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Current features

Partitioned FSI Solver

e Three-field solver

e Fully implicit

Fluid Mesh Solver

* ALE formulation M (3w =0 o

e “Elastic” mesh
* Consistent interpolation

e FEM from finite-strain
solid mechanics

Library of materials
Static/dynamic
Differentiated using AD
Parallel implementation
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Timeline of the native FSI solver in SU2

; Oct 2014 June 2016 ; ; July 2016 - Dec 2017
Ruben at Multiauthor Ruben at Tim at Full code
Stanford ECCOMAS Kaiserslautern Imperial release

paper

July 2015 | Oct 2015 | June 2016 | Oct 2016 Sept 2017

Implemented Implemented FSIcode official Implemented Paper on Coupled
Non-linear Coupled FSI release Coupled Adjoints @ IJNME
FEA Solver Solver Adjoints

*Ruben Sanchez (2017) A Coupled Adjoint Method for Optimal Design in Fluid-Structure Interaction Problems
with Large Displacements, PhD thesis, Imperial College
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Native vs. python

* Native FSI simulations from config file with multizone
— Restricted to TETRA and HEXA
— Isotropic materials (element-based definition)
— Coupled adjoint

* Python wrapper by Terrapon’s group at U. Liege
— Co-simulation with third-party FE solver
— Interpolation and management via CUPyDO
— Versatile
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Evaluation of the coupled adjoint

1) Three-field problem as fixed-point
min J(u,w,z, )
subject to u = S(u,w, z, o)
w = F(w,z, a)

z = M(u, o)
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Evaluation of the coupled adjoint

1) Three-field problem as fixed-point 2) Lagrangian with co-states

min J(u,w,z, a) L, 0w, W,2,2Z,0) =
subject to u = S(u,w, z, o) J(u,w,z, o)
—T
+a" [S(u,w,z,a) —u
w=F(w,z, o) T[ ( )~y
+w' [F(w,z,a) — w]

z = M(u, o) +z [M(u,a) — 2
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Evaluation of the coupled adjoint

1) Three-field problem as fixed-point 2) Lagrangian with co-states

min J(u,W,Z,OA) g(uaﬁaw7waz7z7a) —

subject to u = S(u,w, z, o) J(u,w,z, o)

o Fln
z = M(u, o) +z [M(u,a) — 2

3) Solve the co-states

(In a second)
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Evaluation of the coupled adjoint

1) Three-field problem as fixed-point 2) Lagrangian with co-states

min J(u,W,Z,OA) g(uaﬁawaﬁfaZ?Z?a) —

subject to u = S(u,w, z, o) J(u,w,z, o)

+a' [S(u,w,z,a) —u
w=F(w,z, o) T[ ( )~y
+w' |[F(w,z,a) — w]

z = M(u, o) +z [M(u,a) — 2|

3) Solve the co-states 4) Compute sensitivities

(In a second) d.J oJ _r [0S _7 | OF _7 | OM
+u + W + Z
da O«

N dax o da
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Coupled adjoint equation
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* From converged primal FSI
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Coupled adjoint equation

Each term obtained

[8J]T N las]Tﬁ_l_ laM]‘T/ through reverse AD

"= ou ou Du| Z
oo [22] L8] 5 [9E] &
W= ow ow . ow W
\ F & S equations
iterated with source
__ y T+ 3_3 Tﬁ—|— 3_]5‘ Tv_v terms
| Oz 0z 0z

\ Mesh equation,

* From converged primal FSI direct solution
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Block Gauss Seidel solution

o ©

= =y

Il
co o

NI

Y

Fixed-point Structural Adjoint Iteration

W = S(ETE")

A

n-—n-+1

Y

Fixed-point Flow Adjoint Iteration

n+1 _ ~N/—n+l —n-+1
W, =GwTaT)

Y

Evaluate Mesh Adjoint

7 n+1__ M (ﬁn+1 ,W n+1)
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Example: A very flexible wall in a choked flow

L
_ Test case E eyt v
— Reh_10 Very flexible wall (E20) | 20 kPa |
- t Flexible wall (E40) 40 kPa '
H |
- hT‘ Test case H L
5 Wide channel (D16) 16-h 48-h
Narrow channel (D2) 2-h
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Inverse problem

* Goal a target shape in FSI equilibrium
e 32 design variables

Four reference equilibria against target shape

(a) D16E20 (b) D16E40 (¢) D2E20 (d) D2E40

* TWO COStS:  Junons(u) = (u—urge) T Cu—uege)

Na 2
. Qj?;

(0%
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Verification of coupled sensitivities

* Comparison with forward mode and central differences

* Only for 10 zones

—T — 16
0.36 E, E,
0.24 I E,
- 1.0
0.24 E;
0.16 | l E,
> 0.6
016 | Es
012 [ E,
8-53__ ? 0.2
T 8
0.04_ 008 E, 0.0
Ey

0

-1 -2 3 4 -5 6 -7
Sensitivity (x 1e-05)

1.0 + - 1.0+ -
0.6 - 0.6 -
0.2 — ADDA 0.2 — ADDA

B . « CD B . « CD i
0.0C ' 0.0 & * 1

le-06 1le-04 1e-02 1le+00

Relative error to FM

le-10 1e-08 1e-06 1le-04
Absolute error to FM
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Optimal stiffness distribution

Objective Function
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d) Optimised,

v/h b) Initial state v/h c) Optitmi_sedc,1 v/h misec,
a) Convergence History, D16E20 1.0 - 1.0 HeonsHAme 1o ComEeme
0.8 |- 0.8 081
le+-00 I I I I
® o Unconstrained 0.6 0.6 06
e e (Constrained
le-01 . —  Constrained, Jy,.0ns(11) component [ 04+ 041 04
. 02 | 021 0.2+
le-02
0.0 ! ! | 0.0 ! ! I 0.0 | |
1e-03 0.0 02 04 0.6 00 02 04 06 00 02 04 06
& x/h x/h
v/h v/h y/h
Le-04 1.0 1.0 1.0
0.8 0.8 0.8
1e-05 0.6 0.6 0.6
1e-06 0.4 04 0.4
0.2 0.2 0.2
1e-07 | | I | | |
0 5 10 15 25 30 35 40 0.0 0.0 0.0
Tteration 0.005 1.0 1.5 20 0.0 051015 20 0.0 05101520
o a [0
Objective Obj. Function Gradient :
: : : min J(u) Actyef
Function Evaluations Evaluations
Teons (U, o) 48 39 3.00E-06 | 10.00%
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Optimal stiffness distribution

Objective Function

d) Optimised,

, b) Initial state . :) Optimised,
.. . . y/h ) il srace }’,/h il)ncolr)lslgr]e;islel;c,i y/b constrained
a) Optimisation History, D2E20 1.0 - L0 1.0~
0.8 - 081 0.8
le+00 I I
0.6 - 0.6 0.6
le-01 ] 04 04 0.4+
1e-02 _ 0.2 j 0.2 02k
0.0 ! ! | 0.0 I I I 00 |
1e-03 . 00 02 04 06 0.0 02 04 06 0.0 02 04 06
. . 1 X h X/h X/h
}'/1 y/h y/h
1e-04 - 1.0 1.0 1.
0.8 0.8
1e-05 —
0.6 0.6
le-06 H® * Unconstrained | 0.4 04
¢ o (Constrained
—— Constrained, J,,,.(u) component 0.2 02
16—07 T T T T | -
5 10 15 20 25 30 0.0 0.0 )
Tteration 01 2 3 45 01 2 3 4 5 012345
o a a
Objective Obj. Function Gradient :
. : : min J(u) Aoty
Function Evaluations Evaluations
Juncons (1) 27 26 5.64E-06 +144.29%
Jeons (U, o) 111 19 6.27E-02 10.01%
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Optimal electromechanical actuation

(a) _H( act (b)
CED
— o NIac‘c (y)
Unactuated ) u et
region
g
_ Uy
oy
Test J(u) VJ(u)
Case Evals Evals J (o) J(exopt)
D2 39 39 8.06E-01 2.96E-01
D16 23 22 1.08E-01 1.19E-04
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On-going

* Aero shape optimization with structure in the loop:

e Up-scaling the problems (e.g. towards the design of 3D-
printed aeroelastic wings)

* Library of RBF interpolation routines
* Python-wrapper with beam skeleton:

From RWTH Aachen
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Current To-Do list

* Solid-mechanics-friendly linear
algebra solver

* Higher-order FE
e Robust mesh deformation

* Directional properties (composite
materials)

* Expanded library of elements and
BCs

* Time-domain FSI adjoints
* General multiphysics architecture

www.siemens.com



