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Abstract This paper considers the numerical solution of time-dependent con-
vection-diffusion-reaction equations. We shall employ combinations of streamline-
upwind Petrov—Galerkin (SUPG) and local projection stabilization (LPS) meth-ods
in space with the higher order variational time discretization schemes. In particular,
we consider time discretizations by discontinuous Galerkin (dG) meth-ods and
continuous Galerkin—Petrov (cGP) methods. Several numerical tests have been
performed to assess the accuracy of combinations of spatial and temporal
discretization schemes. Furthermore, the dependence of the results on the sta-
bilization parameters of the spatial discretizations are discussed. In addition, the
long-time behavior of overshoots and undershoots is studied. The efficient solution
of the obtained systems of linear equations by GMRES methods with multigrid
preconditioners will be investigated.

1 Introduction

Let 2 be a polygonal or polyhedral domain in RY, d =2, 3, with Lipschitz bound-ary
02. We consider the following time-dependent convection-diffusion-reaction

equation:



Find w: 2 x [0,T] — R such that

u'—eAu—i—b-Vu—i—au:f in 2 x (0,7),
u=0 on 92 x (0,T), (1)
u(+,0) = ug in £,
with a small positive constant 0 < ¢ <« 1, b(z,t), o(z,t), and f(z,t) are given

functions, uo the initial data, and 7" > 0 a given final time. In the following we
assume that there exists a positive constant og such that

o(z,t) — %div blat) >00>0  V(z,t) €2 x[0,T] 2)

which guarantees the unique solvability of problem (1). Note that the assump-
tion (2) is no restriction for time-dependent convection-diffusion problems. Indeed,
if condition (2) is not fulfilled we consider the problem

Find v : 2 x [0,T] — R such that

v —eAv+b-Vo+ (0 + Mv=e My in 2 x (0,7),

v=0 on 92 x (0,T),
U(',O) = ug ln Q,
for the function v defined by
v(z,t) = e Miu(z,t).

If M is chosen sufficiently large then condition (2) is fulfilled for the modified
v-problem. Note that the above transformation causes only small changes in all
upcoming error estimate since only an additional factor (M + 1)™ will appear on
the right-hand side where n is the highest order time derivative inside norms of
the exact solution.

It is well-known for convection-dominated problems that numerical solutions
obtained by standard Galerkin finite element methods are polluted by spurious
oscillations which spread over the whole spatial domain unless the mesh width be-
comes unpractically small. To overcome this instability while ensuring high accu-
racy, several stabilization techniques have been established in the last decades. One
of the famous remedies is the streamline-upwind Petrov—Galerkin (SUPG) method
developed by Hughes and Brooks [15]. In [16], a space-time formulation of (1) is
studied where the spatial discretization is stabilized by SUPG and a discontinuous
Galerkin method is used as temporal discretization. Note that space-time formula-
tions lead to larger systems of linear equations since (d 4 1)-dimensional problems
are discretized. In order to handle only d-dimensional problems, we will separate
spatial and temporal discretization in this paper.

The success of stabilization methods depends very often crucially on the choice
of stabilization parameters. Applying standard techniques to prove stability and
error estimates for the residual based stabilization methods for time-dependent
convection-diffusion-reaction problems leads to lower bounds on the time step
length, see [23]. The SUPG method in space combined with time discretizations
by the backward Fuler scheme, the Crank-Nicolson method, and the second order
BDF scheme for transient transport problems was investigated by Burman [7].



He proved error bounds in the L?-norm and in a norm of the material deriva-
tive provided the problem data are sufficiently smooth. In that study the sta-
bilization parameters depend only on the mesh size in space since the temporal
discretization is performed after the choice of spatial stabilization parameters.
Semi-discretization in space of (1) without assumption (2) have been considered
by Harari and Hauke [13] as well as by Burman and Smith [8].

John and Novo [23] have analyzed for solving (1) the combination of SUPG in
space with time stepping by the backward Euler method and the Crank-Nicolson
scheme. If the stabilization parameters are defined for the fully discrete scheme
then the stabilization parameters depend on the time step length in such a way
that they tend to zero as the time step length approaches zero. Two different
choices for stabilization parameters which depend on the time step length have
been discussed in [23]. For the case that convection and reaction are independent
of time, a new technique has been considered in [23] which allows that the stabi-
lization parameters could be chosen similar to the steady-state case. This means,
they are independent of the time step length.

Comparisons of the SUPG method with other stabilization techniques can be
found in [10,27]. The stability of consistent stabilization methods for convection-
diffusion and flow problems in the small time step limit has been investigated
in [5,14].

A stabilization technique which became very popular during the last decade is
the local projection stabilization (LPS) scheme [4,6,29]. The local projection sta-
bilization method provides an additional control on the fluctuation of the gradient
or parts of its. Although the method is weakly consistent only, the consistency
error can be bounded such that the optimal order of convergence is maintained.
In contrast to the fully consistent SUPG method, neither time derivatives nor
second order derivatives have to be assembled for the stabilization term of LPS.
Local projection methods were successfully applied to Stokes problems [3], Oseen
problems [6,29], and convection-diffusion-reaction problems [30].

The application of spatial stabilization techniques reduces dramatically the
oscillations which spread in Galerkin methods over the whole computational do-
main. The remaining oscillations are much smaller and located only in the vicinity
of interior and boundary layers. In order to overcome these oscillations, meth-
ods for shock or discontinuity capturing can be used. Numerical and analytical
investigations can be found e.g. in [19-21].

In order to obtain numerical solutions which are highly accurate in space and
time, the use of higher order time discretization schemes is essential. We will apply
in this paper higher order time discretization schemes of variational type which will
be combined with spatial stabilizations by SUPG and LPS. Continuous Galerkin—
Petrov schemes (cGP) and discontinuous Galerkin schemes (dG) are considered.
We denote by cGP(k) the method where the discrete solution space in time consists
of continuous piece-wise polynomials of degree k and the discrete test space is
built by discontinuous polynomials of degree k — 1. Hence, it can be seen as a
Petrov—Galerkin method. Note that this method has been named differently in the
literature: discontinuous Galerkin—Petrov method in [34] or continuous Galerkin—
Petrov (cGP) method in [17,18,28]. We call dG(k) those method where both
solution space and test space are constructed by discontinuous polynomials of
degree k. Since the time test functions for both considered temporal discretizations



are discontinuous in time, the solutions of these schemes can be calculated by a
time marching process.

Spatial discretizations by discontinuous Galerkin methods were introduced by
Reed and Hill for neutron transport problems, see [31]. The use of continuous and
discontinuous finite element methods to discretize time-dependent problems has
been analyzed for ordinary and partial differential equations by several authors.
The time discretization by discontinuous Galerkin methods was introduced and
analyzed in [11] for the numerical solution of ordinary differential equations and is
combined with continuous finite element methods in space for parabolic problem
in [12, 35, 36].

The combination of LPS methods in space and dG methods in time has been
analyzed for transient convection-diffusion-reaction problems in [1]. The continu-
ous Galerkin method in time for the heat equation has been studied by Aziz and
Monk in [2]. They have proved optimal error estimates as well as super-convergence
results at the endpoints of the discrete time intervals. Schieweck [34] has investi-
gated the cGP(k)-method for linear ordinary differential equations in an abstract
Hilbert space setting and for nonlinear system of ordinary differential equations
in d space dimensions. He has proved A-stability and optimal error estimates of
the associated ¢GP(k)-method. Moreover, it was shown that this discretization
method has an energy decreasing property for the gradient flow equation of an
energy functional. Numerical comparisons of dG and cGP methods as time dis-
cretization of heat equations and transient Stokes problems are presented in [17]
and [18], respectively. Two families of variational time discretization methods for
the numerical solution of nonlinear systems of ordinary differential equations were
recently given in [28]. Furthermore, it was shown there that these methods can be
interpreted as pure collocation and pure variational methods with special numer-
ical integration. In [28], simple post-processing algorithms were presented which
allow to increase the obtained accuracy in time by one order in time-integrated
norms.

Multigrid methods are known as the efficient iterative methods for solving
the large system of linear equations which arise from the discretization of the
partial differential equations. We will apply them to the block systems which
are obtained after the discretization in space and time. However, the multigrid
methods are not used as solvers themselves but as preconditioners inside flexible
GMRES iterations [33]. Due to the natural block structure related to the time
discretization, block versions of SOR and SSOR are applied as smoothers inside
the multigrid method. The grid transfer operations act separately on each block
of unknowns.

The aim of our paper is to study numerically various combinations of spatial
and temporal discretizations for solving (1). In particular, we will present numer-
ical results for the combination of streamline-upwind Petrov—Galerkin methods
and local projection stabilization methods in space with time discretizations by
continuous Galerkin—Petrov methods and discontinuous Galerkin methods. The
main focus lies on higher order methods in space and time. In total, four examples
with different solution behavior will be considered. We investigate numerically a
problem with dominating time error, a problems with exponential boundary lay-
ers, and two problems with rotating bodies. We will evaluate the applied schemes
by their undershoots and overshoots. Furthermore, the long time behavior will



be examined. In addition, the performance of the flexible GMRES scheme with
multigrid preconditioner will be investigated.

The remainder of the paper is organized as follows: Section 2 introduces the
basic notation and presents some preliminaries that will be used later. In Sec-
tion 3, we describe the semi-discretization of the SUPG method and the fully
discrete formulations using cGP and dG in time, respectively. Section 4 presents
the discretization in space by LPS methods and the corresponding fully discrete
formulations obtained by time discretizations with cGP and dG, respectively. Sec-
tion 5 contains the numerical studies and the evaluation of the methods. Numerical
study of the multigrid methods are discussed in Section 6. The numerical studies
confirm that the multigrid methods can be regarded as the most efficient iterative
solver since the rate of convergence is almost independent of the mesh grid in space
and the time step length.

2 Preliminaries

Throughout this paper, standard notation and conventions will be used. For a
measurable set G € R?, the inner product in L?(G) and L?(G)¢ will be denoted by
(-,-)a. The norm and semi-norm in W™?(G) are given by || - |lm p.¢ and | - |;m p.cs
respectively. In the case p = 2, we write H™(G), || - lm,¢, and | - |, ¢ instead of
W2(G), || llm.2,G» and || 2,G- If G = £2, the index G in inner products, norms,
and semi-norms will be omitted. The subspace of functions from H'(£2) having
zero boundary trace is denoted by Hg (£2). We consider also some Bochner spaces.
Let X be a Banach space with norm || - || x. We define

L*(0,T; X) -—{ S(0,T) = X - /T|| )|k dt < }
, 1 =< wv: (0, : v be 00 o,
0

H'(0,T;X) := {v € L2(0,T; X) : v € L*(0,T; X) < oo},
C(0,T;X) :={v:[0,T] = X : v is continuous},

where v’ is the time derivative of v in the sense of distributions.

In order to write a weak form of (1), let us introduce the space V := Hg(£2),
its dual space H_l(.Q)7 and (-,-) as the duality product between these spaces. A
function u is a weak solution of problem (1), if

uwe L*(0,T; Hy(R2)), o € L*(0,T;H(2)) (3)
with
@' (t),v) +atu(t),v) = (f(t),v) eV (4)

for almost all ¢ € (0,T] and
u(0) = o, (5)

where the form a is given by
a(t;u,v) := e(Vu, Vo) + (b(t) - Vu,v) + (o(t)u,v).

The first argument ¢ of a is used to indicate that the coefficients inside a depend
on time while a is bilinear with respect to the second and third arguments.



Note that (3) implies the continuity of u as a mapping of [0,T] — L?(£2) such
that the initial condition (5) is well-defined.

In the following, we shall denote by f’, f”, and f(k) the first, second, and k-th
order time derivative of f, respectively.

For finite element discretizations of (4), let {7} denote a family of shape
regular triangulations of 2 into open d-simplices, quadrilaterals, or hexahedra

such that
o= |J K
KeTh

The diameter of K € T;, will be denoted by hx and the mesh size h is defined by

h:= Ir(na;g hi. Let V}, be a finite element space defined on 7j,.
€Th

The standard Galerkin method applied to (4) consists in

Find uj, € H'(0,T;V},) such that up,(0) = uy ¢ and for almost all ¢ € (0, 7]

(un(t),vn) + alt; up(t), vn) = (f(t),vn) Vop, € Vp, (6)

where uj, o € V), is a suitable approximation of ug.

In the convection-dominant case (e < 1), it is well-known that the standard
Galerkin method (6) applied to (1) is unstable and leads to solutions which are
globally polluted by spurious oscillations unless the discretization parameter h is
sufficiently small.

3 Spatial stabilization by the SUPG method
3.1 The SUPG method

A popular remedy to enhance stability while keeping accuracy of underlying finite
element methods is the streamline-upwind Petrov—Galerkin (SUPG) scheme. In the
time-continuous case, the stabilized semi-discrete problem is defined as follows:

Find u;, € H'(0,T;V},) such that uy,(0) = up,o and for almost every ¢ € (0,7

(ur(t),vn) + asupc (& un(t), vs) + Z Src (up (1), b(t) - Vop)
KeTy,

= (f(t),vn) + > Ok (F(£),b(t) - Vvp) . Yop € Vi (7)

KeTn

The bilinear form asupg(t;-,-) is given by

asupc (& up, vy) == a(t; up, vp)+ Z 6 (—eAup+b(t)-Vup +o(t)up, b(t) - Vop)
KeTh

where dx, K € Tp, denote the local stabilization parameters which depend on
the mesh cells K € 7;. Note again that the first argument ¢ indicates that the
coefficients inside the bilinear form are time-dependent. Let the inverse inequality

| Avpllo.re < Cinvh i lvnl1x Yoy, € Vi



hold for all K € 7;, where the constant c;,, is independent of K and h. We assume
for the stabilization parameter §x that

h2
o<5Kg1min{L,7K} VK € T,. (8)
2 lollo,00, K " ECiny

The mesh-dependent norm associated with agsypg is given by

1/2
llellisupe = {lold +oollold + > dxcllb- Vol x }
K€7-h

If the norm ||| - ||| will be evaluated for a time-dependent function v at time ¢ then
the convection field b will be evaluated at the same time point .
The steady-state problem associated with (1) is given by

—eAU+b-VU+0oU = f in (2,
U=0 on 0f2.

Its SUPG discretization reads
Find U; € V4, such that

asupa(Un,on) = (fyon) + Y (fb-vn)x  Vop €V,
KeTh

where the bilinear form asypg is independent of time.
With the help of the local mesh Péclet number

—_ibllo,co,x P

P
€K % )

Keﬂh

we set 0, K € Ty, according to

doh if P 1
6K::{OK i Peg > 1, (10)

S1h3 Je if Pex <1,
where 09 and §; are non-negative constants.
We have the following a priori estimate, see [32, Theorem 3.27].

Theorem 1 Let the data of (9) be sufficiently smooth. The stabilization parameters
Sk, K € Ty, fulfill (8) and (10). Furthermore, Pr-elements on simplices and Q-
elements on quadrilaterals and hexahedra are used. Then, the global error estimate

U = Unllsupa < C(% + hY )" |U|r41

holds true where the positive constant C' is independent of € and h.

In the following, we will discretize problem (7) in time by using continuous
Galerkin—Petrov (¢GP) and discontinuous Galerkin (dG) methods. To this end,
we consider a partition 0 =tp < {1 < --- <ty =T of the time interval I := [0, T
and set I := (tn—1,tn], Tn :==tn —tn—1,n=1,...,N, and 7 := max, 7. For a

given non-negative integer k, we define the fully discrete time-continuous spaces

X = {’LLE C(I,Vh)tuljn € Pr(In,V3), n= 1,...,N}



and time-discontinuous spaces

Y = {v € L*(I,V3) : vl € Pi(In, Vi), n = 1,.,.,N}

where

k
Py.(In, Vp) == {u TIn = Vi () =) U, U eV, g = 0,...,k}
j=0

denotes the space of V},-valued polynomials of order k in time on I,,. The functions
in the space Y}, are allowed to be discontinuous at the nodes tp,, n=1,..., N — 1.
For such functions the left-sided value u,, , right-sided value u;}, and the jump [u],
are defined by

Uy = ti%{?fou(t)’ ul = ti%gl+0u(t), [uln = u — up, .

In what follows the SUPG method combined with the cGP method will be
called SUPG/cGP while the combination of the SUPG method with the dG
method will be called SUPG/dG.

3.2 The method SUPG/cGP (k)

In this section, we describe the combination of the cGP time discretization scheme
with the SUPG finite element method in space to get a fully discrete version of (7).
It reads

Find up ; € X}, such that uy, -(0) = up,o and

T
| {hr 0000 0) + astecs (5,1 0). 0 0)
+ D G (o (0, 5(8) - Von o (1)) bt

KE7-}L

T
= /0 {(f(t)7 vh,T(t)> + Z 6K (f(t)v b(t) : vvh,T(t))K}dt Vvh,f S Yk—l-

KeTy
(11)

Since the test functions are allowed to be discontinuous at the discrete time points
tn, n =1,...,N — 1, we can choose test functions vy, -(t) = vp¥(t) with a time
independent vy, € V}, and a scalar function ¢ : I — R which is zero on I\ I, and
a polynomial of degree less than or equal to k — 1 on I,. Then, the solution of
the ¢cGP(k)-method can be determined by successively solving a local problem on
each time interval I,.

The fully discrete I-problem associated with (11) reads as follows:



Find Uh,r|1 € Py(In, V},) such that for all

~/I {(u/h,‘r(t)7 vp) +asupa(t; Uh, 1 (t),vn) + Z 7% (u;L,T(t)z b(t) - Vvh)K}¢(t)dt

KeTy

= [ U@+ ¥ ok r0.0005m)  puoar v e viovw e i)

In KeTh
with th|I1 (to) = up,0 and “’LJ‘I” (tn—1) := Uh,7—|1n71(tn—1) for n > 2.

We apply the (k + 1)-points GauB-Lobatto quadrature rule for the numerical
integration of the time integrals. This formula is exact for polynomials of degree
less than or equal to 2k — 1. We denote by #; and &, j = 0,...,k, the GauB-
Lobatto points and the Correspondmg quadrature weights on [—1, 1], respectively.
Let ¢j €Pr,7=0,...,k, and 1/JJ €Pr_q1,j5=1,...,k, denote the Lagrange basis
functions with respect to fj, j=0,...,k, and fj7 j = 1,...,k, respectively. The
time polynomials ¢y, j € Px(In), j = 0,...,k, and ¢y, ; € Pr_1(In), j = 1,...,k,
are defined by

$nj(t) =05 (T (1)) and W (1) = 95 (T ' (1))
with the affine transformation

Tn:[-1,1] = Tn, t+>tp_1+ 2(t+1) (12)

see [28]. In order to determine the local solution wp, ;|7,, we represent it by

unl; Z 3 pns(t) VEEIn,
with coefficients Ui,h € Vy, j=0,..., k. The particular ansatz ensures
uh-ﬁ'(tn,j) :U317h7 j=0,...,k,
where
tn,; = Tn(t;), i=0,...,k.

Since tn 0 = tp—1 and t,j = tp hold, the initial condition is equivalent to the
conditions

Uh =uno  and  Upp=wup |, (tn-1) = Ub_y, ifn>2

s

Using the properties of the basis functions in time, we obtain the following coupled
system of equations:

For U{),h = uy, o and Ug,h = Uﬁfl’h if n > 2, find the coefficients Ui hE€Vh J=
1,...k, such that

k
Z { US povn) + D 0w (U3 4 (tmj)'v”h)K}+%GSUPG(tn,i§U:z,thh)

KeTy,
{0000+ B ()

+ % 6K{ (F(tn,i), b(tni) - Vou) g + BF (F(tn—1), b(tn—1) - VUh)K}

KeTy,
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fori=1,...,k and for all v, € V},, where of ; and jf are defined by
o= q}}(fi)+ﬁf<¢;;.(fo), Bf = wov;(fo), i=1,...,k j=0,....k (13)

see [28]. Let {b1,...,brq} be a finite element basis of the space V;, and E% € RM
denotes the nodal vector associated with the finite element function Ufl n € W,
ie.,

Ul (@) =" (&) bu(x), wen

v=1

Furthermore, we define by

(M)s,w = (busbs),  (Ch)swi= Y Sk (bu,bltn;) - Vbs) s
KeTn

(Agz)s,u = ASUPG (tn,j7 by, bs)a
(FTJL)V = (f(tn,j)v by) + Z 5K (f(tn,j)’ b(tn,j) : VbV)K
KeTy

RMXM GRMXM

the mass matrix M € , the matrices C% ' associated with the ad-
ditional time derivative term, the stiffness matrices A}, € RM*M and the discrete
source term vectors FY € RM. Note that the time-dependence of A7, and CY is
due to the time-dependent coefficients b and c.

Using the above notation, the numerically integrated fully discrete I,-problem
gives the following (k x k)-block-system:

Find & € RM, j =1,...,k, such that

k
Saf{Mm+clle + Tag = T{m s (R - A} =1k
j=0
(14)

Note that £ is given either via the discrete initial condition up,o for n =1 or by
€0 =¢k | forn>2.

In the following we present the methods SUPG/cGP(1) and SUPG/cGP(2) in
more detail.

SUPG/cGP(1) We use the 2-points GauB-Lobatto formula with points t,,0 =
tn—1, tn,1 = tn, and weights &o = w1 = 1, which yields the well known trapezoidal
rule. We get af o = —1, of ; = 1, and B{ = 1, see [28], and problem (14) leads to
the following equation for the only coefficient ¢} € RM

{Mtch+Tane = {m+ch-Tagte + TR+ R
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SUPG/cGP(2) Here, we apply the 3-points GauB-Lobatto formula with points
tno = tn—1, tn,1 = (tn—1 + tn)/2, tn,2 = tn, and reference weights &g = w2 =
1/3, @1 = 4/3, which is known as Simpson’s rule. Then, we obtain the coeflicients

ein= (3 44) en=(2) (15)

On the time interval I, = (tn—1,tn] we have to solve for the vectors £ and &2
which correspond to

th—1 + tn)

5 and U72L = uh7.,.(tn72) = uh77(tn).

U’rll = uh,T(t"»l) = Uhp,r (
The corresponding coupled (2 x 2)-block-system for 5}“ 5% € RM reads:
3
3
_ | G on) - AR e + B+

(=2(M+Cp)+ FAR) &+ FFi = Py

M+Cph+ A, 1(M+C,2L)
—4(M + ) 2(M+CR) + A7

(16)

3.3 The method SUPG/dG(k)

In this subsection we describe the details of SUPG/dG(k) which combines the
discontinuous Galerkin method dG(k) in time with the SUPG method in space.
The fully discrete method SUPG/dG(k) reads:

Find wy, » € Y} such that

Z / uh (1) vn T( ) + Z 6K<u/h,r(t)vb(t) : vvh,‘r(t))K

n=1 KeTy,

uh‘rnavn +(anU(T)

HMZ

+ asupa (t; un,- (t), vp ( }

N-1
+ 3> 0k ([unrln, bltn) - Vol ) o + > 0k (ug, blto) - Vg )

n=1 KeT;, KeT
= (uh70,113_) + Z % (uh,Ov b(to) : V’U(T)K
KeTh
- / T{(f(t% on () + S Gk (£(2).b(2) wh,Tu))K}dt (17)
0 KeTy

for all v, » € Y.

Since the test functions in time are discontinuous, we choose vy, - (t) = vj,1(t)
with vy, € V;, and a scalar function ¢ : I — R which is zero on I\ I, and a
polynomial of degree less than or equal to k on I5,. Hence, the problem (17) can
be solved by a time-marching process.

The I,-problem of the fully discrete method SUPG/dG(k) reads:
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Given u;, with ug = uy, o, find uh)T| € Py (In, V},) such that for all ¢ € P (1)

In

/1 {(u;L,T(t)’vh) + asupa (t; un,- (t), vp) + Z Sxc (uh - (t), b(t) ‘Vvh)}l/)(t)dt

KeTs,
+ {([uhn-]n—lvvh> + > 0k ([unrln-1,b(tn-1) - v”h)}w(tn—l)
KeTy
=/ {(f(t),vh)—i— Z (5K(f(t),b(t)-Vvh)K}w(t)dt Yoy € Vi, (18)
In KEeT,

In order to evaluate the time integrals numerically, the (k 4 1)-points right-sided
GauB-Radau quadrature formula is applied. Using this quadrature rule, polynomi-
als up to degree 2k are integrated exactly. Let fj and @;, j =1,...,k+1, denote the
points and the weights for the (k + 1)-points right-sided GauB-Radau quadrature
formula on [—1,1], respectively. In particular, we have £k+1 = 1. The Lagrange
basis functions with respect to these points are denoted by QASJ-, j=1,...,k+ 1.
Following [28], the polynomial functions ¢y, ;(t) € Py (In) are defined by

g (1) = 6 (Tn ' (1))

with the affine mapping T, from (12). Since uy,  restricted to the interval I, is a
Vp,-valued polynomial of degree less than or equal to k, it can be represented as

k+1

uhﬂ"[ﬂ Z n, h¢n,](t

where Ui; n € Vi, j=1,...,k+ 1. Due to this choice of the ansatz basis, we have

uhT( ) Ui}p ]:177k+17

where
tn,j = Tn(tj), j=1,... k+1.

As particular test functions in time, we choose
1o, )
P, () = ;qu(Tnl(t)), j=1,...,k+1.
3

Using the above setting in (18), we get the following system of equations:

Find the coefficients Ui n€Vh, j=1,...k+1, such that

k41
Z a?,j{(UfL,hWh) + Z 5K( b b(tn,;) .Vvh)K} + %LU'SUPG (tn,isUp.hyon)
j=1 KeTy,

= /Bid{(Ug,thh) + Z 5 (Up p bltn—1) - VU}L)K}

KeTh

+ %L{(f(tn,i),vh) + Z S (f(tn), bltn;) - VUh)K}

KeTy
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fori=1,...,k+ 1 and for all v;, € V},, where
oo . 1 _
ofj =&l +816;(-1), Bl = di(-1),  Unp=Upyy  (19)
K3

Similarly as in the cGP-method, we use a basis {b, }1<;<m of V},, the matrices
M, C3,, Al,, and the source term vectors F. Then, the fully discrete (k+1)x (k+1)-
block-system of the I,-problem reads as follows:

Find & eRM, j=1,...,k+1, such that
k+1
S ol {M+cilel + %"A:Lg; =M +CO)ed + %F}L i=1,...,k+1,

j=1
(20)

where ¢/ denotes the nodal vector of U’ , € Vj,. The vector £° is obtained either
n n.h h n

from the discrete initial condition w0 (for n = 1) or by £ := {ﬁfll (for n > 2).

In the following, we presents the schemes for the cases k = 0 and k = 1.

SUPG/dG(0) The 1-point Gau-Radau formula with point ¢,,1 = t» and weight
w1 = 2 gives the well-known implicit Euler method, i.e., the I,,-problem is the
following one-block equation for 5711 e RM:

(M +Ch + mAR)E, = (M + CR)E + TnFy.

SUPG/dG(1) The 2-points Gau-Radau formula with points 5,1 = tn—1 +7n/3,
tn2 = tn and weights w1 = 3/2, @2 = 1/2 yields on the time interval I, the
following coupled (2 x 2)-block-system for £, &2 € RM:

(M+Cp)+ A5, (M +C7)
(M +C}t) S(M+Cp)+ A

B kW

ﬂ _ { (M +CR)Eq + 3 Fr
& |[-(M+oR)E + B E,

4 Spatial stabilization by the LPS method

In this section we consider the local projection stabilization (LPS) method. Com-
pared to the SUPG method the LPS method is weakly consistent only. However, its
application does not required the computation of the second order derivatives and
time derivatives. Hence, it can be easily applied to time-dependent problems. Fur-
thermore, it is possible to relax the strong coupling between various components
of the solution in the SUPG stabilization.

We concentrate on the one-level local projection stabilization method in which
approximation and projection spaces are defined on the same mesh. Let D(K), K €
T, be finite dimensional spaces and 7 : L?(K) — D(K) the local L? projection
into D(K). The local fluctuation operator kg : L?(K) — L*(K) is given by xgv :=
v — mgv. The stabilization term S}, is defined by

Sn(un,vn) ==Y purc (5K Vun, ki VoR) 5 (21)
KeTh
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where pug, K € Ty, are user chosen non-negative constants. The local projection
stabilization gives additional control on the fluctuation of the gradient.
The stabilized semi-discrete problem for u;, reads:

Find uj, € H*(0,T;V},) such that uy,(0) = up, o and for almost all ¢ € (0,7

(un (), vn) + aLps (un(t),vn) = (f.vn) Yup, € Vg, (22)

where the stabilized bilinear form aypg(t;-,-) is given by

arps (t;up, vp) = a(t; up, vy) + Sp(un, vp)-

The mesh-dependent norm associated with aypg is given by

1/2
2 2 2
llolliLps := {€|’U|1+UOH’U||0+ >y mmwuo,K} |
KeTh

The LPS discretization of the steady-state convection-diffusion problem (9) reads
Find U; € V}, such that

aLps(Un,vp) = (f,vn) Yoy, € Vy,

where ay,ps is independent of time.

In order to get suitable results, the approximation space V}, and and local
projection spaces D(K), K € Ty, have to fulfill certain compatibility conditions,
see [29]. Compared to standard finite element spaces, the approximation spaces
are locally enriched by bubble functions.

The following a priori error estimate for the steady-state convection-diffusion
problem (9) is well known, see [32, Theorem 3.74].

Theorem 2 Let the data of (9) be sufficiently smooth. We choose the stabilization
parameters pxg = pohg, K € T, with a positive constant po. Furthermore, we use
enriched elements of order v and projection spaces D(K) = Pr_1(K). Then, there
exists a positive constant C' independent of h and € such that the error estimate

IU = Unllps < C(E? + hY 27U lr 41
holds true.

The application of ¢cGP and dG time discretizations to spatial discretizations
stabilized by the local projection method follows the same lines as for SUPG/cGP
and SUPG/dG methods. Hence, we will concentrate on the main differences.

The matrices A}, are now defined using the local projection bilinear form ay,ps,
i.e.,

(A%)s,u = aLPS(tn,jQ by, b8)7

where the time-dependence of Agl comes from the time-dependent coefficients b
and c.

Since there is no coupling term between the time derivative and the derivative
in streamline direction, the matrices C3, are no longer present. This simplifies the
resulting discrete systems and has a positive influence on the assembling time. Let
again {% denote the nodal vector of Ufl’h e V.

Finally we present the fully discrete systems for LPS/cGP and LPS/dG.
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The LPS/cGP(k) methods reads:
Find &, e RM, j =1,...,k, such that

k
oL s ) .
> af M+ SAng, = SR+ a7 (RO - A%0) ) =1k
j=0
Note that ﬁ% is given either via the initial condition uy, ¢ for n = 0 or by 52 = {ﬁ_l
for n > 2.
The LPS/dG(k) methods is given by

Find E% GRM,jzl,.,,,k—l—l, such that

k+1
ZaﬁngilJr%"A;g; :ﬁflMgg—i—%"Ffl, i=1,...k+1 (23)
=1

The nodal vector £9L is obtained either from the initial condition u, o for n =0 or
by €9 = €51 for n > 2.

5 Numerical tests

In this section we present some numerical experiments to assess accuracy and
performance of combinations of spatial stabilization techniques with higher order
variational time discretization schemes. All computations were performed with the
finite element code MooNMD [22].

In our numerical calculations for the SUPG stabilization, we applied Pr-elements
on triangles and mapped Q-elements on quadrilaterals, see [9]. For the LPS stabi-
lization, the local projection space D(K) = Pr_1(K) together with locally enriched
approximation spaces were used on both triangles and quadrilaterals. On triangu-
lar cells, the local approximation space is given by

PPPP(K) = Pr(K) + b i - Proi1 (K)

where ba g denotes a cubic bubble function on K which vanishes on K. On
quadrilaterals, mapped ﬁnitg element spaces [9] were used where the enriched
spaces on the reference cell K = (—1,1)? are defined by

PR i= Qp(K) + span{bnz] ', i =1,2}

with the biquadratic bubble function by = (1 —2%)(1 —42) on the reference square
K.
We will use

1/2

T
lvllcap := {/o (Hvl(t)Hg + |v(t)||§)dt} ,

T 1 = 1 1 .
ol = { JRCCLEES 3 HelolB + 51013 + 2|vN||%;}
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as the norms associated with the cGP and the dG methods, respectively, where ||-||s
corresponds to the spatial stabilization, i.e., ||-|s = ||| - |llsupc or || - lls = ||| |/|Lps-
Furthermore, errors in the norm

T 1/2
lvll2(r2y = {/ |’U(t)|3dt}
0
will be considered.

Combining the known error estimates for temporal discretizations of ordinary
differential equations [2,28,37] with the established error estimates for stabilized
spatial discretizations on sequences of successively refined meshes [32], we expect
the following error estimates.

Theorem 3 Let u be the solution of problem (1). Denote by up + either the solution
of the fully discrete cGP(k) or the solution of the fully discrete dG(k) method. Let the
data of problem (1) be sufficiently smooth. For the SUPG stabilization in space, we use
element of order r and parameters 6 according to (8) and (10). If LPS is used, we
choose enriched elements of order r and D(K) = Pr_1(K) as local projection space.
The LPS parameters pui are chosen as ug = pohr, K € Ty, with a positive constant
wo- Then, there exists a positive constant C independent of €, h, and T such that we
have

lu — up s o < c[(e”z Ry M],
lw —up rllp2crey < C (R + Tk“)

for the ¢cGP(k) method and

I

lu—up rllag < C[({.:l/2 + h1/2)hr 4 pkt1/2

||u — uh’7.||L2(L2) S C(hrJrl + TkJrl)
for the dG(k) method. The constant C depends in both cases on wu.
The discrete £°°-norm is defined by

= t .
ol := , max, ffo(ta)l
It is known from [2] and [37] that the methods ¢GP(k) and dG(k) are super-
convergent of order 2k and 2k + 1 at the discrete time points tp, n = 1,..., N,
respectively. Combining this with estimates for the spatial error, we expect the
following estimate for the error in the £°°-norm.

Theorem 4 Let u be the solution of problem (1). Denote by uy, , either the solution of
the fully discrete cGP(k) or the solution of the fully discrete dG(k) method. If SUPG is
applied, elements of order r and stabilization parameters 8 according to (8) and (10)
were used. In case of LPS, enriched element of orderr, D(K) = Pr_1(K), ug = po hx
with po > 0 were used. Then, the error estimate

lu =, rlloo < C (72 + A7)
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holds true for the cGP(k) method while we have the error estimate
lu—un,rlloo < O+ 7Y

for the dG (k) method where the constant C in both cases depends on u, but is indepen-
dent of €, h, and T.

Following [28], a simple post-processing of the time-discrete solutions uy, , allows
to obtain numerical approximations which are in the integral-based norms || - ||qq,
Il llccp, and || - [|z2(z2) one order better.

First we describe the post-processing for time discretizations by cGP (k). Let
up,r denote the solution of SUPG/cGP (k) or LPS/cGP(k), respectively. The post-
processed solution ITuy r on the time interval I, is given by

(Huh,T)(t) = uh,r(t) + anln(t), te Iy,

where

(t) = 540, E=T0 ),

Wlth Ty, from (12). The polynomial ¢ € ]P’;H_l vanishes in all Gau-Lobatto points
i;,5=0,...,k, and is scaled such that ¢’(1) = 1. The nodal vector ~,, of the finite
element functlon an € Vj, is the solution of

M~y, = FE — Aker — vt

where n¥ denotes the nodal representation of u;l,,r(tn) € V. In the case that
SUPG is used as spatial discretization, the matrix M has to be replaced at both
occurrences by M + CE.

The post-processing of time discretizations by dG(k) is even simpler. The post-
processed solution ITuy, . of the solution uy , of SUPG/dG(k) or LPS/dG(k) on
the interval I, can be represented as

(Huh,T)(t) = uh,T(t) + bnn(t), t€In,

where
In(t) = 500, =T,

with 75, from (12). The polynomial ¥ € P}, is uniquely defined by 1§(fj) =0
for all GauB-Radau points t;, j = 1,...,k + 1, and ¥'(1) = 1. The finite element
function b, € V}, is obtained by

1 _
by = m(unfl — uj{_l),

i.e., it is just the scaled difference between the initial condition w,_; at ¢t =t,_1
and the calculated solution uj{fl
The expected error estimates for the post-processed solution ITuj , are col-

lected in the following theorem.

at the same place t = t,_1.
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Theorem 5 Let u be the solution of the problem (1) and ITuy, ; the post-process solu-
tion of a time discretization by cGP(k) or dG(k). For the SUPG stabilization in space,
we use element of order r and parameters §x according to (8) and (10). If LPS is
used, we choose enriched elements of order r and D(K) = Pr_1(K) as local projection
space. The LPS parameters puy are chosen as pg = pohg with a positive constant pg.
Then, there exists a positive constant C' depending on u, but independent of €, h, and
T, such that the error estimates

lu— Hup 7 llcap < C {(51/2 +hMP)RT r’““] :
Hu — HUh’T||L2(L2) < C(hr+1 + Tk+2)

for the post-processed cGP (k) method and

lu— ITup 7l 4gc < C {(51/2 +hY2)hT 4 Tk+2] 7
lu — Mup, || 2(r2y < C(R7TH 4+ 77F2)

for the post-processed dG (k) method hold true.

5.1 An example with dominating time error

To assess the effect of the time discretization, we exclude the spatial error in the
this example. We consider problem (1) on £ = (0,1)? with ¢ = 1078, b = (1,2),
o =1, and T = 1. The right-hand side f and the initial condition ug are chosen
such that

u(t,z,y) = (1 — x)y(1 — y) sin(50t)

is the solution of (1) equipped with homogeneous Dirichlet boundary conditions.
We consider third order elements on a mesh consisting of 16 x 16 squares.
This means that Qs elements are used for SUPG while Q?‘Ibble elements with
projection onto Po(K) are taken for LPS. Note that for any time ¢ the solution u
can be represented exactly by a function from the finite element space V},. Hence,
all occurring errors will result from the temporal discretization. The higher order
time discretization methods cGP (k) and dG(k) with k = 2 and k = 3 are applied.
We report in Tables 1-8 the errors and convergence orders for the methods
cGP(k) and dG(k), k = 2,3, in combination with spatial stabilizations by SUPG
and LPS, respectively. We see that both ¢cGP(k) and dG(k) are accurate of order
k+1 in the L?(L?)-norm while the orders k and k+1/2 are obtained in cGP-norm
and the dG-norm, respectively. These results are in agreement with Theorem 3.
It can be seen from the Tables 3, 4 and 7, 8 that, as predicted by Theorem 5,
the post-processing allows to get solutions which provide the convergence order
k + 2 in the L?(L?)-norm while the convergence orders k + 1 and k + 2 in the
cGP-norm and dG-norm are obtained, respectively.
Furthermore, comparing the numerical errors in Tables 1, 2, and 5, 6, we note
that both spatial stabilization techniques perform quite similar. No essential dif-
ference can be seen. Comparing the values in the discrete £°°-norms, it becomes
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Table 1 Example 5.1: errors and convergence orders for SUPG/cGP(2) and LPS/cGP(2)-

method.

llw —un,rllL2(L2)

llu = un,rloo

lv = up, rllcap

SUPG LPS SUPG LPS SUPG LPS
T error error error error error error
1/80 1.028-3  1.029-3 3.832-5 4.346-5 5.193-1  5.193-1
1/160 1.281-4  1.281-4 2.182-6 2.584-6 1.322-1  1.322-1
1/320 1.603-5  1.605-5 1.340-7 1.608-7 3.320-2  3.320-2
1/640 2.004-6  2.004-6 8.344-9 1.005-8 8.309-3  8.309-3
1/1280 | 2.505-7 2.505-7 | 5.210-10 6.280-10 | 2.078-3  2.078-3
1/2560 | 3.131-8 3.131-8 | 3.256-11  3.925-11 | 5.195-4 5.195-4
1/5120 | 3.914-9 3.914-9 | 2.035-12 2.453-12 | 1.299-4  1.299-4
order 3 3 4 4 2 2
theory 3 3 4 4 2 2

Table 2 Example 5.1: errors and convergence orders for SUPG/cGP(3) and LPS/cGP(3).

lw —un,rllL2(L2)

||U_uh,‘rHoo

lw = up rllcap

SUPG LPS SUPG LPS SUPG LPS
T error error error error error error
1/40 1.742-3  1.743-3 9.195-5 9.904-5 6.190-1 6.190-1
1/80 1.138-4 1.138-4 5.873-7 7.528-7 8.547-2  8.547-2
1/160 7.229-6  7.229-6 9.002-9 1.217-8 1.095-2  1.095-2
1/320 4.537-7  4.537-7 | 1.427-10 1.931-10 | 1.377-3  1.377-3
1/640 2.839-8 2.839-8 | 2.248-12 3.030-12 | 1.723-4 1.723-4
1/1280 | 1.775-9 1.775-9 | 3.522-14 4.736-14 | 2.155-5  2.155-5
order 4 4 6 6 3 3
theory 4 4 6 6 3 3

Table 3 Example 5.1: post-processed errors and convergence orders for SUPG/cGP(2) and
LPS/cGP(2)-method.

lw — Hup rllp2(p2y | llu— Huprllcap
SUPG LPS SUPG LPS
T error error error error
1/80 4.866-4 4.869-4 1.528-1  1.528-1
1/160 3.036-5 3.038-5 1.988-2  1.988-2
1/320 1.898-6 1.900-6 | 2.510-3 2.510-3
1/640 1.186-7 1.187-7 3.145-4  3.145-4
1/1280 | 7.415-9 7.422-9 | 3.934-5 3.934-5
1/2560 | 4.635-10 4.639-10 | 4.918-6 4.918-6
1/5120 | 2.897-11  2.899-11 | 6.148-7 6.148-7
order 4 4 3 3
theory 4 4 3 3

obvious that the cGP(k)-methods, k = 2,3, are super-convergent of order 4 and
6 while the dG(k)-methods, k = 2,3, are super-convergent of order 5 and 7. This
confirms the theory given in Theorem 4.
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Table 4 Example 5.1: post-processed errors and convergence orders for SUPG/cGP(3) and
LPS/cGP(3)-method.

lu — Hup 7 llp2p2y | llu— Hup,rllecap
SUPG LPS SUPG LPS
T error error error error

1/40 1.020-3 1.020-3 2.471-1 2.471-1
1/80 3.357-5 3.357-5 1.752-2  1.752-2
1/160 1.069-6 1.069-6 1.130-3  1.130-3
1/320 3.357-8 3.357-8 7.118-5 7.118-5
1/640 1.050-9 1.050-9 | 4.458-6  4.458-6
1/1280 | 3.283-11  3.283-11 | 2.787-7  2.787-7
1/2560 | 1.026-12  1.026-12 1.742-8  1.742-8
1/5120 | 3.230-14 3.231-14 | 1.089-9 1.089-9
order 5 5 4 4
theory 5 5 4 4

Table 5 Example 5.1: errors and convergence orders for SUPG/dG(2) and LPS/dG(2).

llu —unrllL2(r2) lw — up,rlloo lu —up,rllac
SUPG LPS SUPG LPS SUPG LPS
T error error error error error error

1/40 6.412-3  6.414-3 8.729-4 8.784-4 8.543-2  8.526-2
1/80 8.456-4  8.456-4 1.599-5 1.627-5 1.781-2  1.780-2
1/160 1.080-4 1.080-4 | 4.552-7 4.710-7 3.294-3  3.293-3
1/320 1.358-5  1.358-5 1.392-8 1.446-8 5.875-4  5.875-4
1/640 1.700-6  1.700-6 | 4.327-10 4.501-10 | 1.040-4 1.040-4
1/1280 | 2.125-7 2.125-7 | 1.350-11  1.405-11 | 1.838-5 1.838-5
1/2560 | 2.657-8 2.657-8 | 4.226-13  4.397-13 | 3.248-6  3.248-6
1/5120 | 3.321-9 3.321-9 | 1.335-14  1.401-14 | 5.741-7 5.741-7
order 3 3 5 5 2.5 2.5
theory 3 3 5 5 2.5 2.5

Table 6 Example 5.1: errors and convergence orders for SUPG/dG(3) and LPS/dG(3).

llw — un,rllL2 L2y lu — up,rlloo lu — up,rllac
SUPG LPS SUPG LPS SUPG LPS
T error error error error error error

1/40 1.479-3  1.479-3 2.870-5 3.015-5 2.507-2  2.505-2
1/80 1.017-4  1.017-4 1.264-7 1.413-7 2.544-3  2.543-3
1/160 6.514-6  6.514-6 1.140-9 1.042-9 2.310-4  2.309-4
1/320 4.097-7  4.097-7 | 1.187-11 8.350-12 | 2.056-5 2.056-5
1/640 2.564-8  2.564-8 | 1.151-13 6.621-14 | 1.821-6 1.820-6
1/1280 | 1.603-9 1.603-9 | 1.087-15 7.630-16 | 1.610-7 1.610-7
order 4 4 7 7 3.5 3.5
theory 4 4 7 7 3.5 3.5

5.2 A boundary layer problem

We will study the influence of the stabilization parameters on the behavior of the
solution of a problem where the solution exhibits exponential boundary layers.
To this end, we consider problem (1) on 2 = (0,1)? with e = 1078, b = (3 —
tx,4—t%y)T, 0 =1, and T = 1. The right-hand side f, the initial data ug, and the
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Table 7 Example 5.1: post-processed errors and convergence orders for SUPG/dG(2) and
LPS/dG(2)-method.

llw — Tup, || L2 2y lw — up, - lac
SUPG LPS SUPG LPS
T error error error error

1/20 3.895-2 3.926-2 5.676-2 4.664-2
1/40 3.605-3 3.609-3 5.165-3 3.668-3
1/80 2.283-4 2.284-4 2.892-4 2.287-4
1/160 1.446-5 1.447-5 1.810-5 1.447-5
1/320 9.074-7 9.074-7 1.132-6 9.075-7
1/640 5.677-8 5.677-8 7.076-8 5.677-8
1/1280 3.549-9 3.549-9 4.423-9 3.549-9
1/2560 | 2.218-10 2.218-10 | 2.764-10 2.218-10
1/5120 | 1.387-11  1.387-11 | 1.728-11 1.387-11
order 4 4 4 4
theory 4 4 4 4

Table 8 Example 5.1: post-processed errors and convergence orders for SUPG/dG(3) and
LPS/dG(3)-method.

lu — HTup, 7|l L2(L2) lu — Hup 7 |lcap
SUPG LPS SUPG LPS
T error error error error

1/20 1.272-2 1.274-2 1.806-2 1.310-2
1/40 5.604-4 5.605-4 7.284-4 5.617-4
1/80 1.909-5 1.909-5 2.390-5 1.909-5
1/160 6.101-7 6.101-7 7.609-7 6.101-7
1/320 1.918-8 1.918-8 2.390-8 1.918-8
1/640 6.001-10  6.001-10 | 7.477-10  6.001-10
1/1280 | 1.876-11 1.876-11 | 2.338-11 1.876-11
1/2560 | 5.863-13 5.863-13 | 7.306-13  5.864-13
1/5120 | 1.871-14 1.872-14 | 2.422-14 1.886-14
order 5 5 5 5
theory 5 5 5 5

Dirichlet boundary conditions are chosen such that
u(t, z,y) = sin(x) (1 — ¢ (2Fcos 2t)(17w)/€) sin(2y) (1 - 67(3+Sint)(17y)/€)

is the solution of (1). Note that u possesses exponential boundary layers at z = 1
and y = 1.

We restrict our study to the methods cGP(2) and dG(1) in time, regular meshes
of squares, and Q2-elements for SUPG and QS“bb]e—elements with projection onto
P (K) for LPS.

To see the influence of the stabilization parameters, we set dxg = dphx for
SUPG and py = pohg for LPS. The positive constants dg and pg are varied across
the wide range from 1076 to 10°.

The computations were carried out on the refinement levels 4-7 (corresponding
to 16 x 16 up to 128 x 128 squares) and with a time step length 7 = 1/160. All
errors were computed on the subdomain §2 := (0, 3/4) x (0,3/4) which excludes all
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layers. Let

T 1/2 T
ol = { / ||v(t>||§,§dt} and o]l = { / |v(t>|§§dt}

denote two norms where all included spatial integrals are restricted to 2.

First we consider the cGP(2) method with both spatial stabilization techniques.
Figure 1 plots the errors for SUPG/cGP(2) in the norms |- || and || -||2 versus the
constant dg inside the definition of the stabilization parameters. The corresponding
results for LPS/cGP(2) with respect to the constant po are shown in Figure 2. Too
small constants do and po result in large errors since the spatial discretization is
under-stabilized. But also too large constants produce large errors due to over-
stabilization. Comparing the results of cGP(2) combined with LPS and SUPG, we
see that the optimal constant pg is independent of the refinement level while the
optimal constant §y decreases from one mesh to the next finer one.
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Fig. 1 Example 5.2: errors in the norms || - ||1 (left) and || - ||2 (right) versus the constant dg
for SUPG/cGP(2) on refinement levels 4-7.
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Fig. 2 Example 5.2: errors in the norms || - |1 (left) and || - ||2 (right) versus the constant uo
for LPS/cGP(2) on refinement levels 4-7.

We consider now the influence of the constants §p and po on the errors of the
methods SUPG/dG(1) and LPS/dG(1). The corresponding errors in the norms
|| - |lx and || - ||2 versus dp and po are shown in Figures 3 and 4. The principal
behavior of the dG(1) discretization in time coincides with the results of the cGP(2)
method. Too small and too large constants provide large errors due to under- and
over-stabilization. Also for the dG(1) method in time, the optimal constant dy for
SUPG depends on the mesh while the optimal value for po is mesh-independent.
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Fig. 3 Example 5.2: errors in the norms || - ||1 (left) and || - ||2 (right) versus the constant dg

for SUPG/dG(1) on refinement levels 4-7.
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Fig. 4 Example 5.2: errors in the norms || - |1 (left) and || - ||2 (right) versus the constant ug
for LPS/cGP(2) on refinement levels 4-7.

Comparing in Figures 1 and 3 the results for SUPG and both considered time
discretizations in the norms |- ||; and ||-||2, we observe that the | -||1-norm remains
bounded even for very large values for the constant §p while the || - |2 has no upper
bound. The reason is that || - ||2 includes a term which increases with increasing
constant dp inside the stabilization term. For the LPS stabilization, the behavior
is different, see Figures 2 and 4. It seems that the error in both norms is bounded
even if the constant uo in the stabilization parameter ux = po hg is very large.
This indicates that the over-stabilization by large o leads to solutions with almost
vanishing fluctuations. Hence, the constant po has less influence on the norm.

The pictures in Figure 5 show the computed solution at the final time 7" =1 for
different time discretization methods and different spatial discretizations with local
projection stabilization. We clearly observe that the numerical solution obtained
with a suitably chosen stabilization (middle column) shows neither oscillations
nor smearing. For under-stabilization (left column), the numerical solutions con-
tain large oscillations all over the spatial domain. In the case of over-stabilization
(right column), the behavior of LPS and SUPG are different. The LPS solution
has oscillations which are concentrated near the exponential boundary layer. In
contrast, the SUPG solution is smeared but shows much less oscillations.

5.3 Body rotating problem

In this section two problems with rotating bodies will be considered. The first one
is given in 2 = (0,1)? with ¢ = 1072°, b = (0.5 — y,z — 0.5)T, 6 = 0, f = 0.
The initial condition consists of three disjoint bodies: a slit cylinder, a cone, and a
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Fig. 5 Example 5.2, Computed solution at final time 7" = 1, time step length 7 = 1/160,
LPS/cGP(2) with Q3"PP® and projection onto P (K) (upper row), SUPG/cGP(2) with Q2
(bottom row); uo(do) = 10~ (left), po(do) = 0.1 (middle), po(6o) = 100 (right).

smooth hump, see left picture of Figure 6. This problem has already been studied
numerically for finite element discretizations, see e.g. [1,23,25]. The second problem

u
—075 I
B —o075
[os E
= [ os
025 E s
OE E

Fig. 6 Example 5.3: initial condition; left: problem in unit square with three bodies, right:
problem in unit circle with one body.

is given in the unit circle 2 = {(z1,22) € R? : 27 + 23 < 1} with ¢ = 10727,

b= (—y»ﬂC)T, o =0, f =0, and the initial condition
uo(z,y) = % {tanh (10006*10[<f*0-3>2+<y70-3>2]) + 1}

which is shown in the right picture of Figure 6. A transient transport with this
data was considered in [7].

In both examples, the rotation is counter-clockwise and the first revolution
completes at ¢t = 27. Due to the very small diffusion coefficient ¢ = 10729 the
solution after complete revolutions is essentially the same as the initial condition.
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The aim of these examples is to study the effect of different time discretization
schemes in combination with stabilized finite element methods in space. In par-
ticular, we use the methods ¢cGP(2) and dG(1) in time. Both SUPG and LPS are
used as spatial discretization.

We choose for the problem in the unit square a uniform grid consisting of 64 x 64
squares. This leads, included all Dirichlet nodes, to 98,817 degrees of freedoms for
the second order LPS discretization with Q5"PP!e_elements and projection onto
P1(K) and 66,049 degrees of freedom for the second order SUPG discretization
with Q2-elements.

For the problem in the unit circle, triangular meshes were used. The coarsest
mesh contains 8 congruent triangles which are obtained by connecting the ori-
gin with 8 equidistant points on the circle line. The calculations were made on
refinement level 5 where the curved boundary was taken into account during re-
finement. Including the Dirichlet nodes on the boundary, there were 16,641 degrees
of freedom for the second order SUPG discretization with P2-elements and 41,217
degrees of freedom the second order LPS discretization with P5"PPle_elements and
projection onto Py (K).

For both problems, we used §x = 0.25h inside the SUPG stabilization while
we set pr = 0.1hg for LPS. The time step length was fixed to 7 = 1073,

As in [23], we use

t) = t: — 1 t:
var(t) o up(t;z,y) i un(t;2,y)

as measure for under- and overshoots. For calculating the minimal and maximal
values of uj;, we used only the values at the vertices of the underlying mesh. Note
that the optimal value of var(t) equals to 1 for all ¢.

Fig. 7 Example 5.3: cut along the line y = 0.75 through the midpoint of the slit cylinder;
red: initial condition, blue: solution after one complete revolution (¢ = 2m), green: solution
after ten complete revolutions (¢ = 207); from left: SUPG/dG(1), LPS/dG(1), SUPG/cGP(2),
LPS/cGP(2).

In order to illustrate the solution behavior, we present in Figure 7 for the
problem in the unit square with the three rotating bodies and the combinations
SUPG/dG(1), LPS/dG(1), SUPG/cGP(2), and LPS/cGP(2) cuts along the line
y = 0.75 through the midpoint of the slit cylinder after one (in blue) and ten
(in green) complete revolutions together with the initial condition (in red). It is
clearly to see that over- and undershoots occurs near the edges of the cylinder.
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Both the differences between the two considered spatial discretizations and the
differences between the two applied temporal discretizations are quite small. The
over- and undershoots are of comparable size. The smooth hump was reproduced
by all combinations very well. No undershoots are present near the cone, its height
is slightly decreasing with time, and the initially sharp tip becomes rounded.

Figure 8 shows for the problem in the circular domain the solution after ten
complete revolutions. It can be seen that all combinations of spatial stabilizations
and temporal discretizations lead to smeared numerical solutions. Using the same
stabilization method in space, the differences between the time discretizations are
quite small. However, the choice of the spatial stabilization method has a much
larger influence on the solution properties. In this example, the local projection
stabilization produces a larger smearing compared to SUPG.

o

o —— -

O
N

—

P

D

0 0
-02 -0.2
Fig. 8 Example 5.3: computed solution with second order elements at ¢ = 20w, up-

per left: SUPG/dG(1), bottom left: SUPG/cGP(2), upper right: LPS/dG(1), bottom right:
LPS/cGP(2).

To check the long time behavior of the spurious oscillations measured by var(t),
we made computations for both problem till T = 207 which corresponds to ten
complete revolutions. The results are only slightly influenced by the applied tem-
poral discretization. We present in Figure 9 the results for SUPG/dG(1) and
LPS/dG(1) only. After an initial phase, the quantity var(¢) shows a periodic be-
havior. It is interesting to observe that LPS is superior to SUPG for the problems
in the unit square with three rotating bodies while the problem in the unit circle
with one rotating body shows the opposite behavior. We observe for both problems
that var(¢) shows for LPS much larger oscillations than for SUPG.
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Fig. 9 Example 5.3: long time behavior of the measure var(¢) for under- and overshoots,
computed with second order elements till 7" = 20w, left: problem in unit square with three
rotating bodies, right: problem in unit circle with one rotating body.

Compared to the unstabilized case, the remaining oscillations are much smaller
and located near sharp layers only. To remove the remaining oscillations, shock
or discontinuity capturing methods could be applied. For an overview, we refer
to [19-21] and the references therein.

5.4 Transport of a species through a three-dimensional domain

This three-dimensional example models a typical situation which is encountered in
applications, see [26]. For a given domain 2 = (0,1)3, a species enters the domain
at the inlet and is transported through the domain to an outlet. In addition, the
species is diffused somewhat and in the subregion where the species is transported,
also a reaction occurs. The convection field points from the center of the inlet to
the center of the outlet and it is not parallel to the coordinate axis.

The inlet is located at {0} x (5/8,6/8) x (5/8,6/8) while the position of the
outlet is {1} x (3/8,4/8) x (4/8,5/8). The convection field is defined by b =
(1,—1/4,-1/8)T the diffusion parameter by ¢ = 107%, and the reaction by

(o) = {1 if dist(x, g) < 0.1,
0 else,
where ¢ is the line through the center of the inlet and the center of the outlet
and dist(x, g) denotes the shortest Euclidean distance of the point x to the line g.

The given ratio of diffusion and convection is typical for many application. The
boundary conditions at the inlet is prescribed by

sin(7t/2) ift €]0,1],
Uin = § 1 if t e (1,2],
sin(r(t—1)/2) ifte(2,3].

Homogeneous Neumann boundary conditions are set at the outlet and homoge-
neous Dirichlet conditions at the rest of the boundary. There are no sources, i.e.,
f = 0. The initial condition is set to be ug(z) = 0. In the time interval (0, 1),
the inflow is increasing and the injected species is transported towards the outlet.
Then, in the time interval (1,2), there is a constant inflow and the species reaches
the outlet. At the end of this time interval, there is a almost steady-state solution.
Finally, the inflow decreases in the time interval (2, 3).
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The simulations were performed on an equidistant hexahedral grid with 32 x
32 x 32 cells, leading to 274,625 degrees of freedom (including Dirichlet nodes) and
7 = 1073. Cut planes of the solution at time ¢t = 2 computed with dG(1), dG(2),
c¢GP(2) and ¢GP(3) are given in Figure 10. These cut planes contain the line g
between the center of the inlet and the center of the outlet. The numerical results
show the large amount of spurious oscillations in the solutions computed with the
SUPG method. Figure 10 demonstrates that the solutions are globally polluted
with spurious oscillations. However, accurate results can be obtained by using
different space discretization schemes, e.g., FEM-FCT, ENO, and WENO schemes,
see [24]. Furthermore, there is almost no difference in the solutions computed with
different time discretization schemes. As a measure of accuracy, the value of the
solution (amount of species) at the center of the outlet was proposed in [26]. It
can be observed in Figure 11 that all simulations gave very similar results.

1.2 1228

075 075
Eo.s Eo.s
025 025
I I
- 0.17H 0.17H
122 UE 122
E' 3
50.75 20.75
05 Eo.s
025 025

-0.171 -0.171

Fig. 10 Example 5.4: Transport of species through a three-dimensional domain, ¢cGP(2),
c¢GP(3) dG(1) and dG(2); from left to right, top to bottom.

6 Multigrid comparison

Section 3 showed that the temporal discretization with ¢cGP(k + 1) and dG(k)
leads in each time step to a (k+ 1) x (k 4+ 1) block system of linear equations.
In order to solve it, a flexible GMRES method [33] with a multigrid method as
preconditioner is applied. The grid transfer operations are applied component wise
to ¢J, and the corresponding residual vectors. Block version of SOR and SSOR are
used as smoothers within the multigrid. The blocks are built by all components
(¢J)); which belong to the same spatial degree of freedom i.
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U, (1,7/16.9/16)

Fig. 11 Example 5.4: Transport of species through a three-dimensional domain; temporal
development of the numerical solutions at the center of the outlet.

We present in this section some performance results of the multigrid methods
applied to the different time discretization schemes. If not stated otherwise the
W (2,2) multigrid cycles with SOR smoother were applied. The parameter w inside
SOR and SSOR was set to 1 in all calculations. Since the performance of the
multigrid method applied to the different stabilization techniques was quite similar,
we will present results for the SUPG method only. In general, all given results are
obtained by averaging over all time steps. Exception are given explicitly.

Table 9 present for Example 5.3 and for the different time discretization schemes
the averaged number of multigrid cycle to achieve a Euclidean norm of the resid-
ual less than 107°. We clearly see that the number of needed multigrid cycles is
independent of the number of used level, the time discretization scheme, and the
time steps length. Hence, the multigrid method provides an optimal solver for the
obtained block system.

Table 9 Example 5.3: Number of iteration per multigrid cycle on different numbers of multi-
grid levels for different time stepping schemes.

dG(1), dG(2), dG(3)

# Levels | 7 =2x/160 | 7 =27/320 | 7 =27w/640 | 7 = 27/1280
4 5,5,5 5,5,6 5,5,5 5,5,5
5 45,5 45,5 55,5 55,5
6 5,55 445 455 455
7 54,5 44,5 44,5 44,5

cGP(2), cGP(3), cGP(4)
T 55.6 5.6,6 5.6,6 55,5
5 4,5,5 5,5,5 5,5,5 5,5,5
6 445 45,5 455 5,5.5
7 555 44,5 44,5 455

For Example 5.3, the averaged computing times for solving the block systems
per time step are shown in Table 10 (6 levels inside the multigrid) and Table 11
(7 levels inside the multigrid). The computing times for block systems of the same
size, for instance dG(k) and cGP(k — 1), are very similar. Furthermore, the time
per time step increases by a factor of 4 from 6 to 7 levels inside the multigrid.
Hence, the computing time per step is proportional to the number of unknowns.
This shows again the optimal performance of the multigrid.
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Table 10 Example 5.3: Computing time per time step using 6 multigrid levels.

# time steps | ¢cGP(2) c¢GP(3) cGP(4) | dG(1) dG(2) dG(3)
320 0.39 0.82 1.23 0.38 0.62 1.26

640 0.37 0.81 1.29 0.39 0.78 1.25
1280 0.47 0.79 1.28 0.39 0.81 1.27
2560 0.47 0.82 1.26 0.39 0.78 1.28
5120 0.47 0.81 1.27 0.39 0.64 1.05

Table 11 Example 5.3: Computing time per time step using 7 multigrid levels.

# time steps | ¢cGP(2) c¢GP(3) cGP(4) | dG(1) dG(2) dG(3)
320 1.63 2.57 5.04 1.93 2.53 4.93

640 1.54 2.53 5.08 1.54 2.57 5.01
1280 1.56 3.17 4.95 1.53 2.60 4.96
2560 1.57 3.25 4.92 1.53 3.16 4.89
5120 1.54 3.17 4.92 1.54 2.53 3.99

The convergence rate per multigrid cycle in the course of time for Example 5.3
and Example 5.4 are presented in Figure 12. For Example 5.3, we clearly see
that the convergence rate stays in a small range. The behavior for Example 5.4
is different. In an initial phase, the rates are changing only slightly. However, the
convergence rate drops down around ¢ ~ 2 since the solution becomes almost
constant. Afterwards, the convergence rate increases since the solution starts to
change again due to the changing boundary data. For Example 5.3, the differences
between the different time discretization schemes are quite small. The deviation
for Example 5.4 are a little bit large. Currently, we don’t have an explanation
of the different behavior of dG(1) and ¢cGP(2) on the one hand and dG(2) and
c¢GP(3) on the other hand.

—— ¢GP(2) —— dG(1) —— cGP(3) —— dG(2) —— cGP(4) —— dG(3)

©GP(2) —— dG(1) — cGP(3) — dG(2)

convergence rate
convergence rate

Fig. 12 Convergence rates for multigrid solver on refinement level 6 for Example 5.3 (left)
and Example 5.4 (right).

Figure 13 shows the dependence of the averaged convergence rate on the num-
ber of pre-smoothing and post-smoothing steps for different time discretization
schemes applied to Example 5.3. We observe that the behavior is very similar for
all considered schemes. Furthermore, the convergence decreases dramatically with
the number of used smoothing step. This is due to the fact that the block system
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is dominated by the mass matrix which is much better conditioned as the stiffness
matrix which is scaled by the time step length.

——cGP(2) — cGP(3) ©GP(4) —— dG(1) — dG(2) — dG(3)

convergence rate

O A
W-Cycle: pre and post smoothing steps

Fig. 13 Example 5.3: Mean convergence rate for changing numbers of pre-smoothing and
post-smoothing steps on 5 multigrid levels for different time stepping schemes.

Table 12 presents the averaged number of multigrid cycles per time step, the
mean computing time per multigrid cycle, the averaged time per time step, and the
mean convergence rates for the smoothers SOR and SSOR applied to Example 5.1
on 6 multigrid levels and a time step length 7 = 1072, One clearly sees that
the additional effort of SSOR results in larger times per multigrid cycle but less
numbers of cycles and better convergence rate. In total, the SSOR smoother allows
to obtain the required accuracy within a smaller computing time.

Table 12 Example 5.1: Number of iteration per multigrid cycle, corresponding time per cycle,
time per time step, and convergence rates for smoothers SOR and SSOR on 6 multigrid levels
for different time stepping schemes.

iter time/cycle time/time step convergence rate
SOR SSOR | SOR SSOR | SOR SSOR SOR SSOR
cGP(2) 5 3 0.260 0.414 1.299 1.243 5.177e-02  2.780e-03
cGP(3) 5 3 0.547  0.809 | 2.733 2.426 5.551e-02  3.549e-03
cGP(4) 4 3 0.869 1.352 | 3.479 4.057 4.032e-02  3.424e-03
dG(1) 4 2 0.265  0.421 1.062 0.843 4.596e-02  2.074e-03
dG(2) 4 2 0.607  0.802 | 2.027 1.605 4.648e-02  2.338e-03
dG(3) 4 2 0.900 1.321 3.602 2.642 4.600e-02  2.269e-03
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