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Motivation DIGITAL X
Goals of flighpath 2050:

1. In 2050 technologies and procedures available allow a 75% reduction in CO2
emissions per passenger kilometre to support the ATAG (Air Transport Action
Group) target and a 90% reduction in NOx emissions.

2. The perceived noise emission of flying aircraft is reduced by 65%.

These are relative to the capabilities of typical new aircraft in 2000.

3. Overall, the European air transport system has less than one accident per ten
million commercial aircraft flights.

-> The future aircraft is ecologically sensitive, low noise, and safe.

¥

A key element, to design aircrafts ready for the future, is the accurate and
efficient simulation of fluid flow coupled with other disciplines such as
aerolastics and aeroacoustics.
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Requirements of a CFED code

DIGITAL X
2

» Reliable tool in a process chain
» Interaction with other components (e.g. structure, mesh deformation, ...)
» Accuracy, e.g. prediction of force coefficients up to a certain accuracy

» Evaluation and assessment of turbulence models

> ...

Basic demand:

» Machine accurate solutions (on a given grid, that is a given resolution)
» Mesh converged solutions (in general hard to obtain, in particular in 3D)

» The code needs to run on regular basis without user interaction

i DLR




How to prepare a CFED code for the future

DIGITAL X
2

|dentify the main building blocks

Disaggregate the code into its building blocks

Write routines which check the building blocks with respect to correctness

Design interfaces such that the building blocks can be easily exchanged

¥

Modular software design

Requirement: Identification of the main building blocks of a CFD code, to
create algorithms prepared for demands in fully automatic process

chains.
i DLR




Compressible Navier-Stokes equations DIGITAL \%
W = (,0, ou, pE) —> Conservative variables A
%Ide=—j(FC(W,gradW )-F,(W,grad W))-n ds e
Q .

0€2
F. : Convective flux

F, : Viscous flux 5

Unstructured Finite volume discretization

-> Nonlinear operator equation:

(L_VtV --MR(W), M =diag(vol(®,)., )

l
o

Interested in steady state solution: R(W)
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Necessity for improvement of solution algorithms !§!T6.|=§

Typical convergence behavior for high Reynolds number viscous flows
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Outline

e Solution algorithms — Multigrid smoothers




Structure of solution algorithm DIGITAI_-§

Nonlinear multigrid: Solves R (W) =0

Runge-Kutta smoother: Computes W™+ = Wir L P~IR (W(m))

Krylov subspace method: Solves Ph =R

Linear Preconditioner: Solves Prec w = Pv

Linear Multigrid
Requires: Sequence of meshes or
algebraic multigrid, Smoother,
Interpolation and Projection

Requires: Efficient iterative linear solver

Requires: Efficient preconditioner

Requires: Derivative, Linear solver

Requires: Sequence of meshes, Smoother, Interpolation and Projection operator

I w{

o r-‘f e -
o \
i'r; AL
r s




Structure of solution algorithm DIGITAL%

Nonlinear multigrid: Solves R (W) =0

( Runge-Kutta smoother: Computes W™+ = Wir L P~IR (W(m)) 2
\&

Krylov subspace method: Solves Ph =R

< Linear Preconditioner: Solves Prec w = Pv /’

e —

Linear Multigrid
Requires: Sequence of meshes or
algebraic multigrid, Smoother,
Interpolation and Projection

Requires: Efficient iterative linear solver

Requires: Efficient preconditioner

Requires: Derivative, Linear solver

Requires: Sequence of meshes, Smoother, Interpolation and Projection operator




Multigrid smoother: Prec. Runge-Kutta method DIGITAL X
dw X

e ~MR(W), M =diag(vol(®,)., )

Apply preconditioned expl. Runge-Kutta method

W= w,
w(i) — W(O)_ajﬂ,jR(W(J_l))’ j=1..,s
Wn+1 :W(S)
_ OR
P.=(At)" M +—
= me R

i DLR
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Multigrid smoother: Prec. Runge-Kutta method DIGITAL /¢

?

dwW !
W - _M_lR(W)’ M = diag(VOI(Qi )izl,...,N )
Apply preconditioned expl. Runge-Kutta method
W = w.
W) W(o)_ajm CFLALt. (W(J—l))’ j=1..5
’ VO|( i) Explicit Runge
(s) Kutta scheme with
W. ., =W local time stepping
=
Pj _ (At)—l M +§\§: CFLAt, _ VO|(Qi)
vol(Q,) CFLAt

to approximate \WW such that R(W) ~0

i DLR




Multigrid smoother: Prec. Runge-Kutta method DIGITALQ@/(

d—W = —I\/I_lR(W), M = diag(V0|(Qi )i=1,...,|\| )

dt

Apply preconditioned expl. Runge-Kutta method

W =w,
w (i) =W(°)—aj+1,jR(W("1)), j=1..,s
W, ., =W _ .
: - x=PRWIY)e P x = R(WUP)
-1
Pj = (At) M +8W

to approximate \W such that R(W) =0
- Task: Need to approximate efficiently solution of PX = R(W)

- Inversion of scalar value is replaced by solving a large scale linear system.
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The conncetion to Newton‘s method

DIGITAL X
A

Outer Loop: Multistage Runge-Kutta method - Choose s =1, i.e. only one stage'

PAR(WUY), ]

J+1L0 ]

= 'M+aR
: oW

(At)* = [Mj 50, CFL—w
CFLALt

_ R , CFL — o
oW

=1....S

—

= The solution method is some kind of generalization of Newton‘s method

i DLR




Px = R(W) DIGITAL é

* Represents a large scale (in general more than 108 unknowns), ill-
conditioned linear system

» Itis not of interest to solve these linear systems, it is of interest to get a
reasonable update for the outer nonlinear loop

* Krylov subspace methods are a natural choice for a matrix-free
Implementation

« Awell suited preconditioner is required

Krylov subspace methods are in general only effective
in combination with a well suited preconditioner!

i DLR




Code design

. execute multigrid cycle (until convergence)
« execute preconditioned expl. Runge-Kutta algorithm

« evaluate residual R
« evaluate derivative dR, P = At + dR
e solve linear system (P, R)
* apply preconditioned Krylov subspace method
e construct a (further) preconditioner for the linear
system Px = R

e update flow variables W




Construction of Preconditioner (for lin. System) pjGI

\><

Idea: Base preconditioner upon next neighbor stencil

R (W WjeN(,),Wk,keN(j)) RlSt(W W; JeN(I))

aR 2nd 6R18t aRlst

~ . -1
W oW = Prec = (At)"M + W

Volume i Neighbor of i Neighbor of
neighbor of i

> Required: Solution method for Prec w =Db

i DLR




Challenge: Find approximate solution of linear system

Precw=D
where Prec is a block sparse matrix of dimension number of mesh points
[] \ matrix blocks
] element diagonal
1 line neighbor
[ O off-line off-diagonal
[]
PreC — u Point ordering according to lines
yields (block) tridiagonal systems
L]
[]
H N B O
[] [] [] []
= = D m
Anisotropic part  Isotropic part

i DLR




lterative solution methods for Prec w = 7 DIGITAL X

Mathematical textbook methods for solution of linear systems, e.g

(Block-) Jacobi method
(Block-) Gauss-Seidel method
« Symmetric (Block-) Gauss-Seidel method

Methods have been extended:

- Exploit directions of strongest coupling in iterative solution process

(Symmetric) Line|(Jacobi) Gauss-Seidel method:

(m)
LiX]

X" = tridiag(D, )| b, - ZPrec X\™P — > Prec

i |—JJ

t jely ... L, jely jely ... L, el

Algebraic representation
and implementation of
geometric data (Lines)

i DLR




Code design

. execute multigrid cycle (until convergence)
« execute preconditioned expl. Runge-Kutta algorithm

« evaluate residual R
« evaluate derivative dR, P = At + dR
e solve linear system (P, R)
* apply preconditioned Krylov subspace method
e construct a (further) preconditioner for the linear
system Px = R
» solve Prec w = b to precondition Px = R (by Line
symmetric Gauss-Seidel method)
e update flow variables W

i DLR




A historical view on solution methods in CFD

Two competitive views

Multigrid + Low cost smoother €= Newton‘s method (expensive smoother)

Low cost smoothers:

—

1. Expl. Runge-Kutta + local time stepping
(Jameson)

2. Point implicit Runge-Kutta (Pierce, Giles,
Moinier)

3. Line implicit Runge-Kutta (Mavriplis)

4. 1.st order approximate Jacobian
(Swanson, Rossow, Yoon + Jameson
(LU-SGYS))

i DLR

Preconditioned explicit Runge-Kutta
smoother

All well known specific smoothers
developed throughout the CFD

= literature are specifications of the

general method shown here

The suggested methods just differ
with respect to the approximation of
the exact Jacobian and the iterative
solver




Derivation of low cost smoothers DIGITAL X
W = w X

n

W) = WO —ajﬂ,(W(H)), =1

Wn+1 = W(S)
Smoothing step

» execute preconditioned expl. Runge-Kutta algorithm

e evaluate residual R
» evaluate derivative dR, P = At + dR
e solve linear system (P, R)
» apply preconditioned Krylov subspace method
« construct a (further) preconditioner for the linear
system Px = R

* solve Prec w = b to precondition Px =R

e update flow variables W

i DLR




Derivation of low cost smoothers DIGITAL X

Simplifications:
w) = w0 ~a, (W(J'—l))’ j=1,..,s 1. Number ofKrylov steps =0
Wn+1 = W(S)
Smoothing step

» execute preconditioned expl. Runge-Kutta glgorithm

e evaluate residual R
 evaluate derivative dR, P = At + dR

—smve-lm'e-a-r-syetem-ép—R)—

« construct a (further) preconditioner for the linear
system Px = R

* solve Prec w = b to precondition Px =R
e update flow variables W

i DLR




Derivation of low cost smoothers DIGITAL X
w® = w X

n

Simplifications:
w) = w0 ~a, (W(J'—l))’ j=1,..,s 1. Number ofKrylov steps =0
Wn+1 = W(S)
Smoothing step

» execute preconditioned expl. Runge-Kutta algorithm

» evaluate residual R
« evaluate derivative dR'st, Prec = At + dR*!
er) preconditio ' r

—SystenTPX — R

e solve Prec w = b te-preecentittent>x=R
e update flow variables W

i DLR




Derivation of low cost smoothers DIGITAL%

0) .
W( ) = Wn Simplifications:
wi) = WO _ a R (W(j—l)) j=1..,5 1. Number of Krylov steps = 0
. J+1, ' yrry
Wn+1 = W(S)

Smoothing step

» execute preconditioned |. Runge-Kutta algorithm

e evaluate residual R

e evaluate derivative dR1st, Prec = At + dRst
e solve Precw=>Db

e update flow variables W

Preconditiong based on 1.st order approximate Jacobian
(Swanson, Rossow, Yoon + Jameson (LU-SGYS))




Derivation of low cost smoothers DIGITAL X
W =w -

Simplifications:
wi = WO _ 4 . R (W(J'—l)) j=1,...,S 1. Number of Krylov steps =0
. J+ ’ ] A |

2. Simplify dR*S! entries by
W, = w) spectral radius |

Smoothing step

» execute preconditioned expl. Runge-Kutta algorithm

e evaluate residual R ‘l'

e evaluate derivative dRst, Prec = At + dR*s' = At + o(dR*sY
e solve Prec w = b€~
e update flow variables W

— Solve with 1 symmetric Gauss-
Seidel sweep

@n + Jameson (LU-SGS)

i DLR




Derivation of low cost smoothers DIGITALg‘//&

0) .
W( ) T Wn Simplifications:
W(j) — W(o) —a., R(W(H)), J —1.....8 1. Number of Krylov steps =0
i 2. Simplify dR1S! entries by
W, = W(S) spectral radius
_ 3. lterative solver: Line Jacobi
Smoothing step truncated after one step

» execute preconditioned expl. Runge-Kutta algorithm

 evaluate residual R

e evaluate derivative dRst, Prec = At + dR'S! x(o) =0
e solve Precw=>D

e update flow variables W

(m)
LiX]

x™ —tridiag(D, )| b — > Prec

jELl,...,Li_l,ngi




Derivation of low cost smoothers DIGITAL%

0) .
W( ) T Wn Simplifications:
W(j) — W(o) —a., R(W(H)), J —1.....8 1. Number of Krylov steps =0
i 2. Simplify dR1S! entries by
W, = W(S) spectral radius
_ 3. lterative solver: Line Jacobi
Smoothing step truncated after one step

e execute precondtioned expl. Runge-Kutta algorithm

 evaluate residual R

e evaluate derivative dRst, Prec = At + dR'S! x(o) =0
e solve Precw=>D

e update flow variables W

x® = tridiag(D, )b,




Derivation of low cost smoothers DIGITAL X

(0) .
W= Wn Simplifications:
WO — WO _ 1. Number of Krylov steps = 0
b b J+L] 2. Simplify dR*S! entries by
W, ., = W(S) spectral radius
_ 3. lterative solver: Line Jacobi
Smoothing step truncated after one step

e execute precondtione*d expl. Runge-Kutta algorithm

e evaluate residuallR
« evaluate derivative dR1st, Prec = At + dR s x(o) =0

e solve w = tridiag(D) tb

« update flow variables W \
(1

X = tridiag(D, )b,

Line implicit Runge-Kutta (Mavriplis)

i DLR




Derivation of low cost smoothers DIGITAL X
w© =w A

n Simplifications:

WIEJ') - Wéo) —a;, 5 (W(J'—l)) 1. Number of Krylov steps = 0
’ 2. Simplify dR*S! entries by
W ., = W) spectral radius
_ | 3. lterative solver: Line Jacobi
Smoothing step truncated after one step

4. Neglect lines, i.e. perform
only Jacobi iteration

e execute precondtioned axpl. Runge-Kutta algorithm

 evaluate residual R \

e evaluate derivative dR1st Prec = At + dR*st (0)
e solve w=(D) b X

e update flow variables W

Point implicit Runge-Kutta (Giles, Maoinier)

i DLR




Derivation of low cost smoothers

W = w

n

WO = W — g R(WU)

J+1,]
Wn+1 = W(S)

Smoothing step

Simplifications:
1.

2.
3.
4.

5.

DIGITAL X
A

Number of Krylov steps =0

Simplify dR St entries by
spectral radius

Iterative solver: Line Jacobi
truncated after one step
Neglect lines, i.e. perform only
Jacobi iteration

Approximate diagonal terms of
Jacobian by spectral radius

e execute precondtiongd expl. Runge-Kutta algorithm

e evaluate residual

e evaluate derivativgé dR*st, Prec = At + dR*s!

e solve w = (At/vol)tb
 update flow variables W \

Explicit Runge-Kutta (Jameson)
=> Full hierarchy of solution methods

i DLR




Main building blocks of a CFED code

« Data structure for (block) sparse matrices > ——
« Data structure for (block) vectors - R\?/W

« Algorithms acting on these data structures

- Link to a suited, efficient LINEAR ALGEBRA PACKAGE




Outline

» Globalization strategies




What is a globalization strateqy? DIGITA'—;

-1

Consider Newton‘'s method \W"™* = W" — @_R R( n)
oW

A globalization strategy is the try to construct an algorithm which

1. preserves the nice properties of Newton‘s method
2. circumvents its shortcomings

Why do we need it?

Newton‘s method converges only

1. under certain smoothness assumptions
2. iftheinitial guess is in a neighborhood of the root

3.

i DLR




Analysis of schemes: Globalization strateqgies DIGITAL X
2

Parameter settings allow for several possible smoothing techniques:
 Number of Runge-Kutta stages Newton‘s method
 Number of Gauss-Seidel sweeps
 Number of Krylov subspace steps

» Approximation of Jacobian .
Explicit Runge-Kutta

How to choose arobust and efficient method?

- Development of an analysis tool to give some guideline

i DLR




Evaluation of smoother: DIGITAL X
Consider linearized problem A

Nonlinear Problem: Linearized Problem
dw 1 dw 1 . OR [, »
—=—M —  ~-M R(W + 2w aw
dt M R(W) dt ;Q,_) oW [ ]A
=0; Steady state
W(O) — W W(O) — Wn
j n - ). aon OR (i
W(J) — W(O) _ aj+1,j Pj—l,appR(W(J—l)) W(J) — W(O) _aj+1,jpj 1,app aWW(J 1)
W, =W

n+1




Analysis of schemes: Impact of CFL number DIGITAL X

Analysis for mesh with 5.2e6 points:

Investigation of number of stages for
« symmetric Line Gauss-Seidel
e different CFL numbers

One stage: CFL = 1000 -> unstable
One stage: CFL=100 - unstable
One stage: CFL =10 - stable
Three stage: CFL = 1000 - stable

Significant reduction
of CFL necessary for
one stage schemes

Additional effort
does not pay of

Sweeps: 25

VAT .
e

Im(A(C))

-0.5

DPW5 CRM, Hexahedral Mesh, No. of points: 5.2e6
Ma = 0.85, Angle of attack: 2.158°, Re = 5.0e6

Three stage, CFL = 1000, Stable
One stage, CFL = 1000, not stable
One stage, CFL = 100, not stable
i One stage, CFL = 10, stable

- Stability radius

v
A
A
A

One stage: CFL = 1000 - unstable

DPW5 CRM, Hexahedral Mesh, No. of points: 5.2e6
Ma = 0.85, Angle of attack: 2.158°, Re = 5.0e6

v Three stage, CFL = 1000, Stable
a One stage, CFL = 1090, Sweeps: 25, not stable
Stability radius

A AA MA‘%

A AA Ab A,
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 Numerical examples
« Spalart-Alimaras (neg.)
e Wilcox (kw)
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Spalart-Allmaras 1992 €- Spalart Allmaras 2012 DIGITAL;

1992 model:

» transported variable can become negative such that iteration diverges
» choice of farfield values not clarified

2012 modification of original model:

« Allows for small negative values of transported variable

 clarification of choice of farfield values

« description and recommendations of implementation of several terms
and details

- 2012 version has been succesfully implemented into the DLR TAU-Code

i DLR




CRM of 5th AIAA drag prediction workshop

DIGITAL X
4

DPW5 CRM
Comparison of implicit method and LU-SGS
NASA CRM, alpha =2.209 d
- | —5—— Implicit method, Mesh size: 5.2e6 pnts apna .
—&—— Implicit method, Mesh size: 17.4e6 pnts AN O(N)
—O—— Implicit method, Mesh size: 41.2e6 pnts 107 |- N T Elfl'j]s)e.s i
1072 —y— LU-SGS, Mesh size: 5.2e6 pnts - e —7— LU-SGS (nv)
( —&—— LU-SGS, Mesh size: 17.4e6 pnts ™ ——&—— First order preconditioner
] \ — @ LU-SGS, Mesh size: 41.2¢6 pnts I ¥ NeWIHGMRES
— 1 0 & Y. U
© " 10°
: 0‘
) P
S’k | <
@ [ |3 g
m -9 D GQ g
m 10 Y “‘ 10° =
4y, -
) i
107 “‘ i h
< " -
D ,
F ) 10* = N
10 " g 0 : | SVI
, + | | , | | | 0.004 ; I\?’R*%}G 0008 001 0012
0 5000 10000 15000 20000 25000 -
MG-Cycles

Implicit methods have comparable complexity to standard LU-SGS
method by improved robustness




Numerical example: HIRENASD DIGITAL

NX

» High Reynolds number Aero-Structural Dynamics wind tunnel configuration

« Ma=0.8 , S
- -lrlL ||||||| || _l l T |/ | -

.« 0=3.0° M| j""f'q'a':' | IWU' jas! g’

e Re = 14e6 il '

* Pure hexahedral mesh: 3.3e6 points

No oi points 3.3e6

|x1'.

Hirenasd
Re=14e6, Ma=0.8, alpha = 3.0°

—8— density residual, LU-SGS
10° I — -8~— - turbulent residual, LU-SGS
: —&—— density residual, first order prec. RK
— -&— - turbulent residual, first order prec. RK

10" E'”“B’Er'ma]zpaa»ﬂm!l,nﬂua
* —> Implicit method converges,
10-13_
N - LU-SGS method stalls
0 1000 2000 3000 4000 5000 6000
MG-Cycles
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Configuration from second high-lift
prediction workshop: Case 2a

Necessity of Newton-kind algorithms

Turbulence model: SA-Neg
Ma = 0.175, Re = 1.35e6, AoA = 7.0°

10°

High lift prediction workshop
Case 2a, No. of point. 10.2e6,
Re = 1.35e6, AcA =7.0, Ma=0.175

———— density residual, Newicn-GMRES
= =+ = turbulent residual, Newton GMRES
——=—— density residual, 1st order impl.

= =/ = turbulent residual, 1st order impl.

hY
Il L I N L L

1 L I Il
1000 1500
MG-Cycles (3v, 2v)

| I L
500

High lift prediction workshop
Case 2a, No. of point. 10.2e6,
Re = 1.35e6, AoA = 7.0, Ma=0.175

skin_friction

0.02
0.01875
0.0175
0.01625
0.015
0.01375
0.0125
0.01125
0.01
0.00875
0.0075
0.00625
0.005
0.00375
0.0025
0.00125
0

| BENNCONEEEN
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DIGITAL

Ma =0.2, Re =4.3e6

Unstructured mesh results for
AOA =13°, 28°, 32°, 34°, 37°

INg.,

32.4e6
| cut at the 50
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NASA Trap Wing, Ma = 0.2, Re = 4.3e6 DIGITAL é

Unstructured mesh results for AOA = 37°

 Residual has been reduced to machine accuracy using Newton kind methods
-> Steady state could not be found with simplified algorithms

NASA Trap Wing
NASA Trap Wing, Mesh: 11.0e6 points AoA =37°
AocA =37° Re = 4.3e6
No low Mach modification

Sectional cut at the 60% wing pitio

——— density res., mesh: 3.7e6 points
N . ——&—— turb. res., mesh: 3.7e6 points
107 B ——m—— density res., mesh: 11.0e6 points

——&—— turb. res., mesh: 11.0e6 points
5| 8 ——— density res., mesh: 32.4e6 points
107 —a—— turb. res., mesh: 32.4e6 points
§ \
3107 |
7]
2
10°}
_ 10™
| / 107
caidl iR o ) ST I [T I S T NN N I B
90 100 0 1000 2000 3000
MG-Cycles
Flow field at the 60% wing section Convergence history for AoA = 37°

N e
y e
5 1ol

I Y
22 'j,r i
"‘;c i
b \
" i
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Outline

 Numerical examples

o Spalart-Allmaras (neg.)
» Wilcox (kw)

i DLR




Numerical examples: DPW5 +m DIGITAL X

* Wing-body configuration
Ma = 0.85

o = 2.209°

Re = 5e6

No. of points: 5.1e6

DPW5 CRM
L3, Hybrid, No. of points: 5.1e06

0.029
DPWS CRM Re = 5.0e6, AoA = 2.2°, Ma = 0.85

L3, Hybrid, No. of points: 5.1e06
Re = 5.0e6, AoA = 2.2°, Ma = 0.85
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10°® 18] il

-10 N

10 0.5252
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Convergence history of residuals  Convergence history of lift and drag
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NASA Trap Wing +W DIGITAL X
Ma = 0.2, Re = 4.3e6, AoA - 28(‘)‘°; 4

102 NASA Trap Wing NASA Trap Wing |
No. of points: 11.0e06 No. of points: 11.0e06
Re = 4.3e6, AoA = 28.0°, Ma = 0.2 065§ Re = 4.3e6, AoA =28.0°,Ma=0.2 23
10° ' |
t ,
——— density residual } —&— C-drag 1
10°* —A— k-residual ; —A— C-lift .
——y—— w-residual 0.645 : A A A A A A— 2.25
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=10° s | =
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10°
o = = = - = =
0.635 —2.15
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0 5000 10000 15000 0 5000 10000 15000
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Speed up and parallel efficiency: Strong scaling DIGITALgX;

—@—— TAU, LU-SGS (4v) 1
———— Line symm. G.-S. (4v)
—— symm. G.-S. (4v)

——i—— Line Jacobi (4v)

——@—— Line symm. G.-S. (sg) 0.8
——@— symm. G.-S. (sg) '
Optimal

B
n

o
fep}

TAU, LU-SGS (4v)
Line symm. G.-S. (4v)
symm. G.-S. (4v)

Line Jacobi (4v)

Line symm. G.-S. (sg)
symm. G.-S. (sg)
Optimal

Speed up

10' |

o
~

Parallel efficiency

0.2

10° |-

I L III\J\

| ! TR
50000 550000 50000 550000
NDOF / domain NDOF / domain

Actual parallel efficiency,

Actual speed up
System effectiveness

—> Severe issue with respect to exploitation of modern hardware clusters
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Summary DIGITAL%/@O

Implicit methods offer the potential to

»improve significantly the observed convergence rates

»>find fully (machine accurate) converged solutions of complex flows

»significantly increase robustness (e.g. they work for a broad range of CFL numbers)
»implement the hierarchy of smoothers in one framework

»outsource and decouple the main work into a suited linear algebra package

Implicit methods require

»significantly more time per iteration than explicit methods

»a fully differentiated code which needs to be kept up to date

»significant more fast memory

»are not straightforward to ensure good parallel scalability

»to outsource and decouple the main work into a suited linear algebra package
»a new framework ->|Flucs code
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Thank you!
Questions?
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