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Abstract

We develop an adaptive numerical method for solution of the non-stationary compressible Navier-
Stokes equations. This method is based on the space-time discontinuous Galerkin discretization,
which employs high polynomial approximation degrees with respect to the space as well as to the
time coordinates. We focus on the identification of the computational errors, following from the
space and time discretizations and from the inexact solution of the arising nonlinear algebraic sys-
tems. We derive the residual-based error estimates approximating these errors. Then we propose
an efficient algorithm which brings the algebraic, spatial and temporal errors under control. The
computational performance of the proposed method is demonstrated by numerical experiments.

Keywords: space-time discontinuous Galerkin method, compressible Navier-Stokes equations,
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1. Introduction

Our aim is to develop a sufficiently accurate and efficient numerical scheme for the simulation
of unsteady viscous compressible flows. The discontinuous Galerkin (DG) method, based on a
discontinuous piecewise polynomial approximation, is a popular technique for numerical solution
of the compressible Navier-Stokes equations, we refer to the pioneering works [1, 2, 3, 4] and some
recent papers [5, 6, 7, 8, 9, 10, 11, 12] and the references cited therein.

The space DG discretization leads to a system of stiff ordinary differential equations (ODEs) for
which a suitable ODEs solver is needed. = This approach has the advantage of permitting to use
large time steps. In [13], we employed high order multistep backward difference formulae (BDF)
for the time discretization. The BDF methods have lower computational costs in comparison to
the implicit Runge-Kutta methods and the time discontinuous Galerkin discretization, since the
size of the resulting nonlinear algebraic systems does not depend on the order of the BDF method.
On the other hand, multistep methods are not suitable for computations using different meshes at
different time levels, since re-computation of the solution from the triangulations corresponding
to previous time levels to the actual one can cause a lost of accuracy. Therefore, we consider
the space-time discontinuous Galerkin (STDG) method, which is more suitable for unsteady flow
simulations.

The STDG method employs discontinuous piecewise polynomial approximation with respect
to the space as well as to the time coordinates. On the other hand, the STDG method
is very expensive, since the resulting algebraic systems are several times larger (depending on
the polynomial approximation degree with respect to time) in comparison to the BDF methods.
However, its computational costs are partly compensated by its higher accuracy with respect to
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time, allowing to use larger time steps, The STDG method for the compressible flow problems
was developed in the series of papers by van der Vegt, van der Ven et al. ([15, 16, 17, 18, 19]),
where the algebraic systems were solved by a pseudo-time stepping and h-multigrid techniques,
and by et al. ([20, 21]) where the explicit local time stepping is employed. The analysis of the
STDG method for a nonlinear convection-diffusion equation was presented in, e.g., [22, 23].

The numerical solution of the given system of nonlinear partial differential equations (PDESs)
by the STDG method is influenced by three types of errors:

e space (or spatial) error resulting from the space semi-discretization of the given PDEs by
the DG method,

e time (or temporal) error resulting from the discretization of the arising ODEs system with
the aid of the time DG scheme,

e algebraic error (including rounding errors) resulting from the inexact solution of the corre-
sponding nonlinear algebraic systems at each time step.

In order to ensure the accuracy as well as the efficiency of the numerical method, these errors
should be balanced. Several theoretical papers deal with a posteriori error estimates for model
nonlinear time-dependent problems, let us mention [24, 25, 26, 27, 28, 29] and the references
therein. Concerning the compressible flow problem, a rigorous a posteriori numerical analysis is
an open problem. There are only a few papers dealing with it, let us mention [30], which uses
the so-called goal-oriented a posteriori error estimation for stationary compressible Navier-Stokes
equations based on the approach [31], see also [32]. A similar idea was developed in [33, 34] for
the space-time discontinuous Galerkin method applied to the Navier-Stokes equations.

Usually (see the papers cited above), the difference between the exact and the approximate
solutions is estimated by an error estimator reflecting the space as well as the time discretizations.
This estimator is often split into its spatial and temporal parts which reflect the space and time
discretization separately (in some sense). In [13], we presented a different approach, where the
spatial error is considered as a difference between the approximate (=space-time discrete) solution
and the time semi-discrete solution (which is formally exact with respect to space). Similarly, the
temporal error is considered as a difference between the approximate solution and the space semi-
discrete solution (which is formally exact with respect to time). Thereafter, we derived (rather
heuristic) residual error estimators which are able to identify the space, time and algebraic errors.

In this paper, we extend the approach from [13] to the STDG method. The aim is to develop
an algorithm which leads to the numerical solution with the smallest possible computational error
in the shortest possible computational time for the given mesh, the given degree of polynomial
approximation in space and the given degree of polynomial approximation in time. Therefore, based
on the mentioned residual error estimators, we define an algorithm which gives a numerical solution
where the time and algebraic errors do not essentially contribute to the total computational error,
the time partition is not too fine and the nonlinear algebraic systems are not over-solved. Moreover,
we develop a mesh adaptation technique, which combines these residual error estimates with an
isotropic and an anisotropic mesh refinement. The resulting scheme allows a local adaptation
in space and a global adaptation in time during the computation. Finally, let us note that the
presented approach is not limited to the application to the Navier-Stokes equations, it can be used
for any time-dependent PDEs discretized by the STDG method.

The content of the rest of the paper is the following. In Section 2, we recall the system of
the compressible Navier-Stokes equations and in Section 3 we introduce its discretization by the
STDG method including the solution strategy of the arising nonlinear algebraic systems. Section
4 contains the main part of this paper, namely the derivation of the space, time and algebraic
residual error estimators and the design of the final algorithm. The quantitative properties of
these residual estimators are demonstrated in Section 5 for scalar convection-diffusion equations.
Section 6 contains several numerical experiments demonstrating the applicability of the proposed
algorithm to time-dependent inviscid and viscous compressible flows. Concluding remarks are
presented in Section 7.



2. Compressible flow problem

Let Q C R? be a polygonal domain and T > 0. We set Qr = Q x (0,7) and by 99, we
denote the boundary of 2 which consists of several disjoint parts. We distinguish inlet, outlet
and impermeable walls. The system of the Navier-Stokes equations describing the motion of a
non-stationary viscous compressible flow can be written in the form
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where w = w(z,t) : Qr — R* w = (p, pvy, pva, €)T is the unknown state vector (p is the
density, v = (v, vs) is the vector of velocity and e is the energy), f, : R* — R* i = 1,2 and
R, : R*xR® - R* i =1,2, represents the inviscid and the viscous fluxes, respectively. The
forms of vectors f,, i =1,2, and R;, i = 1,2 can be found, e.g., in [35] or [36, Section 4.3].

We consider the Newtonian type of fluid accompanied by the state equation of a perfect gas
and the definition of total energy. The system (1) is of hyperbolic-parabolic type and it is equipped
with the initial condition w(z,0) = w’(x), z € Q and suitable boundary conditions. On the
impermeable walls, we prescribe the no-slip condition and the adiabatic condition. On the inlet and
outlet, we prescribe Dirichlet boundary conditions for some of the flow variables, while Neumann
conditions are used for the remaining variables, see, e.g., in [35, 12, 36, 37, 13].

3. Space-time discontinuous Galerkin discretization

We briefly describe the discretization of (1) with the aid of the space-time discontinuous
Galerkin (STDG) method. We use the standard notation for function spaces with usual norms and
semi-norms (see, e. g., [38], [39]): L?(M) denotes the Lebesgue space of square integrable functions
over a set M, H k(M ), k =0,1,... are the Sobolev spaces of functions with square integrable
weak derivatives of order k over M. The bolted symbols Hk(M), k =0,1,... denote Sobolev
spaces of vector-valued functions from M to R*. By (-,),, we denote the L*-scalar product over
Q.

Furthermore, L?(I; X) (H'(I; X)) is the Bochner space of functions square integrable (square
integrable first weak time derivative) over an interval I C R with values in a Banach space X.

3.1. Triangulations

Let 0 = tp < t1 < ... < t. = T be a partition of (0,7T) generating time intervals I,, =
(tm—1,tm), m =1,...,r of the length |I,,,| = 75,, and T = max, =1, ,Tm. Obviously, the number
of the time levels r = r(7) depends on 7 but we will not emphasize this dependence explicitly.
Moreover, we set Z, := {I,,}7 _4.

At every time level t,,,, m = 0,...,r we consider generally different space partition .7}, ,
consisting of a finite number of closed triangles K with mutually disjoint interiors and cov-
ering O, ie., O = Ugeg,, K, m = 0,...,r. Moreover, we set 7, = {Tpm}m—1 and h :=
maX,—1,... ., Maxge g, ,diam(K). The pair {7,,Z,} is called the space-time partition of the do-
main Qr, see Figure 1 for a 1D illustration.

3.2. Functional spaces
Let m =0,...,r be arbitrary but fixed number denoting the index of the time slab. Let .7}, p,
be the triangulation, we define the so-called broken Sobolev spaces

H (Gm) ={v: Q=R v|g € H(K)VK € Fhm}  and  H*(Jhm) = [H*(Thm)]*

of scalar and vector-valued functions, respectively. Further, we define the broken space-time space
over {9,,Z.} by

HY T, H* (%)) == {¥ : Qr = R Ylkxs, € H' (In; H(K)), K € T, Im €Ly, m=1,...,7},
(2)
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Figure 1: Space-time discretization of a one-dimensional domain €.

which consists of piecewise regular functions on space time elements K x I,,, K € 4, p, Iy € I;,
which are in general discontinuous between two neighbouring elements K, K’ € .}, ,,, and between
two time intervals I,,,, I ;41 € Z;.

Moreover, we define the spaces of discontinuous piecewise polynomial functions. Although the
discontinuous Galerkin method allows the use of different polynomial degrees over elements, we

consider here the fixed degrees of polynomial approximation for all K € 9}, ,,, m =0,...,r, for
simplicity.
First, we introduce the space of piecewise polynomial functions on the given mesh. Let .7}, .,
be a triangulation on the time level I,,, m =0,...,r, we put
Sy =10 : Q= R; p(@)|k € Py(K)YEK € T}, Smnp = [Smnp?, (3)

where P,(K) denotes the space of all polynomials on K of degree < p.
Furthermore, we define the spaces of functions on the space-time domain Q7. Let ¢ > 0 be an
integer, we put

PYZ,):={v:(0,T) = R* |, € [P L. <L}, (4)

where P9(I,,) is the space of polynomials of order < ¢ on interval I,,, m = 1,...,r. Now, we
define three subspaces of H'(Z,, H*(.7;,)), namely

HYZ:;8np) ={¢ € H'(Z;,H*(%,)); ¥(-,t) € Sppp forae tel,, m=1,...,r}, (5

STUL H* () = {¢ € H'(Z,,H*(%,)); ¥(z,") € PY(Z;) for ae. z € Q}, (6)
STUL 5 8hyp) = { € HY(Z.,H*(T)); ¥lrx1,, € [PP(K) x PU L) K € Thm, In €L},

(7)

where PP(K) x P9(I,,) is the space of polynomials on K x I,,, of the degree < p with respect to
x € K and the degree < ¢ with respect to t € I, for K € 9}, , and I,,, € Z. Therefore, all three
spaces from (5)—(7) are piecewise regular on space time elements K x I,,, K € 9, , Im € Z;, but
generally discontinuous on Q7. Moreover, H'(Z,;S},,) consists of functions piecewise polynomial
with respect to the space coordinates, S™9(Z.; H*(.7,)) consists of functions piecewise polynomial
with respect to the time coordinate and S™%(Z,; S} ;) consists of functions piecewise polynomial
with respect to the space as well as the time coordinates.
Furthermore, we define the space of piecewise polynomial functions on each time slab

STy Shp) = {1 Q x L, = RY |k, € [PP(K) x PULy) " K € Thm} - (8)

Obviously, ¥|axr,, € S7(Iy;Sh,p) for all p € STUL ;8 ,), m=0,...,r.

m



Finally, we introduce a jump of ¢ € H'(Z,, H*(.7},)) with respect to time on the time level
tm, m=20,...,r by

{ohm = 0lh — @l @l = lim @(tn +0). (9)
—0+

3.8. Space-time discontinuous Galerkin introduction

In order to proceed to the definition of the approximate solution, we carry out the space
semi-discretization of the Navier-Stokes equations (1). We employ the incomplete interior penalty
Galerkin (ITPG) discretization which was derived in details in [12, 13]. Therefore, we introduce
here only the forms

ah_,m:HQ(yh,m)xHQ(ﬂhym)—)R, m=1,...,r (10)

representing the DG discretization of inviscid and viscous fluxes of (1) on the mesh 3, ,,, m =
1,...,r. The form ap,m, m = 1,...,r is linear with respect to its second argument and it is
consistent with (1) in the following way: Let w be the regular solution of (1) with the corresponding
initial and boundary condition then the following identity is valid

(Orw(t), @)q + anm(w(t),p) =0 Vo € H* (T m) Yt € Ly, (11)

where we put 9; := 9/0t.

Furthermore, using the standard DG discretization for parabolic problems (see, e.g., [40, Chap-
ter 12] or [41]), we introduce the space-time discontinuous Galerkin (STDG) discretization of (1).
For m =1,...,r, we define the forms

Ah,m(wa'l/)) = \/I {(815117,’(/))9 + ah,m(wa'l/))} dt + ({w}m—h/‘ph—;fl)gv wvl‘p S Hl(zraﬂz(%))
(12)

If w is the regular solution of (1) with the corresponding initial and boundary condition then, due
to (11), we have

Apm(w, ) =0 i € H'(Z,, HX( 7). (13)

The last term in (12)

({{w}}mfla"pl;—l)gz = (w|;;—1’¢|:7rl—1)gz - (w‘:n—lv"mz—l)ﬂ (14)

couples the approximate solution from the consecutive time slaps, generally defined on different
grids.
Now, we can introduce the space-time discontinuous Galerkin (STDG) discretization of (1).

Definition 3.1. We say that the function wy, € ST9(Z;;S}, ) is the space-time discrete solution
of problem (1) if

Ap m(Whr, ) =0 Vo€ ST 8hyp), m=1,...,1, (15)
('UJ}”-|[T,QO)Q = (w0780)9 VSO € SO,h,pa
where wq is the prescribed initial condition.

Remark 3.2. The relation (15) leads to nonlinear algebraic systems, which have to be solved
approximately by an iterative method, cf. Section 3.4. The resulting solution is called the approx-
imate solution which differs from the space-time discrete solution introduced above.



The STDG method was analysed, e.g., in [22, 23] for the case of a scalar convection-diffusion
equation. Based on those a priori error estimates and further numerical analysis (e.g. [42]) we
expect that if the exact solution is from the Bochner space H41((0,7); H*(Q)), s > 1 then we
have

lens |l L2o,mm @) < Cib* 4+ Cor@™, = min(p, s — 1), (16)

where ||enr|| 220,71 (0)) 18 the discretization error in the broken L?(0,T; H'(Q))-seminorm, h is
the size of the mesh step, 7 is the size of the time step, p and ¢ are the polynomial approximation
degrees with respect to the space and the time coordinates, respectively, and Cy > 0 and Cy > 0
are constants independent of h and 7.

3.4. Solution strategy

The definition of the space-time discrete solution (15) represents a nonlinear algebraic system
for each time level m = 1,...,r. Each system consists of N,,, = 2(p +1)(p + 2)(¢ + 1) #Th,m
equations, where # .9, ,,, denotes the number of elements of .7, ,,, and p and ¢ denote the polyno-
mial approximation degree with respect to the space and the time coordinates, respectively. Using
(15), we have to evaluate

’U)Z:_ = th|QX[m S ST’q(Im;Shm) form=1,...,r. (17)

The dimension S™%(1,,;8S},,) is equal to N,.

Let m =1,...,r be arbitrary but fixed. By By, m = {pi(z, t)};vz”i, we denote a set of linearly
independent functions forming a basis of S™(1,,;Sh,,). It is possible to construct a basis Bp m,
as a composition of local bases constructed separately for each K x I,,,, K € J, , and each
component of the vector-valued functions.

Let w}’ € S™(1,,;Sh,p) be a piecewise polynomial function. It can be expressed as

N’VYL
wit (z,t) =Y E™pi(x,t) € ST In; Shp) & i={™}N €eRY (18)
j=1

where ™7 € R, j=1,...,N,,, m=1,...,r are the basis coefficients. Obviously, (18) defines an
isomorphism between S™9(1,,,; S}, ,) and RV,

In order to rewrite the nonlinear algebraic systems (15), we define the vector-valued function
Fim : RNm — RNm by

From (€)= {Apm@, @)} m=1,...,r. (19)

We do not emphasize that Fj, ,, depends also on w’,?;l. Therefore, the algebraic representation
of the systems (15) reads:

find ¢, € R™™ such that F},,,(€,,) =0, m=1,...,r. (20)

The system (20) is strongly nonlinear and we solve it by a Newton-like iterative method where
the Jacobi matrix in the Newton method is replaced by the flur matriz developed in the context
of the semi-implicit DG method in [35, 43, 12].

The forms ay ,m, m =1,...,r introduced in (10) satisfy
apm(w,p) = a%ym(w,wgp) —dpm(w,p) Yw,p € H2(9h’m) vt € I, (21)
where a%ym is a form, which is linear with respect to its second and third arguments and d, ,, is

linear with respect to its second argument. The explicit relations of aam and dj, ,, can be found

in [13]. The form al = represents a linearization of aj, .



Using (12) and (14), we define the N,, x N,, flux matriz

Nm
Chm (€) == {/1 {0, 0i)q + @ (W, 05,0} dt + (‘Pj|;17‘Pi|;1)Q}ij_l (22)
and the vector
G (€) = { (@] 101l 1) + (@000} (23)
where @; € By, i =1,..., N, are the basis functions, £ € R¥ is the algebraic representation of
w € S79(1,,;Sh,p) given by (18). Finally, using (19) and (21) — (23), we have
Frm(&n) =Crm(&mn)ém — nm(&n);, m=1,....r (24)

Let us note that the flux matrix Cp, ,,, has a block structure and it is sparse. Each block-row
of Cp, m, corresponds to one K € 4, ,,, and it contains a diagonal block and several off-diagonal
blocks. Each off-diagonal block corresponds to one neighbouring element of K. The sparsity of
Ch,m is identical to the sparsity of the Jacobi matrix DF}, ,,(€)/DE. Therefore, we use Cp, ,, as
the approximation of DF', ,,(£)/D& in the definition of our iterative Newton-like method. This
approximation follows from relation (24), when we fix the arguments of Cy, ,,, and gy, ,,, and perform
the differentiation with respect to &,,.

In order to determine solution &,,, of the system (20), we employ a damped Newton-like method
[44], which generates a sequence of approximations 5571, 1 =0,1,... to the actual numerical solution
&,, using the following algorithm. Given an iterate dn, the update d' of ££n to get to the next
iterate

&' =6+ \d (25)
is defined by: find d' € RN» such that
Ch,m(éfn)dl = 7Fh,m(€lm)a (26)

where Cj, ,, is the flux matrix given by (22) and A € (0, 1] is a damping parameter which enables
convergence of (25) — (26) for larger class of problems, e.g., in case when the initial guess &2, is
far from the solution of (20), cf. [44]. The numerical experiments presented in this paper were
carried out with the following setting

e Choice of the damping parameter. We start from the value \' = 1 and evaluate a monitoring
function 8" i= | Foon(€6)||/]| Frm(€h)

tion. Otherwise, we set A! := A\!/2 and repeat the actual Newton iteration. Analysis of the
convergence of the Newton method and the monitoring function can be found in [44].

. If ' < 1 we proceed to the next Newton itera-

e Update of the flur matriz. It is not necessary to update the flux matrix Cy, ,, (£fn) at each
Newton iteration [ = 1,2,... and each time level m = 1,...,r. It is much cheaper to
evaluate F'p, ,, than Cp, ,,,. Therefore, it is more efficient to perform more Newton iterations
than to update Cj, ,,,. In practice, we update Cy, ,,, either the damping parameter A achieves
a minimal prescribed value or the prescribed maximal number of Newton iteration was
achieved.

o Termination of the iterative process. The iterative process (25) — (26) is terminated if a
suitable algebraic stopping criterion is achieved. The standard approach is to set

|Frm(ern)]| <, (27)

where ||| and 1 are a given norm and a given tolerance, respectively. However, it is difficult
to choose TOL in order to guarantee the accuracy and in order to avoid an over-solution
of the algebraic system. In Section 4.5, we present an algebraic stopping criterion following
from the framework of residual error estimators.



e Solution of the linear algebraic systems. The linear algebraic systems (26) are solved by the
GMRES method ([45]) with the block ILU(0) preconditioner, its sparsity is the same as the
sparsity of matrix C, see [12] for details. The solution from the previous Newton iteration
is used as an initial condition for GMRES. In order not to oversolve the linear systems, we
usually perform only few GMRES iterations, particularly we stop this iterative solver when
the actual preconditioned residuum is ten times smaller than the initial one. This criterion
may seem to be too weak, however, numerical experiments (not presented here) indicate that
it is sufficient. A possible inaccuracy is controlled by the stopping criterion for nonlinear
algebraic systems.

e Choice of the time step. We still have to specify the choice of the time steps 7,,, m=1,...,7
n (15). Obviously, too large time steps cause a decrease of accuracy and on the other hand,
too small time steps lead to a decrease in efficiency. Standard approaches (e.g., [46], [47])
estimate the local discretization error of the time discretization of the ODE system. Then
the choice of the size of the time step is based on this estimate in such a way that the
local discretization error is under a given tolerance. However, this tolerance should be given
(empirically) by a user. Our aim is to adapt the time step in such a way that the temporal
error is controlled by the spatial one. In Section 4.5, we present an adaptive choice of the
time step following from the framework of residual error estimators.

In the following, we denote by wy, € S79(Z;;S},) the function corresponding to the output
of the Newton-like iterative algorithm (25) — (26), i.e.,

ﬂ’h‘r|1m = 1’1]’;1/”7' € ST’Q(ITH;S}LP)? m = 17---7T7 (28)

where w} is the piece-wise polynomial function corresponding to £fn by the isomorphism (18);
[ is the minimal index satisfying the stopping criterion. We call wy, the approximate solution of
problem (1). Obviously, due to inexact solution of (20), the approximate solution wy,, violates
relation (15), cf. Remark 3.2.

4. Error estimates

In this section we present the main novelty of this paper. We have defined the STDG solution of
the Navier-Stokes equations by (15), which was solved with the aid of the iterative algorithm (25)
— (26). The total computational error (= the difference between the (unknown) exact solution
and approximate solution resulting from (25) — (26)) depends on the following discretization
parameters:

e space meshes 9}, and the degree of polynomial approximation p with respect to the space
coordinates,

e time partition Z, and the degree of polynomial approximation ¢ with respect to the time
coordinate,

e an inexactness of the iterative solver represented by the violation of F'p, ,,(€,,) = O intro-
duced in (20).

Our goal is to identify the errors originating from the space discretization, from the time
discretization and algebraic errors resulting from the inaccurate solution of (20). Particularly, we
want to determine a stopping criterion for the iterative algorithm (25) — (26) and the strategy for
adaptive choice of the time step in such a way that

e the resulting approximate STDG solution is not essentially influenced by the time discretiza-
tion and algebraic errors,

e the time partition Z, is not too fine and the nonlinear algebraic systems are not over-solved.



4.1. Space, time, space-time and approximate solutions

We slightly reformulate the STDG discretization and introduce the space semi-discrete and the
time semi-discrete solutions using the functional spaces (5) — (7). We define the form Ay, (z,%) :
HY(Z-,H*(T)) x HY(Z,, H*(J})) — R by

Apr(z,9) =Y Apm(z,9), 29 € H(Z, H*(%)). (29)

where Ayp, ,, m =1,...,r are given by (12) and the space H'(Z,, H*(.7},)) is defined by (2).

Let w € H'(0,T, H*(Q)) formally denote the exact solution of the Navier-Stokes equations (1)
satisfying the corresponding initial and boundary conditions. The consistency (13) implies that
the exact solution w satisfies the identity

Ap(w,p) =0 Vb€ HY(Z,,H*(F)). (30)

Moreover, let wy, € S™4(Z:;S),) be the space-time discrete solution given by (15). Then (29)
implies

Ahr(th,‘PhT) =0 V(Ph-r S ST’q(IT;Sh,p)~ (31)

Furthermore, we define the time semi-discrete solution of (1) with the aid of the consistency
identity (11) which formally represents an infinitely dimensional system of ODEs. Applying the
time discontinuous Galerkin discretization to (11), we obtain the following problem: We seek
w, € S™Y(Z,;; H*(F},)) such that

Ap(we,$) =0 Vo€ ST HAT)), m=1,....m, (32)
(w5, 9), = (wo,9)q Vo € H*(Thy),
where wy is the prescribed initial condition. This together with (29) gives
AhT(wT7’lp) =0 Vye ST’q(IT;HQ(%))' (33)

Finally, using (11), we define the space semi-discrete solution of (1): Find wy, € H (Z,;Sh )
such that

(Orwn(1),0)q + @nm(wh(t),0) =0 Vo € H' (I, Smpp) VEE€ Ly, m=1,...,7,  (34)
(whmflv‘P)Q = (wh|7_n71’¢)9 Ve € Shp-
This together with (29) gives
A (Wi, %) =0 ¥ € H'(Z:S,). (35)
We summarise the “solutions” of the Navier-Stokes equations (1) introduced above:
e cract solution w € H*(0,T; H*(Q)) € HY(Z,, H*(,)) satisfying (30),
e space semi-discrete solution wy, € H'(Z,;8S}, ,) satisfying (35),
e time semi-discrete solution w, € ST4(Z,; H*(,)) satisfying (33),
e space-time discrete solution wy, € ST9(Z;; 8}, p) satistying (31),

e approzimate solution wp, € STY(ZL;;Sh,) given by (28), which violates (31) due to an
inaccurate solution of the corresponding algebraic systems.

The relations among them are viewed in Figure 2.
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Figure 2: Types of the solutions and the errors

4.2. Error measures and error estimators

Similarly as in, e.g., [48, 49, 50, 29], we employ an error measure in the dual norm in the
following way. Let V' be a linear vector space with a norm ||-[|,,, (the space V' does not need to
be complete with respect to [|-||,) and let a(-,-) : V' x V' — R be a form linear with respect to
its second argument and let V} be a finite dimensional subspace of V. Moreover, let u € V' and
up, € Vi, be an exact and approximate solution of a fictitious problem defined by

alu,p) =0 VYoeV and a(up,on) =0 Vo € Vi, (36)
respectively. Then the error measure in the dual norm on the space V is given by

E(up) := || Aup, — Auly,, := sup alun, o) — a(t, ) = sup lun, ) (37)
pe
@#0

lelly ey lelly

where A is the operator from V to its dual space corresponding to a(-,-) given by (Au,p) =
a(u,p), u, € V, where (-,-) denotes the duality between V and V’. The last equality in (37)
follows from (36). The equivalence between the error and the residual was analysed in [27, 28].

In Section 4.1, we introduced 5 types of the solution, which are drawn in Figure 2. Obviously,
only the approximate solution wy, is practically available. Moreover, taking into account the
relations from Figure 2, we observe that

e the difference w — wy,, represents the total computational error, i.e., the space and time
discretization error and the inexactness of the algebraic solver,

e the difference w; — wy,, represents the time discretization error and the inexactness of the
algebraic solver,

e the difference w, — wy,, represents the space discretization error and the inexactness of the
algebraic solver,

e the difference wj, — wy, represents the inexactness of the algebraic solver.

Based on these observations and in virtue of (36) — (37), we introduce an error measure of the
approximate solution, particularly the space-time (total) error, the time error, the space error and
the (nonlinear) algebraic error.

Space-time error is defined as the difference between the exact solution w and the approxi-
mate solution twy,, in the dual norm of the space H'(Z,, H*(.7},)), namely

éaST(ﬁ]h ) L sup A}LT(ib}LT7¢) — AhT(w7¢) _ sup AhT(ﬁtha’lp) (38)
T T — Pl
weH (T, H2(7},)) ||"/’||X peHY (I, H2(T},)) ||1/)||X
$#0 Y#0
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where ||| is a norm defined on H'(Z,, H*(7,)) (and on all its subspaces of course) and it will
be specified later. The equality in (38) follows from (30).

Time error is defined as the difference between the space semi-discrete solution wy, (which
is formally exact in time) and the approximate solution wp, in the dual norm of the space
HY(Z,;S},p), namely

~ flhr(ith7¢0 _>f1hT(th7¢0 flhT(ith7¢0
&r(wp,) = sup = sup o (39)
veH (2738, ) ”d’”x veH (T8, ) ”"pHX
Y0 Y0

where the equality follows from (35).

Space error is defined as the difference between the time semi-discrete solution w, (which

is formally exact in space) and the approximate solution wy, in the dual norm of the space
STUL; H*(T)), namely

Ah-,—(’&]}”—,’lb) - AhT(wT7¢) Ahr(wh77¢)

Es(Wpy) 1= sup = sup

(40)
$peST (T H2(Ty)) ”"/"HX YeST (T H?(Ty)) ”"/)HX ’
P#0 P#0

where the equality follows from (33).

Algebraic error is defined as the difference between the space-time discrete solution wp,
(which formally represents the approximate solution obtained by an exact algebraic solver) and
the approximate solution @y, in the dual norm of the space S™(Z.; S}, ,), namely

En (i) = sup Ape(Whr,$1) — Anr(Whr,%n) sup Apr (Whr,¥n)
! YR €STI(TriSy p) H'l/)hHX YR €STI(TriSy p) ”'lthX 7
¥ p #0 P, 70
(41)

where the equality follows from (31).

In order to simplify the terminology, we do not call &gt the “space-time-algebraic” error but
only space-time error, similarly &5 is not called the “space-algebraic” error but only space error
and &t is not called the “time-algebraic” error but only time error, although that terminology
would be more precise. From (38) — (41), we simply find that

EA(Whr) < Er(Whe) < Es7(Whyr ), Ea(Whr) < E5(Whr) < Es1(Whr), Whr € STYLr;8hp),

which reflects the introduced error definitions.

However, the evaluation of error measures &gt (Whr), &1(Wh,) and Es(Wp,) is practically im-
possible since the suprema are taken over infinite dimensional spaces H*(Z,, H*(73,)), H (Z;; Sh.p)
and S™4(Z.; H*(.7,)), respectively. Therefore, in our approach, we seek the maximum over some
sufficiently large but finite dimensional subspaces of the spaces mentioned above. Particularly, we
employ the spaces

ST L5 8 pra), STINLL; Shp), STUTLr; Shp+1); (42)

which consist of vector-valued piecewise polynomial functions over K X I,,, of the degree < p(+1)
with respect to z € K and the degree < ¢(+1) with respect to t € I,, for K € F, ,, and I, € Z;.
Let wp, be the computed approximate solution. Then based on (38) — (41), we define

Apr(Whr,¥p) Apr(Whr,Yn)

nsT(Whr) = sup o nr(Why) = sup )
v €STITN(T 8y, 1) ”"ph”X YpesT (T8, 1) ||'¢’h||x
), #0 ), #0
(43)
. A (Wher, Pp _ A (Whr, P .
ns(Wnr) = sup M7 Na(Wpr) = sup Anr (@, Yn) _ Er(Wnr),
YREST (TS pi1) HQI)}LHX Y €ST U8y p) ||¢h||X
P #0 Y p#0

which we call space-time, time, space and algebraic residual error estimators, respectively.
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4.8. Properties of the residual error estimators

Obviously, if w € HY(0,T;H*(Q)) C HYZ.,H*(,)) is the exact solution of (1) then
due to the consistency (30) and the fact that the spaces from expression (42) are subspaces of
HYZ,,H*(%,)), we have

nst(w) = nr(w) = ns(w) = na(w) = 0.
Furthermore, we have immediately lower bounds

nsT(Whr) < Es1(Whyr), Nr(Whe) < E0(Whr), N3(Whe) < Es(Whr), Na(Whr) = 5’A(ﬁfh7()7 |
44

since the suprema in the estimates 7, are taken over smaller spaces than the suprema in the error
estimates &,. However, it is open if there exists an upper bound, i.e., &(-) < Cn.(+), where C' > 0.
This will be the subject of future research.

Finally, from (43), we simply find that

NA(Whr) < nr(Whr) < Nst(Whe), NA(Whr) < Ns(Whe) < NsT(Whe),  Whe € STULr; 81 p)-
(45)

Remark 4.1. It would be possible to define space Sp py1 in a different way, e.g., to enrich it
by polynomials of even higher degree or introduce some interelement splitting of elements K €
Thm- However, any further enrichment of Sy py1 requires additional computational time and the
numerical experiments show that the presented choice of Sy p+1 15 sufficient.

4.4. Evaluation of the residual error estimators

Let wy, be the computed approximate solution. In order to simplify the notation in the
following, we introduce a generic definition of the residual error estimators (43) by

A T L T
n*(ﬁ]h‘l') ‘= Ssup Ma * € {STaTa SaA}a (46)
‘l"‘.,tle;z(oh H"ph”X

which formally represents any definition from (43), where X}, denotes the corresponding functional
space. We define the residual error estimates at time interval I,,, by

AhT (ﬁ)hr7 'l,bh)

e (wpr) == sup , m=1,...,r (47)
0#Yp €Xp, H"/)h”X
supp(¥,)CQXIm
and the element residual error estimates by
_ Apr(w
™K () = sup Anr (@hr, Y1) Ke9hm m=1,...m, (48)

0#Yp Xy, ”'l/)hHX ’
supp(Pp ) CK XIm

which exhibits a “restriction” of the residual error estimators on a time interval and a space-time
element, respectively.

Remark 4.2. Let us note that the value n*(wp,) depends only on Wy, = Wirl1,, x0, cf
(17). Therefore, sometimes we write ™ (W) instead of N7 (Wny) and (W) instead of
m,K / ~

M (Whr).

The generic definitions (47) and (48) define the (space-time, time, space and algebraic) residual

error estimates g%, N, ng* and X’ on the time interval I,,, m =1,...,r and the element (space-
. . . . . m,K m,K m,K m, K

time, time, space and algebraic) residual error estimates ngp, ", 75" and 1" on element
K € 9, m and on the time interval I,,,, m = 1,...,r, respectively.

For simplicity, we set X := H'(Z,,H?*(.7,)). Obviously, S79(Z;Sh,) C S™4(Z;;Shpt1) C X
and S™4(Z,; 8}y, ,) C STHZ,;S),,) C X. If the norm ||-|| is suitably chosen then the evaluation
of n., » € {ST, T, S, A} is cheap. First, we present the following lemma.
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Lemma 4.3. Let (-,-)x : X x X = R be a scalar product generating the norm ||-|| . Let (-,-)x
satisfy the element-orthogonality condition

(Un,p)x =0 Vop, vy, € X such that supp(vy) and supp(vy,) have disjoint interiors. (49)

Then

r

(W )? = Z 0 (Whr)? = Z Z 0 (wpr)? Vwnr € X, (50)
m=1

m=1KeTh m
where X, denotes the corresponding finite dimensional space appearing in the definition of 1.

Proof. The proof is analogous to the proof [51, Lemma 4.3]. Let ¢, x € Xp, m=1,...,r, K €
Thmy ||@m,xllxy = 1 denote the functions for which the maximums in (48) are attained, i.e.,
nln’K('&JhT) = Apr(Whr,dm k). Any function ¥, € Xy, [[#n]|x = 1 can be rewritten as ¥, =
P ZKE%M Cm, KPm, K, where @, k., m = 1,...,r, K € 9}, ,, are such that supp,, x C
K x I, and [j@m k|l = 1.

Then, due to (49), [¥nl% = S0 _, > KeTp O, = 1. Moreover, using the Cauchy inequal-
ity, we have the bound

1/2 1/2
r r r
A}LT(ﬁ)}LT7¢h) = Z Z an,KAhT(ftha(pm,K) S Z Z Cfn,K Z Z A}LT('lb}LT7(pm,K)2
m=1KeET} m m=1KeT} m m=1K€eTh,m
1/2
r
<[ S wrFan)?| . dne Xn lnly =1
m=1KeTh m
This implies that
2
. Apr (Whr,Pp - .
e s v el IED DD SR L (51)
'/:;‘he:oh hllx m=1KeTh m

On the other hand, we put

,J) L Z;lil ZK@%,M AhT(ﬁ]hTa¢m,K) ¢m,K
" (Z:nzl ZKeﬂhym Ah‘l’ (ﬁ’hﬂ ¢m,K)2)1/2 '

Then, due to (49), we have Hz];h

HX = 1. Finally, a simple calculation gives AhT(ﬁJhT,’l])h) =

1/2
(anzl Y oKea . nln’K(ﬂzhr)2) and therefore (51) is valid with the equality, which proves the
lemma. The proof of the second equality in (50) is analogous. O

If the norm ||-|| - satisfies (49) then the global estimators can be evaluated simply be summing
of squares of the element estimators, due to (50). Then, it is sufficient to evaluate the element

residual error estimators nT’K, forallm=1,...,r and all K € 9}, ,,. This is a standard task of
seeking a constrained extremum over the finite dimensional space

X}f’m = {/‘/)h € Xh; SUPP("/’h) C K x Im} C [Pp+5p(K) X Pq+5q(Im)]4> K e %,m; m=1,...,7

where (6p,04) € {(0,0), (0,1), (1,0), (1,1)}. We evaluate the form Ap,(Wp-,%) in (48) for
functions ¥, forming a basis of X ,IL( '™ and then we seek the constrained extremum by the technique
of the Lagrange multipliers, see [51, Appendix] for more details. Let us note that the seeking of
the constrained extrema is relatively fast in comparison to the other parts of the computational
process, see Figure 10 (bottom right) in Section 6.3.
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In order to fulfil the favorable property (50), we employ (based on numerical experiments) the
scalar product

T

(u,v)x := Z [/ [ (u,v)q Z (Vu, Vo) + (Ou, 0pv)g, | dt], u,v € X, (52)

m=1 “Im Kegh m

where (Vu,Vv)g = [, Vu - Voder and Re is the Reynolds number, for inviscid flow we put
1/Re := 0. This scalar product satisfies (49) with the corresponding norm

T 1/2
1
||u|xz{ / [nuiz<m+Re|uzl<gh>+||atu||iz<m] dt} , weX. (53)

The scalar product (-,-)x and the norm |||y is the (weighted) broken analogue of the standard
norm of the Bochner space H'(0,T; H!(Q)). Obviously, there are many other choices satisfying
the element-orthogonality property (49). In Appendix, we present a theoretical justification for
the choice (52) — (53).

4.5. An employment of the error estimates in the solution strategy

In Section 3.4, we introduced the solution strategy for the solution of the sequence of the
nonlinear algebraic systems given by Definition 3.1 with the aid of the inexact Newton-like method.
Two aspects stay open there: the termination of the iterative process (25) — (26) and the choice of
the time step. We employ the residual error estimates introduced in previous sections. Again, let
Wy, € ST(Z+;8h,,) C HY(Z,,H?*(Z,)) denote the resulting approximate solution of the STDG
method (15) computed by the iterative process (25) — (26).

Termination of the iterative process. Using the Newton-like iterative process (25) - (26), we

compute the approximations 'wZT’(l 1 =1,2,... of the function w}’. Here, wh ™, (1)

denotes the
piecewise polynomial function corresponding to the vector Ein, l=1,2,... from (25) — (26) by
the isomorphism (18). We stop this iterative process if the algebraic residual error estimate at
time interval I, is sufficiently small in comparison to the space residual error estimate at time
interval I,,, i.e.,

~m,(l))

m l
UIN (th S CATlS (wh-r( ))7 m = 1,---77"7 (54)

where 0 < ¢4 < 1 is a suitable constant which checks a relative influence of the nonlinear algebraic

error to the space discretization. It is reasonable to set c4 € [1072,107]. Hence, we put W |7

'wzl’( ) where [ is the minimal index satisfying (54).

m

Choice of the time step in (15). The aim is to choose the time step 7, such that the time residual
error estimate at time interval I,,, is controlled by the space residual error estimate at time interval
I, ie.,

ny (wpy) < erng'(wpy), m=1,...,r7, (55)

where ¢y > 0 is a suitable constant representing a desired ratio of the time and space error.
Therefore, at each time level m = 1,...,7, we evaluate estimates nf(w},.) and ng'(wj;) and
define the “optimal” time step

m(m\ Y\ 1/(a+1)
Tgv,pt =1 & (CTZLS EﬁhT)) 7 (56)
Uiy (th)

where ér € (0,1) is an security factor. In the experiments presented in this paper, we use the
value ér = 0.9. Now, if condition (55) is not satisfied we repeat the m'®-time step with 7Pt
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instead of 7,,, otherwise we proceed to the (m -+ 1)""-time step with 7,11 := 7°Pt. This technique
is standard, more details can be found in [46, 47, 52].

For non-stationary flow simulation, it is reasonable to set ez € [1072,107!] in order to suppress
the influence of the time discretization with respect to the space discretization. On the other hand,
when we use the scheme (15) for a steady state simulation with the aid of time stabilization, cr
can be large, e.g., ¢y := 1, ¢y := 10 or even higher values. Finally, let us note that numerical
experiments showed that parameters c4 and ¢ should satisfy c4 < ¢ otherwise some instability
may appear in the computation due to an insufficient solution of the algebraic systems.

Remark 4.4. Let us note that it is possible to consider the local criteria, when we replace (54)
and (55) by

777An’K < c;mgl’K and n?’K < c’Tngl’K VK € Thm, m=1,...,r, (57)

respectively, where ¢y > 0 and ¢ > 0 are constants. However, based on our experiences, these
local criteria are problematic in the situation when the approximate solution is equal (up to a

computer precision) to the exact one on some K € J, n, (e.g., the flow is constant on elements K

which are far from an airfoil). Then we have gt ~ ngL’K ~ ) 2 0 for these elements and

thus the local criterion above can not be satisfied.
Remark 4.5.

4.6. Adaptive space-time DG method

It is challenging to develop a full space-time adaptive technique for non-stationary problems.
Although the residual error estimators described above do not give an upper error bound, we use
them for an adaptive algorithm which adapts (locally) the mesh and (globally) the size of the time
step.

The aim is to adapt the mesh and the time step in such a way that the space-time residual
error estimator ngr is under a given tolerance w > 0, i.e.,

nsT(Whr) < w. (58)

In the computational process, we prescribe the tolerance for the space-time residual error estimates
ngr on the time interval I,,, m = 1,...,7, namely

NG (Whr) < Wmy W i=w/T/T, m=1,...,7, (59)

where wy, is the tolerance for the time level t5, m = 1,...,7. The condition (59) implies (58) due
to (50).
Then we define the following space-time adaptive process:

(1) let w > 0 be a given tolerance, .7, ¢ the initial mesh and 7y the initial time step,
(2) m:=1,

(3) we solve problem (20) by the iterative method (25) — (26) until the stopping criterion n}* <
cang' is satisfied,

(4) if ni > erng* we adapt the time step 7, according (56) and go to step (3),
(5) if n&% > wy, then we adapt mesh .7, ,,, and go to step (3),

(6) if t,,, > T then the computation finishes,
else we put J m+1 = Thm, Tm1 = ToP%, m :=m+ 1 and go to step (3).
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If condition (59) is violated for some m = 1,...,r, the mesh .7}, ,,, has to be adapted (step (5)
of the algorithm). We use the following mesh adaptation strategy. We require that error estimate
has to be equidistributed over 2, namely

R N Wi, where Wi = cswm (K|/IO)Y?, K € T, m=1,...,7, (60)
and cg € (0,1) is a security factor, usually chosen cg =~ 0.5. Due to the security factor, we have
no troubles to achieve condition (59) after mesh adaptation and moreover, one mesh is usually
used for several time steps. Hence, we avoid too often re-meshing which requires some additional
computational time.

Numerical experiments presented in Section 5 show that ng. = O(h”) (provided that the exact
solution is sufficiently accurate) thus the optimal size of the element K denoted by h?gt is given
by

1/p
RSP = hi (me/nng’K) , KeJhm m=1...,n (61)

This relation follows from the “semi-equalities” ngs" ~ Ch? and w ., ~ C(h")? where C' > 0
is an undetermined constant which has to be eliminated. In this paper we employ two mesh
adaptation techniques:

e Isotropic mesh adaptation, where using (61), we set the “optimal” size for each K € 7, ,,
which is associated with the barycentre of K. Then we construct (almost) equilateral tri-
angles with the aid of technique of the anisotropic mesh adaptation, see, e.g., [53] or the
documentation of the used code ANGENER [54].

e Anisotropic mesh adaptation, where using (61), we set again the “optimal” size for each
K € 9,m. Moreover, the “anisotropy” of triangles is obtained by the technique based on
the interpolation error estimates, see [55]. Then we construct anisotropic mesh again with
the aid of technique from [53, 54].

4.7. Choice of the algorithm parameters
5. Numerical verification for scalar convection-diffusion equations

In this section, we present the basic numerical tests demonstrating reasonability of the proposed
error estimators 7, ns, nT and ngt given by (43). In virtues of (16), we expect that

if O1h? < Cot?™ then ns <nr & np =0T =ngr, (62)
if C1h? > Cor™™' then ns>nr & ns = O(h?) = nst,

where C7 and C5 are constants from (16). In Sections 5.1 and 5.2, we show that the proposed
error estimates fulfil both expectations given by (62). We use the algorithm from Section 4.6 with
fixed 7 and mesh J, = Fhm, m = 0,...,7, i.e., we skip steps (4) and (5). In order to avoid
an influence of the inexact solution of algebraic systems, we put c4 := 1073 in step (3) of the
algorithm.

Moreover, in Section 5.3, we demonstrate the role of the nonlinear algebraic stopping criterion
(54) for a nonlinear convection-diffusion equation. Finally, in Section 5.4, we show the application
of the residual error to problem, where the exact solution contains a singularity.

In Sections 5.1 and 5.2, we consider the scalar convection-diffusion equation
0 0
LT Au=f i Qx(0,T)=(0,1)2 x (0,1/2), (63)
(9t 8331

where ¢ = 0.1 is the diffusion coefficient. We add the initial and the Dirichlet boundary condition
on 0f2 such that the exact solution has the form

u(zy, z9,t) = (6 + e z122(1 — 1) (1 — 29), (64)
where §,a € R are parameters. These parameters are set separately for demonstration of both

implications in (62).
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h T p q| llenrllL2cam) na ns nT nsT ix
1/16 1/10 4 1 2.632E-01 7.106E-10 2.128E-06 5.414E-02 5.414E-02 | 2.057E-01
1/16  1/20 4 1 6.427E-02 2.903E-10 6.006E-07 1.363E-02 1.363E-02 | 2.121E-01
(EOC) (2.03) (1.29) (1.83) (1.99) (1.99)

1/16  1/40 4 1 1.570E-02 8.497E-11 1.528E-07 3.377E-03 3.377E-03 | 2.150E-01
(EOC) ( 2.03) (1.77) (1.97) ( 2.01) ( 2.01)

1/16 1/80 4 1 3.871E-03 8.778E-11  3.447E-08 8.379E-04 8.379E-04 | 2.164E-01
(EOC) ( 2.02) ( -0.05) ( 2.15) ( 2.01) ( 2.01)

1/16  1/10 4 2 1.974E-02 1.517TE-10  1.905E-07  3.746E-03  3.746E-03 | 1.897E-01
1/16 1/20 4 2 2.452E-03 1.314E-10 2.974E-08 4.767E-04 4.767E-04 | 1.944E-01

(EOC) ( 3.01) ( 0.21) ( 2.68) (2.97) (2.97)

1/16 1/40 4 2 3.020E-04 1.132E-10 3.787E-09 5.939E-05 5.939E-05 | 1.966E-01
(EOC) ( 3.02) ( 0.22) ( 2.97) ( 3.00) ( 3.00)

1/16  1/80 4 2 3.735E-05 1.206E-10 3.901E-10 7.387E-06 7.387E-06 | 1.977E-01
(EOC) ( 3.02) (-0.09) ( 3.28) ( 3.01) ( 3.01)

1/16 1/10 4 3 1.162E-03 1.245E-10 1.293E-08 2.042E-04 2.042E-04 | 1.756E-01
1/16  1/20 4 3 7.316E-05 1.461E-10 9.334E-10 1.309E-05 1.309E-05 | 1.790E-01

(EOC) ( 3.99) (-0.23) ( 3.79) ( 3.96) ( 3.96)

1/16 1/40 4 3 4.532E-06 1.925E-10 1.984E-10 8.186E-07 8.186E-07 | 1.806E-01
(EOC) ( 4.01) ( -0.40) ( 2.23) ( 4.00) ( 4.00)

1/16 1/80 4 3 2.811E-07 7.755E-11  7.755E-11  5.100E-08 5.100E-08 | 1.814E-01
(EOC) (4.01) (1.31) (1.36) ( 4.00) ( 4.00)

Table 1: Scalar equation (63) — (64) with 6 = 0.1 and a = 10: the value of error ||epr|[z2(g1y, residual error
estimators na, 15, 1, nsT and ix = nsv/|enr |21y

5.1. Order of convergence with respect to the time variable

In order to verify the order of convergence with respect to time variable, we need an “overkill”
of the space discretization. We put 6 = 0.1 and o = 10 in (64). The solution u is a quartic function
for any ¢ € [0, T] and it is exponentially increasing with respect to ¢ for any = € Q. Therefore, we
use the p = 4 polynomial approximation with respect to space on the uniform grid with the mesh
step h = 1/12. We employ the P,, ¢ = 1,2, 3 polynomial approximation with respect to time with
fixed time steps 7 = 1/10, 1/20, 1/40 and 1/80. Table 1 shows the values of the computational
error in the (broken) L?(H')-seminorm given by

1/2

llenr|lp2cay = Z/ > /|Vu(x,t)—VuhT(m,t)|2dx dt (65)
m=1 I7n K

KeThm

and the values of na, ng, nr and nsr given by (43). Moreover, we evaluate the ratio ix :=
nst/llenr|l r2(m1)- Let us note that iy is not the standard effectivity index since ngr approximate
the error measure in the dual norm. Furthermore, for each ¢, we evaluate the experimental order
of convergence (EOC) with respect to 7.

We observe that

e order of convergence of the computational error in the L?(H')-seminorm is O(74t1),
e the space estimator ng is negligible in comparison to the time estimator nr,
e the time estimator np = O(77"!), i.e., the same order as |lens || L2(m1),
e the index ix is independent of 7 and slightly dependent on gq.
Hence, the first implication in (62) is confirmed.

5.2. Order of convergence with respect to the space variables

In order to verify the order of convergence with respect to the space variables, we need an
“overkill” of the time discretization. We put § = 1 and a = —10. The solution u is a quartic
function for any ¢ € [0, T] and it is exponentially decreasing with respect to ¢ for any x € 2. We use
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h T p q| llenrllL2cam) na ns nT nsT ix
1/8 1/20 1 2 2.409E-02 7.815E-06 1.176E-02 8.871E-06 1.176E-02 | 4.881E-01
1/16 1/20 1 2 1.217E-02 4.431E-06 5.866E-03 4.601E-06 5.866E-03 | 4.818E-01
(EOC) ( 0.98) ( 0.82) ( 1.00) ( 0.95) ( 1.00)

1/32 1/20 1 2 6.114E-03 6.216E-07 2.936E-03 6.971E-07 2.936E-03 | 4.802E-01
(EOC) ( 0.99) ( 2.83) ( 1.00) (2.72) ( 1.00)

1/8 1/20 2 2 1.557E-03 4.055E-07 6.372E-04 4.471E-07 6.372E-04 | 4.093E-01

1/16  1/20 2 2 3.936E-04 5.982E-08 1.613E-04 6.632E-08 1.613E-04 | 4.099E-01
(EOC) (1.98) ( 2.76) (1.98) (2.75) (1.98)

1/32 1/20 2 2 9.891E-05 2.474E-08 4.063E-05 2.503E-08 4.063E-05 | 4.108E-01
(EOC) (1.99) (1.27) ( 1.99) (1.41) (1.99)

1/8 1/20 3 2 6.258E-05 2.688E-09 1.924E-05 3.050E-09 1.924E-05 | 3.075E-01

1/16 1/20 3 2 7.795E-06 4.401E-10 2.369E-06  4.590E-10 2.369E-06 | 3.039E-01
(EOC) (3.01) (2.61) ( 3.02) (2.73) ( 3.02)

1/32 1/20 3 2 9.731E-07 1.675E-10  2.945E-07 1.677E-10 2.945E-07 | 3.026E-01
(EOC) ( 3.00) (1.39) (3.01) (1.45) (3.01)

Table 2: Scalar equation (63) — (64) with 6 = 1 and o = —10: the value of error |lep-||f2(g1), residual error

estimators na, 1, 71, nsT and ix = nsr/|lenr || L2m1y-

the ¢ = 2 polynomial approximation with respect to time with the fixed time step 7 = 1/20. We
perform the computations with the aid of P,, p = 1,2, 3 polynomial approximation with respect
to time on the uniform grids with the mesh steps h =1/8, 1/16 and 1/32.

Table 2 shows the values of the computational error in the L?(H?!)-seminorm, the values of
Na, s, nr and st given by (43) and the ratio ix. Furthermore, for each p, we evaluate the
experimental order of convergence (EOC) with respect to h.

We observe that

e order of convergence of the computational error in the L?(H!)-seminorm is O(hP),
e the time estimator #nr is negligible in comparison to the space estimator 7g,

e the space estimator ns = O(hP), i.e., the same order as |len || z2(#1),

e the index ix is independent of h and slightly dependent on p.

Hence, the second implication in (62) is confirmed.

5.8. Verification of the stopping criterion (54)

In this section we demonstrate the role of the nonlinear algebraic stopping criterion (54). We
consider the scalar nonlinear convection-diffusion equation

% V(K (1) V) — ot vt _ o (0,7) := (0,1)2 x (0,1/2), (66)

where K (u) is the nonsymmetric matrix given by

K (u) (67)

1 < 2 4 arctan(u) (2 — arctan(u))/4 )
10 0 (4 + arctan(u))/2 /-

We prescribe a Dirichlet boundary condition on 02 and set the source term g such that the exact
solution is (64) with § = 0.1 and a = 10.

We use fixed 7 = 0.1 and mesh .7, = Jpm, m =0,...,7 with h = 1/32, p=¢ =1 in (15).
In step (3) of the algorithm from Section 4.6, we put ca := 27!, 1 =0,...,9 and investigate the
dependence of the computational error and the error estimates on c4. Table 3 shows the values of
the computational error in the L?(H')-seminorm, the values of 74, 1s, T and nst given by (43),
the ratio i4 := na/ns and total computational time in seconds.

We observe that
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ca llensllp2 () 1A ns nr nsT ia CPU(s)
1/1 7.984E-01 3.0564E+4+01 3.054E+01 3.054E401 3.054E+401 | 9.999E-01 5.8
1/2 3.060E-01 2.527E-01 6.832E-01 2.598E-01 6.859E-01 3.698E-01 14.5
1/4 3.054E-01 6.264E-02 6.393E-01 8.676E-02 6.421E-01 9.799E-02 15.6
1/8 3.053E-01 5.254E-02 6.384E-01 7.972E-02 6.412E-01 8.230E-02 17.1
1/16 3.056E-01 8.521E-03 6.365E-01 6.060E-02 6.393E-01 1.339E-02 17.7
1/32 3.056E-01 1.378E-02 6.366E-01 6.159E-02 6.394E-01 2.165E-02 21.0
1/64 3.057E-01 3.066E-03 6.365E-01 6.011E-02 6.393E-01 4.818E-03 21.2
1/128 3.057E-01 1.760E-03 6.365E-01 6.006E-02 6.393E-01 2.765E-03 22.5
1/256 3.057E-01 1.755E-03 6.365E-01 6.006E-02 6.393E-01 2.758E-03 23.7
1/512 3.057E-01 3.989E-04 6.365E-01 6.003E-02 6.393E-01 6.267E-04 24.9

Table 3: Scalar equation (66)—(67) with the exact solution (64) (6 = 0.1 and o = 10): the value of error |lep. || 251y,
residual error estimators na, s, N, NsT, 14 := 1Na/Ns and total computational time in seconds.
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Figure 3: Convergence of the Newton approximations ﬁ);z_’(l), I =1,2,... of w}j’ within each time step m =

(l)).

1,...,5, space residual estimator né”(ﬁ;;r:(l)) and algebraic residuum estimator n7* (@}

e using higher values of c4, the inexactness of the iterative solution of the system of the
nonlinear algebraic equations pollutes the error |len,||r2(m1) and ng; for ca < 1/16 this
influence is already negligible,

e since the setting of the computation leads to domination of the space error over the time
one, the time estimator nr is non-negligibly influenced by the algebraic error for c4 > 1/64,

e smaller value of c4 leads to higher number of Newton iterations in (25) — (26) and therefore
higher computational time.

Moreover, Figure 3 shows a typical convergence of the Newton approximations ﬁ}hmT’(l), l =
1,2,... of wj’ within each time step m = 1,...,5. Namely we present the values of the space

residual estimator né"(ib?;’(l)) and the algebraic residuum estimator nzm(zbhm;(l)) obtained with the
m, (1)

setting c4 = 1/512. We find that after several Newton iterations the value ng*(w, ") is almost
constant which means that the spatial error is only negligibly influenced by the algebraic error.
Therefore, it would be possible to stop the Newton-like iterative process earlier (with larger c4)
without the lost of the accuracy.

5.4. Problems with non-reqular solution

In this section we investigate the behaviour of the proposed error estimates for a problem
whose exact solution has a singularity. We consider the nonlinear convection-diffusion equation
(66)—(67), where we prescribe the initial and the Dirichlet boundary condition and set the source
term g such that the exact solution has the form

u(zy, x2,t) = (1 —e ) (a? + x%)B/Qxlxg(l —21)(1 — x2), (68)
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h T P q | llenrllp2(ary nA ns nr nsT ix
1/8 adapt 1 2 9.847E-02 3.141E-05 5.667E-02 3.181E-05 5.667E-02 5.756E-01
1/16 adapt 1 2 7.050E-02 1.126E-05 3.983E-02 1.383E-05 3.983E-02 5.650E-01

(EOC) ( 0.48) (1.48) (0.51) ( 1.20) (0.51)

1/32 adapt 1 2 5.003E-02 1.202E-05 2.800E-02 4.900E-05 2.800E-02 5.596E-01
(EOC) ( 0.49) (-0.09) (0.51) (-1.82) (0.51)

1/64 adapt 1 2 3.542E-02 5.012E-06 1.972E-02 4.564E-05 1.972E-02 5.567E-01
(EOC) ( 0.50) (1.26) (0.51) ( 0.10) (0.51)

1/8 adapt 2 2 4.731E-02 5.436E-06  2.336E-02 1.682E-05  2.336E-02 | 4.938E-01
1/16  adapt 2 2 3.341E-02 1.014E-05 1.665E-02  4.159E-05 1.665E-02 | 4.983E-01

(EOC) ( 0.50) ( -0.90) ( 0.49) (-1.31) ( 0.49)

1/32 adapt 2 2 2.363E-02 1.019E-05 1.186E-02 1.523E-05 1.186E-02 5.020E-01
(EOC) ( 0.50) (-0.01) ( 0.49) (1.45) ( 0.49)

1/64 adapt 2 2 1.673E-02 6.734E-06 8.442E-03 3.646E-05 8.442E-03 5.045E-01
(EOC) ( 0.50) ( 0.60) ( 0.49) (-1.26) ( 0.49)

1/8 adapt 3 2 4.311E-02 3.702E-06 1.296E-02 2.074E-05 1.296E-02 3.006E-01

1/16 adapt 3 2 3.048E-02 7.447E-06 9.285E-03 3.246E-05 9.285E-03 3.046E-01
(EOC) ( 0.50) (-1.01) (0.48) (-0.65) (0.48)

1/32 adapt 3 2 2.155E-02 1.965E-06 6.621E-03 9.811E-06 6.621E-03 3.072E-01
(EOC) ( 0.50) (1.92) ( 0.49) (1.73) ( 0.49)

1/64 adapt 3 2 1.526E-02 1.942E-06 4.709E-03 1.551E-05 4.709E-03 3.086E-01
(EOC) ( 0.50) (0.02) ( 0.49) (-0.66) ( 0.49)

Table 4: Scalar equation (66)-(67) with the exact solution (68) (8 = —3/2): the value of error |ep- || L2(f1), residual
error estimators na, 7s, NT, NsT, and i4 = 'r]A/ns.

where we put § = —3/2. It is possible to show (see [56]) that u € H*(Q), x € (0, 3+/). Therefore,
the choice f = —3/2 leads to the solution with a singularity at 1 = 29 = 0. Numerical examples
presented in [57], carried out for a time-independent problem, show that this singularity avoids
to achieve the order of convergence better than O(h'/2) in the H'-seminorm for any degree of
polynomial approximation.

We use the presented space-time adaptive process from Section 4.6 with settings c4 = 1073,
cr = 1072 and ¢ = 2 (piecewise quadratic approximation with respect to time). We carry
out computations using P;, P, and P; approximation with respect to space and meshes .7, =
Ihm, m =0,...,r with the mesh steps h = 1/8, 1/16, 1/32 and 1/64. Table 4 shows the values
of the computational error in the L?(H*')-seminorm, the values of na, 1s, 7T and ng given by
(43) and the ratio ix = nsr/|lenr || L2 a1y

We observe that

e order of convergence of the computational error in the L?(H')-seminorm is O(h'/?) which
is in agreement with theoretical results (16),

e the time estimator nr is negligible in comparison to the space estimator ng since we use
cr = 1072 in (55),

e the space estimator 75 = O(h'/?), i.e., the same order as llenr |2 (ays

e the index ix is independent of h and slightly dependent on p.

6. Numerical experiments for compressible flows

In this section, we present numerical experiments which demonstrate the computational perfor-
mance of the STDG scheme (15) for the compressible flow problems problem (1) and the residual
error estimators (43). In Section 6.1, we consider the propagation of an isentropic vortex, where
the exact solution is known. Hence, we can compare the values of the residual error estimates with
the computational error. In Section 6.2, we deal with a viscous subsonic flow around NACA0012
profile. This case was treated in several papers (including our former results) as a steady state
flow problems. However, we show that a sufficient accurate resolution with respect to time leads
to an unsteady flow. In Section 6.3, we present a simulation of viscous shock-vortex interaction,
which is more challenging due to a combination of two physical features. Due to the proposed
adaptive algorithm, we are able to capture physical features with a reasonable number of degrees
of freedom.
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6.1. Isentropic vortex propagation

We consider the propagation of an isentropic vortex in compressible inviscid flow, analysed
numerically in [58]. This example is suitable for the demonstration of the performance of the
proposed residual error estimators since the regular exact solution is known and thus we can
simply evaluate the computational error. Then we are able to identify the influence of the space
and time discretization parameters h and 7, respectively, to the total computational error.

The computational domain is taken as [0, 10] x [0, 10], extended periodically in both directions.
The mean flow is p = 1, v = (1,1) (diagonal flow) and p = 1 (symbol p denotes the pressure of
the flow whereas p denotes the degree of polynomial approximation). To this mean flow we add
an isentropic vortez, i.e. perturbation in v and the temperature § = p/p, but no perturbation in
the entropy n = p/p”:

(y —1e?

6v = —expl(l —1?) /2] (~Z2,31), 06 =— =

— 2 —
= expll =%, dn=0,  (69)

where (—Z2,Z1) = (21 — 5,22 —5), r? = 23 + 23, and the vortex strength € = 5. The perturbations

dp and Jp are obtained from the above relations.
It is clear that the exact solution of the Euler equations with the initial conditions

p(3370) :ﬁ+5P7 ’U(iC,O) :I_)+§’Uv p(.’IJ,O) :}3+§pa (70)

and periodic boundary conditions is just the passive convection of the vortex with the mean
velocity. Therefore, we are able to evaluate the computational error e, := w — Wy, over the
space-time domain Qp := 2 x (0,T), where w is the exact solution of (1) and wy, € S™(Z;; S}, )
is the corresponding approximate solution, namely the output of the Newton-like iterative process
(25) — (26). We evaluate ||ex, || in the L2(0, T; H*(.Z,))-seminorm, cf. (65) and we put the final
time 7' = 10 (1 period in time).

We present three types of numerical experiments:

e fir h + fix T: We use two (fixed) unstructured quasi-uniform triangular grid with #.7, = 580
and #.7;, = 2484 triangles with h = 0.894 and h = 0.448, respectively, with fixed time steps
7 = 0.2, 0.1, 0.05 and 0.025. The simulation was performed with the aid of the STDG
scheme (15) for p = 1, p = 2 and p = 3 polynomial approximation with respect to space and
for ¢ = 1 and ¢ = 2 polynomial approximation with respect to time. In order to suppress
the influence of the nonlinear algebraic error we set c4 := 1072 in (54).

e fir h + adapt 71 We use the same triangular grid but the time step is chosen adaptively
according (56) with ¢y = 1072 and (54) with c4 = 1073, Again we use p = 1, p = 2 and
p = 3 for the space and ¢ = 1 and ¢ = 2 for the time approximations.

e adapt h + adapt 7: We employ the full (space-time) adaptive algorithm from Section 4.6
with tolerances w = 0.04, w = 0.01 and 0.0025. We use p = 3 approximation in space and
g = 2 approximation in time. We set ¢y = 107! in (56) and Cr = 1072 in (54). The mesh
was adapted by the isotropic as well as anisotropic technique. Since this problem is isotropic
the anisotropic techniques can not give essentially better results than the isotropic one.

Table 5 shows the value of errors ||eh,.HL2(H1)7 the residual error estimators na, 1s, 71, 7sT,
the ratio nr/ns and the computational time. The computations where nr/ns < 0.01 are bolted.
From these results, we observe the following facts:

e Generally, higher degree of DG method p and ¢ give smaller computational errors.

e The estimator ng is almost independent of 7 and the estimator 7t decreases for a decreasing
T.
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e For each mesh and each pair (p,q), p=1,2,3, g = 2,3 there exists a limit value 7 such that
for any time step 7 < 7 we obtain (almost) the same computational error as for 7. (For the
pair p = 3 and ¢ = 1 on the finer grid this limit value is lower than all tested 7). It means
that (from a practical point of view) the temporal error is negligible compared to the spatial
one. Obviously, the limit value 7 is larger for large ¢ and it is lower for finer grids and higher

p.

e The condition nt/ns < 1072 looks like as a reasonable detection if the corresponding time
step 7 is bellow the limit value 7. We can easily observe that the computational errors
almost do not change for the bolted lines in the first part of Table 5, an exception is the first
case p =1, ¢ = 1 and the coarser grid.

e The use of the condition 1t /ns < 1072 for the adaptive choice of the time step (computations
fiz h + adapt 7) leads to approximately same values of ey, as the fixed time step but generally
with lower computational time. Hence, the time step adaptation keeps the accuracy but
increases the efficiency.

e It is also interesting to observe that the fix h + adapt 7 computation with pair (p = 3,q = 2)
is faster than the computations with (p = 3,¢ = 1) although the number of degrees of
freedom is higher. This is caused by the fact that ¢ = 2 is more accurate with respect time
and thus we used smaller number of time steps, which fully compensate the computational
costs.

e The full adaptive computations (adapt h + adapt 7) are able to achieve the same compu-
tational error within a shorter computational time. However, in this case the main benifit
follows from the weaker conditions (54) and (56) (higher values c4 and cr). The mesh
refinement is not too essential in this case. Nevertheless, these computations show that
the space-time DG method as well as the proposed residual error estimates are able to
work with different meshes on different time levels. This is well documeneted by the index
ix = nst/|lenrllz2(1y in the last part of Table 5 which is not too much varying for different
tolerances w and both mesh adaptation techniques.

Figure 4 shows the grids generated by both mesh adaptation techniques for all tolerances at final
time t = 10. The solutions obtained by both mesh adaptive techniques are almost identical, hence
we show only the isolines of the Mach number obtained by the isotropic adaptation technique.
Finally, Figure 5 shows the grids and the Mach number isolines obtained by the anisotropic mesh
adaptation at time levels t = 2.5, ¢ = 5.0 and 7.5. A propagation through the periodical boundaries
are observed. Let us note that results obtained by the isotropic mesh adaptation are very similar.

6.2. Viscous subsonic flow

Similarly as in [12, 5, 35, 13], we consider a laminar viscous subsonic flow around the NACA
0012 profile with inlet Mach number M ot = 0.5, angle of attack o = 2° and Reynolds number
Re = 5000. In [12, 35], we presented steady-state solutions for this flow regime with several
degrees of polynomial approximation with several grids. We employ a relatively coarse unstruc-
tured grid having 1442 triangles, see Figure 6. We carry out computations with the p = 3 and
g = 2 polynomial approximations with respect to space and time, respectively. We employ the
computations with ¢ = 10, ¢ = 0.1, ¢ = 0.01, ¢ = 0.005 and ¢ = 0.002 in (55).

Figure 7 shows the convergence of the steady-state residuum and the corresponding value of 7
for all settings of c¢y. For ¢y > 0.01, we obtain the steady-state solution. On the other hand, for
cr = 0.005 and ¢y = 0.002, where we have a higher resolution in time, we obtain a non-stationary
solution. Moreover, Figure 8 shows the dependence of the lift coefficient ¢y, on the dimensionless
physical time with ¢y = 0.005 (for ¢ = 0.002 the results are similar). The constant value cp-
"steady” (= 0.0353) was obtained with the same method but with ¢z = 10, ¢p = 0.1 and as well
as ¢y = 0.01 . Finally, Figure 9 shows the isolines of the Mach number for ¢ = 10 and ¢ = 0.005.
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P q T llenrllpzay 1A ns nr nsT nr/ns CPU(s)
1 1 2.0E-01 3.38E+400 6.41E-03 1.34E+01 1.15E-01 1.34E+01 8.57E-03 85.1
1 1 1.0E-01 3.28E400 8.13E-03 1.36E+01 3.07E-02 1.36E+01 2.26E-03 149.5
1 1 5.0E-02 3.27E400 4.27E-03 1.36E+01 8.66E-03 1.36E+01 6.36E-04 232.8
1 1 2.5E-02 3.26E4-00 3.74E-03 1.36E+01 4.20E-03 1.36E+401 3.08E-04 369.6
gg 1 2 2.0E-01 3.26E4-00 6.23E-03 1.35E+01 8.91E-03 1.35E+01 6.61E-04 161.5
g 1 2 1.0E-01 3.26E4-00 5.91E-03 1.36E+01 6.02E-03 1.36E+01 4.43E-04 264.3
2 1 2 5.0E-02 3.26E4-00 3.99E-03 1.36E+01 3.99E-03 1.36E+01 2.93E-04 409.9
o 1 2 2.5E-02 3.26E+4-00 3.60E-03 1.36E+01 3.60E-03 1.36E+01 2.64E-04 643.8
. 2 1 2.0E-01 9.47E-01 1.14E-03 2.23E+00 1.23E-01 2.23E400 5.50E-02 275.0
% 2 1 1.0E-01 7.33E-01 1.26E-03 2.31E4-00 3.15E-02 2.31E400 1.37E-02 450.3
w9 1 5.0E-02 7.14E-01 1.52E-03 2.32E+400 8.07E-03 2.32E4-00 3.48E-03 909.9
LR 1 2.5E-02 7.12E-01 1.03E-03 2.33E4+00 2.24E-03 2.33E4-00 9.61E-04 1315.7
@c 2 2 2.0E-01 7.13E-01 9.77E-04 2.29E400 5.48E-03 2.29E4-00 2.40E-03 757.8
H 2 2 1.0E-01 7.11E-01 1.30E-03 2.32E+00 1.49E-03 2.32E4-00 6.44E-04 1157.9
2 2 5.0E-02 7.11E-01 1.20E-03 2.32E+00 1.21E-03 2.32E4-00 5.19E-04 2136.0
'Qm 2 2 2.5E-02 7.11E-01 8.64E-04 2.33E4-00 8.64E-04 2.33E4-00 3.72E-04 3194.9
g 3 1 2.0E-01 5.32E-01 1.71E-04 3.22E-01 1.23E-01 3.45E-01 3.81E-01 1145.1
- 3 1 1.0E-01 1.59E-01 1.67E-04 3.45E-01 3.16E-02 3.47E-01 9.14E-02 1658.8
gé 3 1 5.0E-02 1.31E-01 1.84E-04 3.50E-01 7.95E-03 3.51E-01 2.27E-02 3030.9
= 3 1 2.5E-02 1.30E-01 2.07E-04 3.51E-01 2.00E-03 3.51E-01 5.69E-03 6058.9
3 2 2.0E-01 1.31E-01 1.54E-04 3.41E-01 5.40E-03 3.41E-01 1.58E-02 2902.7
3 2 1.0E-01 1.30E-01 1.56E-04 3.49E-01 7.08E-04 3.49E-01 2.03E-03 4626.3
3 2 5.0E-02 1.30E-01 1.74E-04 3.51E-01 1.95E-04 3.51E-01 5.56E-04 8641.0
3 2 2.5E-02 1.30E-01 1.74E-04 3.52E-01 1.75E-04 3.52E-01 4.96E-04 15768.9
1 1 adapt 3.40E4-00 8.13E-03 1.33E+01 1.29E-01 1.33E+01 9.65E-03 83.4
1 2 adapt 3.36E4-00 5.69E-03 1.26E+01 1.16E-01 1.26E+01 9.20E-03 76.3
2 1 adapt 7.25E-01 1.24E-03 2.31E+00 2.26E-02 2.31E4-00 9.75E-03 563.0
2 2 adapt 7.31E-01 8.67E-04 2.23E4+00 2.07E-02 2.23E4-00 9.31E-03 668.9
3 1 adapt 1.30E-01 1.82E-04 3.51E-01 3.44E-03 3.51E-01 9.79E-03 4404.1
3 2 adapt 1.30E-01 1.75E-04 3.44E-01 3.22E-03 3.44E-01 9.35E-03 3782.0
P q T llenrllz2(m1y na ns nr nsT nr/ns CPU(s)
1 1 2.0E-01 1.56E+00 4.27E-03 7.32E400 1.21E-01 7.32E4-00 1.65E-02 408.9
1 1 1.0E-01 1.42E400 4.19E-03 7.47TE400 3.13E-02 7.47E400 4.19E-03 648.2
1 1 5.0E-02 1.40E4-00 4.31E-03 7.50E4-00 8.93E-03 7.50E4-00 1.19E-03 1228.7
@ 1 1 2.5E-02 1.40E4-00 2.75E-03 7.50E4-00 3.39E-03 7.50E4-00 4.51E-04 2032.6
< 1 2 2.0E-01 1.40E400 4.59E-03 7.42E4-00 7.21E-03 7.42E4-00 9.72E-04 732.5
S 1 2 1.0E-01 1.40E+00 4.00E-03 7.48E4-00 4.12E-03 7.48E4-00 5.51E-04 1269.6
& 1 2 5.0E-02 1.40E+00 4.73E-03 7.50E4-00 4.74E-03 7.50E4-00 6.31E-04 2329.8
< 1 2 2.5E-02 1.40E+00 2.52E-03 7.50E4-00 2.52E-03 7.50E4-00 3.35E-04 3584.9
g 2 1 2.0E-01 5.44E-01 2.60E-04 5.40E-01 1.22E-01 5.53E-01 2.25E-01 1648.9
< 2 1 1.0E-01 1.84E-01 3.10E-04 5.63E-01 3.12E-02 5.64E-01 5.55E-02 2291.7
D) 1 5.0E-02 1.61E-01 3.33E-04 5.68E-01 7.87E-03 5.68E-01 1.38E-02 4162.1
I 2 1 2.5E-02 1.60E-01 3.08E-04 5.69E-01 1.99E-03 5.69E-01 3.50E-03 7406.3
< T2 2 2.0E-01 1.60E-01 2.94E-04 5.59E-01 5.35E-03 5.59E-01 9.59E-03 3960.3
H 2 2 1.0E-01 1.60E-01 3.35E-04 5.67E-01 7.63E-04 5.67E-01 1.35E-03 5508.1
L2 2 5.0E-02 1.60E-01 2.81E-04 5.69E-01 2.95E-04 5.69E-01 5.19E-04 10267.2
"% 2 2 2.5E-02 1.60E-01 3.29E-04 5.69E-01 3.30E-04 5.69E-01 5.79E-04 19839.2
g 3 1 2.0E-01 5.10E-01 1.92E-05 3.80E-02 1.22E-01 1.27E-01 3.20E+00 5545.3
- 3 1 1.0E-01 8.85E-02 2.16E-05 4.11E-02 3.12E-02 5.17E-02 7.59E-01 9230.0
g 3 1 5.0E-02 2.20E-02 1.97E-05 4.19E-02 7.86E-03 4.26E-02 1.88E-01 15655.3
= 3 1 2.5E-02 1.58E-02 2.07E-05 4.20E-02 1.97E-03 4.20E-02 4.69E-02 25684.9
3 2 2.0E-01 2.10E-02 1.96E-05 4.07E-02 5.35E-03 4.10E-02 1.31E-01 15842.2
3 2 1.0E-01 1.54E-02 1.98E-05 4.17E-02 6.82E-04 4.17E-02 1.64E-02 25593.7
3 2 5.0E-02 1.54E-02 2.22E-05 4.19E-02 8.85E-05 4.19E-02 2.11E-03 39928.9
3 2 2.5E-02 1.55E-02 2.00E-05 4.20E-02 2.27E-05 4.20E-02 5.40E-04 74548.5
1 1 adapt 1.47E+00 4.06E-03 7.41E4-00 7.19E-02 7.41E400 9.71E-03 490.8
1 2 adapt 1.50E+00 3.43E-03 7.07E4-00 6.59E-02 7.07E4-00 9.32E-03 451.3
2 1 adapt 1.60E-01 3.16E-04 5.69E-01 5.56E-03 5.69E-01 9.77E-03 4604.2
2 2 adapt 1.60E-01 3.16E-04 5.59E-01 5.35E-03 5.59E-01 9.57E-03 3828.8
3 1 adapt 1.55E-02 2.21E-05 4.20E-02 4.12E-04 4.20E-02 9.80E-03 54758.5
3 2 adapt 1.54E-02 2.03E-05 4.18E-02 4.04E-04 4.18E-02 9.66E-03 28162.8

2P 4 w lensllpzcmt) na ns nr nsT ix [ CPU(s)

S 73 2 4.0E-01 1.82E-01 1.97E-03 3.46E-01 1.27E-02 3.46E-01 1.90 1840.5

5 3 2 1.0E-01 4.63E-02 4.85E-04 8.68E-02 3.61E-03 8.69E-02 1.88 6628.5

Z 3 2 2.5E-02 1.23E-02 1.34E-04 2.22E-02 1.02E-03 2.22E-02 1.81 23750.4

Q

é’" P q w llenrll 2 a1y 14 ns nr nsT ix | CPU(s)

B 3 2 4.0E-01 1.31E-01 1.13E-03 2.55E-01 1.19E-02 2.56E-01 1.95 2358.1

zZ 3 2 1.0E-01 4.08E-02 3.31E-04 6.81E-02 3.55E-03 6.82E-02 1.67 7856.2

§ 3 2 2.5E-02 1.22E-02 1.05E-04 1.83E-02 9.95E-04 1.83E-02 1.50 28603.4

Table 5: Isentropic vortex propagation: the errors ||ehT||L2(H1), error estimators na, ns, nT, NsT, the ratio nt/ns,
(results with nt/ns < 0.01 are bolted) and the computational time. For isotropic/anisotropic mesh adaptation,
ix =nst/llen L2y
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isotropic

anisotropic

Mach number isolines

w =8E-01 w =2E-01 w =5E-04

Figure 4: Isentropic vortex: grids generated by the isotropic and the anisotropic mesh adaptation techniques for

all tolerances at final time ¢t = 10; the corresponding isolines of the Mach number.
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Figure 7: Viscous subsonic flow ¢y =10, ¢ = 0.1 and ¢p = 0.005, steady-state residuum (left) and the size of 7y

(right) with respect to the number of time steps.
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Figure 8: Viscous subsonic flow, time evolution of the lift coefficient c; with respect the physical time for the

setting cp = 0.005 (left) and its detail (right), the value ¢y, ”steady” was obtain with ¢ = 10 and/or ¢y = 0.1.

These experiments indicate that an insufficiently accurate resolution with respect to time may
lead a different flow regime (steady-flow vs. non-steady). These results are in agreement with [5],
where this example was solved by several research groups. They achieved mostly the steady state
solution using steady-state solvers or implicit time discretizations (with large time steps). Only
a sufficiently accurate (explicit) time discretization (carried out by University of Stuttgart) gave
the unsteady flow regime, see [5, Chapter 5].

These observations are in agreement with our results [13] carried out for the three step BDF
discretization with respect to time. Moreover, the BDF as well as the time DG discretization
techniques required approximately the same computational time (approximately 24 000 s) although
the algebraic systems arising from the time DG discretizations are three times larger.

6.3. Numerical simulation of viscous shock-vortex interaction

Similarly as in [59, 60, 61, 13], we consider the viscous interaction of a plane weak shock
wave with a single isentropic vortex. During the interaction, acoustic waves are produced, and we
investigate the ability of the numerical scheme to capture these waves. The computational domain
is © = (0,2) x (0,2) with the periodic extension in the xo-direction. A stationary plane shock
wave is located at x1 = 1. The prescribed pressure jump through the shock is pr — pr = 0.4,
where py, and pgr are the pressure values from the left and right of the shock wave, respectively,
corresponding to the inlet (left) Mach number My, = 1.1588. The reference density and velocity are
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Figure 9: Viscous subsonic flow, isolines of the Mach number for the setting ¢z = 10 (left) and ¢z = 0.005 (right).

those of the free uniform flow at infinity. In particular, we define the initial density, x1-component
of velocity and pressure by

pr =1, up = My, pr =1, pr=pLKi, up =urK; ", pr =p1Ko,

where

1 M? 2 -1
K1:’Y+ L <M2 2l )

2 1+ Tyt L=

Here, the subscripts 1, and r denote the quantities at x < 1 and x > 1, respectively, v = 1.4 is the
Poisson constant. The Reynolds number is 2000. An isolated isentropic vortex centered at (0.5, 1)
is added to the basic flow. The angular velocity in the vortex is given by

Vg = 1T eXp(_CQTQ)v 1 = Uc/rca Co = Tc_2/27 r= ((xl - 05)2 - (x2 - 1)2)1/2a

where we set r. = 0.075 and u. = 0.5. The computations are stopped at the dimensionless time
T=0.17.

We solved this problem with the aid of algorithm from Section 4.6 with setting c4 := 1072,
cr = 1071, p = 3 polynomial approximation with respect to space, ¢ = 2 polynomial approxima-
tion with respect to time and the anisotropic mesh adaptation. We used the tolerance w = 0.02.

Figure 10 shows the space-time adaptive computations, namely the dependence of the number
of degrees of freedom N,,, = 2(p + 1)(p + 2)(q + 1) #Thm = 120 # T, (top left), the size time
step 7., (top right) and the accumulated residual error estimators

m 1/2 m 1/2 m 1/2
o = (Z(m’i{)2> R RN (Z(nr?f) N A (Z(né%f) (71)

=1 k=1 k=1

(bottom left) on t,, € [0,7]. Each node corresponds to one time step. Obviously, 75" = na,
acc,r __ acc,r __ . o

Ny =mnr and gy = nsT since t, =T

We observe several jumps back with respect to ¢, which correspond to re-meshings of the
computational grid at several time steps and their repetitions, see step (5) of the adaptive process
from Section 4.6. Each re-meshing is usually accompanied by a decrease of the corresponding time
step. Moreover, Figure 10 (bottom right) shows the accumulated computational times (CPU) in
seconds necessary for the assembling the algebraic systems including the assembling of the flux
matrix (“CPU prepare”), CPU for the solution of the corresponding algebraic problems (“CPU
solve”) and CPU for the evaluation of the residual error estimates (“CPU estim”). We observe
that the evaluation of the residual error estimates is not time consuming, it requires less than 3%
of the total computational time. On the other hand, the most time consuming is the solution
of algebraic systems, hence a more efficient technique should be developed, e.g., the so-called
p-multigrid approach seems to be promising.

Finally, Figure 11 shows the used meshes, pressure isolines and the pressure distribution along
the horizontal cut at ¢t = 0, t = 0.3, t = 0.45 and ¢ = 0.6. We observe a strong anisotropic re-
finement along the static shock wave which is almost independent on t and a isotropic refinement
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around the vortex which moves in the flow direction. The interaction is captured with nonphys-
ical oscillations; let us note the we do not include any stabilization in the numerical scheme.
The oscillation-free approximation is the consequence of a high order DG approximation and the
anisotropic adaptation.

7. Conclusion

We presented a higher order numerical method for the solution of the non-stationary com-
pressible Navier-Stokes equations, which is based on the space-time discontinuous Galerkin. We
developed the residual error estimates technique, which approximates the error measured in the
dual norm. This approach is able to identify the several ingredients of the total error, namely its
algebraic, spatial and temporal parts. Based on them we defined an adaptive algorithm which

i) solves the corresponding algebraic systems until the algebraic error estimate does not influ-
ence the spatial error estimate,

ii) chooses the time step such that the temporal error estimate is controlled by the spatial error
estimate,

iii) adapts the mesh in such a way that the space-time error estimate is under a given tolerance.

Several numerical experiments confirmed these items and demonstrated the ability of the presented
method.

The main drawback of the presented approach is that we have no information about the real
size of the error. The development of such error estimator is the subject of further research. The
most promising approach seems to us the goal-oriented a posteriori error estimation, cf. [31, 32].
Another challenge is a use of these residual error estimates for an anisotropic hp-adaptive method.

Appendix A. Choice of ||-||x

Here, our aim is to give a (partial) theoretical justification for the choice of |||y in (53).
For simplicity, we consider a linear problem u' — Au = f on Q x (0,7) with homogeneous
boundary condition and initial condition ug. We introduce the following weak formulation: let
w € L?(0,T, H}(2)) be such that

T T
/(—u,v’)+(Vu,Vv)dt=/ (f,v)dt + (ug, v(0)) Wo € X, (A1)
0 0

where the space X is defined as
X ={ve L*0,T,H} Q) : v € L*(0,T,H "), v(T) = 0}, (A.2)

see, e.g., [29]. Let us assume the discrete solution up, obtained by conforming method, i.e. wup,
belongs to a subspace of L?(0,T, H}(Q2)) and satisfy relation (A.1) for all v, € X, C X. Then,
according to (37), the residual measure of the error e = u — uy, can be expressed as

IOT(f7 U) + (uh‘m UI) - (vuh7'7 VU) dt + (u07 U(O)) foT(fea U/) + (vev V”U) de
R = sup = sup
0vEX vl x 0#vEX ol x

(A.3)

Our aim is to choose the norm ||-|| y in such a way that the term R is equivalent to the L?(0, T, H} (£2))-
norm of the error. We present the following results.
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Figure 11: Viscous shock-vortex interaction: meshes, pressure isolines and the pressure distribution along the
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Lemma Appendix A.1. Let [|v]lx = [[vll 207,13 (0)) + 1Vl 2207, 5-1(q)) then
R < lell 20,713 0)) < 3R- (A4)
Proof. Obviously, R < ||€||L2(0,T,H5 () since the Holder inequality gives

T
/0 (—e,v") + (Ve, Vo) dt < lell 20,7, m1 2 1V | 20,1, -1 02)) F M€l p2go, 7,12 p) 10 £z 0,7, 113 (2)) = el 2o, 0 0] x -

In order to prove the opposite inequality ||e| (0.1, HL (@) = 3R, we consider the dual problem:

find solution z € X such that
T T
/ (=2 w) + (Vz,Vw)dt = / (Ve, Vw)dt Yw € L*(0,T, Hy(2)). (A.5)
0 0
Let z be the solution of (A.5). We show that
121l 20,7, 113 () T 12 L2071 () < Bllell 20,7, 11 ) (A.6)
Putting w := z in (A.5), we get
1 2 1 2 2 ’
—§HZ(T)HL2(Q) + 5\\Z(O)HL2(Q) + HzHLZ(O,T,Hé(Q)) = ; (Ve,Vz)dt < lell 20,7, 11 ) 120 L2 07,11 (00))

hence we have ||2HL2(0,T,H(§(Q)) < HeHH(o,T,Hg(Q))‘ Moreover, the definitions of the L2(0, T, H~1(Q))-

and L?(0,T, H}(Q2))- norms imply

T
! _ fo (Zlvw)
12" 207,01 (2)) = sup e
0£weL2(0,T,HA(2)) Hw”m(o,T,Hg(Q))
T, , T
2 w) — (Vz,Vw)dt Vz,Vw)dt
Y i G R A 40 LA A A )
0AwEL2(0,T,HE (Q)) ||'LUHL2(0,T,H3(Q)) 0#wEL2(0,T,H} () ||'LUHL2(0,T,H5(Q))
T T
— Ve, Vw) dt Vz,Vw)dt
. Jy (Ve Vw) wp o (VEYW)

0£weL2(0,T,HA(2)) ||wHL2(0,T,H5(Q)) 0#£wEL2(0,T,HE () ||w||L2(o,T,H3(Q))

=llell 20,7, 112 + 1212207, 11 (02))-

From this inequality it follows that ||2[| ;2 1 zr-1()) < 2||e||L2(07T7Hé(Q)) and therefore (A.6) is
valid. Finally, from (A.6) and (A.5) with w := e, we get

3”6”%2(0’71,1{1(9)) 3 fOT(—e, ')+ (Ve,Vz)dt
H€HL2(0,T,H1(Q)) < i = / < 3R.
0 ||Z||L2(0,T,H5(Q)) 12" 20,7, -1 120l 20,7, 2 ) + 1l2 Ir200.7,-1(02))

O
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Lemma Appendix A.1 gives the equivalence between the residual measure R and the norm
L2(0,T, H}(£2)) defined therein for a conforming approximation. However, the norm defined by
(53) and the norm ||-||  defined by this Lemma are not the same. Although both of the norms
contain a term consisting of a norm of the time derivative, the latter involves the H ~'-norm with
respect to the space variables, whereas the norm defined in (53) contains the H'-norm.
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