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Summary

A new space-time discontinuous Galerkin finite element method for the solution of the Euler equa-
tions of gas dynamics in time-dependent flow domains is presented. The discontinuous Galerkin
discretization results in an efficient element-wise conservative upwind finite element method,
which is particularly well suited for local mesh refinement. The upwind scheme uses a formu-
lation of the HLLC flux applicable to moving meshes and several formulations for the stabiliza-
tion operator to ensure monotone solutions around discontinuities are investigated. The non-linear
equations of the space-time discretization are solved using a multigrid accelerated pseudo-time
integration technique with an optimized Runge-Kutta method. The linear stability of the pseudo-
time integration method is investigated for the linear advection equation. The numerical scheme is
demonstrated with simulations of the flow field in a shock tube, a channel with a bump, and an os-
cillating NACA 0012 airfoil. These simulations show that, using the data at the superconvergence
points, the accuracy of the numerical discretizatitxﬁdh5/2) in space for smooth subsonic flows,

both on structured and locally refined meshes, and that the space-time adaptation can significantly
improve the accuracy and efficiency of the numerical method.
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1 Introduction

This article discusses a new discontinuous Galerkin (DG) finite element method for the adaptive
solution of the unsteady Euler equations of gas dynamics in three-dimensional time-dependent
flow domains. The algorithm results in a second order accurate finite element discretization on
deforming meshes and accuracy can be improved using local mesh refinenietytper mesh
adaptation. In the development of the numerical scheme the main objectives to be satisfied are
obtaining a conservative discretization on deforming meshes, the accurate capturing of flow dis-
continuities usindp-adaptation, while maintaining accuracy on locally refined meshes, and achiev-
ing good computational efficiency on parallel computers. These requirements have been the main
motivation to develop a discontinuous Galerkin finite element method. The main feature of dis-
continuous Galerkin methods is the use of basis functions which are discontinuous across element
faces. This results in a finite element discretization with a very compact stencil, which can be
combined well withh-adaptation. These properties are important for many problems and the main
reason why discontinuous Galerkin methods presently are receiving significant attention.

Discontinuous Galerkin methods can be subdivided into two main classes, namely discretizations
with basis functions which are discontinuous either in space or in time. The first class of DG
methods, in combination with a TVD Runge-Kutta time integration method, has been thoroughly
investigated by Cockburn and Shu. Detailed surveys can be found in (Ref. 12, 13). The second
class of DG methods uses discontinuous basis functions in time and a streamline upwind Galerkin
or Galerkin least squares discretization in space. Both classes of discontinuous Galerkin methods
are also extensively discussed in Barth (Ref. 2) and Schwab (Ref. 25).

The separation between space and time becomes cumbersome for time-dependent domain bound-
aries, which require the mesh to follow the boundary movement. We will therefore not separate
space and time, but consider the Euler equations directly in four dimensional space, and use basis
functions in the finite element discretization which are discontinuous across element faces, both in
space and time. We refer to this technique as the space-time discontinuous Galerkin finite element
method. The space-time DG method provides optimal efficiency to adapt and deform the mesh,
while maintaining a conservative scheme which does not require interpolation of data after mesh
refinement or deformation. The space-time DG method presented in this article is an extension of
our research on a solution adaptive discontinuous Galerkin finite element method for steady three-
dimensional inviscid compressible flows, Van der Vegt and Van der Ven (Ref. 31). This article
discusses the general formulation of the space-time DG method for the adaptive solution of the
Euler equations in time-dependent flow domains. Important improvements in the computational
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efficiency are discussed in Van der Ven and Van der Vegt (Ref. 34), where we present and analyze
a new integration technique for the element face and volume integrals for discontinuous Galerkin
discretizations. There we will also demonstrate the maturity of the space-time DG discretization
with three-dimensional aerodynamic applications, such as a deforming wing in transonic flow.

The combined use of space and time discontinuous basis functions in a discontinuous Galerkin
method has been proposed by Jaffre, Johnson and Szepessy (Ref. 19), which theoretically analyzed
this technique for multi-dimensional scalar conservation laws on non-deforming meshes. See also
Cockburn and Gremaud (Ref. 8). Until now, however, the use of space-time discontinuous basis
functions in DG methods has not been fully explored for non-linear hyperbolic systems of partial
differential equations, such as the Euler equations of gas dynamics. An initial study was conducted
by Lowrie, Roe and van Leer (Ref. 22). Their formulation results in a staggered space-time mesh,
which is quite different from the DG discretization presented in this article, and does not easily
extend to local mesh refinement which is important for many applications.

In order to make the space-time DG method an accurate and efficient technique for the solution
of the Euler equations of gas dynamics we had to deal with a number of issues. First, we will
extensively discuss the weak formulation of the space-time discontinuous Galerkin finite element
method using the Arbitrary Lagrangian Eulerian (ALE) approach. This technique decouples the
grid motion from the motion of the fluid particles and is widely used in fluid-structure interac-
tion problems and ideally suited for deforming meshes. The discontinuous Galerkin discretization
which we present automatically satisfies the geometric conservation law, which states that a uni-
form flow field should not be influenced by the grid motion, since the element face and volume
integrals are calculated with sufficiently accurate quadrature rules. This problem was analyzed in
detail by Lesoinne and Farhat (Ref. 21), and is an essential condition to obtain at least first order
accuracy in time, as was proven by Guillard and Farhat (Ref. 17).

The space-time discontinuous Galerkin discretization results for each element in a coupled sys-
tem of non-linear equations. We will present and analyze a pseudo-time integration method with
multigrid acceleration which can efficiently solve these equations. In this technique the non-linear
equations of the DG discretization are augmented with a pseudo-time and marched to steady state
in pseudo-time. The pseudo-time integration is significantly improved by optimizing the Runge-
Kutta time integration method. The use of a multigrid technique for a DG discretization of hy-
perbolic partial differential equations is new and required a significant development effort. The
proposed algorithm works well on locally refined meshes and maintains the local structure of a
DG discretization, which allows a straightforward parallelization of the method.
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Since the Euler equations of gas dynamics are hyperbolic and develop discontinuities in finite
time itis important to ensure monotone solutions around discontinuities. In the TVD Runge-Kutta
discontinuous Galerkin method this is accomplished by using a slope limiter, for a survey see
Cockburn (Ref. 12). In our earlier work we also used this limiter (Ref. 31, 32), but the limiter in

a DG method prevents convergence to steady state and also has a negative effect on the numerical
accuracy. In this article we will discuss the use of a stabilization operator instead of a slope
limiter to maintain monotone solutions. This technique significantly improved the accuracy and
convergence to steady state of the pseudo-time integration.

The DG discretization combines well with local mesh refinement and this is considered one of its
main benefits. The question if the DG discretization of the Euler equations maintains accuracy
on non-smooth meshes has, however, not been addressed until now. This has only been done for
target functionals of the data, such as lift and drag on an airfoil, for a survey see Gileslland S
(Ref. 15), but this does not provide a global error estimate for the solution. In this article we will
investigate this issue with a number of mesh refinement studies on uniform and adapted meshes.

The outline of the article is as follows. After some preliminaries we discuss in Section 3 the defi-
nition of the space-time discontinuous Galerkin discretization. First, the ALE weak formulation is
discussed, followed by a derivation of the non-linear equations for the DG expansion coefficients.
Next, a definition of the HLLC flux suitable for moving boundaries is given and the stabilization
operator necessary to ensure monotone solutions around discontinuities is discussed. In Section
4 the multigrid accelerated pseudo-time integration method for the solution of the non-linear DG
equations is presented and its stability is analyzed. The mesh adaptation is discussed in Section
5 and extensive results to demonstrate and validate the space-time DG method are presented in
Section 6.



-10-
NLR-TP-2001-604

2 Space-timeformulation of the Euler Equations of gasdynamics

We consider the Euler equations of gas dynamics in a time-dependent flow domain. Since the
flow domain boundary is moving and deforming in time we do not make an explicit separation
between the space and time variables and consider the Euler equations dirBétly.atE ¢ R*

be an open domain. A pointe R* has coordinatege,, - - - , z4), but we will also frequently use

the notation(z,t) € R, with # = (1,72, 23) € R3 the position vector at time andt = x4
representing time. The flow domai(t) at timet is defined asQ(t) := {z € R? | (z,t) € £},

with ¢, and T the initial and final time of the evolution of the flow domain. The space-time
domain boundarg€ consists of the hypersurfac@%tg) := {z € 0E | z4 = to}, UT) := {z €

O |za=T}andQ :={z € O | to < x4 < T}.

Let F : R° — R5*% denote the flux tensor, which is defined as:

puL pu2 pu3 p
pui +p puLU puiu3 puU1
F = PULUQ pu% +p puLU3 puz |,
pUIU3 pugu3 pus+p  pus

(PE +p)ur (pE +p)uy (pE+p)uz pE

with p, p, and E the density, pressure, and specific total energy, respectively ahe velocity
components in the Cartesian coordinate directions € {1,2, 3} of the velocity vectow : £ —
R3. Let the vectoU : £ — R® denote the conservative flow variables with components:

Ui = Fia,
then the Euler equations of gas dynamics are defined as:
divF(U(z)) =0, z €€, 1)
together with the initial and boundary conditions:
U(z) = Uy(x), z € Q(to),
U(z) = B(U,U,), z € Q.

HereUy : Q(ty) — R5 denotes the initial flow field3 : R® x R® — R® the boundary operator

andU, : Q@ — R the prescribed boundary flow field data. The divergence of a second order
8F;j
8.7,‘]'] )

article. The Euler equations are completed with the equation of state for a caloric perfect gas:

tensor is defined asliv F =

and the summation index is used on repeated indices in this

p=(y—1)p(E — %uzuz) with + the ratio of specific heats.
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3 Space-Time Discontinuous Galerkin Discretization of the Euler Equations

3.1 Geometry definition of space-time elements

Consider a partitioningy < t; < --- < T of the time intervalty, T") and define the time interval
I, as: I, = (t,tn41). The space-time domaifi C R* is split into a finite number of space-
time slabs:{z € £|z4 € I,}. The evolution of the flow domain during the time intervalis
represented by the mappid§, which is defined as:

I Qtn) > Qt) 1 3> BNT),  te I )

The mappingp? is assumed to be sufficiently smooth, orientation preserving and invertible in each
time intervall,,, but can be different in different time intervals. This makes it possible to generate
a new grid when elements become too severely distorted during the dynamic mesh movement. At
the time levek,, we use hexahedral elemettsto define the tessellatiofy":

_ Ny — .
To = (K} U Ky = Qu(ta) and K3 0 KG = 01if j # 7,1 < 4,5 < Na

such that,(¢,) — Q(t,) ash — 0, with h the radius of the smallest sphere completely con-
taining each elemer®& € 7, and N,, the total number of hexahedra §y,(¢,). Each element
K™ e 7_;" is related to the master eleméiit= (—1,1)3 through the mapping':

8

Fp:K—K':Emi=)Y zi(K"xl(f),

i=1
with z;(K™) € R3, 1 < i < 8, the spatial coordinates of the vertices of the hexahedf8n
at timet,, andx;(£) the standard tri-linear finite element shape functions for hexahedra, with
£ = (€1,6,&3) € K. The elementsk™t! are now obtained by moving the vertices of each
hexahedrork™ € 7," with the mapping®} to their new position at time = ¢,..1, and we can
define the mapping:
8
FRtti K - KM bz =) op L (3i(K™) xi()-

i=1
The space-time elements are obtained by connecting the elemé&l(ts,irand2(¢,,+1) by linear
interpolation in time. This results in the following parameterization of the space-time elements
K.

Gh:K— K& (z,8) = (31— &) FR(E) + 2(1 + &) FRHL(E),

%(tn +tny1) + %(tn—l—l - tn)£4)’ (3)
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with ¢ € K the computational coordinates in the master elemi&nvhich is defined ask =
(—1,1)%. The space-time tessellation is now defined as:

T :={K=G%(K) | K €T}

We will also frequently use the notatidki(¢) for the elementK at timet, which is defined as:
K(t) = {z € R®|(z,t) € K}. The space-time elemeit” is bounded by the hypersurfaces
K(t)) = leii(r)lK(tn +€), K(t, 1) = lgfglK(tn+1 —¢),andQ" = K™\ (K(t,}) UK (t5,4))-
This notation is used to indicate that the mesh can change discontinuously at the timg,levels

bt

The boundary faces df™ can also be represented using the mapping (3)1~orm < 8 define
the eight facesS,,, of the space-time elemekd, with 0K = U8, _,S,,, by:

Som—1 ={Gk (&) | € €K, &n = —1},

Som ={Gk(O)|€ €K, &n = 1}, 1<m<4. 4)

Note thatQ" = US _,Spm, K(t,}) = S7, andK(t,,,,) = Ss. The reader is referred to Figure 1
for a two-dimensional illustration of the elements and mappings.

Remark 1 Thetessellation7," does not impose a limitation on the number of elementswhich can
connect to a face of an element. Thisisimportant because during the simulations the computa-
tional mesh will be adapted by subdividing elements in space and/or time in regions where more
mesh resolution is required.

Remark 2 Since we use a tri-linear representation of the elementsin space, thisimplies that we
use a bi-linear representation of the geometry at dip flow boundaries. In an interesting article,
Bassi and Rebay (Ref. 1), concluded that a higher order representation of a dlip flow boundary
is mandatory in order to avoid strong numerical boundary layers and to obtain corvergence.
Recently, van der Vgt and van der Ven (Ref. 33) showed that under grid refinement the numerical
boundary layer diminishes for hexahedral type elements. Snce local mesh refinement already
is an integral part of our algorithm, we use this technique to remove the numerical boundary
layer at dip flow boundaries and it is not necessary to use a higher-order accurate boundary
representation.
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3.2 Space-timediscontinuous Galerkin finite element approximation

3.21 Weak formulation of the Euler equations

In order to ensure that the different forms of the weak formulation of the Euler equations of gas
dynamics, which are discussed in this section, are well defined we introduce the broken space
V(Ty):

V(TR) = {U: T = B[ (gradU")" : F(U?)|xp € L(KT);
((gradU*)"-D(U")) : grad U'|xp € L'(K});
(U - (ng F(y™ (U?) + g F(vT (U?))) € L'(9KT);
V(UL U?,U% e V(T), VKT € T},

with L! the space of Lebesgue integrable functiop§(U) = lim.o U(z + enx) the traces

of U at 0K, nx € R* the unit outward normal vector &, ® : R® — R*** the artificial
viscosity matrix, and superscriffit denotes the transposition of a vector. We will also frequently
use the notationii/'i to denotey®(U). The gradient operatgrad : R® — R**? is defined as:
(gradU);; = a . and the symbalrepresents the dyadic product of two second order tensors and
is defined ford, B € R"*™ asA : B = A;;B;;.

The discontinuous Galerkin finite element discretization is obtained by approximating the test and
trial functions in each elemerif € 7,* with polynomial expansions which are discontinuous
across element faces, both in space and time. First, in the master elértiembasis functions

ém : K — R are defined which are linear in computational space:

=&m, m=1,---,4.
Next, the basis functions,, : £ — R are constructed through the parameterizaign
bm=dmoGx', m=0,... 4
We also introduce the basis functiopg, : X — R, which are defined as:

"/)m(:iat) :]-7 m = 0,

:(ﬁm(.’i’t) / .’E,t;+1)dK, m = ]_, ’4, (5)
n—|—1 | n+1

since this will resultin a splittlng of the test and trial functions into an element mean at time
and a fluctuating part. This property will be beneficial in the definition of the stabilization operator
and the multigrid convergence acceleration, discussed in Sections 3.5 and 4.
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The finite element spadg, (7,") is now defined as follows:
Va(Ti") = {Un | Unlc € (P1(K))’} C V(T})),

with the polynomial spac®!(K) = span{tm,m = 0,--- ,4}. The trial functiongJ,, : 7, —
R’ are defined in each elemefite 7,* as:

4
Un(z,t)lx = PU@,1)|x) = Y Un(K)om(,1), (6)

m=0
with P : R5 — V;1(7,*) the projection operator onto the spaég andU,, € R® the expansion
coefficients. The test function&}, : 7, — R® are defined analogously, only with,, replaced

by W,,,. The weak formulation for the Euler equations of an inviscid compressible gas can now be
formulated as:

Find al, € V, (7;"), such that for ali%, € V,}(7,*), the following variational equation is

satisfied:
Nt Np

SN A Wu-divFO)dKE+ | ((grad Wy)T - D(U)) : grad Up dK} =0, (7)
K K»

n=0 j=1
with N7+ 1 the total number of space-time slabs @fdthe number of elements in the tessellation
7' The second contribution in (7) is the stabilization operator and added to the weak formulation
to prevent numerical oscillations around discontinuities and in regions with sharp gradients, for
more details see Section 3.5.

3.2.2 Transformation of the space-timeweak formulation into ALE form

The weak formulation (7) can be transformed into an integrated by parts form using Gauss’ theo-
rem. This has as main benefit that it does not result in loss of conservation under inexact quadra-
ture, see e.g. Hansbo (Ref. 18). This approach is for instance followed by Shakib et al. (Ref. 26).
It is, however, possible to establish a relation between the Arbitrary Lagrangian Eulerian (ALE)
formulation, commonly used on moving and deforming meshes, and the space-time approach.
This can be done either directly for the partial differential equations, as presented by Masud and
Hughes (Ref. 23), or for the weak formulation using Stokes’ theorem, see Bottasso (Ref. 6). In
this section we will establish the relation between the space-time and ALE formulation in a more
simplified way, which does not require the use of differential forms, and gives more insight into
the origin of the various contributions.

If we introduce

Wy, - div F(Uy,) = div (W] F(Uy)) — (grad W)™ : F(Uy), (8)
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into the weak formulation (7) and apply Gauss’ theorem to the contribution resulting from the first
term on the righthand side of (8) then we obtain:
[ v wiE@ e = [ e (08,7 F©;) ) ©)
J J

whereny is the unit outward normal vector at the boundaiy”. The ALE formulation can now
be obtained by calculating the normal vecigy.

Given the parameterizatiqiz, t) = G'% (&) for the space-time element, the normal veeigrat
the boundary surface componests_; andSy;, 1 < i < 4, defined in (4), is orthogonal to the
tangential vectors;, , ¢;,, andt;,, with the indiceg{iy, 42,43} C {1,--- ,4} complementary to the
index{i}. The tangential vectors are defined gs= %, and are equal to (cf. (3)):

n (& n+1l,7
b1 67RO ¢ 11 4 ¢)2T510
i = a(1 = &) =g + 3(1+ &)~ ’ =123
0
[ F&THE) — FR(E) L[ Az
ta =3 =3 )
tnt1 — tn At

(also see Figure 1). The normal vectorsSatand Sg are simply(0,0,0,—1) and(0,0,0, 1),
respectively, hence the boundary integrals over the surfgcaadSs are equal to:

8
. —\T - —
mz:;/mn,c (W, FW,)) ds /Kj(t

where we used the relation;” = Fi4(U, ), S7 = K;(t,}) andSs = K;(t, ;).

W, U, dS — / W, -U, dS, (10)

n+1) K (t)

For the remaining boundary terms remember that for €ach (—1, 1) the element (¢), such

that (K (t),&1) = G%(&, &), is the space-element defined by the interpolated vertices of the
elementsk (t;}) andK (¢, ). Letni(z,t) € R?, (1 < i < 6), be the space part of the normall
vector at the boundary part C Q7. By definition,ﬁ,?cm_1 andn?™, (1 < m < 3), are
perpendicular to the tangential vectays = %(1 — 54)?,%’3 + %(1 + 54)‘955:1, with k£ = 1 or 2,

such thaf(iy, i2,m} = {1,2, 3}. Hence, the vector@., a) € R* are orthogonal to the tangential

vectorst;, , if and only if the conditions:

iki
AT -k + aAt =0,
are satisfied. The space-time normal veetpratS;, (1 < i < 6), therefore is equal to:

n;C = (7_”;0 —v- ﬁ;c)a
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with the grid velocityv € R3 given by the relationv = Az/At. Since the space-time normal
vectorng has length one, the space normal veétgrhas a lengthnix| = 1/v/1+wv-v. The
boundary flux integral ove$;, (1 <14 < 6) is now equal to:

6
Z/ nic - (W, )TF(U,)) dS
=1 i
:/Qn [k - (W,)"F(Uy) = fic - 0(W, - T;))]dQ, (1)

where the flux tenso# : R® — R°*% has components;; = F;; with1 < j < 3. If we
replace the righthand side of (9) with the sum of (10) and (11) using the faddkifat= U%_, S;,

and introduce this relation into (7) we obtain the weak formulation for the Euler equations of gas
dynamics in ALE form:

Find aly, € V, (7). such that for allW,, € V,'(7,"), the following variational equation is
satisfied:

Nt N,
ZZ{—/ (gradWh)T:}"(Uh)dlC—l—/ W, Uy dK —

/ W, U, dK + [ W, - (F(U, )k — nx - vU, )dQ +
Kj(t;‘{) Q7

/Icn ((grad W)t - D(Up)) : grad U, dK} = 0. (12)

3.2.3 Introduction of numerical flux

In the summation over the space-time elements, the integrals over the internal f&@€Joft,, )
and K (t,+1) in the weak formulation (12) are counted twice, since two elements are connected
to each side of the faces. (In case of mesh refinement this applies to subsets of these faces.) This
results in a multi-valued flux tensor at internal faces, since in gebgraf U," in the discontin-

uous Galerkin discretization, and this requires special care. If we use the fact that the normal flux
through the boundary faces must be continuous, almost everywhere, to ensure conservation then
we obtain the relations:

/ . ) Wh-Uth:/ . W, UK, YW e V(T
K; (tn )UKj (tn+1) K; (tn )UKJ' (tn+1)

Wy (FU))dQ = | Wy - (F(U))x)dQ, VWi € Vi (Ti),  (13)
Q7 Q7
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with U,j the trace of/;, at 8}C§l of elements connected 16;-’. The generalized flux tensor :
R® — R5*3 js defined as:

FU)=F{U)-veU,

wherev ® U = v;U;. The integrals over internal facés; (¢, ) then transform into:

N, Ny,
W, -U, dK = / W, - LU, +U")dK,
]z_;/w) UK=Y [ O T

with a similar relation forK;(¢,,, ;). The multivalued time flux is now replaced with a numerical
flux Hy which, in order to ensure the causality of the time flux, is defined as:

BV U =V atKy(e)
=U,  atKjt, )

The numerical fluxr can also be used at the boundary fakgét. ), where the external trace is
provided by the initial condition at = ¢,. The numerical fluxd makes it possible to drop the
summation over the space-time slabs in the weak formulation (12), since each space-time slab only
depends on the previous space-time slab. The introduction of the time flux is an alternative to the
weak coupling between space-time slabs generally used in time-discontinuous Galerkin methods
and results in a uniform treatment of the space-time flux in the DG discretization. Using (13), the
integrals overQ? in (12) can be transformed into:

Nn Nn
> o Wy - (F(U, )ax)dQ = o W, - 5 (F(U; ) + F(Uax)dQ.  (14)
J=17% J=1"%

The representation of the flux in (14) as the average between the left and right states at the element
face results in a central discretization which suffers from numerical oscillations around disconti-
nuities. Monotone solutions are obtained by adding the stabilization operator and introducing a
Godunov type upwind flux. The use of an upwind flux fits very well into a discontinuous Galerkin
discretization, since the statég andU,j can be considered as the left and right states in a Rie-
mann problem. We replace therefore the U (U, (z,t))fx +F (U, (z,t))7ixc) atthe element
facesQ7 in the time intervalt, t + At) with a monotone upwind fluft (U, , U,"), which is con-

sistent: H(Uy, Uy) = F(Uy)ax, and conservativeH (U, ,U;Y) = —H(U,",U;7). At external
boundary faces we apply the same procedure, but at these faces the exterﬂ@‘f ssatentrolled

by the boundary operatoti,” = B(U, , Uy).

Any of the well-known (approximate) Riemann solvers, such as those from Godunov, Roe, Lax-
Friedrichs, or Osher, for a survey see Toro (Ref. 30), can be used as upwind numerical flux. In
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earlier work, Van der Vegt and Van der Ven (Ref. 31), we used the Osher flux because of its good
accuracy and nice mathematical foundation, but the Osher flux is computationally expensive and is
replaced with the HLLC flux. The HLLC flux is introduced by Toro, Spruce and Speares (Ref. 29)
and further analyzed by Batten et al. (Ref. 3, 5). The HLLC flux provides solutions of at least
the same quality as the Osher flux, but at less than one quarter of the computational cost. The
definition of the HLLC flux for moving interfaces is provided in Section 3.4. An important benefit

of using an upwind numerical flux is that this already ensures nearly monotone solutions without
a stabilization operator. A relatively simple stabilization operator in comparison with for instance
the one used by Shakib, Hughes and Johan (Ref. 26) for the Galerkin least squares finite element
method then is sufficient to obtain monotone solutions. The weak formulation for the space-time
discontinuous Galerkin finite element discretization of the Euler equations of gas dynamics now
is equal to:

Find alUj, € V, (7*), such that for allW, € V,}(7,"), the following variational equation is
satisfied:

Nn
Z{—/ (grad Wy)" : F(Uh)dICJr/ W, -U, dK —
Jj=1 IC;L K; (tn+1)
/ w, -UfdK+ [ W, -H(U, ,U)dQ+
K;(th) Qr
/ ((grad Wp)" - D(Uy)) : grad U, dK} = 0. (15)

3.3 Equationsfor theflow field expansion coefficients
An important element in the numerical discretization is the splitting of the test and trial functions
into an element meaki, : 7;* — R at the time levet,, ;1 and a fluctuating paiy, : 7;* — R:

Un(z,t) = Un(Kj(t, 1)) + Un(@, t), v(z,t) € K%, (16)

with:
Un(K;(tns1)) = o, (17)
/K . Up(Z,t)dK = 0. (18)

The flow field can now be represented as:

4
Un(Z,t) = Un(K;(th 1)) + Y Un(KD)m(Z,1),  V(Z,t) € K}.

m=1
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This splitting is a direct consequence of the fact that the basis funeftiQis, ¢) are constructed
such that:

| etiar =0, mz1, (19)
Kji(tn41)

and has several advantages. In the first place, the structure of the space-time discontinuous
Galerkin discretization becomes more clear, because the equations for the element mean are iden-
tical to a finite volume discretization. A second advantage of the splitting is that it makes it easier
to define the stabilization operator and the multigrid convergence acceleration procedure. The
stabilization operator does not act on the element mean, only on the fluctuating part. Any ad-
justment to the element fluctuations due to the stabilization operator will therefore not affect the
element mean, and preserve a conservative scheme. The multigrid procedure also benefits from
this splitting since it only uses the equations for the element mean at the coarse grid levels. This
results in a significant simplification of the multigrid algorithm, while maintaining good multigrid
performance.

If we introduce the polynomial expansions (6) 135 and W}, into the weak formulation of the
Euler equations (15), use (16)-(19) and the fact that the coefficiéhire arbitrary, then the
following set of equations for the element mdai K (¢, ,)), 1 <4 < 5, is obtained:

|K; (t )| Ui(K(t41)) — / Uni(Z,t;)dK + | H;(U, ,U;")dQ = 0. (20)
K;(tn) o
The coefficients for the fluctuating part of the flow fié]@n(lcjn) withm = 1,--- ,4, are equal
to:

S op(z,t) o o
> Gt (- [ : WD @ ae [t W@t )E) -

i(tny1)

awl(j’t)
it 6004 = Ui ) [ e+

o (z,t)

— =L Fur(Un)dK +
]Cn 8$k ( )

[, e 0B Uae -

4
A o (z,t O (Z,1 .
S Uity [ 200, ) Pom @B e o im1 = s @)
Kn oxy Ozp
The computational mesh can be discontinuous at the interface between two space-time slabs. This
implies that more than one elementTj§'~" can connect to the elemek' € 7,". In that case
the polynomial representation b%,(z, ¢,, ) in the various elements 'm;;”*l which connect to the
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elementC?? must be used in the evaluation of the integrﬁ}g(m Un(z,t; ) (Z,t})dK. This
is discussed in Sections 5.1 and 5.2. The different contributions in (21) are evaluated separately.
Define the geometric coefficients', A%, A € R>*5 as:

1 8¢l(a_j>t) _

A= [ (@ )R,
K( n+1)
Alm = Alm + Alm’
and the coefficient® € R>*®, which couple the space-time slabs, as:

BulUf o) = [ o, Ui 1)K (22)
J\ln

The element face and volume flux contributidR$ € R*5, R2 € R>*4 are defined as:

Ra(Uy Loz, Uy lop) :/Qn (@, ) Hy(Uy, , U, )dQ (23)
o (z,t) =
RiUi) = [ P07, w)a, (22)
J n Tk

and the integrals of the stabilization operafoe R*** are denoted as:

8¢l ('(Ea t)

(z,1)
B ToIm T2 g, (25)

Dy (Unlicn, Uk |xcn)) =
im Ul Uilip) /K o

with Uy |xc» the solution in the elements € 7, which connect to the elemek}. The evaluation

of the flux and stabilization operator integrals is discussed in Sections 3.4 and 3.5, respectively.
The system of non-linear equations (21) for the expansion coeﬁid’feg;tscg) can be expressed

as:

L@, ot =0, (26)

with U™ = U,i(K), K € T, 0 <m <4, 1 <i <5 andL : R*5 x R5*® — R5*5 having
components in each space-time element:

Lio = K (t,,.1)| Ui(K;j(tn 1)) — Bio(Uy |, i) + Rio(Unlxy, Uslir) @7)

M%

Li="Y (Am(K}) + Dun(Unliy, Uslir)) Umi (KF) = Ba(Uyf |, ) —

m=1

ApUi(Kj(tn 1) + Ra(Uy lar: Uy lor) = RE(Unlip), 1=1,---,4.  (28)
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The space-time discontinuous Galerkin discretization results in a set of non-linear equations (26)
for the expansion coefficienf&”. This set of non-linear equations is solved with a Full Approx-
imation Storage (FAS) multigrid scheme, which is discussed in Section 4. Since the evaluation
of the coupling termsB between space-time slabs is fairly complicated for general meshes it is
also useful to consider the equations for continuous grid motion. In this case these integrals are
relatively simple:

BZl(Uf—li—lK](t;t)) = Blmﬁmi(lc?_l)
with:

By = /K (@ b (2 7).

i(tn)

If we use the relationByy = | K (ty)| andUOi(IC?*I) = U;(K;(t;,)) then (27) is a standard finite
volume discretization for the element mean.

Remark 3 It would have been more cornvenient to define the element mean flow field for the space-
time element K instead of using the element mean flow fieldin K;(¢,,_ ;)), but thiswould not result
in a decoupling of the equations for the element mean from the equations for the fluctuations U},
due to the weak coupling between the different time slabs in the weak formulation (15).

3.4 Flux Calculation

3.4.0.1 Extension of the HLL C schemeto maving meshes

In Section 3.2.3 we introduced the HLLC flux into the weak formulation in order to prevent numer-
ical oscillations around discontinuities. The formulation of the HLLC scheme discussed in Toro et
al. (Ref. 29, 30) and Batten et al. (Ref. 3, 5) is, however, only valid for non-moving meshes. In this
section we will discuss the extension of the HLLC scheme to moving meshes. This extension is
most easily accomplished by considering the structure of the wave pattern in the Riemann problem
which is assumed in the HLLC scheme, see Figure 2. The HLLC scheme assumes that we have
two averaged intermediate statég andUj, in the star region, which is the region bounded by

the waves with the slowest and fastest signal spégdand Sy, respectively. The star region is
divided into two parts by a contact wave which moves with veloSity. Outside the star region

the solution still is at its initial values at timig,, which are denoted;, andUg and are equal

to the tracedJ; (t,,) andU,! (t), respectively. In the time intervéd,,, tm + At) the solution
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Unrrc atan element face which moves with the veloeithen is equal to:

)
UL =Uj, (tm) if S; > v,
Ui if Sz <wv< Sy,
Ubnrrc = { L (29)
U;, if Sy <v < Sg,
|Ur = U, (tm) if Sg<w,

where depending on the grid velociiywe have to consider four different cases. The time interval
At is chosen such that there is no interaction with waves coming from other Riemann problems.

Assume thatS;, < v, Sg > v, andSy; > v, then we can calculate the fiuldy.,c(UL, Ug)

in the time intervallt,,, t,, + At) by integrating the Euler equations over the control volumes
ODEFC andOEABF as shown in Figure 2. Using Gauss’ theorem we obtain for the control
volumeODEFC the relation:

SLAt v At
/ Ur dx + / Up(z,tym + At)dx
T Sr. At

0 tm+ At tm+ AL
- / Un(@, tm) dz + / F(Un(zz,t)) dt — / F(U, (vt,t))dt, (30)
Ty, tm tm

and for the control volum&EABF':

TR

Sy At SpAt
/ Un(@, b + At) das + / Un(@, b + At) d + / Up dz
v At SMAt SRAt

~

R tmt Ot tm + A
- / Un (@, t) dz + / E(U (ot 8))dt — / FUn(zr, ) dt, (31)
0 tm tm

with F(Up) = fcF(Up). If we introduce now the averaged solutiokig and U}, which are

defined as:
1 Sm At
Uf = —— Un(z,tm + At)dz,
L™ (Sa — Sp) At /SLAt h(@, tm )
1 SrAt
U*:—/ Up(z,tym + At)dz,
B (Sr— Su)At Js,, n h(@, tm )

and use the fact thajfhi is constant along the line = vt in the Riemann problem then we obtain
after subtracting (30) from (31) the following expression for the HLLC flux at the interface in the
time intervallt,,, t,,, + At):

Hyrpo(Ur,Ur) = H(F(U, (vt,t)) + F(U; (vt,1)))
= 3(F(UL) + F(UR) + (St —v) + (Smr — v))Uf +

((SR —’U) — (SM — U))U}} — SLUL — SRUR).
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For the other three case$S;, < v,Sg > v,Suw < v), (S < v,Sr < v,Sy < v), and

(Sp > v,Sr > v, Sy > v) a similar analysis can be made. If we combine the four cases then
we obtain the following expression for the HLLC flux at a moving interface in the time interval
[ty tm + At):

Hyrre(Ur,Ug) =3 (F(UL) + F(Ur) — (ISz —v| — |Su — v|)Uj, +
(|SR — ’U| — |SM — ’U|)U;.} + |SL — ’U|UL — |SR — ’U|UR —
’U(UL + UR)). (32)

In order to completely define the HLLC flux we still need to define the star stgtesdU5,, and

the wave speedS;,, Si andS,,. This can be done in various ways, but since there is no difference
with the HLLC scheme for non-moving meshes, we only state the final results. We will follow the
approach of Batten et al. (Ref. 3) which assumed that:

Sy =4 =R =47,
with 4y, r = nk - ur, g, anda* the normal velocity calculated from the HLL approximation. This

results in the following expression &k,

_ PrUR(SR — UR) — pr0r(SL —4L) + prL — Pr
pr(Sr — Ur) — pr(SL — 1ir) '
The star states are obtained using the Rankine-Hugoniot relations across the waves moving with

Sm

the velocitiesSy, andSg:

0
Sp —ar, 1
* *_ 7 33
Ur, S, _SMUL—Ir S, — 5., (p* — pr)nx , (33)

p*Sm — priy
with an identical relation foU’,, only with L replaced withR. The intermediate pressures are
equal to:

*

pr =pr(SL — 4r)(Sm — 4L) + pL,

*

Pr =pr(Sk — r)(Sm — Ur) + PR,

but the definition of5, ensures thai} = p}, = p*, asis required for a contact discontinuity. The
wave speedS§;, andSy are computed according to Davis (Ref. 14) as:

Sy, = min(dr, —ar, 4 —ag),  Sg=max(ir + ar,ir +ag), (34)

with a = /yp/p the speed of sound. Batten et al. (Ref. 5) showed that it is better to use wave
velocities based on the Roe averaged velocities, but we did not notice any major difference with
the simpler waves velocities defined in (34) for the simulations discussed in this article.
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3.4.1 Evaluation of flux integrals

The flux integrals (23) and (24) are computed by transforming the integrals to the reference face
(—1,1)3 and reference elemeft, respectively, after which the integrals are approximated with
product Gauss quadrature rules. For the element face flux integrals (23) a two-point product Gauss
quadrature rule is used for the integration in the local coordinate dire@ioigs andés, and a

three point Gauss quadrature rule for the integration in the local coordinate dirégtiohhe

volume flux integrals (24) are computed with a three-point product Gauss quadrature rule. In
Van der Ven and Van der Vegt (Ref. 34), Corollary 16, it is shown that these quadrature rules
are sufficiently accurate to ensure that the discontinuous Galerkin discretization discussed in this
article is second order accurate in a suitable Sobolev norm. The product Gauss quadrature rules
also evaluate the flux integrals sufficiently accurate to satisfy the Geometric Conservation Law
(GCL). The GCL, which is originally formulated by Thomas and Lombard (Ref. 28), requires that

a uniform flow field is not disturbed by the grid motion and is an essential condition in order to
obtain at least first order accuracy in time, as was proven by Guillard and Farhat (Ref. 17).

The product Gauss quadrature rules are easy to implement, but require 12 flux evaluations per
element face integral and 81 flux evaluations per volume integral. This number can be slightly
reduced using more sophisticated quadrature rules, as described by Stroud (Ref. 27), but the num-
ber of flux evaluations remains large. In Van der Ven and Van der Vegt (Ref. 34) we describe and
analyze a technique to reduce the number of flux evaluations in the flux integration to one, while
maintaining the same second order accuracy as obtained with the product Gauss quadrature rules.
The discussion of this technique is, however, beyond the scope of this article.

3.5 Stabilization operator

The discontinuous Galerkin finite element method without stabilization operator does not guar-
antee monotone solutions around discontinuities and sharp gradients. In these regions numerical
oscillations develop when polynomials of degree one or higher are used. For the Runge-Kutta dis-
continuous Galerkin method Cockburn, Hou and Shu (Ref. 10) derived a local projection or slope
limiter which guarantees monotone solutions for multi-dimensional scalar conservation laws. This
approach was a major breakthrough for the numerical solution hyperbolic partial differential equa-
tions because initially discontinuous Galerkin finite element discretizations experienced severe sta-
bility limitations. The use of a slope limiter in combination with a DG method results in a robust
numerical discretization and has become quite popular. We have used this technique to compute
complex three-dimensional (unsteady) flows for aerodynamical applications in combination with
local mesh refinement, Van der Vegt, Van der Ven and Boelens (Ref. 31, 32). Other applications of
DG methods with limiters, including higher order discretizations, can be found in Cockburn and
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Shu (Ref. 11), Cockburn, Karniadakis and Shu (Ref. 13), and Kershaw et al. (Ref. 20).

Despite its robustness the use of a slope limiter has serious disadvantages since it may result in
an unnecessary reduction in accuracy in smooth parts of the flow field and prevents convergence
to steady state. The accuracy problem has been an important motivation for Cockburn and Shu to
look at Total Variation Bounded (TVB) DG discretizations (Ref. 9), but these techniques are not
easy to apply in multiple dimensions and contain problem dependent constants which are difficult
to estimate. Recently, Burbeau, Sagaut and Bruneau (Ref. 7) proposed limiters for second and
higher order accurate DG methods without problem dependent constants which look promising
but still need further testing on real applications.

The problems with the convergence to steady state caused by the limiter are more severe and
originate from an inconsistency in the combination of a discontinuous Galerkin discretization
and a limiter. Since the limited solution does not satisfy the steady state discontinuous Galerkin
equations, it is not possible to reduce the residual to machine accuracy. Instead, the scheme tries
to converge to the unlimited solution, which suffers however from numerical oscillations, and the
limiter must remain active to prevent this. This is particularly annoying for industrial applications,
since it is unclear when to stop the calculations. Convergence to steady state is also important
for unsteady problems. In Section 4 we solve the non-linear equations for the DG expansions
coefficients (26) by introducing a pseudo-time and marching the solution to steady state in pseudo-
time with a FAS multigrid algorithm.

The problems in obtaining steady state solutions with a limited DG method are well known, but
have received little attention since most applications of DG methods have been to unsteady prob-
lems in combination with an explicit Runge-Kutta time integration method. After extensive testing
we came to the conclusion that a better alternative is provided by stabilizing the discontinuous
Galerkin method by adding artificial dissipation. This approach is also followed by Barth (Ref. 2),
Baumann (Ref. 4), Cockburn and Gremaud (Ref. 8), and Jaffre, Johnson and Szepessy (Ref. 19)
for the discontinuous Galerkin method and is standard in the Streamline Upwind Petrov Galerkin
(SUPG) and Galerkin least squares methods. In this section we will discuss new stabilization oper-
ators for the space-time discontinuous Galerkin method and in later sections we will demonstrate
that this technique provides excellent shock capturing and convergence to steady state in pseudo-
time. The stabilization operators use the jump in the polynomial representation at the element
faces in the discontinuous Galerkin discretization and the element residual. In this way optimal
use is made of the information contained in a DG discretization and we maintain the compact
stencil of the discontinuous Galerkin discretization.
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The effectiveness of the stabilization operaiddefined in (25), strongly depends on the artifi-
cial viscosity matrix® (U iz, Uy |xz) € R**4. The definition of the artificial viscosity matrix

is more straightforward if the stabilization operator acts independently in all computational co-
ordinate directions. This is achieved by introducing the artificial viscosity matrig R*** in
computational space using the relation:

D (Uhlicy, Uplcr) = BT D (Unlkr, Ulxp) R, (35)
where the matrix? € R*** is defined as:
R=2H 'grad Gg. (36)

The matrixH € R*** is introduced to ensure that bathand® have the same mesh dependence
as a function of:;, and is defined as:

H = diag (h1, ho, hs, hy),

with h; € R the leading terms of the expansion of the mappihg (3) in the computational
coordinates;, (1 < 7 < 4). The multiplication with the factor two in (36) ensures that for
orthogonal cells the matriR is the rotation matrix from the computational space to the physical
space. The integrals in the stabilization operdgy, given by (25) can now be further evaluated,
resulting in:

. i 9
Rpk@pq(Uh‘K?a Uh |K§”)qu%dlc

Otn

Dum (Unliz, Ug lkn) = . Oy
f

4 [ () Dy Uiy Uy (i

41K7 |

6nm©nn(Uh|K?7 U;: |lC;’)

(no summation om), where we used the relationgrad G );; = 0x;/0&; andow,, /0y = opp
and made the assumption tifis constant in each element.

The stabilization operator should act only in areas with discontinuities or when the mesh resolu-
tion is insufficient. This requirement can be directly coupled to the jump in the solution across
element faces and the element residual, respectively, both of which are readily available in the
discontinuous Galerkin discretization. In regions with smooth solutions these contributions are of
the order of the truncation error and will therefore not reduce the accuracy in these regions. We
have tested two models for the artificial coefficients:
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Model I.

Model II.

In the artificial viscosity model | only the jump in the pressure across the element faces
influences the stabilization matrix. This technique works very well in subsonic and transonic
flows with weak shocks. The artificial viscosity matrix is defined as:

Cl)\hq ‘p m) ( m))llsml
Z ¥

D 4q(Unlxcr, U Kr) = 7
aolUnley Uiley) = am P @)

7 q:]"273’

=0, otherwise

with p*(z(,,)) = 7= (p(z () the pressure at the centers of the faSgsc Q7, andy the

trace operator. The scaling factois defined asA = |7ix - (u—v)|+a, and is the maximum

of the eigenvalues of the flux Jacobiahs/dU at the midpoints(,,) of the facesS,,, with

fix the space normal &7, v andv the fluid and grid velocity, and = \/W the speed

of sound. The constaiit’ is of order one. Other discontinuity sensors, based for instance

on the density, have also been tested, but the difference with the pressure sensor generally
was very small.

For problems with stronger discontinuities the artificial viscosity model proposed and ana-
lyzed by Jaffre, Johnson and Szepessy (Ref. 19) is used. In this model both the jumps at the
element faces and the element residual are used to define the artificial viscosity:

~ 3 . 3
Daq(Unlicz, Uplr) = max (Cohig "Ry(Unlics, Uplxz), Cih),  a=1,2,3,

=0, otherwise
with
_In— OF (Up) 0U (G (0)) n -
R(Uhlxs, U liy) ‘Z T e, |+ ColUy (2e)) = Uy (o) /1 +
6. 4 3 B
> [ F U (@) = 7k F (U, (wem))], (37)
m=1

with ke = \/h? + h2 + h% + h? andUy,; the components df,. The coefficients3, Cy,

C:1 and C, are positive constants and set equatip = 1.2, C; = 0.1, Cy = 1.0 and

B = 0.1. For stronger shocks the addition of the quasi-linear form of the conservation law
in (37), which is the first contribution on the righthand side of (37), significantly improves
the robustness of the numerical scheme, since this contribution detects discontinuities very
well. Numerical tests showed that the contributions of the element residual of the quasi-
linear equations and the contributions in the jump of the flux at the element faces are equally
important.
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4 Solution of the non-linear DG coefficient equations

4.1 Multigrid algorithm for pseudo-timeintegration

The space-time discontinuous Galerkin discretization results in each element in a system of cou-
pled non-linear equations for the expansion coefficiéfits In this section we will describe an
efficient multigrid technique to solve these non-linear equations. The use of a multigrid scheme
is motivated by the fact that it maintains the local, element based structure of the discontinuous
Galerkin discretization when a proper relaxation scheme is chosen. This greatly facilitates the use
of a domain decomposition technigue on parallel computers, which are our main target platforms.
The multigrid technique has only been discussed for the linear advection-diffusion equation by
Gopalakrishnan and Kanschat (Ref. 16), which theoretically analyzed its performance. Until now
multigrid techniques have not been used for DG discretizations of the Euler equations and on
locally refined meshes. The development of an efficient technique has turned out to be non-trivial.

The non-linear equations of the space-time discontinuous Galerkin discretization (26) are solved
by augmenting them with a pseudo-time derivative:

80(K?) 1 rn Frn—1
5 _A_tﬁ(U U ), (38)

1K (t40)]
where the righthand side of (38) is divided Byt to make it possible to obtain also steady state
solutions asAt — oo, becauseAl—tE is independent ofAt. The system (38) is integrated in
pseudo-time using an optimized Runge-Kutta scheme in combination with a FAS multigrid algo-
rithm to accelerate the convergence to steady state. On the coarse meshes only the equations for
element mean are used. Depending on the type of artificial dissipation we must, however, modify

the Runge-Kutta scheme.

We define the following five stage semi-implicit Runge-Kutta scheme as relaxation operator for
the multigrid procedure:

Procedure S (k, £*, Fk, W*):
1. Initialize the first Runge-Kutta stage: V() = Wk,
2. Do for all stages s = 1to 5:

as\
|K™|

(1 + 22 (KT + @k(ws—l))))f/(s) -

asA

7(0)
V¥ 4+ K|

(&L + DRPED) VD — gh(F e, Ok (e 1) + F6) - (39)

3. End do
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4. Update solution: Wk = V),
End Procedure S%,

with K" = Kj(t,, ). In this procedurd?’* are approximations to the expansion coefficients
U(K™) at the different grid level&, U*(K™~1) are the expansion coefficients of the restriction
of U,(K™ 1) to the grid levelk, and F& represents the forcing function, which is defined in
Procedure FAS. At the fine grid levelk = M, the non-linear operataf™ : R3*5 x R5*5 —
R*5 satisfies:LM = £, with £ defined in (27)-(28), and we haig", VM, WM, FM ¢ R5*5,

At the coarse grid level$ < k < M the components of the operatat§ : R® x R® — R® are
equal to: LF = L, and we have’*, Wk, Fk ¢ R5. The coefficientd/* € R® only consist

of the coefficients of the mean flow fieldy; and the coefficiend is defined as) = &L, with

AT the time step in the pseudo-time integration. The Runge-Kutta coefficigrase defined as:
a1 = 0.0791451, as = 0.163551, a3 = 0.283663, oy = 0.5, andas = 1.0, and optimized with a
searching technique to improve the stability and smoothing properties of the Runge-Kutta scheme.
The matrixDM € R5*% is defined as:

s _ (00
0 D)’

at the fine grid level, with the dissipation matfix € R*** given by (25), andD* is zero at the
coarse grid levels. Note, the dissipation operators discussed in Section 3.5 both resultin a diagonal
matrix, hence the implicit treatment of this contribution is straightforward. The mAtg@R>*5
represents the identity matrix.

The Runge-Kutta scheme (39) is obtained from a second order accurate five-stage Runge-Kutta
method:

) Z o _ |O}§2|ﬁ’“<v<s—”, UR(),  fors=1,-0- 5, (40)

by treatingV in £F(V, U*(K~1)) semi-implicitly. This is accomplished by approximatifid -+

D)V as: (|K"|I + D)V®) + (A — |K™|I)V~1). Here A is the coefficient matrix multiplying

V in (27) and (28). The contribution, \(|K™|T 4+ D)V (=1 /|K™| then is added and subtracted

to the righthand side of (40) to restore the operabr This makes it possible to have a residual
Lk(O, U 1) ~ 0 when the solution converges to a steady state, which facilitates the definition
of the multigrid algorithm.

The semi-implicit Runge-Kutta scheme is necessary because the pseudo-time integration would
otherwise become unstable for values\asf the order of one. The use of a semi-implicit Runge-
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Kutta scheme was proposed by Melson, Sanetrik and Atkins (Ref. 24) for time-accurate calcula-
tions with multigrid acceleration using a Jameson type finite volume discretization of the com-
pressible Navier-Stokes equations. In Section 4.2 we analyze this procedure and show that for
small values of\ it also greatly enhances the stability of the pseudo-time integration method for
the space-time discontinuous Galerkin discretization.

The multigrid procedure also requires the definition of the coarse grid meshes and the restriction
and prolongation operator. The unadapted mesh is generated such that it has a sufficient number of
coarse grid levels. For most calculations at least three levels are used. In general the mesh is also
locally refined, and starting at the leaves of the refinement tree, we traverse the tree backwards
untill a sufficiently large number of cells is merged into coarse grid cells. The ratio of the number

of cells between two grid levels is approximately eight in three dimensions. In Figure 3 an example
of this process is given. This process results in a number of tessellaﬁgﬂi <k < M, for

each grid level, which are defined as:

— n noo_ . n n
Tik = AKjx | K = Uyer K5, Kji € Ty’

with I; ;. the indices of the elemenlég, which agglomerate into the coarse grid elemlél';it,'c.
Note, at the fine grid levet = M we haveT,,, = 7,". An example of tree multigrid levels in a
locally refined mesh is given in Figure 4.

We also have to correct for the fact that the agglomerated coarse grid cells are not necessarily hex-
ahedronal elements. This does not give serious problems since at the coarse grid levels we only
use equations for the element mean. These equations are identical to a first order accurate finite
volume discretization for which it is straightforward to obtain a discretization on agglomerated
elements. This is considerably more complicated for a second or higher order accurate discon-
tinuous Galerkin discretization, which also uses the equations for the flow field fluctuations, and
is one of the main reasons for only using the equations for the element mean on the coarse grid
levels.

For the discretization at the coarse grid levels we introduce the approximation $faceshich
are defined as:
{Un | Unlx = U(K(t,,,)), VK € T} if 1<k<M,
Vi (Thor) =
VYT if k=M

The restriction operatdif ! : Vi (Thik) = Vak—1(Tpx_1) is @ volume weighted average and is
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defined as:
Zj’EI]',k U()i (K?/)'IC?[ |
Sper KH

with K7 € 7. The prolongation operatdy , : Vi s 1(7;"% 1) — Vax(Ty) is @ pure injec-

Illg_thbcg} = (41)

tion and defined as:
Illcc—thhC;ﬁk = ﬁ(Kj,k(t;H))a (42)

for all fine grid element&; € 7,", which agglomerate into the coarse grid elerﬂém. We can
now define a FAS multigrid algorithm for the space-time discontinuous Galerkin discretization on
locally refined meshes:

Procedure FAS(k, £¥, F&, W*):
1. Do m; Runge-Kutta steps S*(k, £*, F&, W*) at grid level k.
2. Compute forcing function:
Fg_l — ﬁk—l(Illcc—lI/i/k’Illcc—lﬁk(lcn—l)) + I]I:—I(Fg . ﬁk(Wk’ﬁk(}Cn—l)))’
with F3F = 0.
3. If k > 0 Do Procedure FAS(k — 1,£k=1, F&=1 yk-1)
4. Update element mean solution at grid level k: W = Wk + IF (W™ — IF-'WE).

5. Do my Runge-Kutta steps S*(k, £¥, F&, W) at level k.
End Procedure FAS.

In the definition of théProcedure FAS we used (17)-(18), which allow us to apply the restriction

and prolongation operator directly to the coefficiefitsvithout first projectingl/;, to the basis
functions),,. TheProcedure FAS uses a V-cycle multigrid strategy. Other cycling strategies,
such as the W-cycle can be obtained with minor changes t®tbeedure FAS. The present
multigrid algorithm makes rather crude assumptions at the coarse grid levels, but has a good per-
formance in practice. An example is given in Figure 5 for calculations of the transonic flow about
a NACA 0012 airfoil on a locally refined mesh. This figure shows that after each adaptation step,
which result in the peaks in the residual, the residual is efficiently reduced by the multigrid pro-
cedure, both for the equations of the element mean and the fluctuations. We have extensively
tested several other multigrid strategies, including solving the equations for the flow field fluctu-
ationsU,,;, m > 1 also on the coarse meshes and more elaborate restriction and prolongation
operators. Although some of these methods were promising in a two-level smoothing analysis,
and their theoretical performance was verified in calculations on simple model problems, none of
these techniques came close to the performance of the multigrid algorithm for the solution of the
Euler equations discussed in this section.
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4.2 Stability analysis of pseudo-timeintegration

In this section we investigate the stability of the pseudo-time integration method discussed in Sec-
tion 4.1. As a model problem we use the linear advection equatietuu, = 0, with a a positive
constant. For this equation a relatively simple discretization is obtained, which is summarized in
the Appendix. The Runge-Kutta scheme (39) is used for the pseudo-time integration.

If we assume that the time step, element size, and velocity remain constanfyti.es At,,
Az = Aac?“ = Azc;?, ands = s”

= 3;.‘+l for all j andn, and set the artificial viscosity
2

D=

J
coefficients equal to zero, then the operafofor the linear advection equation defined in the
Appendix can be expressed as:

LU, U™ Y) = AU(KY) = BU(K}_y) = CU(K} ™), (43)

with the matrices4, B, C € R**3 defined as:

1+6 6 —6 § & =4 1 00
A=| -6 346 & |, B=|-6 -6 6|, C=|0 % 0f,
—2-6 -6 2+3%6 —5 -6 36 -2 0 0

with § = At(a — s)/Az ands < a. Consider now the spatial Fourier mode:
U(K}) = eU”,

with 6 € [0,27) and: = /—1. Since the stability of the pseudo-time integration is determined by
the transients we only consider the homogeneous part of the equation for the Fourier coefficient
Ur:

dur 1

—_— = TE 44
= AP0 (44)

with P(8) = A — e *B. The matrixP € R3*3 is non-singular and we can wrif@ as: P =
QMQ~!, with Q the matrix of right eigenvectors ardd the diagonal matrix with the eigenvalues
pm(6), (m = 0,1,2) of P(6). Introducing a new vectoV’ ¥ = Q~'U¥ then (44) becomes a
system of uncoupled ordinary differential equations:

AT ()

_ 5 F
dr At Vin

form =0,1,2.

This system of ordinary differential equations is solved with the semi-implicit Runge-Kutta scheme
(39), which has an amplification fact6f(z), with z € C. The pseudo-time integration method
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is stable if the amplification facta® satisfies the conditiofG(z,(9))| < 1, form = 0,1, 2;

0 € [0,27) with z,,(0) defined as,,,(§) = —ﬁ—;pm(e). The stability is analyzed for different
values of the physical and pseudo-time st&pL-numbers (defined a8F Ly = aAt/ Az and
CFLa; = aAT/Ax, respectively), and the rati/a. In Figure 6 contour values of the stability
domain|G(z)| < 1 for the 5-stage semi-implicit Runge-Kutta scheme (39) with optimized coeffi-
cients are shown for the physical CFL numb&®&L »; = 1 and 100, respectively. Also shown are

the locus of the eigenvalues, (6), 6 € [0, 27), which must be inside the stability region to ensure

the stability of the pseudo-time integration. KOF' LA, = 1 the Runge-Kutta scheme is stable

for CFLa, < 6.3 and forCFLa; = 100 the pseudo-time step CFL number must be less than
CF LA, < 2.4, which is unchanged for larger values@¥ L ;. The large stability domain and
excellent smoothing properties of the semi-implicit Runge-Kutta method for small values of the
physical time step CFL number is important for time-accurate simulations. In Figure 7 the effect
of the semi-implicit treatment df in (39) is shown folC FL »; = 1. For small physical time step

CFL numbers the stabilizing effect of this technique is very large and the pseudo-time step CFL
number must be reduced to 1.8 to ensure stability when the semi-implicit technique is not used.
For physical CFL numbers larger than 100 the effect of the semi-implicit Runge-Kutta scheme is,
however, negligible. The effect of using optimized coefficients in the Runge-Kutta scheme (39)
is also large, as can be seen in Figure 7 where the stability contours for the semi-implicit Runge-
Kutta scheme with coefficients, = 1, &, 2, 3,1 for the stages = 1,--- , 5 are shown. This are

the coefficients for the Jameson Runge-Kutta scheme, which is a popular Runge-Kutta method in
computational fluid dynamics and also frequently used as a smoother in multigrid algorithms. For
this Runge-Kutta scheme the pseudo-time CFL number must be redu€edlia , < 2.8, when

the physical CFL number is equal @F LA; = 1. When the physical CFL number is equal to
CFLa; = 100 then the pseudo-time CFL number must be reduced®d. », < 1.18 for the
Jameson Runge-Kutta scheme. The effect of grid velocity is stabilizing if the grid velocity is in
the range) < s < a. This is a direct consequence of the relatbos CFLa(1 — s/a). When

the grid velocity is in this range then it reduces the effective physical time step CFL number and
since the pseudo-time integration has a larger stability domain for smaller valG&#8Iof ; this
improves stability.
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5 Mesh adaptation

In order to improve the accuracy of the discontinuous Galerkin discretization the computational
mesh is adapted to provide more resolution in important flow structures. The mesh adaptation pro-
cedure is based on anisotropic refinement and coarsening of the mesh by subdividing and merging
elements, independently in each of the local coordinate directjo(is < 7 < 4), of the reference
element. The data structures and searching techniques for local mesh refinement and coarsening,
which are suitable for the space-time discontinuous Galerkin finite element discretization, are es-
sentially the same as discussed in Van der Vegt and Van der Ven (Ref. 31). The mesh adaptation
is controlled with a sensor function which is based on the following quantities:

e shock sensor, which measures differences in flow quantities and total pressure loss across

cell faces;

e vorticity sensor, which measures the vorticity within an element;

e grid sensor, which either measures the anisotropy of the mesh or the mesh width of a cell.
We do not control the adaptation procedure using a-posteriori error estimates, since this technique
presently is not sufficiently well developed for the Euler equations. After the mesh adaptation the
coupling coefficients (22), which link the old and new space-time slabs, have to be computed in
order to preserve time accuracy. In the next two sections we will discuss the evaluation of this
contribution for element refinement and coarsening.

5.1 Space-timesdlab coupling for element refinement

Given a refinement between two space-time slabs, where an element is divided in half in one of
the computational coordinate direc'[ions,lt?,=§t_1 be an element in the space-time sﬁ’b‘l, and

K7, K7, two space-time elements )’ such thatK} := K;(t,) = Kj,(t,}) U Kj, (). The
solutionUy(z,t,,) in eIemen'rIC?‘1 is approximated as:

4
Unj(2,t7) = Y Un(K} ™ pm g (@, 1),
m=0
where the element indexis added tdJ, and the basis functiong,, to indicate to which element
they belong. The space-time slab coupling coefficients (22) for the eleiénts = 0 or 1, can
now be evaluated as:

Bl(UiﬂKjk(tﬁ)) /K ) Ui (@, 7, )5, (@, ty)dK
ik

3
> UK 1/ )1/)m,](act D (65 dE, 1=0,---,4. (45)

m=0 Kik(
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The summation over the DG expansion coefficients is from zero to three ysin¢e, ¢,,) = 0 (cf.

(5)). The evaluation of the integrals on the right hand side of (45) requires an explicit expression
for ¢, ;(Z,t;,) in the elementk;, . Since the basis functiong,, are defined in the reference
elementK using the basis functiong,,, we must link+p,, ;(,t,) to its representation in the
reference element. Introduce the mappifgiswith 1 < i < 3, andk = 0 or 1, which are defined

as:

Hm— 24k ifi=m

€m if ¢ # m,

LF:K K by

with:

K'=(=1,1) x ... x(=1+k,k) x ... x (=1,1).

i-th entry

Here the subscript denotes the coordinate direction in which the element is refined. Note that
Gk

it andGg; o Lf are identical isoparametric mappings/of,. We can use this property to
relate the basis function in the eleméfi to the basis functions in its childré@;, andX;,. The

basis functiong,, ;, restricted takK;, andKj, in (45), transform to:

Vg if 4 #£m,

and we can use (46) to define the basis functipns in the elementd(;, . If we introduce (46)

¥mj =m0 Gl = Pmo Lf 0 Gl = { (46)

into (45) and transform back to the reference eleniétihen we obtain simple expressions for the
element integrals which can be evaluated with a product Gauss quadrature rule with three points
in each coordinate direction.

5.2 Space-timesdlab coupling for element coar sening
Given a de-refinement between two space-time slabgcgfgtl and IC?I‘1 be two elements in
the space-time sla’ﬂ)',f‘l, andK? € 7", the space-time element such th&t? := K;th) =
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K, (ty) U Kj, (t). The integral for the coupling coefficients (22) then can be evaluated as:

Bi(Uy | geqity) = /K ) Uh,jo (T, 7 )41,5(Z, £, )dK +
Jo\"n

/ Unis (2, 6, Y03 (7, 1) AK
Kjl (t;)

3
=S (Ol [ @t @ K +

m=0 Jo (tn)

OulIC) [ gt (o, 8)dK), @7)
Kj, (tn)
with v, ; restricted talC;, andiC;, given by (46). After transformation to the reference element it

is straightforward to calculate the integrals in (47) with a product Gauss quadrature rule with three

points in each coordinate direction.
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6 Discussion and Results

The space-time discontinuous Galerkin finite element method has been tested on a number of
problems with increasing complexity. In this section we discuss results of simulations aimed at
verifying and validating the algorithm. In Van der Ven and Van der Vegt (Ref. 34) we present
three-dimensional simulations, including a deforming wing, which demonstrate the applicability
of the space-time DG method to unsteady aerodynamics.

6.1 Sod’'sshock tube problem

Sod’s problem is one of the classical shock tube problems, see Toro (Ref. 30). Its solution con-
sists of a left moving rarefaction wave and a right moving contact discontinuity and shock. Two
simulations have been performed, one with and one without mesh adaptation. Both simulations
start on a uniform mesh with 100 cells in space. The time step is chosen such that the physical
CFL numberCF L 5, is less than or equal to 0.9. For the simulation with mesh adaptation, in the
first time step two refinements have been carried out, resulting in 21 extra cells. The minimum
mesh width is now one quarter of the mesh width of the original mesh. The mesh adaptation on
the initial solution is crucial because the error generated in the first time step cannot be recovered
with adaptation during the simulation and a result similar to the uniform mesh solution would be
obtained. In the subsequent time steps as many cells were added as removed, so the total number
of cells remained constant in time. The maximum number of refinement levels has been restricted
to one, which implies that no new cells with mesh widths less than half the mesh width of the orig-
inal mesh are created. The adapted space-time mesh is shown in Figure 8. The space-time mesh
clearly shows the structure of the solution and the adaptation based on coarsening and refinement
of elements follows the discontinuities without smearing. The flow solutions on the uniform and
adapted mesh at= 0.2531 are shown in Figure 9. Clearly, the solution on the adapted mesh
compares better with the exact solution. The flow solutions for Sod’s problem have been obtained
with dissipation model II, which results in nearly monotone solutions around the discontinuities.
For all other subsonic and transonic problems the simpler dissipation model | is sufficient.

6.2 Accuracy study of the discontinuous Galerkin discretization

The local element-wise discretization obtained with discontinuous Galerkin methods combines
well with local mesh refinement and the discretization does not strongly depend on the mesh
smoothness. It must, however, be verified if the DG method maintains its accuracy on non-smooth
meshes resulting frorh-refinement. In order to verify this an accuracy study has been conducted
using different meshes and comparing the numerical solution with the exact solution. For this
purpose the subsonic two-dimensional flow through a channel witt*@ump is simulated on a
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sequence of meshes with 800, 3200, and 12800 elements. The coarsest mesh is shown in Figure 10.
At the inflow boundary total pressure, total temperature, and the velocity direction (normal to the
inflow plane) are prescribed. At the outflow boundary the freestream pressure is prescribed. Since
the entropyp/p” should be conserved in subsonic isentropic flow,ERenorm of the difference
between the computed entropy and the freestream value is taken as a measure for the discretization
error. In Figure 11 thd.?-norm of the error is plotted for uniformly refined meshes. Tie

error is proportional with/2, which is better than the theoretical results presented by Cockburn
(Ref. 12) for the linear advection equation. This can be attributed to the fact that we use the data
in the element center &f,_ ;, which can be shown with a simple wave analysis for the linear
advection equation to b@(h) more accurate than the data at the element faces.

Table 1 Number of mesh points in uniformly and adaptively refined meshes

coarse grid medium grid fine grid

original 800 3200 12800
one adaptation 1120 4480 17920
two adaptations 1568 6272 25088

Each of the three meshes is also locally refined in two steps in order to test the accuracy of the
method on non-smooth meshes with hanging nodes. At each adaptation step, the mesh size is
increased with 40%. Since the mesh adaptation parameters are the same for all three grids, the
fine to coarse meshes have the following property: for an arbitrary region of the mesh the average
mesh width is halved with respect to the average mesh width in the next coarser mesh for the same
region. Hence the series is suited for a grid convergence study to obtain the discretization error
of the DG scheme on hanging nodes. A survey of the number of mesh points is given in Table 1.
In the adaptation the correct geometry of the bump is preserved. A view of the one time adapted
mesh, which initially has 800 mesh points, is shown in Figure 10. IFhaorm of the error on

the adapted meshes is shown in Figure 11, which clearly demonstrates thateh®r on locally

refined meshes in the discontinous Galerkin discretization has the same mesh depkfdaxe

on the uniformly refined meshes, despite the fact that the adapted mesh contains hanging nodes
and is non-smooth.

6.3 Oscillating NACA 0012 airfoil in transonic flow

The performance of the space-time discretization and mesh adaptation algorithm on unsteady tran-
sonic flows has been investigated with the simulation of the flow field about an oscillating NACA
0012 airfoil. The freestream Mach number is 0.8, the pitching angle ranges bet@deand4.5

degrees and the oscillation periodlis= 20 (normalized withL /a,, whereL is the chord length
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anda is the freestream speed of sound), which results in a circular frequereyr/10. The

flow field is computed both on a fine mesh with 32,768 elements and an adapted mesh, which has
approximately 9,400 elements during the simulation. During each time step the coarse mesh is
adapted, with first coarsening followed by refinement. Both simulations used a time step of 1.0
for the interval[3.0, 13.0] of a period, and a time step of 0.5 in the remaining part of the period.
The smaller time steps during this part of the oscillation period are necessary since the shock at
the lower side of the airfoil has a greater velocity than the shock at the upper side. If the shock
moves through several cells during a time step this will result in numerical oscillations, since no
artificial dissipation or limiting is applied in the time direction. In Figure 12 the hysteresis curves

of the lift and drag force coefficientS;, andCp are shown. The results on the fine and adapted
mesh are nearly identical, where the difference in the lift coefficient can be attributed to the im-
proved accuracy in the shock due to the mesh adaptation. This can be inferred from the pressure
coefficientsC;, at the wing shown in Figures 13 to 15, where the pressure coefficient is defined
asCy = (p — Px)/ %pro, with p,, andV,, the freestream pressure and velocity, respectively.
The pressure coefficients for the fine and adapted mesh are nearly identical, except in the shock,
where the adapted mesh captures the discontinuity better. The physical interpretation of the flow
phenomena shown in Figure 15 at titne: 42.5 which appear at the lower side of the airfoil when

the shock dissappears, is not clear. However, both the adapted mesh and fine mesh flow results
predict the same phenomena.

The Figures 13 to 15 also show that the mesh adaptation does not negatively influence the time
accuracy and is very efficient in capturing the flow discontinuities, also for the weak shock at the
lower side of the wing which periodically disappears.
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7 Concluding Remarks

In this article we have presented a new space-time discontinuous Galerkin finite element method
for the time-accurate solution of inviscid compressible flows on dynamic, hexahedron type meshes.
The accuracy is improved using local mesh refinement and we have presented an efficient pseudo-
time integration technique with multigrid convergence acceleration to solve the non-linear equa-
tions for the expansion coefficients in the DG discretization. The space-time DG method has been
demonstrated to combine well with local mesh refinement in various simulations and maintains
accuracy on non-smooth meshes. This makes the space-time DG method an interesting technique
for complex aerodynamic and aeroelastic problems. In a separate article, Van der Ven and Van der
Vegt (Ref. 34), we will address the issue of improving the computational efficiency of the space-
time discontinuous Galerkin discretization and demonstrate the capability of the DG method for
three-dimensional unsteady flows.
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Appendices
A Discontinuous Galerkin discretization for linear advection equation

In this Appendix we summarize the space-time discontinuous Galerkin finite element discretiza-
tion for the linear advection equation:

ou ou

ot + aa—x =0,
with ¢ > 0. This results in a relatively simple linear system, which is useful for analyzing the
properties of the numerical discretization. See for instance Section 4.2. The space-time discon-
tinuous Galerkin discretization for the linear advection equation using a mesh with grid velocities
sj<a,j=1,---N,with N the number of mesh points, can be represented in matrix form as:

AU (K3) — BU(K}_,) = CU (K™Y,

with:
Az 4 en & —c"
Y j+3 j+3 i+
1 n n
A= 2a1 +c” | —2a/\t za9 +c" | +d —2a1 — " ; + 2a/\t
1 j-l—% n 342 ]+% 11 1 +% n
— Az — Azt — —c" 2q den d
Y J i+ i+ 303 T 3Cj41 T 00
c” c" —c" n
]7% ]7% ]7% AiL'J 0 0
_ _ AN _an n — 1 n
= c" c" c" = 1 ;
B ]_% ]_% ]_% ) C O SA‘Z‘] 0 )
4 n
—c" —c" =" — n
J*% J*% 3 ]7% QA.T] 0 0

i { R 7 A /MY (S Y ) n _ =n+l _ =n _ n+l n _
with Az? = 2%, — 27, 27 = 5(2} + 27,,), a1 = 7] T}, ay = 2077 Az}, a3 =

1 1
20a} 4+ Azt c;.‘i% = QDtn(a —s;.1), ands;.l+% = (¢} —a¥,1)/Aty,. Herez? anda?
denote the begin and end points of the element at tjmeespectively. The termé; andds,, are

determined by the artificial dissipation operator.
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Fig. 1

lllustration of the geometry of two-dimensional space-time elements in both computational

and physical space. Notations in the text.
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Fig. 2 Wave pattern used in the definition of the HLLC flux function for an element face moving
with velocity v. Here S, and S are the fastest left and right moving signal velocities. The

solution in the star region U* is divided by a wave with velocity S,.
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Fig. 3 Coarsening based on refinement tree. The numbers at the nodes of the tree refer to the
number of leaves in the subtree. The dashed lines show where the tree is pruned. The

fine grid cells and the resulting coarse grid cells are shown to the right.



-49-
NLR-TP-2001-604

Fig. 4 Multigrid levels in an adapted mesh about the NACA 0012 airfoil.
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Fig. 5 Convergence rate comparison of the residual for the element mean and fluctuating DG
coefficient equations using single and multigrid computations (dark lines) on a twice
adapted mesh of a NACA 0012 airfoil.
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Fig. 6 Locus of the eigenvalues z,,, (), 6 € [0, 27), (dots) of the DG discretization of us+au, = 0
and the stability domain of the 5-stage semi-implicit Runge-Kutta method with optimized
coefficients. CFLa; = 1.0, CFLa; = 6.0 (top), CFLa; = 100.0, CFLp; = 2.2

(bottom), no grid velocity.
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Fig. 7 Locus of the eigenvalues z,, (#), 8 € [0, 27), (dots) of the DG discretization of us+aug, = 0
and the stability domain of the explicit 5-stage Runge-Kutta method (40) with optimized
coefficients (top) and the five stage semi-implicit Jameson Runge-Kutta scheme (bottom).
CFLp; =1.0. CFLA,; = 6.0, no grid velocity.
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Fig. 8 Space-time mesh for the adaptive solution of Sod’s shock tube problem.
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Fig. 9 Results of Sod’s shock tube problem at ¢ = 0.2531 on a uniform (top) and adapted mesh

(bottom). Computed results plotted as circles, exact solution plotted as lines.
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Fig. 10 Original and one time adapted mesh for converging-diverging channel.
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Fig. 11 L2-Error in flow calculations for converging-diverging channel on uniform and adapted

meshes.
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Fig. 12 Lift and drag coefficient on oscillating NACA 0012 airfoil (M, = 0.8, w = 7/10).
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Fig. 13 Adapted mesh around oscillating NACA 0012 airfoil, contours of density, and pressure
coefficient C, on the airfoil surface for « = 0.5° (pitching downward) and o = —0.5°
My = 0.8, w = 7/10).
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Fig. 14 Adapted mesh around oscillating NACA 0012 airfoil, contours of density, and pressure

coefficient C;, on the airfoil surface for « = 0.23° (pitching upward) and o = 2.0°
(pitching upward) (M, = 0.8, w = 7/10).
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Fig. 15 Adapted mesh around oscillating NACAQ0012 airfoil, contours of density, and pressure
coefficient C;, on the airfoil surface for « = 3.77° (pitching upward) and @ = 4.0°
(pitching downward) (M, = 0.8, w = 7/10).



