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Abstract. In this work different high-order temporal schemes, used to advance in time
the DG space discretized equations, are investigated: the Explicit Singly Diagonally Im-
plicit Runge Kutta (ESDIRK), the Modified Extended BDF (MEBDF), the Two Implicit
Advanced Step-point (TTAS) and a Rosenbrock method. The proposed schemes are eval-
uated in terms of accuracy and efficiency for two unsteady test-cases: (i) the convection
of an inviscid isentropic vortex and (ii) the laminar flow around a cylinder.

1 INTRODUCTION

In recent years Discontinuous Galerkin (DG) methods have received increasing atten-
tion in Computational Fluid Dynamics (CFD) [1, 2] due to many attractive features,
such as the geometrical flexibility, the use of elements with different solution polyno-
mial approximation in the same grid and the compactness of the scheme. The DG space
discretized equations can be advanced in time using different time integration schemes.
Explicit Runge-Kutta methods are very popular for the solution of unsteady problems be-
cause they can match in time the high accuracy of the DG discretization. However these
schemes can be very inefficient due to the time-step restriction. Implicit time integration
schemes can be adopted to overcome this limitation, such as the multistep Backward
Differentiation Formulae (BDF) schemes. However, BDF are only A-stable up to the
second-order and their low accuracy is not well suited to match the spatial accuracy of
DG methods. In this work different high-order temporal schemes were investigated in
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terms of accuracy and efficiency. In particular the following schemes were considered: the
Explicit Singly Diagonally Implicit Runge Kutta (ESDIRK) [3], the Modified Extended
BDF (MEBDF) [4], the Two Implicit Advanced Step-point (TTAS) [5] and a Rosenbrock
method [12]. These schemes have been evaluated for two unsteady test-cases: (i) the
convection of an inviscid isentropic vortex and (ii) the laminar flow around a cylinder.

1.1 DG SPACE DISCRETIZATION

The Navier-Stokes (NS) equations can be written in compact form as

ou

m + V- -F.(u) + V-F,(u,Vu) =0, (1)
where u is the vectors of the m conservative variables, and F., F, € R™ @ R? are defined
as the arrays of the inviscid and viscous flux vectors. A weak formulation of the NS
equations is obtained multiplying each scalar law in Eq. (1) by an arbitrary smooth test
function v; € v, 1 < j < m, and integrating by parts, that is

/ij% dx — /Q Vu;-Fj(u,Vu) dx + /BQ v;F;(u,Vu) -ndo =0, (2)
where F; is the sum of the inviscid and viscous flux vectors of the j-th equation.
Let €, be an approximation of the domain Q € R% T, = {K} a mesh of O, i.e.
a collection of “finite elements” K, F, = {F} the mesh faces, and let V};, denotes a
discontinuous finite element space spanned by polynomial functions continuous only inside
each element K, i.e.

v, &L (T (3)

where dof
PL % fo, € L2(Q) : vnlx € P VE € Tr) (4)

is the space of polynomials of degree at most [ on the element K. Hierarchical and
orthogonal shape functions are adopted, and are obtained using a modified Gram-Schmidt
procedure, assuming as a starting point a set of monomial functions [9].

In Eq. (2) the solution u and the test function v are replaced with a finite element
approximation u, and a discrete test function vy, respectively, where u, and v}, belong to

the space V, & [PL(T5)]™. The discontinuous approximation of the numerical solution
requires to introduce a specific treatment of the inviscid and viscous interface fluxes. In
order to ensure conservation and correctly account for the waves propagation the former
is based on the Godunov flux computed with an exact Riemann solver. For the latter the
BR2 scheme, proposed in [6] and theoretically analyzed in [8, 7], is employed.
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Accounting for these aspects, the DG formulation of the compressible NS equations
consists in seeking u; € 'V, such that

O
Z /KUM g];] dx — Z / Vi - F (up, Viuy, +r ([ug])) dx

KeT, VK

+ Z [vn 5] - ]-?‘j (uf, (Vyup + nprp ([[llh]]))i) do =0

FeFy, F

Vv, € Vh, (5)

where [ ] is the jump operator, r and rg the global and local lifting operators, and ng
is a penalty parameter prescribed accordingly to [7].

2 TIME INTEGRATION

The DG space discretization of Eq. (5) results in the following system of (nonlinear)

ODEs in time: JU

where U is the global vector of unknown degrees of freedom, M is a global block diagonal
matrix and R (U) is the vector of residuals. The matrix M reduces to the identity matrix
due to the use of orthonormal basis functions.

In this work the system (6) is advanced in time in an implicit sense by using the
following schemes: the Explicit Singly Diagonally Implicit Runge Kutta (ESDIRK), the
Modified Extended BDF (MEBDF), the Two Implicit Advanced Step-point (TIAS) and
a Rosenbrock method.

2.1 MEBDF schemes

MEBDF schemes [4] are A-stable up to fourth order, and a k-step MEBDF scheme is of
order k + 1. Standard MEBDF schemes have some limitations; they are not self starting
from the third order and the time step must be constant during the simulation.

The k-step MEBDF involves three stages to advance the solution to the next time
step. The first two stages are k order BDF formulas, while the last stage combines the
two previous BDF evaluations, resulting in a k& + 1 order solution. The three stages are
as follows:

1. Stage 1. Compute the first predictor U"** as the solution of the k-step BDF:
M “—
rn+k E N n+j A T4k

Jj=0
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2. Stage 2. Compute the second predictor U™*+1 as the solution of the k-step BDF:

k—2

M (. § . S

N (U"*k“ +ap UM 4 ajU"ﬂ“) + 3R (U™ = 0.
=0

3. Stage 3. Compute the final solution U"*! as

k—1

M . ~ _ ~ _ _ _

Al (W +3 ajU"”> FHR (UF) 4 (B — B) R(O™)4 B R(THHHY) =0,
=0

& and Bk are the coefficients of the BDF, while &, B and B4 are the coefficients of the
MEBDEF.

The three non-linear systems are solved by means of an inexact Newton approach. In
particular the Jacobian matrix is computed at the stage 1 of the first time step and then
it is recomputed only if the convergence rate of the Newton method between iteration
7+ 1 and j is above a given tolerance or after 10 time steps since the last evaluation. In
particular the Jacobian matrix is recomputed if the following relation is not satisfied:

IAU; 442

AU, [l > toly or nae > 10, (7)

where tol; is a tolerance, which is set to 0.25, na, is the number of time steps and || AU, ||,
the L? norm of the solution variation at the j* Newton iteration.

The linear system arising at each Newton step is solved using the restarted GMRES
algorithm preconditioned with the block Jacobi method as available in the PETSc library
[10].

2.2 TIAS schemes

TIAS schemes [5] are A-stable up to the sixth order, and a k-step TTAS scheme is of
order k + 1. Standard TTAS schemes have same limitations as MEBDF.

The k-step TIAS scheme involves four stages to advance the solution to the next time
step. The first three stages are k order BDF formulas, while the last stage combines the
three previous BDF evaluations, resulting in a k + 1 order solution. The four stages are
as follows:

e Stage 1. Compute the first predictor U"** as the solution of the k-step BDF::

k-1
M <I‘J“+k +)° de”ﬂ‘) + AtBR (U™F) = 0.

J=0
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e Stage 2. Compute the second predictor U"*+1 as the solution of the k-step BDF::

k—2
M (‘[_J'n+k+1 4 @k,16n+k 4 Z@jUn+]+1> 4 AtBkR (Un+k+1) —0.

Jj=0

e Stage 3. Compute the third predictor U"™**2 as the solution of the k-step BDF::

k-3
M <I_J"+k+2 I @kilfjmkﬂ + @k72fjn+k + Z @jUn+j+2> + AtBkR (Un+k+2) =0.

Jj=0

e Stage 4. Compute the final solution U"*! as:

k—1
M (UnJrk + Z&jUnJrj) + At |:Bk+2R<Un+k+2) + Bk+1R<Un+k+1)+

j=0

BR(0™) + (5= o) R (U")] =0,

&; and Bk are the BDF coefficients, while a, BHQ, Bkﬂ, By and B, are the TIAS co-
efficients (Tab. 1). In particular, 4o and Sy are free coefficients which determine the
stability properties of the scheme, and all the other coefficients are expressed in terms of

Bri+o. The non linear system arising at each stage is solved by using the same approach
described for the MEBDF.

2.3 ESDIRK schemes

This class of Runge-Kutta schemes [3] can be constructed to be A- and L-stable for
any temporal order of accuracy. A s-stage ESDIRK scheme applied to the system (6) can
be written as

UOZUn
=U"— AtZaU M 'R(U%),  i=1,...,s
Ut = U3

where a;; are the Butcher coefficients of the scheme. The first stage is explicit due to
ay; = 0 and the last stage defines the solution for the subsequent step. The s non linear

problems arising at each time step are solved by using the same strategy proposed for the
MEBDF schemes.
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k Qg aq Q9 Qa3 Qy
1 -1
5 12 7 12 5
2 33— 23 51%2 2+ 421_ @k+2 ~
3 17+165 ﬁ ﬂ_@ﬁ _@Jr@ﬁ
197 = 197 T [k+2 % 197  PkL 197 197 " k42 -
4 111 8018 128 14427 2124 29106 4008 | 52055
2501 7503 ﬁk” 2501 2 5’<+2 2%% 2501 k42 3 IETEY @’H?
5| _3n 74711 5 2925 ﬁ 00 4 11762 | 5 18700 459173 3 26550 4 9us9T | 3
14919 1 50676~ PE+2 14919 — 14919 k+2 1973 4973 " Pk+2 0 14919 14919 k42 14919 59676 k42
k B Br+1
3,5 1 3
1 5+ Braz —5— 2 Br+2
27 53 4
2 23 + [5]54»2 23 2% 5k+2
3 150 ﬂ - B —ls 106 3
197 T 197 Pk+2 197 — 197 k42
4 1644 16767 . 3 it 1o%s g
0 2501 12k+2 2501 2501 12k+2
5| 240 4 48053 5 _ 300 _ 25961
1973 1973 k+2 1973 4973 k+2

Table 1: Coefficients of the k-steps TIAS corrector stage.

2.4 Linearly implicit Rosenbrock-type Runge—Kutta schemes

Unlike the methods reported above, the linearly implicit (Rosenbrock-type) Runge-
Kutta schemes involve the solution of a sequence of linear instead of non-linear systems.
In this paper we consider the RODASP, fourth-order six stages, scheme of Steinbach [12].
Besides the systems of Ordinary Differentaial Equations (ODEs) here considered, these
schemes can also accurately be applied to systems of (non-linear) Differential Algebraic
Equations (DAEs) that can arise from the discretization of incompressible flows, see [13].
This class of methods, applied to the system 6, can be compactly written as

U =U"+ > hK;, (8)

j=1

i—1 i1
M n ,
(At—i—ny)K ——R<U +;Oéinj>—J;%jKj t=1,---s, (9)

where b;, o, 7,; are real coefficients and J is the Jacobian matrix of the DG space
discretization that is computed analytically to fully account for the dependence of the
residuals on the unknown vector and its derivatives including the implicit treatment of the
lifting operator and of boundary conditions. A direct implementation of Eq. 9 requires at
each stage the matrix-vector multiplication J Z 1 %]Kj. In practice this can be avoided
by resorting to the following equivalent formulamon
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U =0 Y Y, (10)
j=1
M i—1 M i—1
(E+J) Yz:_R <Un+;aZJY]> _E]:l Cinj Z:L"' S, (11)
where fort=1,--- s
1 i—1
K, =-Y, - Cinj, (12)
Y =1

and my;, a;; and ¢;; are the transformed coefficients of the scheme, see [14].

Each stage of Eq. 11 requires to solve a linear system of the form Ax+b = 0. However,
since the matrix A is the same at each stage, the Jacobian matrix needs to be evaluated
only once. The linear system can be solved using the GMRES (Generalized Minimal
RESidual) algorithm, preconditioned with the block Jacobi method.

3 RESULTS

In this section the performance and potential of the temporal schemes described in the
previous section are investigated for two test-cases: (i) the convection of an inviscid isen-
tropic vortex and (ii) the laminar flow around a cylinder. The notations BDFx, MEBDFx,
TTASx, ESDIRKx and RODASPx indicate the x-th order schemes. The computing time
is reported in the figures as a normalized value with respect to the TauBenchmark [11]
value, trquBench, Obtained on a full node of the cluster used for the CFD simulations
. The normalized computing time is measured as work units (WU) and is defined as
WU=(tcpu * Neores) /tTauBench, Where topy is the wall clock time and 7.5 the numbers
of cores used for the simulation.

3.1 Convection of an isentropic vortex

The free stream values of the vortex problem were the flow density p.., the velocity
vector components s, and v, the pressure po, and the temperature 7T, which were set
0 (oo, Uoos Voos Poos Ino) = (1,1,1,1,1). At ¢ty = 0 the free stream flow was perturbed by
an isentropic vortex (du, v, dT") centered at (xo,yo) and defined as:

bu =5 (y— o) /), (13)
v = % (x — z0) e(b(l*’g), (14)

a® (v = 1) 940142
7= LT 26(1-)
0 16¢ym? ‘ '

L_n 250000 -s 10 define the reference TauBench workload for the hardware benchmark

(15)
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1

where v = 1.4 is the ratio of specific heats, ¢ = 5 and a = 5 are parameters which

determine the strength of the vortex, r = \/ (. —x0)* + (y — yo)° is the distance of a
generic point (z,y) from the vortex center (zo,yo), which is set to (5,5) in a periodic
domain [0,10] x [0,10]. The computations were performed on a uniform cartesian grid
of 50 x 50 quadrilaterals with a simulation time equal to the vortex revolution period T
and a PY solution approximation. In Fig. 1 (left) the initial flowfield is depicted. Figure 1
(right) compares the exact and the computed pressure profiles along the square diagonal
using BDF2, MEBDF4, TIAS4 and TTASG6 for the timestep 7'/40. Notice that only using
sixth order TIAS scheme the minimum value of the pressure is not smoothed out, while
the solution obtained with BDF2 is completely wrong,

0.6

0.5

0.4

I TN ERTEIN NI BT R SR

0 2 4 6 8 10 12 14
d

Figure 1: Vortex: pressure initial flow field (left) and comparison between computed and exact pressure
profiles along the domain diagonal for BDF2, MEBDF4, TIAS4 and TIAS6, PS solution

The analysis of the design-order convergence was performed for progressively smaller
time steps, by keeping a high-order solution approximation (P%) to minimize the spatial
discretization error. In Fig. 2 (left) the L? norm of the pressure error as a function of the
time step is depicted, showing that all schemes verify their design-order convergence.

All temporal schemes and BDF2 were compared to assess their computational efficiency
and to understand when high-order temporal schemes could be advantageous. Figure 2
(right) shows the L? norm of the pressure error as a function of the work units. Some
high-order temporal schemes (MEBDF4, TIAS6, RODASP4) can always achieve greater
accuracy than BDF2 with a comparable CPU time. RODASP4 is the more efficient
scheme for large time steps, while for small time steps TTAS6 performs better. RODASP4
guarantees also the lowest error level.
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Figure 2: Vortex: L? norm of the pressure error as a function of the time step (left) and of the normalized
CPU time (right), P% solution

3.2 Unsteady vortex shedding behind a circular cylinder

The second test-case was the laminar flow around a two-dimensional circular cylinder
computed for a Mach number M., = 0.2 and a Reynolds number Re = 100. The com-
putational grid was a quadratic mesh containing 3690 quadrilateral. Figure 3 shows the
potential of the TTAS6 scheme in comparison with the BDF2. The density and velocity
contours are depicted after 30 vortex shedding periods, highlighting the greater accuracy
provided by the TTAS6 scheme.

T [ . [N | T
rho: 0.964 0.974 0984 0.994 1.004 1.014 Iv: 0.01 0.05 0.08 013 017 021 0.25 0.29

[N [ 1N

Ivl: 0.01 0.05 0.09 0.13 0.17 0.21 0.25 0.29

Figure 3: Cylinder: density (left column) and velocity magnitude (right column) fields after 30 vortex
shedding periods. Top row: BDF2. Bottom row: TIAS6. P? solution

The analysis of the design-order convergence was performed for progressively smaller

9
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time steps and for a simulation time equal to 1.57, where T" was the vortex shedding
period. A high-order solution approximation, i.e. P>, was used to minimize the spatial
discretization error. For this test-case an exact solution was not available and, hence,
the TIAS6 scheme was used to compute a reference solution with a very small time step
At = T/5120. Fig. 4 (left) shows the lift coefficient error (the error is defined with respect
to the reference C, computed with TTAS6) as a function of the time step. All schemes
verified their design-order convergence.

All temporal schemes and BDF2 were compared to assess their computational efficiency
and to understand when high-order temporal schemes could be advantageous. Figure 4
(right) shows that also for this testcase the high-order temporal schemes can achieve
greater accuracy than BDF2 with a comparable CPU time. However, for large time steps
and high error levels (1072) BDF2 scheme seems to be more efficient. RODASP4 and
TIAS6 have the same behaviour shown in the previous test case. RODASP4 performs
slightly better for large time steps, while TIAS6 is better for small time steps.

10° 10°
- ' = = = = BDF2

107

10

err(C))
err(C)

10°

BDF2
—#—— MEBDF3
—— MEBDF4
ESDIRK4
—»—— TIAS4
—«¢—— TIAS6
—&—— RODASP4

| L L Ll L I R R IR SR N [ S N SO SO S [ R I S
10 ] 10* 10° 0 5000 10000 15000 20000
time step work units

10" b= 107

Figure 4: Cylinder: Cp, error as a function of the time step (left) and of the normalized CPU time
(right), P° solution

4 CONCLUSIONS

In this work different high-order temporal schemes, used to advance in time the DG
space discretized equations, have been investigated. The accuracy and the efficiency of
these methods have been compared by computing two test cases: the convection of an
inviscid isentropic vortex and the unsteady laminar flow around a circular cylinder.

The design-order convergence has been verified for all schemes on both testcases, show-
ing the greater accuracy reached by these schemes in comparison to the standard BDF2
for the same time step. The computational efficiency of the schemes has been also evalu-

10
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ated and compared with BDF2. In general BDF2 scheme seems to be more efficient only
for large time steps and high error levels (1072). Best schemes in terms of efficiency are
the RODASP4 and TTASG.
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