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Overview
°

Taylor-Green vortex

Initial flow field

. [z y z
u = Vpsin (E) cos (f) cos (Z)
z\ . [y z
v = —Vpcos (Z) sin <f) cos (f)

w=0

e B () () () )
p=po+ 16 cos T + cos T cos T +2

where:

constant physical properties
Re = 1600

My =0.1

y=14

Pr=0.71
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MIGALE code:
o DGFEM
o Compressible NS equations

@ Primitive variables with p=Inp and T =InT

Discretization

e z,y,z € [—m,m

@ Periodic boundary conditions

e T =20t.

o Total DOFs V unknown=2563, 1283, 643

@ Uniform cartesian grid

o P1— P5 elements
ROS(5,8) vs. RK(4,5) time integration schemes
Preconditioned Roe (p-Roe) vs. Exact Riemman
Solver (ERS) numerical fluxes
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Taylor-Green vortex

Initial flow field

MIGALE code:
o DGFEM
. (T y z . ’
u = Vpsin 7 cos 7 cos I o Compressible NS equations
@ Primitive variables with p=Inp and T =InT
z\ . [y z
v = —Vpcos (7) sin <7) cos (*)
L L L Discretization
w=0 e z,y,z € [—m,m
2 . .
poVi < <2JE) (21/)) ( (22> ) @ Periodic boundary conditions
=po+ —4— (cos|— | +cos|— cos | — | +2
P=n 16 L L L o T =20t.
o Total DOFs V unknown=2563, 1283, 643
where: @ Uniform cartesian grid
constant physical properties o Pl — P5 elements
JIEI() i Bﬁ?o @ ROS(5,8) vs. RK(4,5) time integration schemes
o o Preconditioned Roe (p-Roe) vs. Exact Riemman
y=14 .
Solver (ERS) numerical fluxes
Pr=0.71
By considering uniform cartesian grids:
256% dofs 128° dofs 643 dofs
P dofs Vel. n. el el.V dir. n. el elVdir. | n.el. elVdir
1 4 4,194,304 161 — — —
2 10 1,677,722 119 209,715 59 — —
3 20 838,861 94 104, 858 47 13,107 24
4 35 - - 59,919 39 7,490 20
5 56 — — — — 4,681 17

alessandra.nigro@unical.it
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Analysis

Outputs:

@ Temporal evolution of the kinetic energy integrated on the domain:

1 VeV
Ep=—— ) Q)
! Pof2 ./sz/ 2
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Analysis

Outputs:
o Temporal evolution of the kinetic energy integrated on the domain:
1 V-V
— ——dQ)
AR Qp 2

o Temporal evolution of the kinetic energy dissipation rate:
dEy,
dt

@ Temporal evolution of the dissipation rate ¢ based on the enstrophy ¢ integrated on the domain:

where
1 WeW
e=—— [ p——dQ
082 Ja 2
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Outputs:

o Temporal evolution of the kinetic energy integrated on the domain:

o Temporal evolution of the kinetic energy dissipation rate:

7dEk
dt

o Temporal evolution of the dissipation rate € based on the enstrophy ¢ integrated on the domain:

e=2tc
Po
where 1
pvv Vvdf

e=——
pof2Jo 2

@ Temporal evolution of the theoretical error defined as:

dE
Theoretical error = "T +e
@
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Analysis

Outputs:
@ Temporal evolution of the kinetic energy integrated on the domain

. —dh
B = ﬂuﬂ /

o Temporal evolution of the kinetic energy dissipation rate:
dE},
="
dt

o Temporal evolution of the dissipation rate e based on the enstrophy ¢ integrated on the domain

€= 2£5
Po
where
7d$2
/’nQ / ’

o Temporal evolution of the theoretical error defined as:

Theoretical error = ‘% + e‘

Analysis:
@ Evolution of the outputs as a function of the time compared with the results of a pseudo-spectral code
@ Evolution of the outputs errors with respect to the results of a pseudo-spectral code as a function of the time

@ Maximum outputs errors vs. W.U.

University of Calabria
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Outputs Errors:

o Temporal evolution of the kinetic energy errors with respect to the results of a pseudo-spectral code:
AEy = |Ey, — Eiliep2ot,)

Ey— E;

*

AEY% = x 100

t€[0,20t.]

@ Temporal evolution of the kinetic energy dissipation rate errors with respect to the results of a pseudo-spectral

code:
A _| 4B, (4"
dat | at dt

t€[0,20t.]

A%y _ M x 100
dt (%)

1€[0,20tc]
o Temporal evolution of the dissipation rate ¢ errors with respect to the results of a pseudo-spectral code:

Ae=le— f*\te[uzutr]

x 100
t€[0,20t.]

Analysis:

@ Evolution of the outputs as a function of the time compared with the results of a pseudo-spectral code

@ Evolution of the outputs errors with respect to the results of a pseudo-spectral code as a function of the time
@ Maximum outputs errors vs. W.U.
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Maximum Outputs Errors:

@ Maximum kinetic energy errors with respect to the results of a pseudo-spectral code:
err (Ey) = [max(AEk)]te[o.mtﬂ]

err (Ex) % = [max (AER%)] (0,100,

o Maximum kinetic energy dissipation rate errors with respect to the results of a pseudo-spectral code:

err (ﬂ> = [max (AdEk)}
dt dt /liejo,10t)

err (@) % = [max (AdEk%)]
dt dt t€[0,10t,)

@ Maximum dissipation rate € errors with respect to the results of a pseudo-spectral code:

err (€) = [max (A€)]yep0,101,]

err (€) % = [max (Ae%))ie(0.10.]

Analysis:
@ Evolution of the outputs as a function of the time compared with the results of a pseudo-spectral code

@ Evolution of the outputs errors with respect to the results of a pseudo-spectral code as a function of the time
@ Maximum outputs errors vs. W.U.
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Maximum Outputs Errors:
o Maximum kinetic energy errors with respect to the results of a pseudo-spectral code:

err (Ex) = [max (AEy)]i(0.101,]

err (i) % = [max (AE%)] (0,100,

o Maximum kinetic energy dissipation rate errors with respect to the results of a pseudo-spectral code:

() = o (2)]
err | — | = |max ( A—=
dt dt ) Jiepo,10t.)

)= [ (2]
err [ —= ) % = |max ([ A—%
(df ’ at €[0,10t,]

o Maximum dissipation rate € errors with respect to the results of a pseudo-spectral code:

err (¢) = [max (A‘ﬂtgm,mu]

err (e) % = [max (AE%)]te[l).l(ltc]

Computational resources employed:

@ In-house resources at the High Performance Computing Center (HPCC) of University of Calabria
10 computing nodes with 20 cores each (Intel(R) Xeon(R) CPU E5-2680 v2 @ 2.80GHz)

o Simulation are performed on 40 — 200 cores
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Numerical results
©00000
Polynomial degree

Explicit Runge Kutta(4,5) & ERS numerical flux

2563 dofs 1283 dofs 643 dofs
cfl | grid T/Atg, W.U. grid  T/Atq, W.U. grid T/Atq, W.U.
0.35 | 161 16,443 3.196-10° [ — — —

0.2 | 119 21,149 6.954-10% | 59 10,310 3.892-10° -
0.15 | 94 22,099 1.515-107 | 47 10,907 9.100-10° | 24 5,443 6.374-10*
01 | — — - 39 13,527 2.745-10%| 20 6,770  1.874-10°
01 | — — - - - - 17 5,783  3.856-10°

U= W N =T

Variable At with ¢fl =1/(2P + 1)

Tau Bench =7.208 s

alessandra.nigroQunical.it University of Calabria
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1283 DOFs J

Theoretical error log scale: Theoretical error non-log scale:

grid 59 P2
grid 47 P3
grid 39 P4

grid 59 P2
a_ grid 47 P3 y
10 Grid 39 P 5.0E-03

4.5E-03

4.0E-03

3.5E-03

3.0E-03 -

2.5E-03

2.0E-03 -

Theoretical error
Theoretical error

1.5E-03 =

1.0E-03 |-

5.0E-04

10° L L L ! 0.0E+00
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1283 DOFs

grid 59 P2
grid 47 P3 .
grid 39 P4 10°

A(E,/dt)

grid 59 P2
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1283 DOFs

AEkZ

30803
25603
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Wy seoaf
10E03

50804
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10
Time

A (dE, /dt):

20803

15603}

1.0803

A(dE,/dt)

50604
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grid 39 P4

0
Time
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Time
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Numerical results
000000

Polynomial degree

max errors RK(4,5) & ERS numerical flux:
err(a) = max(\a - a*\te[&wtr])
err(a) % = max([\a - a*/‘l*‘]fe[o.mt,]) x 100
256% DOFs

P grid err(Ey) err(Ey) % err(dEy/dt) err(dEy/dt)% err(e) err(€)%  Theor. err.

1 161 [ 5.099- 10~ 5.61 1.587 - 10~ 34.22 6.667-107° 51.97 5.836-107°

2 119 | 3.232-107* 0.36 4.153-107* 6.74 2.196-107%  17.22  1.995-1073

3 94 |1.122-107* 0.13 2.618-107* 6.74 1.098-10~% 873  9.781-107*

)

1283 DOFs

P grid err(Ey) err(Ey) % err(dEy/dt) err(dEy/dt)% err(e) err(€)%  Theor. err.

2 59 [2.692-1077 2.92 1.833-1073 15.47 5.844-10~% 4554  4.566-103

3 47 | 9.161-107* 0.99 1.020- 1073 7.99 4.140-107% 3225  3.404-1073

4 39 |6.777-107* 0.75 8.659 - 1074 7.02 3.345-107% 2619 2.885.107%

v

64> DOFs

P grid err(Ey) err(E) % err(dEy/dt) err(dE}/dt)% err(e) err(€)%  Theor. err.

3 24 [6.847-10°° 7.45 2.436 - 107 36.58 7.280-10° 56.82 7.318-107°

4 20 | 4.240-1073 4.92 2.266 - 1073 21.19 6.374-107%  49.68  6.893-1073

5 17 | 3.694-107° 4.07 2.231-1073 21.73 6.254-107%  48.72  5.634-107°

alessandra.nigro@unica
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error(e) /W.U. RK(4,5) & ERS numerical flux:
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error(e) /W.U. RK(4,5) & ERS numerical flux:
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03 455
7.0E-03 | P1 E
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F B 4 |\ E
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Numerical results
000

Implicit vs. Explicit

Implicit Rosenbrock(5,8) vs. Explicit Runge Kutta(4,5)
ROS(5,8)

256 dofs 128° dofs 64° dofs
Plgid [ T/At W.U.,ui, RAM(GB) |grid [ T/At W.U.,ui, RAM(GB) |grid [ T/At W.U.,ui, RAM (GB)
1| 161 0.12 167 1.174 272 - - - - - - - - - -
2119 0.1 200 2.934 608 59 017 119 2.476 76 — - — - —
3| 94 0.1 200 2.057 1,140 47 012 167 2.447 144 24 017 119 1.890 23
4| - - — - 39 012 167 3.222 248 20 017 119 2.372 36
5] — - - - - - - - - 17 017 119 2.292 56

alessandra.nigroQunical.it University of Calabria




Numerical results
000

Implicit vs. Explicit

Implicit Rosenbrock(5,8) vs. Explicit Runge Kutta(4,5)

ROS(5,8)
256° dofs 1287 dofs 647 dofs
Plgid J T/Al WU,uw RAM(GB) [gid | 71/Al WU.., RAM (GB) [grid | T/Al W.U.,u, RAM (GB)
L1601 012 167 L1174 272 - - = = - - - = =
2(119 01 200 293 608 50 017 119 2.476 76 - - - - -
394 01 200 2057 L1140 | 47 012 167 2.447 144 24017 119 1.890 23
4l - - - - - 39 012 167 3.222 248 20 017 119 2372 36
5 - - - - - - - - - - 17047 119 2202 56
v
RK(4,5)
256 dofs 1287 dofs 64% dofs
P o/l |gid T/Al,, WU. RAM (GB) | grid 7/Aln, _ W.U.  RAM (GB) | grid T/Al,, _ W.U. _ RAM (GB)
T 0.35] 161 16,443 3.196- 100 28 = = = = = =
202|119 21,149 6.954-10° 88 50 10,310 3.892-10° 12 - - - -
30015 94 22,099 1.515-107 131 47 10,907 9.100- 10° 18 245,44 5
4 01| - - - - 39 13,527 2.745-100 27 20 6,770 1.874-10° 6
5 01| - - B - - - - - 17 5,783 3.856-10° 8
v

alessandra.nigroQunical.it University of Calabria




Implicit vs. Explicit

Numerical results

[ loJe}

Implicit Rosenbrock(5,8) vs. Explicit Runge Kutta(4,5)
ROS(5,8)

256 dofs

1257 dofs 619 dofs

Plgid ] T/At WU,uy RAM(GE) [gid J T/Al WU, RAM(GB) [gid J T/AL W.U,., RAM (GB)

1| 161 0.12 167 1.174 272 - - - - - - - - -

2119 01 200 293 608 |59 017 119 2476 7 - - - - -

3| 94 0.1 200 2.057 1,140 47 012 167 2.447 144 24 0.17 119 1.890 23

il - - - - - 3 012 167 3222 us |20 017 19 2372 36

5| - - - - - - - - - 17017 119 2292 56
v

RK(4,5)
3567 dofs 1257 dofs 61% dofs

P ofl [gid T/Al, _W.U. __RAM(GB) | gid T/Al,, _W.U. _RAM (GB) | grid T/Af, _W.U. _ RAM (GB)

T 035] 161 16,443 3.096 100 28 - - = E - - E

2002 119 21,149 6954-10° 88 | 59 10,310 3.892.10° 12 - - -

3 0.15| 94 22,099 1.515-107 131 47 10,907 9.100 - 10° 18 24 5,443 5

PR - - 39 13,527 2745-106 27 | 20 6,770 6

5 01 ] - - - - - - - - 175783 8
v

e W.U.;atio —W-U-RK(4,5)/W'U'ROS(5,8) 2-3

¢ RAM,4ti0 _RAMROS(5,8)/RAMRK(4,5) =6-10
v
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Implicit vs. Explicit

Numerical results

[ loJe}

Implicit Rosenbrock(5,8) vs. Explicit Runge Kutta(4,5)
ROS(5,8)

256° dofs 1287 dofs 647 dofs
Plgid [ T/At WU,ui, RAM(GB) [grid [ T/At WU.,u, RAM(GB) [grid [ T/At W.U.,w, RAM (GB)
1| 161 0.12 167 1.174 272 - - - - - - - - -
2119 01 200 2934 608 59 017 119 2.476 76 - - - B
3| 94 0.1 200 2.057 1,140 47 012 167 2.447 144 24 0.17 119 1.890 23
4l - - - B - 39 012 167 3.222 248 20 017 119 2.372 36
50 - - - - - - - - - - 17017 119 2292 56
v
RK(4,5)
256° dofs 1287 dofs 647 dofs
P c¢fl |gid T/Al,, W.U. RAM(GB) [ grid 7/Af,, _ W.U. _ RAM (GB) [grid 7/Al, _ W.U. _ RAM (GB)
T 035161 16,443 3.196-10° 28 — — - - - - -
202|119 21,149 6.954-10° 88 59 10,310 3.892-10° 12 -
3 0.15| 94 22,099 1.515-107 131 47 10,907 9.100 - 10° 18 24 5
4 01| — - B B 39 13,527 2.745-10° 27 20 6
5 01 - - - - - - - - 17 8
v
L W-U-ratw _WURK(45) /W'U'ROS(5,8) =2-3
¢ RAM,4ti0 _RAMROS(5,8)/RAMRK(4,5) =6-10
v
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Numerical results
000

Implicit vs. Explicit

Implicit Rosenbrock(5,8) vs. Explicit Runge Kutta(4,5)
ROS(5,8)

256 dofs 128% dofs 647 dofs
Pleid [ T/Al WU,wi, RAM(GB) [grid | T/AL WU, RAM(GB) [grid J T/At W.U.wic RAM (GB)
1] 161 012 167 1.174 272 - - - - - — —
2119 01 200 2934 608 59 017 119 2476 76 - - - -
3194 01 200 2.057 1,140 47 012 167 2.447 144 24017 119 1.890 23
- - - - - 39 012 167 3222 248 20 017 119 2372 36
5] - - - - - - - - 17017 119 2202 56
v
RK(4,5)
256° dofs 1287 dofs 64 dofs
P cfl |gid T/Al,, WU __ RAM(GB) | gid T/Al,, _WU. _RAM(GB) |gid 7T/Al, WU ___ RAM (GB)
T 035]161 16,443 3.196-10° 28 - - - - - - -
2 02119 21,149 6.95-10° 88 50 10,310 3.802.10° 12 - - -
3 015| 94 22,099 1.515-107 131 47 10,907 9.100-10° 18 24 5,443 5
T - - 39 13,527 2745100 27 20 6,770 6
5 01 - - - - - - - - 17 5783 8
v
L W-U-ratw _WURK(45) /W'U'ROS(5,8) =2-3
® RAM,4tio =RAMR05(5,8)/RAM R (4,5) = 6 — 10
v
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Numerical results
0®0

Implicit vs. Explicit

1283 DOFs

——— Reference ——— Reference
014 ——— grid 59 P2 RK(4,5) 0.06 grid 59 P2 RK(4,5)
———— grid 47 P3 RK(4,5) E grid 47 P3 RK(4,5)
——— grid 39 P4 RK(4,5) 0055 E grid 39 P4 RK(4,5)
012k . grid 59 P2 ROS(5,8) : grid 59 P2 ROS(5,8)
. grid 47 P3 ROS(5.8) A grid 47 P3 ROS(5.8)
grid 39 P4 ROS(5,8) 0.05F grid 39 P4 ROS(5,8)
01t E
0.045F
008 004F
u’ 3 g
0.06 0.035
0.03fF
004 E
0.025
0.02f E
0.02F
| | | | E | L L |
0 10 15 20 00153 14 16 18 20
Time Time
v v
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Numerical results
0®0

Implicit vs. Explicit

1283 DOFs

—dEy/dt: Zoom —dFE}/dt:

Reference ———— Reference
0.014 - grid 59 P2 RK(4,5) 0013 ———— grid 59 P2 RK(4,5)
grid 47 P3 RK(4,5) grid 47 P3 RK(4,5)
grid 39 P4 RK(4,5) grid 39 P4 RK(4,5)
ook grid 59 P2 ROS(5,8) 00125 grid 59 P2 ROS(5,8)

grid 47 P3 ROS(5.8)

grid 47 P3 ROS(5,8)
grid 39 P4 ROS(5,8)

grid 39 P4 ROS(5,8)
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Numerical results
0®0

Implicit vs. Explicit

128% DOFs

——— Reference
R— — gy
_ i — gri !
0014 grid 59 P2 RK(4,5) 001 — grid39 P4 RK(45)

———— grid47 P3 RK(4,5) N ‘ 9rid 59 P2 ROS(5,8)

—— grid 39 P4 RK(4,5) K . grid 47 P3 ROS(5.8)

0012 . grid 59 P2 ROS(5,8) grid 39 P4 ROS(5,8)
. grid 47 P3 ROS(5.8) I
grid 39 P4 ROS(5,8) I
0.01 0.009
0.008 r
v v 0.008
0.006 3
0.004 F
0.007
0.002 L
0 1 L L 1 L L 1 L L ] L

2 4 6 8 _10 12 14 16 18 20 0.006 ) 0 2
Time
- y
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Numerical results
0®0

Implicit vs. Explicit

128% DOFs J

Theoretical error: Zoom theoretical error:
grid 59 P2 RK(4,5) grid 59 P2 RK(4,5)
grid 47 P3 RK(4.5) grid 47 P3 RK(4.5)
5.0E-03 ———— grid 39 P4 RK(4,5) 2.0E-03 grid 39 P4 RK(4,5)

. grid 59 P2 ROS(5,8) grid 59 P2 ROS(5,8)
grid 47 P3 ROS(5.8) I grid 47 P3 ROS(5.8)
grid 39 P4 ROS(5,8) | grid 39 P4 ROS(5,8)

4.0E-03 -
§ § 1.5E-03
$ B0E-03[ H
© w
L L
[ I3
S 2003 H
3 j:
- ~ 1.0E-03

1.0E-03 -

1 1 1 1
0.0E+00 50E-0475 125 13 135 14
Time
v i
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Implicit vs. Explicit

Numerical results
ooe

error(e)/W.U. ROS(5,8) vs. RK(4,5):

8.0E-03

7.0E-03

6.0E-03

5.0E-03

err(e)

4.0E-03
3.0E-03
2.0E-03

1.0E-031

—@— 256°DOFs RK(4,5)
—®— 128° DOFs RK(4,5)
—w—— 64° DOFs RK(4,5)
——@ — 256° DOFs ROS(5,8)
——m—— 128° DOFs ROS(5,8)
——%—— 64° DOFs ROS(5,8)

P2

1 L L e e e |

W.u.

60

55

50

45

40

35

30

25

20

err(e)%
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Implicit vs. Explicit

Numerical results
ooe

error(e)/W.U. ROS(5,8) vs. RK(4,5):

8.0E-03

7.0E-03

6.0E-03

5.0E-03

err(e)

4.0E-03
3.0E-03
2.0E-03

1.0E-031

—@— 256°DOFs RK(4,5)
—®— 128° DOFs RK(4,5)
—w—— 64° DOFs RK(4,5)
——@ — 256° DOFs ROS(5,8)
——m—— 128° DOFs ROS(5,8)
——%—— 64° DOFs ROS(5,8)

P2

orTTTTTTTTT T

W.u.

60

55

50

45

40

35

30

25

20

err(e)%
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Numerical results
©0000

Preconditioned Roe vs ERS

Implicit Rosenbrock(5,8): Preconditioned Roe vs. ERS
ROS(5,8) ERS:

256° dofs 1287 dofs 64° dofs

grid T/At W.U. grid T/At W.U. grid T/At W.U.
161 167 2.723-10° [ — - - -

119 200 2.370-10° | 59 119  1.572-10° | —

94 200 7.365-100 | 47 167 3.719-10° | 24 119  3.372-10*

- - - 39 167 8.522-10° | 20 119  7.901-10*

- - - 17 119 1.683-10°

c e w =T

ROS(5,8) Preconditioned Roe:

256° dofs 128" dofs 647 dofs
grid T/At W.U.aio | grid T/At W.U.aio | grid T/At W.U.,q1i0
161 250 1112 - - - - - -
119 250 1205 | 59 167 1337 | - - -
94 334 1.588 | 47 200 1.261 | 24 119 1.077
39 200 1263 | 20 119 1.057
- - 17 119 1.064

Gl w o =T

W.U.ratio =W.Up_goe/W.U.5rs
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Numerical results

[ Jelele]e}

Preconditioned Roe vs ERS

Implicit Rosenbrock(5,8)

ROS(5,8) ERS:

- Preconditioned Roe vs. ERS

256° dofs 128" dofs 647 dofs
Plgid T/At W.U. |[gnd T/At W.U. |gnd T/At  W.U.
1161 167 2723-10°] — - - - -
2| 119 200 2.370-106 | 59 119 1.572-10° — - -
3|94 200 7.365-109| 47 167 3.719-10° | 24 119  3.372.10%
4| - - - 39 167 8.522-10° | 20 119  7.901-10*
5| — - - - - 17 119 1.683-10°
v
ROS(5,8) Preconditioned Roe:
256° dofs 128" dofs 647 dofs
Plgrid T/At WU, |gid T/At W.U.,u, | gid T/AF WU,
1]161 250 1112 - - - - - -
2| 119 250 1.205 59 167 - - -
3| 94 334 1.588 47 200 24 119 1.077
4 - - - 39 200 1.263 20 119 1.057
5| — - - - - - 17 119 1.064
v

W-U-ratio :W-U-proc/W-U-ERS'
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Numerical results
0®000

Preconditioned Roe vs ERS

2563 DOFs P1 J

E). dissipation rate: L), dissipation rate based on ¢:
Reference Reference
id 161 P1 ERS id 161 P1 ERS

0014 g::u 161 P1 p-Roe oot4 §:Ed 161 P1 p-Roe
0012 oot2f
0.1 oot
2 0008 0008
b B
? 0006 0006
0.004 0004
0.002 0002

0 0 TR S ‘ID TR ‘|5 PR 2IO
Time
v v
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Numerical results
0®000

Preconditioned Roe vs ERS

2563 DOFs P2 J

E). dissipation rate: L), dissipation rate based on ¢:
Reference Reference
id 119 P2 ERS id 119 P2 ERS

0014 g::uns P2 p-Roe oot4 §:Ed 119 P2 p-Roe
0012 oot2f
0.1 oot
0008 0008
W v L
® 0.008 0006
0.004 0004
0.002 0002

0 0 T S ‘ID TR ‘|5 PR 2IO
Time
v v
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Numerical results
0®000

Preconditioned Roe vs ERS

2563 DOFs P3 J

E). dissipation rate: L), dissipation rate based on ¢:
Reference Reference
grid 94 P3 ERS grid 94 P3 ERS
0014 grid 94 P3 p-Roe 0014 grid 94 P3 p-Roe
0012 oot2f
0.1 oot
0008 0008
W v L
® 0.008 0.006
0.004 0004
0.002 0002
0 0 TR S ‘ID TR ‘|5 PR 2IO
Time
v v
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Numerical results
00®00

Preconditioned Roe vs ERS

256 DOFs P1: vorticity norm at x = —x L at time ¢/t
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Numerical results
0000

Preconditioned Roe vs ERS

max errors Preconditioned Roe:
err(a) = max(\a - a*‘ie[(].l()t(])
err(a) % = max([\a —a¥| /a*]te[u,mtc]) x 100
256° DOFs

P grid err(Ey) err(E) % err(dEy/dt) err(dEy/dt)% err(e) err(€)%  Theor. err.

1 161 [ 1.670-107° 1.83 5.482-10~7F 8.60 3.367-10°  26.23 2.929-10°

2 119 | 1.044-107* 0.12 1.964 - 10~ 8.11 1.185-107% 935  1.047-1073

3 94 |1.176-107* 0.14 1.259 - 10~ 7.00 6.807-107* 548  6.381-107*

y

1283 DOFs

P grid err(Ey) err(Ey) % err(dEy/dt)  err(dEy/dt)% err(e) err(€)%  Theor. err.

2 59 [1.196-10~ 1.30 8.351- 1071 7.54 4.128-107% 3229 3.359-107°

3 47 | 6.205-107* 0.70 4.623-107* 6.81 2.999-107% 2349 2.735.1073

4 39 | 4820107 0.56 1.873-10~* 7.65 2.301-107%  18.02 2.261-107%

)

643 DOFs

P grid err(Ey) err(Ey) % err(dEy/dt) err(dEy/dt)% err(e) err(€)%  Theor. err.

3 24 [5.939-1073 7.29 2.042-107° 24.19 6.064-10—% 47.53 6.125-107°

4 20 |3.739-1073 4.90 1.781-1073 17.46 5.283-107%  41.10 5.138-1073

5 17 | 3.633.1073 3.63 1.506 - 103 13.98 5.140-107%  40.35 4.821-107%
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Numerical results
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Preconditioned Roe vs ERS

error(e)/W.U. ROS(5,8): ERS vs. Preconditioned Roe

——@® — 256°DOFSERS
——®— 128°DOFSERS
——v— 64° DOFSERS
8.0E-03 —@— 256°DOFsp-Roe
aahad & ——m— 128°DOFsp-Roe Jgo
r ——w%— 64° DOFsp-Roe
7.0E-03 | 3%
I @ P1 150
L | ]
.0E-03 |- 7
6.08:03 3 | 45
I | E
5.0E-03 - ‘ 40
—_ F 3 Q
g - | —35 B\\F
5 4.0E-03 |- | 430 T
r o P 1@
3.0E-03 | ‘ 3%
N | | J20
u P2 E
2,0E-03| ‘}\ 115
L \ 3
I =410
1.0E-03 P2 ‘\; E
u | et 0o ®P3 A
10° 10° 10° 10 10°
W.uU.
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Numerical results
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Preconditioned Roe vs ERS

error(e)/W.U. ROS(5,8): ERS vs. Preconditioned Roe

——@® — 256°DOFSERS
——®— 128°DOFSERS
——v— 64° DOFSERS
8.0E-03 —@— 256°DOFsp-Roe
aahad & ——m— 128°DOFsp-Roe Jgo
r wP3 ——w%— 64° DOFsp-Roe
7.0E-03 |- 455
r \. P4 ® P1 ]
[ ¥Y—y P5 ‘ ] 50
6.0E-03[ P3 E
r B ps | 445
L P4 v, E
5.0E-03 \ 740
—_ r 7 Q
T r EES L’\lF
5 4.0E-03 |- - ' EFS
L E [
3.0E-03f— — — = — == E 25
I i q20
2,0E-03| 115
E 410
1.0E-03 |- E
u | 45
10° 10 10°
W.uU.
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Conclusions
°

Conclusions

Conclusions
@ Superior performance of higher order accurate space elements
@ Superior performance of ROS(5,8) with respect to RK(4,5)

@ Superior performance of p-Roe with respect to ERS

Work in progress
@ Performance of the above algorithms for higher Re number
@ Performance of a MF-MEBDF-DG scheme
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