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Abstract

An adaptive algorithm for the numerical simulation of time-dependent convection-
diffusion-reaction equations will be proposed and studied. The algorithm allows the
use of the natural extension of any error estimator for the steady-state problem for
controlling local refinement and coarsening. The main idea consists in considering
the SUPG solution of the evolutionary problem as the SUPG solution of a particular
steady-state convection-diffusion problem with data depending on the computed
solution. The application of the error estimator is based on a heuristic argument by
considering a certain term to be of higher order. This argument is supported in the
one-dimensional case by numerical analysis. In the numerical studies, particularly
the residual-based error estimator from [18] will be applied, which has proved to
be robust in the SUPG norm. The effectivity of this error estimator will be studied
and the numerical results (accuracy of the solution, fineness of the meshes) will be
compared with results obtained by utilizing the adaptive algorithm proposed in [5].
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1 Introduction

In this paper, the numerical approximation of evolutionary convection-reaction-
diffusion equations with finite element methods is studied in the convection-
dominated regime. It is well known that standard finite element approxima-
tions produce spurious oscillations and stabilized methods have to be utilized.
One of the most popular stabilized finite element methods is the Streamline-
Upwind Petrov-Galerkin (SUPG) method introduced in [3,14]. As stated in
[25] there is a, perhaps general, consensus that adaptive methods will provide
the most satisfactory approach for solving convection-diffusion problems. A
posteriori error estimators or indicators are a necessary tool to perform adap-
tive algorithms. In [18], a residual-based a posteriori error estimator for the
SUPG approximation to steady-state problems is proposed. The error estima-
tor was proved, under some hypotheses, to be robust in the SUPG norm, the
natural norm in which the error of the method is usually measured. The aim
of the present paper consists in deriving and studying an adaptive algorithm
for the evolutionary convection-diffusion equation which uses the natural ex-
tension of the a posteriori estimator from [18] as criterion for the generation
of adaptive meshes.

Adaptive methods and a posteriori error estimation for non-stationary convec-
tion-diffusion equations were already studied to some extent in the literature.
In [28], residual-based a posteriori error estimates were proved. This paper
considers discretizations with the #-scheme in time and conforming finite el-
ements in space covering the cases of using the standard Galerkin method
and the SUPG method. The derived estimator is an extension of the estima-
tor proposed in [27], where robust estimators were obtained in a norm that
adds to the energy norm a dual norm of the convective derivative. Applying
the estimator from [28] requires the solution of an auxiliary discrete station-
ary reaction-diffusion problem at each time step. The estimates are uniformly
bounded with respect to the diffusion. An extension of the error estimator
from [28] to the case of a stabilization by subgrid viscosity is considered in [1].
In [11], a finite element method in space and time with streamline diffusion is
used to develop an adaptive method applied to a non-stationary nonlinear one-
dimensional model. In [22], a space and time adaptive algorithm was proposed
and an a posteriori upper bound was derived which is not robust with respect
to the diffusion parameter. An adapted Lagrange—Galerkin method for singu-
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larly perturbed unsteady linear convection-diffusion problems was introduced
n [12]. The Lagrange—Galerkin method is based on combining the method of
characteristics with the standard Galerkin finite element method. An adaptive
approach for a Lagrange-Galerkin method can be found in [2], see also [13]. In
8], a framework for a posteriori error estimates in unsteady, nonlinear, possi-
bly degenerated convection-diffusion problems was introduced. The estimators
are based on a space-time equilibrated flux reconstruction and were derived
for the error measured in a space-time mesh-dependent dual norm.

Most of the above mentioned methods are based on space-time formulations.
In [5], as well as in the present paper, we followed the approach of separating
spatial and temporal discretizations using the method of lines. An adaptive
algorithm based on the standard Galerkin method was introduced in [5, Sec-
tion 3] to approximate linear evolutionary convection-dominated problems.
The algorithm is based on an a posteriori indicator of the size of the oscilla-
tions displayed by the finite element approximation. This algorithm will be
used for comparison with the adaptive algorithm introduced in the present
paper for the SUPG method. The numerical studies in Section 4 will show
that the newly proposed method performs generally better.

In this paper, an algorithm will be proposed and studied which allows to apply
the natural extension of any a posteriori error estimator for the steady-state
problem in the evolutionary setting. In the numerical studies, particularly the
residual-based a posteriori error estimator from [18] will be used. The main
idea consists in considering the SUPG approximation to the evolutionary prob-
lem also as the SUPG approximation to a special steady-state problem. For
the latter problem, any of the available a posteriori error estimators for the
steady-state case can be applied. The same idea has been used already for evo-
lutionary nonlinear convection-diffusion problems in the diffusion-dominated
regime in [4,6,7]. However, it should be noted that the approach presented
here is still heuristic with respect to the error estimation. It relies upon the
assumption that the error in the SUPG norm between the solution of the
continuous evolutionary problem and the special steady-state problem is of
higher order. We can justify this assumption by numerical analysis only in the
one-dimensional case. But on the other hand, the numerical studies will show
that the effectivity index of the used error estimator is robust with respect
to the mesh width and the diffusion, see Example 2. This result supports the
point of view that the essential information on the error is provided by the
error estimator.

The outline of the paper is as follows. In Section 2, the SUPG discretization
of the evolutionary convection-diffusion equation is given. The adaptive al-
gorithm which uses the extension of the a posteriori error estimations from
[18] is introduced in Section 3. In addition, the analytical results that justify
the assumption made in deriving this algorithm are presented in this section.



Numerical tests in Section 4 study the effectivity of the error estimator and
compare the adaptive meshes computed with the proposed algorithm and the
algorithm from [5]. The paper finishes with a summary in Section 5.

2 The equation and its discretization

Let Q@ C R d € {2,3}, be a bounded domain with polyhedral Lipschitz
boundary and let [0, 7| be a finite time interval. The time-dependent convection-
diffusion-reaction equation which will be considered in this paper is given as
follows

Ou—ecAu+b-Vu+cu=f in (0,7] x €,

u=20 on [0,7] x I'p,
ou (1)
e—=¢e0hu =g on [0,7] x ',
On

u(0,x) = up(x) in €,

where ¢ > 0, all given functions are sufficiently smooth, and n is the outward
pointing unit normal at the boundary of §2. It will be assumed that 0-Q C I'p,
0~ being the inflow boundary of €2, i.e., the set of points x € 92 such that
b(x) - n(x) < 0. For simplicity, in the present section, we assume g = 0.
A standard assumption in the analysis for equations of type (1) is that the
following condition is satisfied

o(t,x) — ;div(b(t,x)) ) > >0 V(LX) DT X (2)

If this assumption is not satisfied, the change of variables v = ue™*" with
a > 0 transforms problem (1) into one satisfying (2).

Finite element spaces are denoted by V., where h indicates the fineness of the
underlying triangulation 7; consisting of mesh cells { K'}, based on continuous
local polynomials of degree r. Only conforming finite element spaces will be
considered, which implies in particular that v;, = 0 on 9Qp for all v, € Vj, ;.

The semidiscrete in space Galerkin approximation based on linear polynomials
to problem (1) consists in finding u§ : (0,T] — Vj,1 satisfying uy(0, ) = ul €
Vh71 and

(atugu Uh) + E(V’U/S, Vvh) + (b ’ VUS7 Uh) + (CUS, Uh) = <f7 Uh)7 (3>
for all v, € V1. It is well known that the standard Galerkin approximation

produces spurious oscillations in the convection-dominated regime, which is
given if for the mesh Péclet number holds Pey = ||b|oo,xhk/(2¢) > 1, where



hy is some measure for the size of the mesh cell K, e.g., its length in the
direction of the convection [16]. Stabilized discretizations are usually applied
to cope with this difficulty.

As already mentioned in the introduction, this paper studies the SUPG method.
The bilinear form associated with this method is given by

aSUpg(Uh, wh) = 5(Vvh, V’U)h) —+ (b . V’Uh, wh) + (C’Uh, wh)
+ (—eAvh + b - V’Uh + CUp, b - th)h Y Vp, W, € th,

where (-, ), denotes the broken inner product

(fvg)h: Z 5K(fag)K7

KeTy

dx > 0 being the stabilization parameter and (-,-)x is the standard inner
product in L?(K). In the convection-dominated case, the stabilization param-
eter 0k is typically defined as §x = dphk /||b||,x for some positive constant dy
[16].

Let up, : (0,7] — Vi1 denote the spatial semidiscrete SUPG approximation
to (1) satisfying u(0,-) = u)) € V,; and

(Orun, vp) + asupc(un, vn) = (f,vn) + (f — Owup, b - Vop)n, Vo, € Vi (4)

Standard error analysis for stabilized methods is performed in norms which
possess a contribution from the stabilization. For the SUPG approximation to
(1) this norm has the form

1/2
[vllsupa == <5HVUH(2)+ > kb Vollf « + HNWUH%) : (5)
KeT,

see for example [17].

3 The adaptive algorithm based on the SUPG discretization

This section explains the a posteriori error estimator which will be used for the
SUPG discretization (4) of the evolutionary problem (1). The main goal is to
show that the a posteriori error estimator for the steady-state case from [18§]
can be extended to the evolutionary case. This extension is in some way heuris-
tic since we can only justify analytically the one-dimensional case. The under-
lying idea can also be applied to any other error estimator for the steady-state
problem and it has been used before in evolutionary nonlinear convection-
diffusion problems in the diffusion-dominated regime in [4,6]. At the end of
the section, the adaptive algorithm will be presented.



3.1  Residual-based estimators for an auxiliary steady-state problem

Consider the following steady-state problem

—cAu+b-Vi+cu=f— 0w, in (),
u=20 onl'p, (6)
e0htl = ¢ on I'y.

The continuous piecewise linear SUPG approximation to problem (6) is: find
up, € Vi1 such that

asupc(Un, vn) = (f — Owun, vp) + (f — Opun, b - Vup)y Vo, € Vii.

It coincides with (4) such that uy, is also the SUPG approximation to the evolu-
tionary problem (1). Our goal consists in deriving, under certain assumptions,
an a posteriori estimate for the error of uy;, where the error should be bounded
in the norm (5), which is used in the a priori error analysis.

The starting point for getting an upper bound for the error is the decomposi-
tion

llu — unllsupe < |lu— @||lsupc + ||@ — unl|supc- (7)

Now, the main idea consists in neglecting the first term in this decomposition
and to consider just the second one. Justifications for this approach will be
discussed below.

To bound the second term on the right-hand side of (7), the residual-based
a posteriori error estimator will be used which was proposed in [18] for the
steady-state problem. Since wy, is the SUPG approximation to problem (6)
with right-hand side g = f — d;uy, applying the estimator from [18], the error
@ — un|lsupc, ik at every mesh cell can be bounded by the quantity

([C _h?
N = (mln {, c-x. 2451{} ||RK(uh)||37K + 245K||RK(Uh)||(2),K

Ho €

E€OK Iblloc,e” € ’51/2111(1)/2

1/2
Y m{ 2 ot C}HRE(uh)HaE) , ®)

where Ry and Rg are the inner and edge residuals, respectively, of problem
(6), which are defined as follows



Ry (up) :=f — Owup + eAup, — b - Vuy, — cuy |k, 9)
—€[[Onpun] if E € &g,

Rp(up) =1 g — e0nypup if E € &N,
0 it £eé&,p.

Here, the set of all faces in the finite element partition is denoted by &, and
Ena,Enn, and &, p refer to interior faces, faces on the Neumann boundary,
and faces on the Dirichlet boundary, respectively. In addition, the jump of any
piecewise continuous function v across E in an arbitrary but fixed direction
ng orthogonal to FE is denoted by [v].

As explained in the introduction, residual-based a posteriori error estimators
for the steady state problem, which estimate the error in other norms, see
the overview in [18], will be used in the numerical studies as well. With the
traditional approach of deriving residual-based estimators, see [26], and taking
care only on the dependency of the weights on the local mesh width, one gets

IV (u—up)|5<C ( > Wil Re(ua)llo x + D hEHRE(uh)HOE)

KeTy, E€g&y,
+h.o.t., (10)
[ — up|2 < C ( > bl Re(un)llo o + D hi ||RE(uh)IIOE)
KeTy, Ee&y
+h.o.t. (11)

The estimators (10) and (11) are not robust in the convection-dominated
regime, i.e., the constants C' depend on the Péclet number, cf. the numerical
studies in [15]. They become robust if diffusion dominates. The higher order
terms describe data approximation errors.

An estimator that is robust in the L?(2) norm was proposed in [10]. It has
the form

1E]
||U_uh||(2)§2 Z (L?K”RK(Uh)||0K+4 Z |K| %QKHRE(uh)”(Q)E )
KeTh ECOK
(12)

where |E| and |K| are the measures of E and K, respectively, and
, { hi h2 1 }
N2,k = Min ) )
\/§||bHL°°(K) 3\/ 10e HCHLOO(K)

for the @, finite element (bilinear element over quadrilateral grids), see [10,
Appendix C]. Here, hy is the cell diameter in the direction of the convection




vector.

The aim of this paper is to use (8) for estimating the error in every mesh cell
and to control an adaptive algorithm. This estimator is the only one that has
been proved, under some hypotheses, to be robust in the SUPG norm for the
steady-state problem, see [18]. In one of the numerical examples, the results
will be compared with the results obtained by using the estimators (10) — (12).

3.2 Discussion of neglecting the first term on the right-hand side of (7)

Next, it will be justified in some sense why the term ||u — @||sypg in (7) is
negligible when compared with ||@ — us||supa, and, consequently, why we only
consider the second term. Note that the only difference in the equation for @
compared with the equation for u is the replacement of 0,u by O,u; on the
right-hand side.

In the diffusion-dominated regime, the first term in an analogous decomposi-
tion to (7) has been proved to have a higher rate of decay than the error being
estimated, see for example [4,6]. More precisely, the first term of the decom-
position is proved to be smaller than the second one by a factor O(h|log(h)|).
The higher rate of decay is obtained in both the L?(2) and H'() norm,
except for the linear finite element case in which the improved convergence
is achieved only in the H'(Q) norm. This fact has been used to a posteriori
estimate the errors in [4,6].

Let us observe that the function u solving (6) belongs to an infinite dimensional
space. In order to get some bounds for the error u—1, one needs to approximate
@ by a function which is contained in a finite dimensional space. Since we are
interested in the convection-dominated regime, the first simplification we apply
to study the size of ||u—a||sypg consists in replacing @ by an approximation to
the steady-state problem (6) based on the SUPG method. Since the error to
the piecewise linear approximation u;, should be estimated, a straightforward
idea is to consider a higher order SUPG approximation @, to (6). For this
purpose, a second order approximation is used.

In the following we will assume that 4, is a sufficiently good approximation
to « in the sense that

lu — tllsupc ~ [Ju — Gnllsurc-

By the triangle inequality it is clear that this assumption is satisfied if || —
Up|lsupg is small enough. For this reason, we choose wy, as the SUPG approx-
imation based on quadratic polynomials to the steady-state problem (6) with
solution @. Then ||@ — @y||supe converges with order 5/2; which is larger than



the rate of convergence of the terms being compared with.

The goal of this section is to prove that, in one space dimension and un-
der certain regularity assumptions on the solution u, ||u — @y||sypg is in the
convection-dominated regime of higher order than ||u — uy||supg. More pre-
cisely, while the order of the error ||u — u||supg is 3/2, it will be shown that
|u — dp|supc is of order 2.

The model problem, which will be considered, has the form

Oou — €0+ Opu+u = f in (0,77 x (0,1),
u(0,t) = u(l,t) =0 on [0,T7, (13)
u(0,2) = up(z) in £
For simplicity, a uniform partition {0 = xy < 21 < --- < xy = 1} of [0, 1] of

size h = 1/N is used. The same value for the stability parameter at every
subinterval K of the partition is applied: dx = § = h/2.

The SUPG approximation to the corresponding steady-state problem to (6)
based on quadratic polynomials consists in finding wu; € V} 2 such that

(5 —+ 5)(8111}” &t,vh) + (&ﬂlh, ’Uh) + (’&h, ’Uh) + 5(ﬁh, af,ﬂ)h) (14)
= (f — Owun,vn) + 0(f — Opun, Opvp) + Z 02 (Oalin, OpVn) i
KeTy,

for all vy, € Vj, 9.

For the analysis of this section, in addition the following auxiliary steady-state
problem is considered, where the right-hand side depends on 0,u,

— 0w+ ow+w=g, 0<z<l, w(0)=w(l)=0, (15)

with g = f — Oyu. It is clear that at any fixed time ¢ the solution u(t, -) of (13)
is also the solution of (15). Denote by w;, the SUPG approximation to (15)
based on quadratic polynomials which satisfies

(€ + 0)(Orwh, Oxpn) + (Opwh, n) + (W, vr) + 6(wp, Orpn) (16)
= (g, pn) + (g, Orpn) + Z 08 (OpaWn, Oxton) ik ¥ o1 € Vh,a-
KeTh

In the following analysis, the splitting u — 4, = (u — wy) + (wy, — Up) will
be applied. The error bounds for w;, are the standard bounds for the SUPG
approximation in the steady-state case, e.g., see [25, Theorem 10.5] or [20]: if
u € H3(Q) then

Ju = wnllsupe < O ulls. (17)



Two lemmas will be proved to obtain the main result of the section. First, in
Lemma 1, the auxiliary steady-state problem

— €0, w4 O,w =g, in (0,1), w(0)=w(l) =0, (18)
will be studied. In Lemma 2 the evolutionary problem
O — €0pu+ Opu = in (0,7] x (0,1),

uw(0,t) =u(l,t) =0 on [0,T], (19)
u(0,2) = up(z) in €,

will be considered.

It will be shown in Lemma 1 that, if the solution is sufficiently smooth, the
L?(92) norm of the error of the SUPG approximation to (18), based on linear
elements, behaves at least as O(h?) instead of O(h*/?), which is the bound
for the general case, see [25, Theorem 10.5]. In Lemma 2, these results are
extended to the evolutionary problem (19). In Remark 2 it will be discussed
that the results of Lemma 2 are also valid for the original model (13). Finally,
in Theorem 1 it will be proved that, under certain regularity assumptions for
the solution w of (13), the error ||u — uyllsupc is O(h?) in the convection-
dominated regime.

Lemma 1 Let w be the solution of (18) and assume that w € C?([0,1]).
Consider a mesh with ¢ < h/6 and denote by w, the SUPG approximation
based on linear finite elements. Then, the following bound holds

lw —whllo < CH?,
where the constant C' depends on Ky = max( 1 |0ppw].
Proof Denote by m,w € V},; the elliptic projection of w into Vj,; given by
(Opmpw, Opvp) = (Opw, Oyvp) Y vy € Vi,

Starting with the weak form of (18) for test functions from V},; and using the
definition of m,w, straightforward calculations show that

(€ + 90)(Opmpw, Opvp) + (Opmhw, vp)
= <g7 Uh) + 5(97 amvh) + (ax(ﬂ-hw - w)7 Uh) + 5(€8wa7 aazvh>'

Consequently, one obtains for e, = m,w — w;, the equation

(e + 80)(0nen, Opvn) + (Open,vp) = (Op(mpw — w), vp) + d&(Oprw, Opvy).

10



Denoting by e; the coefficients of ej, in the nodal basis, e, = Zé\;l e;j;, taking
into account that adding the stabilization term 0(d.ep, 0,vy) is the same as
doing upwind in the convective term (instead of approximating it by central
finite differences) since § = h/2 (or performing a straightforward calculation),
one gets

he .
€i—€j—1 = (ax(ﬂhw_w% SOJ)_'—?(aIZ‘w’ Gxgoj)—e(axeh, a'cspj)a J = 17 s 7N_1~

Taking the sum from 1 to j and using ey = 0, one obtains

6]‘ :F1+F2, (20)

where

Fi= (ax('ffhw - UJ), P1+ P2+ .+ SOJ')?
Fy = 0e(0paw, O (01 + 2+ - 4 @) — €(0uen, D1 + 02+ ...+ ¢5)).

Integrating by parts and taking into account that d,(p1 + ... + ¢;) vanishes
in [z1, ;] yields

1 T T
lFl’SE ‘—/ (mhw — w) da:+/ +1(7rhw—w) dx
0 x5

1
SE(h||7rhw—w||oo+h|\7rhw—w||oo) < CKyh?. (21)
In the last inequality, the bound

|7hw — wlls < Ch? max | 0w,

was used, see [24]. For the second term, one obtains

|F2]§g / 18mw alyz;—/j+1 Opzw dx
0 T

J

£
h

—/ 1 (9zeh dx +/ o &ceh dx
0 Tj
5
§€hK+E’—€1+€j+1—€j’- (22)
From (20), (21), and (22), it follows that

3 .
‘€j|§0h2+3EH€hHooa .7:17"'7N_1?

11



and consequently
€
lenlloo < CB* + 3 len]|oc,
or

(1 - 32) lenlloo < CH2.

Using the assumption on the mesh width, one gets ||es]loc < 2Ch?, which
implies |lep,|lo < 2Ch2.

Finally, decomposing (w—wy,) = (w—m,w)+ep, and using ||w—m,wllo = O(h?)
finishes the proof by applying the triangle inequality. O

Remark 1 Note that the order of convergence of the SUPG method in the
L%(Q2) norm for linear finite elements has been proved to be O(h%2) in the
general multi-dimensional case, see for example [23]. As stated in [25], the ap-
parent loss of half an order in the L?*(2) norm has attracted much attention.
In [30], the optimal accuracy of the SUPG method for linear elements was
investigated. The use of a very special type of meshes allows to prove that
the SUPG method can converge in the L?(Q) norm with any order between
3/2 and 2. In [29], by orienting the mesh in the streamline direction and im-
posing a uniformity condition on the mesh, the theoretical order of pointwise
convergence is proved to be O(h?*|log(h)|). The computational results of [29]
show that the SUPG method actually converges in the maximum norm with
the optimal order O(h?) on many standard quasi-uniform meshes. The ques-
tion of improved L?(Q) error estimates has also been considered in [21]. Based
on these results from the literature, one can conclude that in the particular
one-dimensional case the order of convergence obtained in Lemma 1 is the
expected one. Also, one can expect that in many numerical simulations, a
quadratic order of convergence for the SUPG method in the L?(£2) norm will
be observed. In this sense, although the results shown here are only valid in
the one-dimensional case, they give some insight in the validity of analogous
results in more general situations.

The next lemma shows that the bound of Lemma 1 can be extended to the evo-
lutionary case, improving to O(h?) the bound for the L?(2) norm of the error
for the SUPG approximation uy, to (19). Under weaker regularity assumptions
for the solution u, the bound for |Ju — uy||o obtained in [17] is O(h3/?).

Lemma 2 Letu be the solution of (19) and assume that u, O;u € C*([0,1]) for
allt € [0,T). Let uy, be its SUPG approzimation based on linear finite elements
and denote by II,u € Vi1 the SUPG approximation to the steady-state problem
(18) with right-hand side g = f — Oyu. Assume that uy,(0) = Hyug. Then, the
following bound holds

1w —un)(®)llo < Ch?, t €0, 7], (23)

where the constant C depends on maxo<i<r (K1 (t), Ko(t)) with K, (t) = max 1) [Oppu(t)]

12



and Ky(t) = maxpo 1] |Orau(t)].

Proof Following [17], one compares u;, with II,u € V1, where I1,u is defined
by

asvpc (Hnu, vn) = asupc(u, vn) = (f(t) — O, vn) + 6(f — Oyu, Oyup)
for all v, € V},1. Applying Lemma 1, one obtains the following bound
Ju(t) - W)l < CU )R, te [0,7). (24)

Moreover, considering (18) with the right-hand side g = 0,f — Oy u and using
(Ipu(t)); = I, (Opu(t)), one can apply Lemma 1 again and gets

10 (t) — Thdu(t)]o < C(Ka(t))h?, € [0,T]. (25)

The error is decomposed in the following way
(u—up)(t) = (u = pu)(t) + (Mhu — un)(t).

To bound the first term on the right-hand side, one can apply (24). For the
second term, following the notation in [17], denote e, = uj, — I u and observe
that the error satisfies

(Ocen,vn) + asupc(en, vn) = (Tiv, vn) + 6(Tiy, Oyvp) — 6(0sen, Opvy)

for all vy, € V}, 1, where Ty, = Ou — II,0;u. Arguing exactly as in the proof of
[17, Lemma 5.1] yields

len(®I < C (len(@I3 + [ ITuls)I3 ds).

Using the assumption e,(0) = 0 and applying (25) to bound ||T},||o finishes
the proof. O

Remark 2 Observe that the change of variable v = e'u transforms problem
(13) into (19). Hence, the error bounds of Lemma 2 for the SUPG approxima-
tion to problem (19) also hold for the SUPG approximation to problem (13).
In the next theorem, the original problem (13) is considered for proving the
main result of the section.

Theorem 1 Let uy, be the SUPG approzimation defined in (14), let u be the
solution of (13) satisfying v € H?(0,1) and wu,du,d5u € C*([0,1]) for all
t € [0,7], and assume up(0) = Il ug. Then, in the convection-dominated
regime € < h, the following bound holds

1w — @) (®)llsupc < CH?, € [0,T],

13



where the constant C depends on ||u(t)||s and on maxo<i<r (K2(t), K3(t)),
K (t) = max 11 |(Ou(t))za|, and K3(t) = maxjo 1) [(un(t))es|-

Proof The proof starts with the decomposition
(u — ’Ebh) = (u — U)h) + (wh — fbh),

where wy, is the SUPG approximation based on quadratic polynomials (16) to
the steady-state problem (15) with right-hand side f — Ju.

The bound (17) can be applied for the first term. To bound the second one,
denote é;, = 1, — wy,. Subtracting (16) from (14) gives for all v, € V}, o

(5 + 5)(85,;5;” 8351)}1) + (axéh, Uh) + (éh, ’Uh) + 5(éh, 8$Uh)
— Z 65(8méh, 8zvh)K = (@u — 8tuh, Uh) + 5(8tu — atuh, 8mvh).

KeTy,
Now, one takes v;, = €. Then, one gets

&

€
5 l10zenllg,

. he .
> 0e(Oyubn, Oven) i < > > N0wenllox||Ovenllox < 5

KeTy, KeTy,

where C},, is the constant in the inverse estimate. A straightforward calcu-
lation gives Ci,, = 1/v/12. Applying integration by parts and the Cauchy—
Schwarz inequality leads to

( o

1 1.
< 510 — Buunll3 + S n]3 + 5 10 — Do} +

+6) el + 1)

DO | ™

J

Slenlli,
2

from which it follows that

1Enll$upe = (e + O)lénll + llénlls < 10n — Brunllg + 8|0 — Byunllg. (26)

Now, since 0uy, is the SUPG approximation to the evolutionary problem with
solution dyu, from Lemma 2, see also Remark 2, arguing as in [17], it is

||(9tu — at’LLhH() S Oh2, (27)

where C' depends on maxo<;<r (K»(t), K3(t)), Ka(t) = maxjo |0 u(t)|, and
K3(t) = max 1) [Ouaou(t)|. Finally, the error at the initial time is bounded by

10¢u(0) = Oyun(0)[lo < [|0een(0)]lo + [ITx0,u(0) — dpu(0)]o,
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where, as in Lemma 2, e, = u, — IIu. To bound the second term, (25) is
applied. For estimating the first term, one can follow [17, Lemma 5.1] and use
that 0,e,(0) = 0 since e;(0) = 0.

Finally, taking into account ¢ < h, one obtains from (26) and (27) the bound
enllsupa < Ch?,
which finishes the proof. a

Example 1 Consider problem (1) in 2 = [0,1] x [0,1] with homogeneous
boundary conditions on 9Q, b = (—1,1)T, ¢ =1, and f and ug chosen so that
the analytical solution is the same as in [18, Example 6.1]

u(z,y,t) = exp(sin(2nt)) sin(27x) sin(27y).

We consider a uniform partition of size h and compare the errors in the con-
vective derivative of the following approximations:

e uy, the SUPG approximation based on linear elements to problem (1),
e wy, the SUPG approximation based on quadratic polynomials to the fol-
lowing steady-state problem

—cAw+b-Vwt+w=f—0u, inQ, w=0 onodf,

e 1y, the SUPG approximation based on quadratic polynomials to prob-
lem (6).

The trapezoidal rule as described in Section 3.3 was used as temporal dis-
cretization.

From the general convergence theory for the SUPG method, one expects that
b V(u — wp)|lo = O(h?) and ||b - V(u — up)|lo = O(h). Assuming that
the results from Theorem 1 carry over to this two-dimensional example with a
smooth solution on a uniform grid, one expects that ||b-V (u—1iy)|lo = O(h3/?).

In the left picture of Figure 1, the three considered errors are depicted for
three decreasing values of h = 1/N, against t. The errors with respect to
wy, and wu, behave as expected. For the error with respect to uj,, one can
see even second order convergence. In the right picture of Figure 1, where
b - V(u —up)(t)]o/||b - V(u — u)(t)|lo is presented, one can see this ratio
increases roughly by a factor of two with one mesh refinement, showing that
the order of convergence of the error with respect to u; is higher by one
compared with the order with respect to uy.

15
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Fig. 1. Left: H'(2) norm of the convective derivative of the error for uj, (continuous
line), @, (discontinuous line), and wy, (dotted line). Right: ratios between the H'(Q)
norm of the convective derivative of the errors of uy and uy,.

3.3  The adaptive algorithm

As in [5], the trapezoidal rule implemented as described in [9] was used as
temporal discretization. This time integrator is a variable step size implemen-
tation of the trapezoidal rule that uses the explicit two-step Adams formula
for error estimation and employs a stabilization strategy to suppress the (—1)"
mode, see [9] for details. The implementation in [9] is carefully designed to
avoid subtractive cancellation. As argued in [9], this method is well suited
for time-dependent convection-diffusion problems. The algorithm requires to
choose several parameters, whose values were set in our computations exactly
the same as used in the numerical simulations in [9], including the initial step
size Aty = 1071%. The only change we made to the algorithm in [9] was that
the step size updates suggested in [9, (1.15)] and those after a rejection were
further multiplied by 0.85. This provision reduces the number of rejections.
We tried different values for the tolerance of the time integrator. As in [5],
the value of the tolerance in all the simulations presented in Section 4 was
TOLT = 107°. With this value, the temporal errors arising from the time
discretization were smaller than the spatial errors.

Let U}’ be the fully discrete approximation to equation (4) at time t,,. Then,
the quantities

. [C _h3
Ui (mm{ﬂ 70524%} IRk (UDI6.x + 240k | Ric (U161
0

1/2
) 24 hg C n
+ > mm{HbHE,Cg,W}HRE(UHH%,E) : (28)
o0, 0

EcoK
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obtained from (8) replacing u;, by Uj', were computed. The residuals are de-
fined as in (9), changing the semidiscrete in space approximations by the fully
discrete approximations.

Assume that at a time level ¢,, an approximation U}, defined in some finite
element mesh 7,", has been computed. This grid is the last one of a sequence
of meshes, 7,2, 7,1, ..., T;*, where each one is obtained from the previous one
by subdividing or eliminating some mesh cells. Then, the adaptive algorithm
reads as follows:

1) Perform one time step to compute the SUPG approximation U at time
h

tn4+1 on the mesh 7,

(2) Compute the estimator n7"" defined in (28).

n+1 : n+1 :
1 . )

(3) If nix™ > TOL; the cell K is marked to be refined. If nix™ < TOL,, K is
marked as a candidate to be coarsened.

(4) Perform the refining/coarsening procedure to generate the new mesh
77:1—}-1'

(5) Interpolate U™ to the new mesh 7,"*! and return to the first step of
the algorithm until the final time is reached.

For the fourth point, the same procedure was used as described in detail in
[5, Appendix].

4 Numerical studies

In this section, we consider the model problem (1) in the domain 2 = (0,1) x
(0,1). The temporal discretization is described in Section 3.3. In Example 2,
the effectivity index of the global error estimator derived from (28) is studied.
Examples 3 — 5 consider the proposed adaptive algorithm and compare it with
the algorithm based on the Galerkin discretization from [5].

Example 2 The effectivity index of the global error estimator. This example
studies the effectivity index, i.e., the ratio of the estimated error with the

global form (Z KeT, (77%)2)1/2 of the a posteriori error estimator (28), and the
actual error in the SUPG norm (5) at time ¢,,. A study of this kind requires
the knowledge of (a good approximation of) the solution of the continuous
problem (1). An example with analytically known solution with an interior
layer was proposed in [19, Section 7.2], which was used also here. The solution

u(t; z,y) =16sin(mt)z(1 — z)y(1 — y) (29)
y @ N arctan[2e71/2(0.25% — (z — 0.5)> — (y — 0.5)2)]> |
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describes a hump that changes its height. In this example, the convection-
diffusion problem (1) was solved with two values ¢ € {1073,107%}, b = (2, 3)7,
¢ = 1, and the right-hand side and the boundary conditions were chosen such
that (29) solves the problem. The trapezoidal rule was used in this example
with an equi-distant time step At = 1073,

Besides varying the diffusion, simulations were performed on uniform meshes
of different mesh width and for triangular and quadrilateral finite elements of
different order. The results for the effectivity index, as a function of time, are
presented in Figure 2, where P; and @Q); © = 1, 2, 3, denote continuous finite el-
ement spaces of degree ¢ on triangular and quadrilateral meshes, respectively.
It can be seen that this index takes generally values of around 7, independent
of the mesh size and the value of the diffusion as long as convection dominates.
A similar observation was reported for several examples for steady-state prob-
lems in [18]. There are some peaks in the curves for the indices at the times
t =1 and t = 2 where the hump (29) changes its sign and both the continuous
solution and its finite element approximation are very small. On the finest grid
for the third order finite elements and ¢ = 1073, the effectivity index becomes
larger. This increase of the index in the diffusion-dominated regime was also
observed for steady-state problems in [18].

In summary, for the considered example, whose solution has an interior layer,
the a posteriori error estimator (28) turned out to be robust with respect to
the mesh width and the value of the diffusion.

Next, the same examples as in [5] will be studied to compare the adaptive
algorithm for the SUPG method from Section 3.3 with the adaptive algorithm
for the Galerkin method proposed in [5, Section 3|. For simplicity of nota-
tion, we will call them SUPG-based algorithm and Galerkin-based algorithm,
respectively. Linear finite elements were used, as in [5]. The starting meshes
consisted of a uniform 25 x 25 triangulation. Step (3) of the SUPG-based algo-
rithm appears also in the Galerkin-based algorithm. However, the local error
estimator (28) and the local indicator used in the Galerkin-based method are
not related such that one cannot expect appropriate values for TOL; and
TOL; to be the same. In [5], different combinations of values for TOL; and
TOL, were investigated. The values TOL; = 1072 and TOL, = TOL,; /20 were
found to be best in terms of efficiency (number of degrees of freedom required
for a prescribed accuracy) and consequently, results obtained with these val-
ues were presented in all pictures shown in [5]. Linear systems of equations
were solved with the sparse direct solver UMFPACK (backslash command of
MATLAB). We did not find any significant difficulty with this procedure.

Example 3 FEzample with an exponential boundary layer and two character-

istics boundary layers. This example is defined by (1) with b = (1,0)”, ¢ = 0,
up =0, f = 1, e = 107, and homogeneous Dirichlet boundary conditions. The
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Fig. 2. Example 2. Effectivity indices.

boundary = = 1 is the outflow boundary and an exponential boundary layer
appears there. At the tangential boundaries y = 0 and y = 1, characteristic
or parabolic boundary layers develop.

The solutions and meshes for the SUPG-based algorithm, obtained with the
tolerances TOL; = 1072 and TOL, = 1073/20, are presented in Figure 3.
Comparing them with [5, Figure 3], the results of both adaptive algorithms
are, on the first glance, similar. However, a detailed inspection shows that
the SUPG-based algorithm uses considerably less mesh cells and computes
a more accurate solution. For instance, at time ¢ = 0.6, the mesh produced

by the Galerkin-based algorithm has 213 704 cells while for the SUPG-based
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algorithm it has 171 931 cells. At the final time, the difference increases and
the meshes have 470 192 cells for the Galerkin-based algorithm and 222 581
cells for the SUPG-based algorithm.

Fig. 3. Example 3. Solution computed with the SUPG-based method (left) and
corresponding adaptive mesh (right), at time ¢ = 0.6 (top) and ¢ = 1.2 (bottom).

In Figure 4, a detail of the mesh generated by the SUPG-based algorithm
at time ¢t = 1.2 is presented. The mesh shows a very different refinement
according to the different kinds of layers: the exponential layer at x = 1 and
the parabolic layer at y = 0.

Fig. 4. Example 3. Zoom of bottom right picture of Figure 3.

Figure 5 shows a plot of the solutions computed with both adaptive meth-
ods along the line x = 0.5. With the SUPG-based algorithm, there are no
oscillations at the parabolic layer, which is in contrast to the Galerkin-based
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algorithm. Hence, the solution computed with the SUPG-based algorithm ap-
pears to be more accurate. With both algorithms, the solutions do not exhibit
spurious oscillations in the exponential layer, see [5, Figure 6] for the Galerkin-
based algorithm. The picture for the SUPG-base algorithm is nearly identical
and its presentation is omitted here.

Time t=1.2

0 001 002 003 004 005 006 007 008 009 0i 0 0.02 0.04 0.06 0.08 0.1

Fig. 5. Example 3. Zoom of the parabolic layer at x = 0.5 and y = 0 at time t = 1.2,
SUPG-based algorithm (left), Galerkin-based algorithm (right).

In this example, the solution computed with the SUPG-based algorithm is
more accurate than the solution obtained with the Galerkin-based algorithm
and the grids generated with the SUPG-based algorithm possess considerably
less mesh cells.

Example 4 Rotating three body problem. This example considers a configu-
ration of three geometrical bodies that rotate clockwise. It was studied in the
hyperbolic limit, e = 107%°, e.g., in [17,19].

In this example, the rotation is driven by b = (y — 0.5,0.5 — z)T. The forcing
term is f = 0 and it is ¢ = 0 as well. Homogeneous Dirichlet boundary condi-
tions were imposed. Results obtained for the value e = 10~¢ will be reported
here. The initial condition, consisting of three disjoint bodies, is represented in
Figure 6. It is zero outside the three bodies. More precisely, for a given (g, yo),

let r(z,y) = \/(:c —9)2 + (y — ¥0)?/70. The center of the slotted cylinder is
located at (xg,y0) = (0.5,0.75) and its shape is defined by

Lif r(z,y) <1, |z — 20| > 0.0225 or y > 0.85,
u(0; 2, y) =
0 otherwise.

The hump at the left-hand side is defined by (zo, yo) = (0.25,0.5) and

1
u(0;x,y) = 1 <1 + cos(m min{r(z,y), 1})>
The conical body on the lower part is given by (z¢,yo) = (0.5,0.25) and

u(0;z,y) =1 —r(z,y).
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Fig. 6. Example 4. Initial condition

In the SUPG-based algorithm, the tolerances TOL; = 1072 and TOL, =
1073/20 were used. Again, one can observe that the Galerkin-based approach
generates meshes with much more cells: 391 314 vs. 22 250 at the final time,
that is a difference of more than one order of magnitude. Comparing the
results in Figure 7 with [5, Figures 9, 10], one can see that both solutions are
of similar quality. While the fineness of the mesh leads to a somewhat more
accurate approximation of the cylinder with the Galerkin-based algorithm,
the SUPG-based method computes a more accurate solution in the rest of
the domain. The variation of the solution computed with the SUPG-based
algorithm at time 27 is given by max(uy,) — min(u,) = 1.0509 — (—0.0635) =
1.1144. This quantity can be taken as a measure of the spurious oscillations
still remaining in the numerical approximation, in particular at the cylinder.
The corresponding value for the Galerkin-based method 1.0159 from [5] shows
the better accuracy obtained with this method at the cylinder (with about 17
times more mesh cells).

suPG

0 o1 02 03 04 05 06 07 08 09 1

628319

Fig. 7. Example 4. SUPG-based algorithm, approximation after one rotation (left)
and difference to the initial condition (right).

Figure 8 presents the adaptive meshes for the SUPG-based algorithm at times
t € {m/2,m,31/2,21}. It can be observed that this algorithm is able to follow
very well the movement of the three bodies, thereby refining only around
them and keeping the mesh essentially coarse in the rest of the domain. This
behavior is in strong contrast to the Galerkin-based algorithm [5, Figure 11],
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which produces, in the whole time interval, a refinement of a large part of the
domain.
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Fig. 8. Example 4. SUPG-based method, computational meshes at times
te{r/2,7, 3n/2,2m}.

In this example, it was possible to compute with the SUPG-based algorithm a
qualitatively similar solution as with the Galerkin-based algorithm on a grid
with much less cells. The good capturing of the layers and coarsening of the
mesh at the smooth parts of the solution by the SUPG-based algorithm could
be observed well.

Figures 9 — 11 present the solutions which were computed using instead of
(28) the local error estimators (10), (11), and (12), respectively. The size of the
variations in the final solutions are max(uy) —min(uy,) = 1.0619—(—0.0597) =
1.1215, max(up) — min(uy) = 1.0688 — (—0.00613) = 1.1301, and max(uy) —
min(up) = 1.0491 — (—0.0519) = 1.1010, respectively, and the number of cells
at the final meshes are 23 106, 20 600, and 42 684. The only solution giving a
slightly smaller variation than the solution computed with the estimator (28)
is the last one, associated to the error estimator (12). However, the number
of cells needed to compute this approximation was almost twice as large as
the one with (28). Altogether, one can conclude that, in this example, the
SUPG-based algorithm with all estimators (10), (11), (12), and (28) shows a
similar behavior.

Example 5 FEzample with moving internal layers and a developing exponen-
tial layer. Problem (1) is considered with b = (y, —2)%, ¢ =0, uo = 0, f =0,
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Fig. 9. Example 4. Approximation at time 27 obtained with the error estimator
(10) and the corresponding mesh.

surG The mesh at time 2

TN

628319

Fig. 10. Example 4. Approximation at time 27 obtained with the error estimator
(11) and the corresponding mesh.

suPG The mesh at time 2«
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Fig. 11. Example 4. Approximation at time 27 obtained with the error estimator
(12) and the corresponding mesh.

and & = 107°. Dirichlet boundary conditions are given by u = 0 at the bound-
aries x = 1, y = 0, and y = 1 and by v = 1 at x = 0. In this example, a
front is generated at the side x = 0 and, as time evolves, it moves through the
domain, thereby rotating around the origin. A curved interior layer is created.
When the front arrives at the boundary y = 0, an exponential boundary layer
is generated there. In the steady state, the curved internal layer coexists with
the exponential boundary layer at y = 0.
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In the simulations, the tolerances TOL; = 2-10~* and TOLy = TOL, /20 were
used. Figure 12 represents the numerical solutions computed with the SUPG-
based algorithm at times t € {0.2,0.6,1.0,1.4,1.8}. One can observe that the
solutions are essentially non-oscillating and that the meshes are adapted to
the characteristics of the solution.

Fig. 12. Example 5. SUPG-based algorithm, solutions at times
t €{0.2,0.6,1.0,1.4,1.8}.

The meshes corresponding to these numerical solutions are plotted in Fig-
ure 13. Comparing with [5, Figure 13], where the meshes generated with the
Galerkin-based approach are shown, one gets the impression that the behav-
ior of the two algorithms is not very different. However, a look at the actual
number of mesh cells gives for the Galerkin-based algorithm 92 017, 119 138,
144 336, 180 375, and 2 210 665 at the five different times, respectively,
while the numbers of cells for the SUPG-based algorithm are 99 240, 115 948,
122 877, 116 690, and 1 313 316. Except for the first mesh at t = 0.2, where
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both algorithms produce almost the same number of cells, the SUPG-based al-
gorithm generates meshes with a smaller number of cells. In addition, the ratio
of the number of cells generated with the Galerkin-based and the SUPG-based
algorithm increases as time evolves, being for the final time equal to 1.68.

The mesh at time t=0.2 The mesh at time t=0.6

T
]

0 02 04 06 08 1 0 02 04 06 08 1

The mesh &t time t=1.0 The mesh at time t=1.4
1 T yare ™ ~ < S 1 P
NSNS NEEN

09 ! DR >N N SEN 09 J%, SRS 4 J

0 02 04 06 08 1 0 02 04 06 08 1

The mesh at time t=1.6

Fig. 13. Example 5. SUPG-based algorithm, meshes at times
t €{0.2,0.6,1.0,1.4,1.8}.

In this example, the solutions of both algorithms are similar but the SUPG-
based algorithm obtained its solution on a mesh with considerably less cells.

Remark 3 From the numerical experiments, we infer that in spite of using
adaptive mesh refinement, the number of mesh cells may still be too high in
some cases. The use of anisotropic mesh refinement could possibly help to
alleviate this problem.

26



5 Summary

In this paper, an adaptive algorithm for evolutionary convection-diffusion-
reaction equations was proposed which allows the application of the natural
extension of any error estimator which is known for the steady-state problem.
This approach is based on the observation that the SUPG solution of the evo-
lutionary problem is also the solution of an appropriate steady-state problem.
In the derivation of the algorithm, the heuristic argument was used that the
first term on the right-hand side of (7) is of higher order. This argument was
supported in one dimension with an error analysis. In the numerical studies, in
particular the residual-based estimator from [18] was considered. It was shown
for an example with interior layer that also for the time-dependent problem
the error estimates in the SUPG norm are robust with respect to the polyno-
mial degree of the finite element space, the mesh width, and the value of the
diffusion. Comprehensive comparisons with the adaptive method proposed in
[5] showed that the new method obtains in general more accurate solutions on
grids with considerably less mesh cells.
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