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Aerodynamic design? Structural design? 3
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Digitalization of integrated design process with multi-physics simulation

Contents 4

Residual minimization for static FSI
Abe et al., JSCM, 48, 6 (2022)

§ O : Parallel simulations
& by FFP
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Deformation parameter: gm
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Data-driven dynamic FSI

Yamazaki et al., APS-DFD 2023
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Digital engineering in aircraft design 5

Aircraft design simulator

DASH-

Digital Aircraft Design tool of Tohoku University

Date, Abe, et al., J. Aero. Sci. Tech. 2022
Abe, et al., CM3-ECCOMAS (invited, 2023

Lower panels

Microscale analysis for composite material
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Aerostructural design in equilibrium condition &

One-way (CFD — CSD) Two-way (CFD <= CSD)

T700S T700S

Lower surface Upper surface Lower surface Upper surface

T1100G

T1100G

I : Buckling I : Buckling
I : Strength (Fiber dominant) I : Strength (Fiber dominant)
I : Strength (Matrix dominant) I : Strength (Matrix dominant)
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¢ Failure mode cannot be accurately captured by one-way coupled analysis
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Challenges in high-fidelity FSI for aircraft design 7

Sequential iteration

v 5 - 20 times aeroelastic iteration

v 50 - 200 times structural-sizing iter.

o
v

o
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Tip deflection [-]
o
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—e— without accel.

—eo— with Aikens's accel.
1 1 1 1

0 5 10 15 20
Aeroelastic iteration

v High-aspect-ratio wing requires larger iter.

) 13iter. o
5 iter. 9 iter. y : 4

High-fidelity models
v CFD at real high-load conditions

A.S. Iyer, Y. Abe et al., C&F, 226, 104989, (2021)

v CSD with damage propagation

Flber direction

Crack by damage growth

585838

Crack by dilatation

Conventional iterative method for static FSI s

2 Structural deformation in equilibrium condition

As(us) — fs(us) =0

]

Internal force

As = 8™ (usg)
Structural solver

Front spar

Upper skin

Spar caps
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(us : displacement)

External force
fs = TTA( a,-ffg,Tus)

Transformation
matrix

Flow solver




Residual minimization approach in static FSI o

7 Force-based fully partitioned (FFP)

Simultaneously evaluate
— y 3

Assume deformation: ug)
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Structural solver Flow solver
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Residual force: As — fs = R(u

Assume deformatio

Structural solver
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Residual force: As — fs = R(u

v Response surface of the residual force: R(ug)

v

v Find the deformation minimizing R(us)

O : Parallel simulations
by FFP

Residual force

n
>

Deformation parameter: gm

Residual minimization approach in static FSI 10

2 Nonlinear Block Gauss-Seidel (BGS)

O: Iterative simulations
by BGS

A
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2 Force-based fully partitioned (FFP)

O : Parallel simulations
by FFP
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Deformation parameter: gm
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Residual minimization approach in static FSI 1>

2 Leading edge deformation of CFRP wing
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Spanwise location: y [-]

v GM-FFP is highly parallelizable in iterative direction.

=> |t becomes faster if the iteration of BGS is large.

BGS v.s. GM-FFP (AoA =0 deg.) 13

2 Elapsed time with CPU (4 cores for 1 simulation)

Method Cores Elapsed time
BGS (1 mode, 4 iter.) 4 302.9 sec.
) approx. 4 times speed-up
GM-FFP (1 mode) 20 74.69 sec.

v GM-FFP is parallelizable in iterative direction.

=> |t becomes faster if the iteration of BGS is large.
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Contents 14

Data-driven dynamic FSI

7 Yamazaki et al., APS-DFD 2023
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Deep Koopman dynamical model 15

Morton et al., NeurIPS 2018; Takeishi et al., NeurIPS 2017

X = Fx) — g4 = g(F(x)) = K glx)

Nonlinear Linear
X, =F(x,) Observable g
e . ~ . g(xt+1) = Kg(xt)
X\ |

g(xt) /Ig..» g(xt+1)

G

( Koopman Invariant Subspace )
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Deep Koopman dynamical model 16

Morton et al., NeurIPS 2018; Takeishi et al., NeurIPS 2017
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Deep Koopman dynamical model 17

¢ Flow around cylinder
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Deep Koopman dynamical model 18

Original (pressure field) Reconstructed

Deep Koopman dynamical model 19
¢ Lift force history ¢ Relative error (loss function)
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Dynamic FSI 20

. . ) Farhat and Lesoinne CMAME (2000)
b lteration at fixed time Barcelos et al., CMAME (2006)

Awu) —fu) =0 (u: displacement)

Internal force External force
= U —
A =5 3 f=Am
Structural solver Flow solver
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Dynamic FSI 21
. . ) Farhat and Lesoinne CMAME (2000)
2 Iteration at fixed time Barcelos ef al., CMAME (2006)

Aw) —fu) =0 (u: displacement)

Internal force External force
A=) 3 f=Aw)
L ™ lht1

High-fidelity simulations in each physics?
» Large number of degrees of freedom in space
» Communications between “big” solvers at each time step
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Proof of concept (preliminary...) 24

e Observer-based control design (DMDc-based flow dynamics)

Residual force
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Residual force can be replaced by simulation results

Conclusions

Data-driven FSI approach was proposed with
- Residual force minimization

- Deep Koopman dynamical model

» Parallelization of computing residuals for FSI solution was introduced

» Deep autoencoder was applied in the Koopman dynamical model
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yoshiaki.abe@tohoku.ac.jp
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