Performance of Stabilized Higher-Order
Methods for Nonstationary
Convection-Diffusion-Reaction Equations

Markus Bause

Abstract We study the performance properties of a class of stabilized higher-
order finite element approximations of convection-diffusion-reaction models with
nonlinear reaction mechanisms. Streamline upwind Petrov-Galerkin (SUPG) sta-
bilization together with anisotropic shock-capturing as an additional stabilization
in crosswind-direction is used. We show that these techniques reduce spurious
oscillations in crosswind-direction and increase the accuracy of simulations.

1 Introduction

Time-dependent convection-diffusion-reaction equations
dru+b-Vu—V-(@Vu)+ru) = f (1)

are often studied in various technical and environmental applications. Here, u =
u(x,t) denotes the unknown where x € 2 C RY, withd > 2,and t € (0, T) for
some T > 0. Further, a € L®(0, T; WH®(£2)) is the diffusion coefficient, b €
L>®(0, T; W2°(£2)) is the velocity field, r € C'(R{) is the parametrization of
the reaction rate and f € L2(0, T; L?(£2)) is a prescribed right-hand side term. We
suppose that V - b(x,¢) = 0 and a(x,t) > « > 0 almost everywhere. Throughout
the paper we use standard notation.

The accurate numerical approximation of (1) is still a challenging task. In appli-
cations, the transport equation (1) is often convection- and/or reaction-dominated
and characteristic solutions have sharp layers. In these cases standard finite element
methods cannot be applied. Stabilized finite element approaches are required. For a
review of these techniques we refer to the recent work of John and Schmeyer [3].
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Stabilization methods are well-understood for linear steady convection-diffusion-
reaction problems; cf., e.g., [3, 4]. However, there is still a considerable lack in
the analysis, design and application of these methods for unsteady nonlinear prob-
lems which is addressed here. Rigorous analyses are rare for the unsteady and
nonlinear case.

2 Discretization Scheme

Equipping (1) with initial and homogeneous Dirichlet boundary conditions and dis-
cretizing (1) in time by the #-scheme, with 8 € (0, 1], leads to a sequence of
stationary boundary value problems: Find {uk}kN=1 such that

a4+ 0b(1) - Vuk — 0V - (a(t)Vik) + 0r(F) = f¥ in 2., (@)

with f* = g™ + 0 (1) + (1= 0) f(tx—1) — (1 — O)b(tx—1) - V=" + (1 —

O)V - (a(te—) V™) — (1 — O)r @ 1), ax = 1/(tx — txe—r) and u* = 0 on 3£2,
0 _

u’ = u(ty).

In the sequel, we suppose that the solution u of (1) is non-negative and bounded
from above, i.e., 0 =: up < u < uy almost everywhere in §£2 x (0, 7)), which
is admissible from the sake of physical realism, for instance, if u# denotes the
concentration of a chemical species. We make the assumption that

reCl(R:{), r(0) =0, r'(s)>rg>0 fors>0,seR. (3)

To calculate approximations of {uk}}cvzl, a standard A p-version of the finite ele-
ment method is assumed; cf. [1,4,7]. For a family of admissible and shape-regular
triangulations 7;, = {T'} of the polyhedral domain £2 C R¢ let

VP = XP NH(2) with X! ={veC@)|vyroFrePp(T)VT € Ty}

denote the underlying finite element space of piecewise polynomials of local order
pr forall T € 7). Here, T is the (open) unit simplex or the (open) unit hypercube
in R4 and P, (T) with n > 1, is the set of all polynomials of degree at most 7 on 7 T.
We assume that each T € 7}, is a smooth bijective image of T.,ie,T = Fr (T).
The vector p is defined by p = {pr | T € 73}. In our analysis the local inverse
inequalities

IVWhlli2ry < i DT W2y Ywn € X7 onT €Ty (4)
are applied. Here, i,y depends on the shape-regularity parameter; cf. [7].
Skipping for brevity the indices in (2), the SUPG-stabilized approximation of (2)

is: Find uy, € Vhp such that

As(up,vp) = Ls(vp) %)
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forall vy, € V)P, where

As(v) = Ain(u.v) + 0(Fw).v) + Y S7(Lu.b-Vv) 20y . (6)
TeTy,
L) = (f.v) + Y 8r(f.b- V) oy, (7)
TeT,
Apin(u,v) = af{u,v) + 6(b-Vu,v) + 0(aVu, Vv), )

Lu= Lyu+ 07 (u) , Zlinu|T =au+60b-Vu—06V - -Iy(@aVu). (9)
If in addition shock-capturing is applied, we get: Find uy € Vhp such that
As(up,vi) + Asc(upsup, vi) = Lg(vp) (10)

forallvy, € VP, where

Aewiu,v) := Y (tr (W) Dy Vu, V). (11)
TeTy

Together, the last terms on the right-hand sides of (6) and (7), respectively, repre-
sent the SUPG-stabilization. The choice of the stabilization parameter §7 is given in
Remark 2 below. In (8) we changed r (+) to 7(-) where 7(u) = r(uo) +r’ (uo) (u—uo)
foru < ug, 7(w) = r(u) forug < u < uy and 7(u) = r(ur) + r'(uy)(u — uy)
for u > u;. This modification is necessary to prove an error estimates when r’
grows with |u|. It is probably not necessary in practical computations but easy to
incorporate if desired. It holds that

[F(u) =7()| < Lrlu—v| VuveR, (12)
with some constant L, > 0. In (9), the mapping IT7 : L*(2) = (P, (T))¢ is the

(elementwise) orthogonal projection onto (P, T))?.1In (11), we use an anisotropic
variant of shock-capturing (cf. [2]):

b®b
— e 270 Ir(W)R
Dsc = |b|2 7& y ‘L'T(W) = lT(W)R;.(W) = M ,
0, b=0 Wlgry +«
Rr(w) == |Lw— fliLz2ry s I7(w) := lohr max 0, B — M:’(T) .
ht RT.(w)
(13)

The non-negative limiter function tr(w) aims to restrict the effect of shock-
h7 RY.(w)

capturing to subregions where the residual Lw— f is too large. The term Malroor)
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can be seen as a pseudo mesh Peclet number. The choice of /o, ¥ and § is given in
Sect. 3. We note that tr (u5,) depends nonlinearly on uy,. Since r(+) is assumed to be
nonlinear, the shock-capturing term (11) does not change the type of the discrete
problem. This is in contrast to linear convection-diffusion-reaction models that
become nonlinear by adding (11).

For the limiter function 77 (-) we suppose that

0<tr(w) < Mr(hr) with lim Mr(h) =0 (14)

holds for w € Vhp and all T € 7j,. The shock-capturing approach discussed here is
covered by the class of methods satisfying (14); cf. [5, Example 3.2].

The existence and stability of a discrete solution uy, € Vhp of (10) is ensured. To
show this, the following norm is introduced:

1/2
vli={ D2 (IVaVolagy + @+ o) IV gy + 6718 - V¥l2a 7, )
TeTy,
Moreover, the following auxiliary estimates are needed.
Lemma 1. Suppose that assumption (3) and the condition
1 h% 1
05875—min{ —— ;—;a+2r0} 15)
4 pT/’Linv”a”Loo(-Q) o Lr
are satisfied. Then, the semilinear form A in (6) satisfies
1 2 P
As(p,vp) > 1 [valll® Vv €V, . (16)
Foru € Hy (82) with (V - (aVu)) 7 € L>(T) and vy, € Vhp it holds that
Alin(ua Vh) + Z 5T(Zlin’/"b . VVh) = QS(M)|||Vh||| ’
TeTy
1 Iblloocr) 2
0wy = Illulll+| 3 min { L Pl b yye,
17
= (ST oar ( )
1/2
+ 3 (870 V- (UTr@Ve) + aulrr)) |
TeTy

where at = infyer a(x).

The proof of Lemma 1 is given in [1, Lemma 2.1].
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Theorem 1. Let (3), (14) and (15) be satisfied. Suppose that the limiter function
T(w) is continuous with respect to w. Then, the SUPG scheme with shock-capturing
stabilization (10) admits a solution uy, € Vhp satisfying

Ml + Y2 |Ver @)DV

TeTy

2 -
< 2 1
ey SCIAIR a8

with the dual norm ||| f ||« := SUp,, ev2\{0} L)/ Nvelll-

Proof. To prove Theorem 1 we use a variant of Brouwer’s fixed point theorem; cf.
[9, IT Lemma 1.4]. For this, let Vhp be equipped with the inner product [uy, vy] =
(Vup, V). Let P : VP > VP be defined by

[P(up),vp] = (VP (up), Vi) = Asc(up:up, vp) + As(up,vp) — Ls(va) .
First, we note that

[P (un) — P(vn). P(up) — Pn)] = IV (P(up) = POn)72 g,

= Asc(up:up — vp, P(up) — P(vy))

+ Y (rr(up) =t (0) D Vi, V(P (up) — P(vi)) 7
TeTy

+Atin(up, — v, P(up) — P(vp)) + (7(up) —=7(vp), P(up) — P(vp))

+ Y 8 (Lin(un —va).b - V(P(up) — P(vp))7
TeTy,

+ D S (F(un) —T(vn).b - V(P(up) — POp)))T -
TeT,

Under the hypotheses of Theorem 1, using Lemma | and the Poincaré inequality we
get from this identity that

[P (up) — P(va), P(up) — P(vp)] = V(P (up) — P(Vh))“iz(g)

< ;HE%{MT(hT)}CDSCHV(Mh — V|72 IV (P () = PR L2(e)
+Cp |vallwr.co@)llt@n) — V)l L2(2) I V(P (ur) — Pvn))llL2(2)
+(Qs(up —vi) + Lylllup — valIDI| P (up) — P(va)ll]
+Lpllup — vl L2y IV(P (un) = PR L2(0) -

Recalling (14), using the Poincaré inequality and (4) we get that
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IV(P(un) = POr)lL22) < CUlITun) — ti)llz2@2) + IV (un —va)llL2(@)) -

which proves the continuity of P, since 7(-) is assumed to be continuous.
Further, by Lemma 1 and the inequality of Cauchy-Young we get that

[P(vi).vi] = Asc(Vhivi.vi) + As(Vh, vi) — Ls(v)

> Ase(Viivi.vi) + %|||Vh|||2 — LA valll = é|||vh|||2 = 2|1/ 1112
(19)
From (19) we conclude that [P (vy,),v] > 0 for all vy € Vhp with [|[Vvp |22y >
da, Y 2111 £1|]«. Brouwer’s fixed point theorem (cf. [9, II Lemma 1.4]) now yields
the existence of at least one solution uy € Vhp of P(up) = 0 and, therefore, of (10).
Estimate (18) follows from (19), using that P (up) = 0.

Remark 1. A (local) uniqueness result for the shock-capturing method is still open.
The application of Banach’s fixed point theorem would require Lipschitz continuity
of the parameters t7 (-). But such condition is seemingly too restrictive in practice.
Another possibility is to apply a uniqueness result for the Brouwer fixed point theo-
rem which could be proved similarly as a corresponding result for the Schauder fixed
point theorem; cf. [5] and the references therein. Unfortunately, the assumptions on
77 (+) are too severe.

Remark 2. In [1] the quasi-optimal error estimate

2(l7—1)
2 T 2
[l — ]| SCTZ; Wnunwm, C>0,
€lp

with Ir = min{pr + 1,kr} is proved for the SUPG-stabilized finite element
approximation of (2) with and without additional shock-capturing stabilization. It
is supposed that the parameter §7 in (6), (7) is chosen of the order of magnitude

hr ' h% 1 a4
prlbllesry” prudllalieo@) @ +ro’ L2
tional diffusion term (11) does not perturb the asymptotic convergence behaviour.
Our numerical studies will show that shock-capturing stabilization reduces at the
same time spurious oscillations in crosswind direction.

dr ~ min

. Thus, the addi-

3 Numerical Studies

Now we study the numerical performance properties of the schemes. We show that
higher order finite element methods combined with SUPG and shock-capturing sta-
bilization are able to resolve interior layers and lead to accurate approximations of
solutions of problem (1). For the discretization in time we use the Crank-Nicholson
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method corresponding to # = 1/2 in (2). All computations were done with the
Toolbox ALBERTA [6] on triangular meshes.

Example 3.1. Our first numerical study is devoted to the quasi-stationary case. It
is a stationary nonlinear variant of the second example in [3, Sect. 7]. We consider
(2)forfixedk and 0 =1 0on 2 = (0, 1)? witha =1.0,a =10"% and b(x) = (2,3) .

b gy (u—1)
The reaction mechanism is governed by an Arrhenius law r (u) = k 4, 1T¢4r =D

with k4, =50, by, =10 and a4, = 0.8. Studies for polynomial reaction rates are
givenin [1,8]. The source f is chosen in such a way that u(x) = 16x1(1—x1)x2(1—
x2) - [0.5 + 7w~ arctan (2a71/2(0.25% — (x1 — 0.5)2 — (x> — 0.5)2))] is the exact
solution. It is characterized by an interior layer of thickness O(4/a). We study
solutions of (5) and (10). In (13), we put /o = 0.2,k = 1074, 8 = 0.7.

In Table 1 we summarize the calculated errors for different P,-elements for p €
{2,4}. Although the SUPG-scheme shows a slightly smaller error, we observe that
the errors of the either schemes are of the same order of magnitude, as claimed in
Remark 2. The larger errors of the shock-capturing approach are due to its additional
artificial crosswind-diffusion that however reduces spurious oscillations. In Table 1
we do not observe the optimal uniform convergence rates since # depends on the
diffusion parameter a. In such cases optimal convergence rates are observed for
very small step sizes only.

To study the effects of additional crosswind-diffusion more precisely, cross-
section plots of the solution at the outflow boundary without and with shock-
capturing stabilization are presented in Fig. 1. Significant over- and undershoots of
the SUPG-solution without shock-capturing in the neighborhood of the layer are

Table 1 Mesh size, number of degrees of freedom, errors in ||| - ||| and convergence rates for
the SUPG-scheme without (SUPG) and with (SC-CD) shock-capturing/crosswind diffusion and
h-refinement for Example 3.1
h do.f. p=2-1 do.f. p=41l-1l

SUPG SC-CD SUPG SC-CD
8.839%¢-2 545 3.721e-2 - 3.726e-2 - 2113 2.444 - 2.453 -
4.419e-2 2113 2.456e-2 0.60 2.459e-2 0.60 8321 1.507 0.70 1.512 0.70
2.210e-2 8321 1.466e-2 0.74 1.468e-2 0.74 33025 6.475e-1 1.22 6.485e-1 1.22
1.105e-2 33025 6.469e-3 1.18 6.475e-3 1.18 131585 3.35le-1 0.95 3.350e-1 0.95
5.524e-3 131585 2.501e-3 1.37 2.504e-3 1.37 525313 1.346e-1 1.32 1.346e-1 1.32
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Fig. 1 Cross-section plot for the SUPG-scheme without shock-capturing/crosswind diffusion
(p = 1, p = 4) and with shock-capturing/crosswind diffusion (p = 1, p = 3) for Example 3.1
with h = 2.21e-2; from left to right
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observed. This also holds for higher order finite element methods. The unphysi-
cal oscillations are clearly damped by higher order finite element approximations
along with SUPG and shock-capturing stabilization. No significant improvement
is obtained by shock-capturing stabilization if linear finite element methods are
applied. This was also observed in [3]. We note that the strong gradient of the SUPG
solution in the layer is preserved by the shock-capturing technique. This underlines
its proper construction.

Example 3.2. Now we study the performance properties of the schemes for
the nonstationary counterpart of Example 3.1; cf. [3, Sec. 7]. We consider (1) on
2 =(0,1)2. Weputa = 107, b(x) = (2,3) " and r(u) = u>. The given solution
with corresponding right-hand side f is u(x,t) = 16sin(mw#)x; (1 —x1)x2(1 —x2)-
[0.5 + 7~ ! arctan (2(1_%(0.252 — (x1 — 0.5)%— (x2 — 0.5)2))]. Now the hump

changes its height in time. We use the time step size At = 1073, The final time
is T = 1.0. The finite element mesh size is & = 5.52¢-3. In Table 2 we present
lenll ooy = llenllLoo,r;22(2)) €n = u — up, and var(t) = max(x,yese
up(x1,x2,t) — mingy y)ee Up(X1, X2, ), where the maximum and minimum were
computed in the degrees of freedom of the mesh cells. The numbers |lep || 00 (12)
give some indication of the accuracy of the methods whereas var(t) measures the
size of the spurious oscillations. Here we use the variation of the discrete solution at
t = 0.5 (maximal height of the hump). The value for u is var(0.5) = 0.997453575.
In Fig. 2 we further visualize the computed profiles of the solution for = 0.5.

Similarly to the stationary case, a positive impact on the accuracy is obtained by
using higher order finite element methods together with SUPG and shock-capturing
stabilization. Oscillations close to the layer are completely eliminated. The profiles
of the numerical solutions show oscillations behind the hump in the direction of
convection. They are damped by higher order approaches. If fourth order finite ele-
ments are used, they vanish almost completely. In [3], all schemes show significant
oscillations behind the hump.

Table 2 Results with SUPG
and shock-capturing
stabilization for Example 3.2

)4 ||€’h||L°°(L2) var(0.5) p ||€’h||L°°(L2) var(0.5)
1 2.8090e-2 12088 3 6.3204e-3 1.0319
2 1.3973e-2 1.1019 4 4.5312e-3 1.0203

Fig. 2 Profile of the computed solution at 1 = 0.5 without (p = 1, p = 4) and with shock-
capturing stabilization (p = 1, p = 4) for Example 3.2 with i = 5.52e-3; from left to right
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