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1 Introduction

The numerical solution of nonlinear conservation laws, convection-diffusion
problems and flow problems requires the application of efficient, robust and
accurate methods allowing to overcome various difficulties, as the precise cap-
turing and resolution of boundary layers, shock waves and contact disconti-
nuities. It is possible to say that nowadays in computational fluid dynamics
(CFD) two techniques compete: the finite volume (FV) schemes and stabilized
finite element methods (FEM). A survey of FV as well as FE approaches to
the numerical simulation of compressible flow can be found, e.g. in [23].

A natural generalization of the FV and FE techniques is the discontinuous
Galerkin finite element method (DGFEM), which appears to be very suitable
for problems with solutions containing discontinuities and/or steep gradients.
The DGFEM is based on piecewise polynomial but discontinuous approxima-
tions. It uses advantages of the FV as well as FE methods. Similarly as in the
finite volume method, the DGFEM uses discontinuous approximations and
boundary fluxes are evaluated with the aid of a numerical flux, which allows
a precise capturing of discontinuities and steep gradients. Similarly as in the
finite elements method, the DGFEM uses higher degree polynomial approxi-
mations of solutions, which produces an accurate resolution in regions, where
the solution is smooth.

There are several variants of the DGFEM for the solution of problems con-
taining diffusion terms. It is possible to use primitive variables or a mixed
method. The method can be stabilized with the aid of a symmetric or non-
symmetric treatment of diffusion terms, often combined with an interior and
boundary penalty. We consider here the nonsymmetric variant with the in-
terior and boundary penalty (denoted as NIPG method). This stabilization
technique was proposed in [3] and [5] and represents the generalization of the
boundary penalty by Babuska and Zlamal allowing to impose the Dirichlet
boundary condition in a weak sense instead of building it in the finite element
space (see [2]). The nonsymmetric variant was also investigated in [10], [8],
9], [29] for elliptic and parabolic problems and in [19] and [20] for nonlinear
convection-diffusion problems. Although this approach does not give an opti-
mal order of convergence for elliptic problems, it leads to a coercive operator
for an arbitrary positive penalty coefficient. This property is important when
the DGFEM is applied to the system of the Navier-Stokes equations, where
the numerical analysis is rather complicated, see [16].

There is a number of works devoted to theory and applications of the DGFEM.
Let us mention, e.g., [1], [3], [5], [4], [7], [14], [15], [16], [19], [23], [24], [25],
27], [29], [31]. For a survey of various discontinuous Galerkin techniques, see,
e. g. [12], [13].



In [17] and [20] we carried out a discretization of a scalar nonstationary
convection-diffusion equation with nonlinear convective terms by the DGFEM
with respect to space variables (the method of lines) and derived a priori er-
ror estimates. The time discretization can be carried out by the (explicit)
Runge-Kutta methods, which are simple for implementation, but the result-
ing schemes are conditionally stable and the time step is drastically limited
by the CFL stability condition. In order to avoid this disadvantage, it seems
suitable to apply an implicit method, which allows us to use a much longer
time step. However, a fully implicit DGFEM leads to a large, strongly nonlin-
ear algebraic system, whose solution is rather complicated. This is the reason
that in the present paper, which is a continuation of [20], we propose a semi-
implicit scheme, which appears quite efficient and robust. The linear diffusion
and stabilization terms are treated implicitly, whereas the nonlinear convec-
tive terms explicitly. Similarly as in [20] we allow to use a nonconforming mesh
formed by nonconvex star-shaped polyhedral elements. In this paper we shall
be concerned with theoretical analysis of error estimates of the semi-implicit
method and present several numerical experiments verifying the theoretical
results. Also the effect of nonconvexity of elements and nonconformity of a
mesh will be treated in numerical experiments.

The contents of the paper is the following. In Section 2, the initial-boundary
value problem for a scalar nonlinear convection-diffusion equation is formu-
lated. In Section 3, we carry out the discretization of the problem by the semi-
implicit DGFEM and establish the existence and uniqueness of the numerical
solution. Section 4 contains some auxiliary results, namely assumptions on
the space discretization (allowing even nonconforming grids with nonconvex
star-shaped elements) and some important inequalities and estimates. These
results are used in Section 5, where error estimates in the discrete L*°(L?)-
norm, L*(H"')-seminorm and L>(H')-seminorm are proven. We obtain also
estimates of the error in the penalty terms. In Section 6 we present numerical
examples demonstrating the accuracy and robustness of the DGFEM. In Sec-
tion 7 we introduce some concluding remarks and formulate open problems.

2 Continuous problem

Let Q C IR? (d = 2 or 3) be a bounded polyhedral domain and T' > 0. (For
d = 2 under the concept of a polyhedral domain we mean a polygonal domain.)
We set Qr = Q2 x (0,7). By Q and 99 we denote the closure and boundary of

), respectively. Let us consider the following initial-boundary value problem:
Find u : Q7 — IR such that



a + Z 8x8 =cAu+ g 1 QT, (1)
u ‘am(o T) = Up, (2)
u(z,0) =u’(z), z€Q (3)

We assume that the data satisfy the following conditions:

a) fo € C*(R), f,(0)=0, s=1,...,d, (4)
b) e >0,
c) g € C([0,T]; L*(Q2)),
d) up is the trace of some u* € C([0, T]; H'(Q)) N L=(Qr)
on 092 x (0,7,
e) u’ € L*(Q).

We use the standard notation for function spaces (see, e.g. [26]): LP(Q),
LP(Qr) denote the Lebesgue spaces, WHP(Q), H*(Q) = WH"2(Q) are the
Sobolev spaces, LP(0,T; X) is the Bochner space of functions p-integrable over
the interval (0, 7)) with values in a Banach space X, C([0,T]; X) (C*([0,T7]; X))
is the space of continuous (continuously differentiable) mappings of the inter-
val [0, 7] into X.

The assumption that fs(0) = 0, s = 1,...,d, does not cause any loss of
generality, as can be seen from equation (1). The functions fs, called fluxes,
represent convective terms, € > 0 is the diffusion coefficient.

We shall assume that problem (1) — (3) has a weak solution (cf. [20], Section
2), satisfying the regularity conditions

we L=(0,T; H (@), (5)
0

U e 10, T; H**(Q2)),

ot
0%u
— € L>(0,T; L*(Q
o € IX(0. TS 1),
where an integer p > 1 will denote a given degree of polynomial approxima-
tions. Such a solution satisfies problem (1) — (3) pointwise. Under (5),

we OO, T H (@), 9% e o((0, 7] 12(). (6)



Fig. 1. Neighbouring elements K;, K;

3 Discretization of the problem
3.1  Triangulations

We use the same notation as in [20], Section 3.1. By T}, (h > 0) we denote
a partition of the closure © of the domain € into a finite number of closed
d-dimensional star-shaped polyhedra K with mutually disjoint interiors. They
can be even nonconvex. All elements are numbered so that T}, = { K };c;, where
IcZt={0,1,2,...} is a suitable index set. We denote hyx = diam(K), h =
maxger, hie, px — radius of the largest d-dimensional ball inscribed into K,
| K| - d-dimensional Lebesgue measure of K, I';; = I';; = 0K; N 0K, provided
t # 7 and K, K; € T}, contain a common nonempty open face. Then we call
K; and K; neighbours. (See Figure 1, showing a possible 2D situation.) The
boundary 0f is formed by a finite number of faces S;,j € I, C {—1,-2,...}
of elements K; adjacent to 0€2. For i € I we set

s(i)={j € I Kj is a neighbour of K}, (7)
(i) ={j € I1; S; is a face of K},
I';j =5, for such K; € T}, that S; C 0K;, j € I.

If we write S(i) = s(i) U~(7), then

jEst j&)
Furthermore, we use the following notation: n;; = ((n;)1,..., (n;;)a) — unit

outer normal to 0K; on the face I';; (see Figure 1), |I';;| — (d — 1)-dimensional
measure of I';;, d(I';;) = diam(I';;). We have



nij = —’I’I,ji (9)
d(Ty;) <hg, < h.

Over the triangulation 7T}, we define the so-called broken Sobolev space

H*(Q,T;) = {v;v|x € HYK) VK € T}} (10)
equipped with the norm

1/2
||U||Hk(Q,Th) = ( Z ||U||§{k(1()) (11)

KeTy

and the seminorm

1/2
|U|Hk(Q,Th) = (Z |U@1k(x)> . (12)

KeTy

For v € H'(Q,T}), 7 € I and j € s(i) we denote

v|r,, = the trace of v|g, on I'y, (13)

v|r,; = the trace of v|g, on I'j;,

<U>Fij :; (U‘Fij + vh‘ji) )

[U]F,-j :U|Fij - Ulei'

In the discretization we shall use the nonsymmetric variant of the DG repre-
sentation of the diffusion terms, introduced by Oden, Baumann and Babuska,
combined with interior and boundary penalty. We speak of a NIPG variant
(see [28]). The convective terms are approximated with the aid of a numer-
tcal flux. This is an important ingredient in the finite volume schemes and
allows to approximate convective terms in a natural way also in the frame-
work of the DGFEM. The interior and boundary penalty terms are used here
because of the following reasons. First, they stabilize the diffusion approxima-
tion and play an important role in the proof of the coercivity of the problem.
(It is well-known that for schemes without penalty terms the error estimates
can be proven only for elements of degree > 2, see, e.g. [1], [3].) Second, the
penalty terms are necessary for the control of nonlinear convective terms in
the derivation of error estmates. See, e.g. estimates (38) — (40).



In [20], Section 3, the DG space semidiscretization (method of lines) was in-
troduced. To this end, the following forms were defined: For u,v € H*(Q,T},)
we set

(u,v) :/uvdx, (14)

ap(u,v)=¢e>_ /Vu Voudz

el K;

-y / ((Vu) - m[0] = (Vo) - msfu]) dS

J€s(i)
j<i F

- Z /((VU'I’I,U)U— (VU'I’LZ])’LL) dS s

SlO)

(o) =3 | 35 [ Hulr,,ulry, mig) vl 45 (15)

el jES(i)Fi]_

+ Z /HUFW r”,nZ]) Fide
jEW(i)p..
—Z/Zfs r, u,veH(QT}), ue L™(Q),
zGIK s=1
(16)

Ji(u,0) =>4 > / v]dS+ Y /JuvdS (17)

el | jes(q) jey(i)p T

0u(0) (1) = (g(t), v +gz 3 /(V'U'nijuD(t)—i-auD(t)'u) s, (18)

il jE“{(i)Fij

representing the L?(2)-scalar product, diffusion terms, convective terms, in-
terior and boundary penalty and right-hand side. The function H is a numer-
ical flux (also called an approximate Riemann solver). The weight function
o : Uier Ujes iy — IR from the penalty terms is defined by

1

g

If j € 7(4), then I';; C 02 and it is necessary to specify the meaning of
r;;- Here we use the extrapolation, i.e. we set ulr,, := u|r,;. (In practical
computations, usually more sophisticated boundary conditions depending on




the behavious of u are used, see Section 6.) We assume that the numerical
flux has the following properties:

Assumptions (H)
(1) H(u,v,n) is defined in IR? x S, where S; = {n € R%|n| = 1}, and
Lipschitz-continuous with respect to u, v: there exists a constant C; > 0

such that

|H (u,v,n) — H(u", 0", n)| < Ci(ju — [ + v —v7)), (20)
u, v, u",v" € R, nesS.

(2) H(u,v,n) is consistent:
d
H(u,u,n) =Y fi(u)ns,, ue€R, n=(ny,...,ng) € 8. (21)
s=1

(3) H(u,v,n) is conservative:
H(u,v,n) = —H(v,u,—m), u,v € IR, n€S;. (22)

In virtue of (20) and (21), the functions f;, s = 1,...,d, are Lipschitz-
continuous with constant Ly = 2C;. From (4), a) and (21) we see that

H(0,0,n)=0 VYneclS,. (23)
As an example of a numerical flux satisfying the above assumptions we can use
the numerical flux from Section 6 or multidimensional variants of well-known

approximate Riemann solvers for conservation laws. Let us mention, e.g. the
numerical fluxes by Engquist—Osher and Lax—Friedrichs, see e.g., [21].

Now we define the space of discontinuous piecewise polynomial functions

Sp=S""HQ, Th) = {v; vk € PIE) VK € Tp}, (24)

where PP(K) denotes the space of all polynomials on K of degree < p, where
the integer p > 1 is a given degree of approximation.

In [20] we showed that the exact solution u with property (5) satisfies the
identity

(?ﬁ(w, ) + an(u(t), vn) + ba(u(t), vn) + 27 (u(t), va) = () (t) (25)

for all v, € S, and all ¢t € (0,7).



Now we are ready to introduce the fully discretized problem. To this end,
we consider a partition 0 = ¢y < t; < ... of the time interval [0,7T], set
Tk = tpy1 — tg for £ =0,1,..., the exact solution u(tx) will be approximated
by an element u* € S, as test functions v we shall use functions v;, € S, and
the time derivative in (25) will be approximated by the backward difference.
In order to obtain a stable and efficient scheme, the forms ay, Jy and ¢, will
be treated implicitly, whereas the nonlinear form b;, will be treated explicitly.
In this way we arrive at the following method.

We define the approzimate solution of problem (1)— (3) as functions uf, t;, €
[0, T, satisfying the conditions

a) uf™ € Sy, (26)
UZH - Ulﬁ k+1 k
b) 77_ , Up, -+ ah(uh y ’Uh) -+ bh(uh, Uh)
k

+eJ7 (bt vn) = 0,(vp) (tk1)  Von € Sh, Yty € (0,7,

c) uy) = 1500,
The function u¥ is called the approximate solution at time t.

In (26), ¢), ITX* denotes the operator of L%-projection on the space Sj,. This
means that [1X°v € Sj, and

(HLQU, cp) = (v,p) Ve € Sh. (27)

It is obvious that (IT**v)|x € PP(K) and for v € L2(Q) we have
(HL2U7(10)L2(K) = (Uv @)LQ(K) Vo € PP<K)7 VK € 1. (28>
For each t;41 € (0,T] problem (26),a)—b) is equivalent to a system of linear

algebraic equations with a nonsymmetric, but positive definite matrix, which
can be solved by a suitable solver. This implies the following result.

Lemma 1 The discrete problem (26) a)—c) has a unique solution.

In what follows we shall be concerned with the analysis of method (26),a)—c).

4 Some auxiliary results

In this section we summarize some important results and properties which
have been proven in [19] and [20].



4.1  Geometry of the mesh

Let us consider a system {7}, }re(0,h0), ho > 0, of partitions of the domain €,
i.e. T, = {K;}ier,, In C Z7T. For the sake of simplicity, we shall write I instead
of I, (h € (0,h)) and the dependence of index sets I, I, s(i),v(i) and S(7)
on h will not be emphasized by the notation.

In what follows, by the symbol C;,7 = 1,2,..., we shall denote constants
always independent of A and 7.

Let us assume that the system {7} }1re(o,ny) has the following properties:

(A1) Each element K € Ty, h € (0, hg), is a star-shaped domain with respect
to at least one point xx = (zk1,...,Txqe) € K°, where K° is the interior
of K. We assume:

i) There exists a constant £ > 0 independent of K and h such that

maxX,eor | — Tkl

<K VK €Ty Vhe (0, h). (29)

minmeaK ‘513' — JﬁK’

ii) The element K can be divided into a finite number of closed sim-

plexes:
K= |IJ S (30)
seS(K)
There exists a positive constant (5 independent of K, S and h such
that
hs .
— < (Cy VS eS(K) (shape regularity), (31)
Ps

where hg is the diameter of S, pg is the radius of the largest d-dimen-
sional ball inscribed into S and, moreover,

>

1<K <i<oo VSeS(K), (32)
S

where & is a constant independent of K, S and h.
(A2) There exists a constant C5 > 0 such that

hg, < Csd(I';;), Viel, jeS(i), he(0,hy). (33)

Let us note that these properties can be verified, e.g. in the case of dual finite
volumes constructed over a regular simplicial mesh.

10



4.2 Some important inequalities and estimates

Under the above assumptions, the following estimates can be established:

o200 < Ca (0l 2y [0l oy + B 013200 ) (34)
VK €Ty, ve H(K), h € (0,hg)

(multiplicative trace inequality),

|U|H1(K) S C5h;(1||v||L2(K) Yv € PP(K), K e Th (35)

(inverse inequality).
There exist a constants Cg > 0 independent of v and h and a linear mapping

II: H(K) — PP(K), p> 0, such that

||H’U — UHLQ(K) S CﬁhII);rl‘U’Hp-H(Kﬁ <36>
v — v| g1 (k) < Collge [v] v (i),

|HU — U|H2(K) S CGhI}){_1|U|Hp+1(K),

for all v € HPY(K), K € T}, and h € (0,hy) (approximation properties of
Sh);

The operator II is not the L2- projector IT** on S, introduced in (27). From
the construction of II in [32] it follows that IIv = v for v € S,. Moreover,

o — T 0| 20y < v = T0|| L2y < ColP o] o ), (37)
Vv € HP(K), VK € Tp,
as follows from (36).

Under assumptions (4), a), Assumptions (H) and Assumptions (A1), (A2),
the form by, has the following properties.

by (1, v) — by (@, )| (38)
< Cr (T (0, 0) + ol

1/2
x (Ilu—ﬂllwm + (Z hx, U—ﬂ”%%am)) ) :
=y

u, U, vE Hl(Q,Th),

11



|br, (up, vg) — bp(@n, vy (39)
<Cjs (J,f(vh, o) + |Uh|H1(Q,Th)) [Jun — Ul L2(q).

Up, Up, Vn € Sp,
by (w, vp,) — by (T, ) | (40)

< Cyht™! (J;Z(vh, un)'? + \Uh|H1(Q,Th)) [l r+1(@)
u € HPH(Q), vy € S,

where ITu is the Sp-interpolant of u from (36).

The proof of (34) can be found in [19], for (35), see [20]. As for (36), in the
case of a simplicial mesh standard results from the finite element method can
be employed (see, e.g. [11] or [6]). In our case, when general nonconvex star-
shaped elements are used, the approximation properties (36) are derived under
the above assumptions in [32]. Estimates (38) — (40) are established in [20],
Lemmas 5 and 8.

5 Error estimates

Now we shall analyze the error estimates of the approximate solution uf, k =
0,1,..., obtained by method (26) under the assumption that the exact solution
u satisfies (5). For simplicity, we consider a uniform partition t;, = k7, k =
0,1,...,7, of the time interval [0,7] with time step 7 = T'/r, where r > 1 is
an integer.

Let ITu* be the Sy-interpolation of u* = u(t;,) (k= 0,...,r) from (36). We set

=i —Tlu* € Sy, 0 =Tf —u* ¢ H(Q,T)). (41)

k

Then the error ef = uf — u* can be expressed as

ef =&k k=o0,...,r (42)

Setting vy, := ¥ in (26), b), we get

(U’fLH - Uiafkﬂ) +7 (Cbh(ulfiﬂafkﬂ) + ba (up, €7) (43)
ey (up € — £,(6) (tk—i-l)) =0, tptey €1[0,77.

Moreover, setting t := t,,; and vy, := £¥+1 in (25), we obtain

12



(u/(thrl)’ £k+1> + ah<uk+1’ €k+1) + bh(ukﬂ, §k+1)
+e i (W E) — 0,6 (thga) = 0, ta tega € 10,77,

where v = Ju/0t.

Multiplying (44) by 7 and subtracting from (43), we get

(b =, €11) =7 (W (), €1)
7 (an(uf = L €) by (uf, €51) — by (a1, €4

el (uftt — uk+1,§k+1)> =0, k=0,...,7—1.

By (41) and (42), from (45) we have

(€ —€5,67) 7 (an(€F, €+ edf (€4, 644
:T(U,<tk+1),§k+1) o (uk—I—l o uk7§k+1) . (nk—I—l o ﬁk,gk—H)

47 (bh(uk+17 £k+1) . bh(uﬁ, gk—i—l) . ah(nk—i-l’ gk;—i—l)
—eJ7 (", €4)).

(45)

(46)

In what follows, we estimate the individual terms on the right-hand side of

(46).

The Cauchy inequality implies that

J7 ) < (T F )R (IR (R ENYE k=0,

Lemma 2 Under assumptions (5), for ty, tgr1 € [0,T] we have

‘(UZH - Ufwﬁkﬂ) - T(U,(tk+1)7§k+l)‘ < 0107'2||§k+1||L2(Q),
||uk+1 — uk||L2(Q) S 0117'7

- Uk|H1(Q) < Char,

k+1

™ — uk|HP+1(Q) < Char,

with Chg, C11, Cho and Cy3 depending on u, but independent of k and 7.

PROOF.

(47)

i) By [18], Lemma 8, we have (48) with Ciy = [[u"||1=(01L20)), v =

0?u/ot?.

13



ii) Since v’ € L>(0,T; H*1(Q)) C L>(0,T; L*(Q)), we can write
Tt
l = ey = || [ W@t <l oo, (52)
t 12(Q)

which proves (49) with C11 = |[o|| oo 0,7;22(02))-
iii) Since u' € L>(0,T; HP™(Q)) C L>(0,T; H'(2)) and

0 ([ ou 0 [Ju
at((am)_%(m), l=1,....d, (53)

in the sense of distributions, we obtain

k1

\u Uk|H1(Q) = HVuk“ — VukHLz(Q) (54)

ty L2(Q)
Tt

dt = [ I90/(1) |z

173

L2(Q)

= | [0'®) |0y dt < Tl ([ oo, (02,

which is (50) with 012 = ||UI||L0<>(07T;H1<Q)).
iv) Using a similar argumentation as in (54), we derive (51) with Cj3 =
[ || oo 0,750 () -

[]

Lemma 3 Under assumptions (5), for ty, tyr1 € [0,T] we have

(" = )] < Crar kP HIE g, (55)
with 014 = 014(U).
PROOF. The Cauchy inequality, relations (41), (36) and (51) imply that

[ = n® O < I = 0¥ 2@ l1€5 2o (56)
= [T = u®) = (" = u¥)| 20 1€ | 220
S C6hp+1‘uk+1 o Uk‘HP-*-l(Q)kaJrIHL?(Q)

< CoChsThP T Mt 220,

14



which proves the lemma with C'y := CgC'3. D

Lemma 4 There exist constants C15 > 0 and Cig > 0 independent of u, h,

k, & and ¢ such that

Jan (7, €9) < Crseh? L niey (S5 €5, €2 + €mamy)
chzf(nka 77k < 016 h2p|uk|§{P(Q)7 h € (07 ho), Iy € [Oa T]

PROOF. See [20], Lemma 9. D

Lemma 5 For h € (0, hy), ty, ter1 € [0, 1] we have

’bh(uk—&-l’ gty — bh(uiy €k+1)‘
<y <Jg(€k+l’ £k+1)1/2 + ‘karl‘Hl(Q,Th))
X (1€ 120 + 7+ 4 7).

where C7 = C7(u) is independent of h,7, k, .
PROOF. We can write

(w1, €541) — by (uf, €5)
— bh(uk+1,§k+l) _ bh<uk,§k+1) (:: \111)
+ bh(uk,£k+l) _ bh(Huk’£k+1) (:: \112)
+ b (TTu®, 57 — by (uf, €51 (= Wy).

We estimate the individual terms in (60). In virtue of (38),

(W1 |<Cr (J (€5, €12 €94 1o, )

% (Huk+1 o uk”Lg(Q) -+ (Z hKi

il

Using (34), (49) and (50), we find that

Z b, uFtt — UkH%Q(aKi)

i€l

<O Y (Paa ™ = ¥ oy [ — 6,
el

15

1/2
uFt — Uk”%Z(azg)) ) .

(59)

(60)

(61)

(62)



—i—HukH - ukH%z(KZ)) < C(187—27

where Cjg := Cy(C11C12ho + C%). Then (61), (62) and (49) give

(W1 |<Cr (Jﬁr(fkﬂafkﬂ)l/%r |§k+1|H1(Q,Th)) 7(y/Cis + Cn). (63)

Moreover, due to (5), we can set

Cho = ||ull Lo/ 0+1 ) - (64)

From (40) and (39) we deduce that

[0a] < G (R (€ )2 1168 ) oy, (69)
|\I’3| < OS (J,‘{({Hl,{kﬂ)m + |€k+1|H1(Q,Th)) ||Huk N UZ||L2(Q)'

By (60), (41), (63), (65) and (64),

B (P €54 = by (uf, €1 (66)
<y (J,f(fkﬂ, €k+1)1/2 + |€k+1|H1(Q’Th))
x (€ 2@y + W+ 7)),

with C}7 := max(Cs, C9Chg, C7(C1y + +/Cig), which proves the lemma. D

Now we shall formulate the main result.

Theorem 6 Let assumptions (4), a) - ), (H) and (A1)-(A2) from Section
4.1 be satisfied. Let u be the exact solution of the problem satisfying (5). Let
ty=kr, k=0,1,...,r, 7=T/r, be a time partition of [0,T] and let uf, k =
0,...,r, be the approzimate solution defined by (26) and let T < 1/2. Let us
set

e = {e) im0 = {ui — u"}ico, (67)

T
He”izz,T,L2(H1) =E&T Z (|6Z|%{1(Q,Th) + Jﬁ(eﬁ, 62)) ;
k=0

-----
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Then there exist constants

C = O (exp(2T(1 + Oy /¢)))

and A
C' = O (exp(2T(1 + Cy/<)))
such that
lellfrzoqzey < € (0?7 (e + 1° + H/e) +7° (14 1/2)) (68)
lellf sz < € (0 (e 4+ 02+ h2/e) + 7 (14 1/2)), (69)

where Cyy = 8C%,.
Moreover, provided

h<CisT (70)

with a constant Crs independent of h and T, there exists a constant
C = O (exp(2T(1 + Cq/¢)))

such that

lell? o poeuy < C (h*71 (1€ + ht hfe + h? + h2/e + h?/<?)
+7 (1—|—1/£—|—1/€2)> (71)

PROOF. Asin (41) we set f’“ = uf — Hu €Sy, n* =Tur—u* k=0,...,r
Then (42) holds: ef = uf — u* = ¥ + n*. From (46) and the relations

ah(§k+1u§k+1) = €|§k+l|?{1(Q,Th) (72)

and

2(§k+1 o §k7§kz+1) _ (||€k+1||%2(9) - ||§k||%2(g) + ||§k+1 - §k||%2(9))> (73>

for k=0,...,7r —1 we get

154 )20y — €8 13200 + 11€87 = €132y (74)
+2r (el fram,) +eJn (€, &)

17



—9 (T(u/(thrl), £k+1) _ (uk+1 — §k+1) _ (nkJrl _ nk’€k+1>)
+2r (bh(uk—i-l,gk—i-l) o bh(ul,j, £k+1) o ah<nk+17£k+1)
—eJ7 (", €51)) =: RHS.

With the aid of Lemmas 2 — 5 | inequality (47), notation (64) and Cy =

C19(Ch5 + v/ Cig) we estimate the right-hand side RHS of (74):

IRHS| <2 (Cio7% + Crarh? 1) (|54 20y
+27 (J7 (€ Y + € o)
X (Coneh? + Cor (B4 4+ 7+ € 2@ ) -

From Young’s inequality, under the notation Cyy = 8C%, and
2 212 2 4 92 2 Cao
g(e,h,7) = 202 (Cl4h +4eCE 4 22 ) (2010 ) ,
€ €
it follows that

15 1 F a0y — 165 120 + 7€ (165 B,y + TR (€57, €541))
< T||f’““||Lz )71 +Ozo/s>||§’“l|p )+ 7a(e, h, 7).

Hence,

(1 =" 22y +7¢ (|§ Minqm,) + € ka))
<( +TC20/€)||§k||L2 ) +7q(e, h,7).

Moreover, the following inequalities are valid:

165 + nF 1320y <2 (161320 + 17" 112(0) »
&5 +n ’Hl @1, <2 (’fkﬁfl(g,irh) + ’nkﬁil(Q,ThQ ;
JP(ER ", €8 ") <2(J7 (€5, €5) + J7 ().

Now we prove the error estimates (68) — (71).

i) By (78) (using assumption that 0 < 7 < 1/2),

18
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1+T020/€ T
1€+ 1a(q —T—Amwm+77wnﬂ
k=0,...,r—1.
If we set
B: 1+T020/€
1—7

then we derive from (80) by induction that

Bk—qu(E,h,T)
B—l 1—7 7
k=0,...,7

16" 1122 (0) < B*11€° 220

By (81),

T 1
(B-1)(1—7) 14 Couje ="

As7<1/2 then 1 —7>1/2 and

B S 1 —+ 27'(1 + Cgo/€> S eXp(QT(l -+ 020/8».

From (82) — (84) we have

16513200y < exp(2rk(L + Cao/e)) (€132 + ale. 7)) -

(81)

(83)

(85)

Further, (26) c), (27) and the Cauchy inequality imply that for each K € T},

||§O||L2(K (HL — I’ ,5 )L2(K (U — T’ f )L2(K)
< lu® = T 20 1€l 2

Thus, by (6), (36) and (64),

||§O||L2(K) S ||U0 - HUOHL2(K) S C6h1;;_1|uo|Hp+1(K),

and

1072y = - 1€y < CERPP Vo) < Conh®P Y,

el
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where Coy = C2C?%,. From (85) and (88) we get

1651320 < exp(2T(1 + Cao/2)) (Cozh® PV + (e, b, 7)),

k=0,...,r

Further, by (41), (36) and (64),

||77k||%2(9) < Cﬁzhﬂpﬂ)‘uk‘}%{pﬂ(ﬂ) < 0620129h2(p+1).

Using (67), (79), (89) and (90), we find that

e HhTL"O(L2)<2 max (”f HL2 +an”%2(ﬂ))

.....

S 2 eXp( (1 + 020/8)) (Q(€7 h7 T) + 023h2(p+1)) )

with Cyz = Cyy + CEC%,, which implies estimate (68).

ii) Now let as derive (69

r—1
||£TH%2(Q) +TE) (|§
k=0

r—1

) + I (€M ka))

7(1+ Cao/2) > (164 20 + 1€¥11320)

k=0

+TQ(€7 h7 T) + ||§0||%2(Q)

This, (88) and (89) imply that

e > (16" 3 o.m,) + T (€5, €)
k=1

<2T(1 + Cyp/e) exp(2T(1 + Cy/2)) (C’gghQ(pH) + 2q(e, h, 7'))
+Coph?PHh),

). Summing (77) over k =0, ...,

r—1, we get

Moreover, as £ € Sj,, we have from (35) and (87) the estimate

1€ ) < Cshit 1€ 2
and, by (64),
Hl(Q Th) => \fO’Hl
i€l

K;) S 0506]75(1 |u0|Hp+1(

20
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2,427 2p|, 02 242,42 12
< C5CshPlu |HP+1(Q,Th) < C5CCgh™.

Furthermore, in virtue of (17), (19), (33), (34), (87) and (94),

FE)<4Y Y [ d el 7S (96)
el jeS(i )1" d
<4Cs Y — / €92 dS
i€l K 8K1
0 2
<403 C4§E (”5 | ||L2(Ki)>
S 803 04 C52 Z th |U Hp+1(K )
i€l
S 803 04 052 h2p|u0|%{p+l(Q’Th)
<8C3Cy C2 C% h*.
Then (93), (95) and (96) give
e Y (1€ am) + IR (€5 D) (97)
k=0

<2T(1 + Cyo/e) exp(2T(1 + Cy/€)) (022h2(p+1) +2q(e, h, 7))
+h2p (nghz + 7'8024) s

where Coy = C2C2CE, + 8C5 Cy C2CE,.

Taking into account (41), (36), (58) and (64), we obtain

TEY <|nk|%11(Q,Th) + J7 (", Uk)) (98)
k=0
< TE <02h2p Z |uk|Hp+1(Q Th) + 016 th Z |uk|?’{p+1(9)>
k=0

S 8025}1 p(T+T),

where Cys = C%(C2 + Cy6). Finally, using (67), (41), (79), (97) and (98), we
arrive at the estimate

HeHi,’r,LQ(Hl) <27 (|€k|12r{1(9,:rh) + J7 (€, €M) (99)
§=0

+|77k|%{1(Q,Th) + J7 (", Uk))
<AT(1+ Cy/e) exp(2T(1 + Coo/c))
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X (2q<€, h, T) + h2p (022h2 + €<024 + 025)>) .
Now, assertion (69) of the theorem follows from (76) and (99).

iii) Finally, let h < 7. As 7 < 1/2, (78) implies that

e (I B, + (€, &) (100)

1 Cy
< (- “2) U ey + ale, ),

Using (89), we obtain

e (1€ i ) + TR(EHE) (101)

< (1 + i) exp(2T (1 + Cao/e)) (Coah®*) + q(e, . 7))

-
+q(e, h,T).

Hence, in virtue of (41), (36), (58) and (64),

e (In* oy + I8 (" 0")) < eCash™, (102)

where Cys = C%(C? + C46). Now, according to (67), (41), (79), (101) and
(102) we arrive at

ez < max 2 (€53 o7, + 7 (6", €°) (103)

+nt e + 5 0F "))
<2(e + 7C%) exp(2T(1 4 Cyy/¢))

h2(p+1) h
. <022 . q(g, ’T) + q(Ef, h7 7-) + 025h2p> .

ET

Finally, this, (76) and assumption (70) yield (71). D

Remark 7 FEstimate (68) implies that

|l — unl| Lo 0,m02(02)) = O(AP + 1) for h — 0 +. (104)

Comparing this result with the approximation property (36) implying that

|w — Mul| oo r20)) = O(RPHY), (105)
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we see that the error estimate (68) is suboptimal with respect to h. There
1S a question, whether this estimate can be improved. Numerical experiments
carried out in [17] indicate that the actual order of convergence in the L>(L?)-
norm in the case of odd degree of approzimation (in [17]p=1 and p=3) is
better than the theoretically derived estimate. (Similar experimental results can
be found in [27] and [25] for stationary elliptic problems without convection.)
In the next section we shall present numerical experiments with piecewise lin-
ear elements (p = 1) on noncomforming meshes with nonconvez elements.

It is clear that estimates (68) — (71) cannot be used for e — 0+, because they
blow up exponentially with respect to 1/e. This is a consequence of the appli-
cation of Young’s inequality and Gronwall’s lemma, necessary for overcoming
the nonlinearity of the convective terms. This nonlinearity represents a serious
obstacle for obtaining a uniform error estimate with respect to ¢ — 0+, as in

[24]

Estimate (71) in L°°(H")-norm has been obtained under assumption (70), i.e.
h < Cis 7. This nonstandard “inverse stability condition” also appears in [30]

and [22].

Remark 8 Fstimates (68) — (71) were derived without any restriction on the
time step 1. It is possible to show that for a fixed € > 0 the semi-implicit
scheme 1s unconditionally stable. However, there is a natural question what
happens, when ¢ — 0 and in the limit we obtain an explicit scheme for a
nonlinear conservation law. Its stability requires the use of a CFL condition
limiting the length of the time. Our results are not in contradiction with this
fact, because, due to Remark 7, the error estimate blows up and the scheme
may loose the unconditional stability for ¢ — 0. (This is also confirmed by
numerical experiments in Section 6.3.)

6 Numerical experiments

In this section we shall verify the theoretical error estimates, presented in the
previous section for general grids having properties (A1) and (A2). Namely, we
consider nonconforming meshes containing triangular and nonconvex quadri-
lateral elements constructed by the following algorithm:

(1) We start from a vertically oriented structured triangular grid, see Figure
2, a).

(2) We aplly a vertical shift to some vertices, which creates a triangular mesh
with handing nodes, shown in Figure 2, b).

(3) We apply a horizontal shift to some vertices, which creates nonconvex
quadrilaterals in Figure 2, c).
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Nt — =

4_
vertical movement horizontal movement

Fig. 2. Algorithm generating grids with nonconvex quadrilateral elements

This algorithm allows us to construct meshes with a prescribed constant Cj
from (33), characterizing the nonconformity of the mesh. Figure 3 shows grids
with different numbers #7), of elements and different values of Cj.

These types of grids are artificial and not used in practice, of course. We only
want to demonstrate that our scheme is robust with respect to rather rough
meshes. Numerical calculations on conforming triangular meshes were carried
out in [20] and [17]. On the other hand, it is possible to meet grids with
nonconvex elements, if the DGFEM is considered as a generalization of the
so-called dual finite volumes (see, e.g. [22]). One can also meet such meshes
in the process of a mesh generation, particularly in 3D.

We solve the 2D viscous Burgers equation

ou ou ou
o ZZ A in Q T 1
3t+u0x1+u8332 eAu+g in Qx(0,7), (106)

where Q = (—=1,1)%, T = 1, equipped with the boundary condition (2) and the
initial condition (3). In the definition (15) of the form b, we use the numerical
flux

2 foluy)ng, if A>0

H = 107
(Ul,UQ,'n/) §:1 fs(UQ)ns, lfAS 0 ) ( )
where
2 1
A=) fi(a)n,, u= §(u1 +uz) and m = (nq,ngy). (108)
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4Ty, = 136, Cy = 2.094 4T}, = 136, Cy = 8.375
4Ty, = 253, Cy = 2.094 #T), = 253, Cy = 8.375
05 F =| 05 F L:/
L
4T, = 1081, Oy = 2.094 #T), = 1081, Cy = 8.375

Fig. 3. Examples of grids formed by triangular and nonconvex quadrilateral elements
with different numbers #7}, of elements and different values of C3
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One can see that H satisfies conditions (21) and (22) and is Lipschitz-continu-
ous on any bounded subset of IR?. For boundary edges T';;, j € (i), in
the definition of the convective form by, we use the treatment of boundary
conditions based on upwinding. This means that the second term in (15) is
replaced by

Z/H(u

SlO)

r, dS, (109)

Fi]'7u|1—‘ji7 nz]) v

where

ulp,, if 2, f(ulr, )(ni;)s >0,
u|F _ FZ] Zs—l fS( Fzg)( J) , (110)

Ji .
up|r,;, otherwise.

Here (n;;)s is the s-th component of outer normal n;; to 92 on I';; and up|r,,
is the restriction of the function up from the boundary condition (2) on I';;.

All computations were carried out with piecwise linear elements and a con-
stant time step 7 > 0. Volume integrals over elements K € T}, are evaluated in
such a way that these elements are divided into triangles and then a quadra-
ture formula exact for polynomials of degree < 6 is applied. Line integrals are
computed with the aid of a formula exact for polynomials of degree < 7.

6.1 Convergence with respect to T

First, we verify experimentally the convergence of the method in L?(Q)-norm
with respect to the time step 7 — 0+. In order to restrain the discretization
errors with respect to h, we use a fine mesh with 4095 triangles and C3 = 2.094.

We define the function g and the initial and boundary conditions in such a
way that the exact solution has the form

610t -1
U<l’1,$2,t) = m@(xhxﬂu (111)
where
Wy, w9) = (1 — 27)*(1 — 23)? (112)

and € = 0.1. The solution u is equal to zero at ¢ = 0 and converges exponentialy
to @ for t — 1. The function @ vanishes on the boundary 0f2, see Figure 4.
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Fig. 4. Exact solution (111) at t =1

The computations were carried out with 6 different time steps 7;, see Table 1.
The computational error is evaluated at time 7' = 1 in L*(Q)-norm, i.e. we
set

€r = Hu‘r(aT) - u('vT)HLQ(Q)a (113)

where u(-, T') is the exact solution given by (111) — (112) at time T and u. (-, T)
is the numerical solution at time 7" obtained by scheme (26), a)—c) with time
step 7. We suppose that the error behaves according to the formula

e, =~ Dt%, (114)

where D > 0 is a constant independent of 7 and « is the order of accuracy of
the method in L?*(Q2)-norm. We define the local experimental order of conver-
gence by

log (en /en_1>

o = ,
" log (1)1

[=2,...,6. (115)

The global experimental order of convergence & is obtained by the least squares
method. Table 1 shows the errors e., the values of o for [ = 2,...,6 and a.

6.2 Convergence with respect to h

Now we verify numerically the convergence of errors in L?(Q)-norm with re-
spect to the mesh size h — 0+. In order to overkill the discretization errors
with respect to 7, we use the time step 7 = 10™%. Numerical experiments
indicate that this choice is sufficient. Smaller 7 does not cause any further
decrease of computational errors.
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Table 1

Time steps 73, [ = 1,...,6, computational error e,, values of oy, [ = 2,...,6, and &
L*(Q)-norm
l T er o

1 5.000E-03 | 2.0182E-02 -

2 2.500E-03 | 1.0156E-02 0.991
3  1.250E-03 | 5.1311E-03 0.985
4  6.250E-04 | 2.6506E-03 0.953
5 3.125E-04 | 1.3780E-03 0.944
6 1.563E-04 | 7.2245E-04 0.932
global order & 0.961

We define the function g and the initial and boundary conditions in such a
way that the exact solution has the form

—t

u(xy, Ta,t) = (1 — 62> u(wy, ), (116)

where 4 is given by (112) and € = 0.1.

We solve the problem in consideration with the aid of piecewise linear elements.
The computations were carried out on 6 grids 73, [ = 1,. .., 6, having different
number of elements and different parameter C5, see Table 2. Some of the

meshes are shown in Figure 3.

The computational error of the solution is evaluated at time T'= 1 in L*(2)—
norm:

en = |lun(-,T) —u(-, 1) 2, (117)
where u(-,T") is the exact solution of equation (106) given by (116) and (112)
at time 7" and uy,(-, T) is the numerical solution at time 7" obtained by scheme
(26), a)—c). We suppose that the error behaves according to the formula

en ~ Dh®, (118)

where h = maxger, hx, D > 0 is a constant independent of h and « is the
order of accuracy of the method. We define the local experimental order of
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convergence by

o loslenfon)

) a67
lOg (hl/hlfl)

(119)

where h; = MaXkeT), hg, I =1,...,6. The global experimental order of con-
vergence & is obtained by the least squares method.

Table 2 shows the computational error e, and experimental order of con-
vergence. Moreover, Table 3 shows the error e; obtained on meshes with 528
elements and different values of the parameter C's. We see that the dependence
of the error on (3 is not important.

Table 2
Error e, and experimental order of convergence for grids with C3 = 2.094 and
Cs =8.375

Cs =2.094 Cs =8.375

L #Th, hy ep ot} en o7}
1 136 4.334E-01 | 1.9775E-02 - 1.5393E-02 -
2 253  3.152E-01 | 1.0404E-02 2.017 | 7.9873E-03 2.060
3 528 2.167E-01 | 4.9109E-03 2.004 | 3.6525E-03 2.088
4 1081 1.508E-01 | 2.3905E-03 1.986 | 1.7223E-03 2.073
5 2080 1.084E-01 | 1.2450E-03 1.976 | 8.8145E-04 2.029
6 4095 7.705E-02 | 6.1307E-04 2.075 | 4.3596E-04 2.062

a 2.005 2.064

Table 3

Dependence of the computational error e, on the value of C3 for #1}, = 528
l Cs e
1 2.094 4.9109E-03

3.8514E-03

3.6525E-03

3.6403E-03

3.6550E-03

3.6676E-03

2 4.188
3 8375
4 16.106
5 29911
6 52.344

Figure 5 shows the numerical solution obtained on grids with #7}, = 136,
253, 1081 and (35 = 2.094, 8.375. We observe here the convergence of the
approximate solution to the exact solution for h — 0.
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Ry, i
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0.5 X «,ﬁ%ﬁ%ﬁ%* . 0.5 0.5 X ,gzi:jf <75 AVQ::AV§:& 0.5
05 05 0.5 05
1 1 1 1
#T), = 1081, C3 = 2.094 #Ty, = 1081, C3 = 8.375

Fig. 5. Numerical solution on grids with nonconvex quadrilateral elements with
different numbers of elements #71} and different values of C3

6.3 Stability of the scheme for e — 0

In virtue of Remark 8, we solve the problem from Section 6.1 with decreas-
ing diffusion coefficient ¢ and investigate the stability behaviour of the semi-
implicit scheme (26), a)—c). We use a fixed triangular grid having 1056 ele-
ments (h = 6.37 - 1072) and carry out the computation with different time
steps 7 and different diffusion coefficients €. Table 4 shows the computational
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error e, = |lup(-,T) — u(-,T)||2() (T = 1) in depedence on 7 and . We see
that for a fixed 7 the error increases with a decreasing £, which corresponds
to the obtained theoretical error estimate. On the basis of this experiment
we can conclude that for a decreasing € the unconditional stability becomes
weaker and weaker and in the limit for ¢ — 0 we get a conditionally stable

method.

Table 4
Error e; in dependence on 7 and ¢
€
T 0.0001 0.001 0.01 0.1

0.01250000 | divergence divergence 0.0349157 0.0018731
0.00937500 | divergence 0.0613545 0.0251048 0.0016094
0.00867187 | 0.0644484 0.0571331 0.0229959 0.0015743
0.00625000 | 0.0499788  0.0409237 0.0158801 0.0015312
0.00312500 | 0.0253018 0.0197805 0.0074850 0.0016554
0.00156250 | 0.0122522  0.0096823 0.0039342 0.0017804
0.00078125 | 0.0066870  0.0055137 0.0027518 0.0018550
0.00039125 | 0.0051225 0.0043855 0.0025410 0.0018949

7 Conclusion

We have presented an efficient numerical method for the solution of nonsta-
tionary nonlinear convection-diffusion problems, which is based on the space
discretization by the discontinuous Galerkin finite element method and a
semi-implicit time discretization and applied on nonstandard, nonconform-
ing meshes. We have derived a priori error estimates of order O(h? + T)
in L>=(0,7; L*(Q2))-norm , L*(0,T; H(Q))-seminorm and L>(0,T; H'(Q2))-
seminorm. The presented numerical examples indicate a better behaviour of
the experimental L>(L?)-order of convergence for piecewise linear approxi-
mations, in spite nonconforming meshes with nonconvex elements are used.
The obtained results confirm that the DGFEM is a powerful and reliable
method for the numerical solution of nonstationary nonlinear convection-
diffusion problems, which is sufficiently accurate and robust even on unstruc-
tured nonconforming meshes with nonconvex elements and hanging nodes.

There are several items for the future work:
— derivation of optimal error estimates,

— avoiding the blow up behaviour of estimates with respect to ¢ — 0+,
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— development of efficient a posteriori error estimates,

— increase of accuracy in the time discretization,

stability analysis of the method for ¢ — 0+,

development of DGFE schemes for the numerical simulation of compressible
flow with a wide range of Reynolds and Mach numbers.
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