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Objectives

» Development of FSI capabilities in SU2

» Target: static and dynamic aeroelastic simulation

» ALE solution from CFD solver needs:
» Mesh deformation
> Interface (interpolation)
> Structural solver (FEA)

The Open-Source CFD Code

http://su2.stanford.edu

» Two approaches to the structural solver
» Native implementation within SU2 source code
» Python wrapper to couple with third-party solvers
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Native fluid solver?

Arbitrary Lagrangian-Eulerian (ALE) formulation:

%_?+V.F°(U,ﬁg)—V-FV(U)—Q=0 in Qs x [0,

Space integration
- Dual-grid, edge-based discretization
- Vertex-based control volumes

Primal
grid

Time integration
- Dual time-stepping strategy

S +R(U)=0

1 Palacios, F. et al. (2013)
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Native fluid solver: code structure

SU2

Input

Y

Single Physics Driver I Output

Y

Flow Iteration

Y

l Space & Time Integration

¢ Y

Geometry: Dual Grid FV Mesh |<e—-> Euler / NS / RANS Solver |<«—>]| CFD Numerical Methods
Y
Variable: Node
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Solid mechanics

Large deformations

. . — Finite deformation framework
Complex material behaviour

For static problems:
S(x) =W —oWert =0
=[o:oddv —(f f-ovdv+ [, t-0vda) =0

0.7 (x)
0x

Linearising, Ax = KAx = —¥(x) where K=K.+ Ks — Kzt

Integration using Finite Element Method
After inertia is added, time integration using Newmark and generalized-«
methods
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Native structural solver: code structure

SU2
’ \
Input > Single Physics Driver > Output
i
Structural Iteration
i
Space & Time Integrator
Y Y Y
Geometry: FEM Mesh |<—> Solid Mechanics Solver l«—>| FEM: Structural Analysis
Y Y :
Variable: Node Element i..»| Geometrical model
v |
Gaussian Point i..»] Material model
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Native FSI solver®
Fluid Structure
pr,Tr
IOf, V7 E U., 1.1
1 Interface 1
< ur, ur
pr, T, ur, ur
Fluid Mesh

A

ug, ug

* Sanchez, R. et al. (SciTech, 2016)
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Native FSI solver: Time coupling

i ———

Interface

Fluid Solver
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Native FSI solver: Time coupling
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Native FSI solver: Time coupling

_____________________________________________________________________________________________

Fluid Solver Interface Structural Solver

Y

}\f,l“ = (ﬁf,I‘ 71.1m)
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Native FSI solver: Time coupling

_____________________________________________________________________________________________

Fluid Solver Interface Structural Solver

Y

}\f,l“ = (ﬁf,I‘ 71.1m)

Equilibrium

}\f,l“ _|_ }\S,F = 0

Y
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Native FSI solver: Time coupling

_____________________________________________________________________________________________

Fluid Solver Interface

Y

}\f,l“ = (ﬁf,I‘ 71.1m)

Equilibrium

}\f,l“ _|_ }\S,F = 0

Y
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Native FSI solver: Time coupling

Predictor ~ Tip= Zuy)

Fluid Solver

Interface
Y

Equilibrium

}\f,l“ _|_ }\S,F = 0

Y

Aer=F (Ugr,Uy,)

Continuity

Ugr= Ugr=Urp [©

Relaxation U = (1-w )ﬁf,r T Wlgr
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Native FSI solver: Time coupling
Fluid Solver Interface Structural Solver
Equilibrium

Y

)\f,l“ = (ﬁf,I‘ 7ﬁm)

}\f’r + }\s,l“ = 0

A
Mesh Morpher
1.]-m: M (ﬁ f,F)

Continuity

Ugr= Ugr=Ur

A
A

Relaxation U, = (1-w )ﬁf,r T WUgr
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Native FSI solver: Time coupling
Update
- oy [ Y
Fluid Solver Interface Structural Solver
Equilibrium

}\f,l“ = (ﬁf,l“ 71:1m>

}\f,l“ + }\s,l“ = 0

A
Mesh Morpher

o l.l-m: %(ﬁf,l“)

Continuity

Uer= Ugr=Ur

A
A

Relaxation U, = (1-w )ﬁf,I‘ T WUgr
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Native FSI solver: Time coupling structure

SU2

Input ——

Fluid-Structure Interaction Driver

> Output

i

Flow Iteration

Sanchez, Thomas, Palacios & Terrapon

MPI-Compliant Transfer Methods
Y I

= Fluid Tractions | ["7"7'~ ¥

v !

Structural Iteration

.—.d Structural Displacements |g-._.-!

Fluid-Structure Interaction Problems using SU2 and External Finite-Element Solvers




Imperial College
London

Native FSI solver: Spatial coupling

Fluid domain
yd

NS

Structural domain
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Native FSI solver: Spatial coupling
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Native FSI solver: Spatial coupling
4 ] )
Automatic
domain
> L decomposition J
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Native FSI solver: Spatial coupling

4 ] )
Automatic

domain

decomposition
- J
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Native FSI solver: Spatial coupling
4 ] I
Automatic
domain
Processor 1 Processor 2
AN [ decomposition
N/ S Y,

oo
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Native FSI solver: Spatial coupling
4 ] I
Automatic
domain
Processor 1 Processor 2
AN [ decomposition
N/ S Y,
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Native FSI solver: Spatial coupling
4 ] I
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Native FSI solver: Spatial coupling
4 ] I
Automatic
domain
Processor 1 Processor 2
AN [ decomposition
N/ S Y,

oo

Sanchez, Thomas, Palacios & Terrapon

Fluid-Structure Interaction Problems using SU2 and External Finite-Element Solvers




Imperial College

London
Native FSI solver: Spatial coupling
4
Automatic
domain
Processor 1 Processor 2
N\ [ decomposition
N/ \
\ 4
g

oo

Processor 2 Processor 1
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Native FSI solver: Spatial coupling
4 ] I
Automatic
domain
Processor 1 Processor 2
AN [ decomposition
N/ S Y,

Y

N e N
§ MPI-compliant
transfer routines
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Native FSI solver: Spatial coupling
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Native FSI solver: Spatial coupling
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Native FSI solver: Spatial coupling
4 ] )\
Automatic
domain
Processor 1 Processor 2
N\ [ decomposition

N/ \ Y,

Y

Q\ e B
§ MPI-compliant
transfer routines

oo

4 . )
Interpolation
Processor 2 Processor 1 u f — I_;us
A, = HT X

- J
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Native FSI solver: Spatial coupling structure

SU2
" \
Input > Fluid-Structure Interaction Driver > Output
v Fluid II |Interpolation
Tractions [ Mesh 0 - Mesh 1
Flow Iteration A r Structural Iteration
I III
|—> | . J
Mesh 0 |..»] Interface Vertex Interface Vertex |« Mesh 1
A i
III: l
: Y
Interpolation Structural

Mesh 1 - Mesh 0 <II Displacements
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Python wrapper for external solvers

» Couple SU2 with a third-party solver: improved flexibility.

» Python wrapper: synchronizes the solvers within a single environment.
» Python wrapper calls all C+-+ functions in the new CDriver class.

» Additional compilation using SWIG: APl — importable python object.

» Communication between solver performed through memory.

» Examples of coupling in this work:

» Coupling with an in-house spring analogy solver.
> Coupling with a third-party structural solver: TACS (Kennedy & Martin, 2014).

Sanchez, Thomas, Palacios & Terrapon
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Python wrapper: code structure

SU2 ﬁ

C++ Source Code

- :

CDriver class '

l SWIG

Wrapped SU2 Solver.py

> FSI Python Script

Py import

Sanchez, Thomas, Palacios & Terrapon

Fluid-Structure Interaction Problems using SU2 and External Finite-Element Solvers

Third-party Solver
Source Code

C++ API Object

SWIG

Wrapped External Solver.py

Py import
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FSI solver for rigid body applications

U a(t) —
—> '(/ AR -
h(z)
1
N S g
mh—|—SOé—|—Chh—|—Khh = —L
Sh+ Lo+ Cha+ Koa = M
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FSI solver for rigid body applications
% fz NACA 0012 using the Python wrapper
K, C, c.
U a(_{; e » Two-dimensional aeroelastic problem
"0 » k — w SST turbulence model
I 1 >, » Sub- and post-critical conditions

) . » Re=4-10°forc=1m
mh + Sa+ Cph + Ky h = —L

Sh+ Ité + Coc + Koo " :
! » Initial pitch angle 5°

> wq =45 rad/s

» Strongly-coupled scheme

Sanchez, Thomas, Palacios & Terrapon

Fluid-Structure Interaction Problems using SU2 and External Finite-Element Solvers




Imperial College
London

FSI solver for rigid body applications

0.04 ‘ ‘ ‘ ‘ ‘ 0.1 , .
- = Wagner model Mach=0.1
R — Coupled computation
K, C, c 0.02 1 0.05
olt \ ’ —
U ( ) _Ka o g . —g
—» Ty = 0 i s 0
’ ’ 3
h(1)
002 -0.05 |
yT
— — > -0.04 O -0.1 N —
X Xeg Cr2 c 0 20 40 60 80 100 120 0 20 40 60 80 100 120

T T

mh 4+ Sé + Cph + Kph
Sh 4 It + Code + Kq o

1l
I
h

- NACA 0012 (Python wrapper)
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FSI solver for rigid body applications

0.04 : : : 0.1 , ,
- = Wagner model Mach =0.1

R — Coupled computation
K, C, c 0.02 1 0.05

U a(t) e =3
—> —( e S 2 0
0 ;
002 -0.05
yT
— +— > -0.04 -0.1 : : : : : :
X Xeo ¢ 0 20 40 60 80 100 120
T T
. ) . 04— 0.3
mh—l—SOé—I—Chh—l—Khh = —-L || M, =03
0.1 b
- NACA 0012 (Python wrapper) 2 g B
3 i
0.1}
02]
02}
0.4 — 03
0 10 20 30 40 S0 60 70 0 10 20 30 40 50 60 70
T T
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FSI solver for rigid body applications

mh 4+ Sé + Cph + Kph
Sh 4 It + Code + Kq o

- NACA 0012 (Python wrapper)
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FSI solver for rigid body applications

0.1 T "
Mach=0.1

0.04 ‘ ‘ ‘
- = Wagner model
R — Coupled computation
K, C, C 0.02 1 0.05
u al0) R K, © "‘E
—p @b - = 0 (A
o) )
-0.02 ¢ -0.05 ¢
yT
— +— > -0.04 -0.1 : : : : : :
X; Xeg CI2 c 0 0 20 40 60 80 100 120
T T
. . . 0.4
mh—l—SOé—I—Chh—l—Khh = —-L || M, =03
7 . . --M_=0357
- NACA 0012 (Python wrapper) = /[ ]
= =
-0.2

0.4 : : : : : :
0 10 20 30 40 50 60 70
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FSI solver for rigid body applications

1.2

T L T T T T \I T
Tt . :Flutter point
1- ‘~~\~ i
K, C, C -1
08+ ]

g dop = )
—> —( R c w

306} LR
h(z) 3 .
o .-
L -7 1
y 04— . PO - X
““““ B - - Plunge mode Wagner
T 02k - = Pitch mode Wagner ||
I } } } } }x ’ ¢ Plunge mode computed
X; Xeg CI2 [ O Pitch mode computed
0 L L L L L L 1
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I
I
h
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[
<
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FSI solver for rigid body applications

mh 4+ Sé& 4+ Cph+ Kph = —L
Sh+ It + Coa+ Koo = M

- NACA 0012 (Python wrapper)
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FSI solver for rigid body applications

g

o()
—» -( R

h(z)
yT qi"!-.~‘
mh + S& + Cph + Kph
Sh+ Ifé + Coé + Koo
- NACA 0012 (Python wrapper) .
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FSI solver for rigid body applications
% fz Isogai Wing Section using the Python wrapper

K, G e

U a‘_’{/’ . » Two-dimensional aeroelastic problem
"o » Swept back wing: elastic axis xy = —b
y
I e > » Transonic regime: M., = 0.7 - 0.9

. . > wq = 100 rad/s
mh + Sa+ Cph + Ky h = —L
Sh+ It + Cocv + Koo = M

» Strongly-coupled scheme

NACA 0012 (Python wrapper) > Speed ind
peed index:

Uso

Vo= bwa\/ﬁ
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FSI solver for rigid body applications

U o(1) Ve A Current éalculations |
_> _( __WEG ____________________ — Spline interpolation
h(1) 2.5+ O Liuetal.
O Alonso & Jameson
y ¢ Biaoetal.
T 2 H =% Thomas et al. Unstable
— — >
X; Xcg CI2 C Fam X
1.5
N x =
¥
S : f 5 Stable
mh + Sa+ Cph + Ky h = —L 1 table
0.5
NACA 0012 (Python wrapper)
O Il Il Il Il
. . . 0.7 0.75 0.8 0.85 0.9 0.95
- Isogai Wing Section (Python wrapper) M
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Native FSI solver with deformable solids
\ T Geometry:
— slip-wall H = 1 cm
T . ] L= 4 cm
- outlet t = 0.06 cm
: - Fluid properties
. HT t =t 12H U= 0513 m/s
v p, = 1.18 kg/m?
- TR — M = 1.82:10° kg/m-s
_’ Re = 332
- slip-wall Structural properties
_’ / E = 2.50-10° Pa
l e G p, = 100 kg/m?
" s5H 145 H L v = 035
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Native FSI solver with deformable solids
— \_ . ) fEz) d(cm)
. slip-wall Wall and Ramm (1998) 3.08 1.31
_»uw —
. outlet
- HI e 3y 12 H
TR
:: slip-wall
[ v
i 5 H I 14.5 H I
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Native FSI solver with deformable solids
- \y h f) d(m
L slip-wall Wall and Ramm (1998) 3.08 1.1
L ] Matthies and Steindorf (2003) 2.99  1.34
outlet
., s Dettmer and Peric (2006) gg? 1411
. HI b —ou 3t 12 H ; '
2.78 1.1
—» ] = g - | Wood et al. (2008) 313 19
., Kassiotis et al. (2011) 3.17 1.0
. /slip'wa“ Habchi et al. (2013) 3.25  1.02
1 | L Froehle and Persson (2014) 3.18 1.12
©os5H 14.5 H |
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Native FSI solver with deformable solids
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Conclusions

1. Open-source FSI solvers tailored to computational aeroelasticity.

2. Two approaches adopted
» Natively embedded solver
» Python code wrapper for improved flexibility

3. Software architecture ready and demonstrated on first applications.
Modularity has been preserved.

4. Source code already merged. Some first tutorials are available (more to
come).

Sanchez, Thomas, Palacios & Terrapon

Fluid-Structure Interaction Problems using SU2 and External Finite-Element Solvers




