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Introduction • Acoustic cloak: conceal an object from detecting waves



[Ref] Schematic diagram of the cloaking device by S. Zhang, et al
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Introduction • Acoustic cloak: conceal an object from detecting waves • Homogenization-based topology optimization



[Ref] Topology optimization of a cantilever beam by O. Sigmund
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Introduction • Acoustic cloak: conceal an object from detecting waves • Homogenization-based topology optimization • Sensitivity analysis and time-dependent adjoint formulation – A lot of design variables – Time-domain methods
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Finite Element Time Domain Formulation (1/2) • Acoustics governing equations – Continuity equation and momentum equations • Non-conservative form 𝜕𝑄 𝜕𝑄 𝜕𝑄 +𝐴 +𝐵 =0 𝜕𝑡 𝜕𝑥 𝜕𝑡 where Q is the primitive variables, and A and B are the material properties. • Streamline Upwind Petrov Galerkin Formulation 𝜕𝑄 𝜕𝑄 𝜕𝑄 𝜙 +𝐴 +𝐵 ⅆΩ = 0 𝜕𝑡 𝜕𝑥 𝜕𝑡 Ω with Riemann solver at the material interfaces.
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Finite Element Time Domain Formulation (2/2) Solver Features • Hybrid continuous/discontinuous Galerkin formulation • Absorbing boundary conditions and Perfectly Matched Layers (PML) • Fully discretized using Newton’s method and BDF temporal scheme • GMRES with ILU(k) • Linearization by operator overloading • Parallel solver (OpenMP and MPI)



IMECE2016-68135



Sensitivity Analysis (1/2) Sensitivity derivatives of a given cost function I can be calculated by • Finite difference (central) ⅆ𝐈 𝐈 𝛽 + Δ𝛽 − 𝐈 𝛽 + Δ𝛽 = + 𝑂 Δ𝛽2 ⅆ𝛽 2Δ𝛽 • Complex Taylor series expansion ⅆ𝐈 Im 𝐈 𝛽 + Δ𝛽𝑖 = + 𝑂 Δ𝛽2 ⅆ𝛽 Δ𝛽 • We want to use a large number of design variables with minimal additional cost
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Sensitivity Analysis (2/2) • Algorithm: A discrete adjoint formulation for time-dependent sensitivity derivatives (1) Set 𝜓1𝑘+1 , 𝜓2𝑘+1 and 𝜓2𝑘+2 to be zero. Set k to be ncyc (reversed time) (2) Solve for the adjoint variable



𝜆𝑘𝑄



=−



𝜕𝑅 𝑘 𝜕𝑄𝑘



−𝑇



𝜕𝐈 𝜕𝑄𝑘



𝑇



+ 𝜓1𝑘+1



𝑇



+ 𝜓2𝑘+2



𝑇



Expensive when nonlinear (3) Set the sensitivity derivatives by 𝑘 𝑘 ⅆ𝐈 ⅆ𝐈 𝜕𝑅 𝜕𝜌 𝜕𝑅 𝜕𝐾𝑒 𝜕𝐈 𝜕𝑋 𝑇 𝑒 𝑘 = + 𝜆𝑄 + + ⅆ𝛽 ⅆ𝛽 𝜕𝜌𝑒 𝜕𝛽 𝜕𝐾𝑒 𝜕𝛽 𝜕𝑋 𝜕𝛽 (4) Set k = k-1 (5) Set 𝜓2𝑘+2 to be 𝜓2𝑘+1 , compute 𝜓1𝑘+1



=



𝜕𝑅 𝑘+1 𝜕𝑄𝑘



𝜆𝑘+1 𝑄 ,



(6) If k = 1, stop; otherwise go to step 2



𝜓2𝑘+1



=



𝜕𝑅 𝑘+1 𝜕𝑄𝑘−1



𝜆𝑘+1 𝑄
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Topology Parameterization • SMI (Scaled Material Interpolation) for a well-scaled design space 𝜌𝑒 =



𝜌𝑒1



+



𝜌𝑒2 − 𝜌𝑒1 𝜌𝑒2 − 𝜌𝑒1



𝑠𝛽 𝑠



−1 −1



𝜕𝜌𝑒 𝑠 log 𝜌𝑒2 − 𝜌𝑒1 𝜌𝑒2 − 𝜌𝑒1 = 2 1 𝑠 𝜕𝛽 𝜌𝑒 − 𝜌𝑒 − 1 where s is a scaling factor.



𝜌𝑒2 − 𝜌𝑒1 𝑠𝛽



𝜌𝑒2 − 𝜌𝑒1
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Design of Acoustic Cloaking Devices (1/6)



𝜔2



𝑝 − 𝑝0



min 𝐈 = 𝜔1



Γ



2



ⅆΓ ⅆ𝜔
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Design of Acoustic Cloaking Devices (1/6) 𝜔2



𝑝 − 𝑝0



min 𝐈 = 𝜔1



1.9 kHz



2



ⅆΓ ⅆ𝜔



Γ



2.0 kHz



2.1 kHz
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Design of Acoustic Cloaking Devices (2/6) 𝜔2



𝑝 − 𝑝0



min 𝐈 = 𝜔1



2



ⅆΓ ⅆ𝜔



Γ



Sample illustration of the topology optimization
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Design of Acoustic Cloaking Devices (3/6) 𝜔2



𝑝 − 𝑝0



min 𝐈 = 𝜔1



Narrow band optimization (2.0 kHz)



2



ⅆΓ ⅆ𝜔



Γ



Broadband optimization (1.9~2.1 kHz)
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Design of Acoustic Cloaking Devices (3/6) 𝜔2



𝑝 − 𝑝0



min 𝐈 = 𝜔1



Narrow band optimization (2.0 kHz)



2



ⅆΓ ⅆ𝜔



Γ



Broadband optimization (1.9~2.1 kHz)
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Design of Acoustic Cloaking Devices (4/6) 𝜔2



𝑝 − 𝑝0



min 𝐈 = 𝜔1



1.9 kHz



2



ⅆΓ ⅆ𝜔



Γ



2.0 kHz



Narrow band optimization (2.0 kHz)



2.1 kHz
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Design of Acoustic Cloaking Devices (5/6) 𝜔2



𝑝 − 𝑝0



min 𝐈 = 𝜔1



1.9 kHz



2



ⅆΓ ⅆ𝜔



Γ



2.0 kHz



Broadband optimization (1.9~2.1 kHz)



2.1 kHz
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Design of Acoustic Cloaking Devices (6/6) 𝜔2



𝑝 − 𝑝0



min 𝐈 = 𝜔1



2



ⅆΓ ⅆ𝜔



Γ



The cost function values
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Conclusions • A procedure of using topology optimization for the design of broadband acoustic cloaking devices has been described • Additional storage cost, but adaptable to broadband designs
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Future Work • Design using a fine mesh, and with penalty to reduce gray area • Sequential topology and shape optimization
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Topology Optimization with Penalty • Use a penalty factor to reduce intermediate states (gray areas) 𝐈 ∗ = 𝛼𝑞 𝐈 𝑛𝑑𝑣



𝛼𝑞 = 1 + 𝑞



𝛽𝑖 − 0.5



2



𝑖=1



Note that the actual cost function value would be changed.
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Sequential Topology and Shape Optimization 𝜔2



min 𝐈 =



𝑍 − 𝑍∗



2



+ 𝑛 − 𝑛∗



2



ⅆ𝜔



𝜔1



No penalty



arbitrary shape representation



optimized shape



[Ref] W., Lin et al 2016 (AIAA-2016-3216)
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