the (BJK) method.
It took 1117 iterations for the Euclidian norm of the residual in the damped fixed point algorithm to be

less than the tolerance of 1075.

025

-1 .769—05*E0

Figure 14: The 3d example: The slice at z = 1 of the approximation obtained by the Zalesak limiters.
It took 70 iterations for the Euclidean norm of the residual in the damped fixed point algorithm to be

less than the tolerance of 1076.
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Figure 15: The 3d example: The approximations obtained using the SUPG method on an adaptively
refined mesh containing 135,408,953 elements.
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Figure 16: The 3d example: The approximations shown in Figures[11](SUPG),[12| (BBK), [13] (BJK),
(Zalesak) and[15](Reference) onthe liney = 2z = 1.

7 Open problems

The improvement of AFC schemes and the further development of their analysis have been listed
in [21] among the most important open problems for H!-conforming finite elements for convection-
diffusion equations. Some concrete issues are the following. It was shown by means of a numerical
example that the general a priori estimate given in [8] is sharp. However, one can observe for the
Zalesak limiter and the BJK limiter higher orders of convergence than proved in [8], at least on spe-
cial grids. So far, there is no concrete characterization of the necessary properties of such grids and
no corresponding analysis. A priori analysis of AFC schemes for anisotropic grids remains an open
problem. In addition, numerical analysis of AFC schemes for time-dependent equations is not avail-
able. Last but not least, efficient numerical methods for solving the nonlinear problems have to be
developed.
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