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Companies Involved

¢ ITMATI (Thechnological Institute for Industrial Mathematics)
¢ Microflown Technologies

® ROMSOC Project (Reduced Order Modeling, Simulation and Optimization of Coupled
Systems)

™M 4 %

TECHNOLOGIES ROMSOC




Introduction

multi-layer
porous material

\ Sound waves

4 /_4/-/ g \"

wind 9 )
: sensor

Phases of the project: T TTTTTTTT T 7777777777

1. Numerical simulation
2. Validating the models
3. Applying DMD



Motivation of the Physical Setting
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Holmarc Opto-Mechatronics Impedance tube*

* Holmarc Opto-Mechatronics Pvt. Ltd.: Impedance Tube Apparatus. https://holmarc.com/impedance_tube_apparatus_a.php
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Differential Formulation 7 " L
Fluid — Rigid Porous Coupled Model e roooT
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Differential Formulation
Fluid — Rigid Porous Coupled Model
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Variational Formulation / o L
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Discretization Algorithms
Finite Element Method

Spatial Discretization: Piecewise linear finite element method

Basis functions Discrete solution
(L~ Ti1 i < h = h
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?; _ T — i=0
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i=0
Finite Element method discretization vt
ZMMU +ZCM’“’ +ZKM“
1=0 . - 1=0
Mass Damplng Stiffness External Forces H
v Y % %

* Comsol: Multiphysics Cyclopedia: The Finite Element Method (FEM). https://www.comsol.com/multiphysics/finite-element-method



Discretization Algorithms
Newmark-Beta Method

Time Discretization: Newmark-beta integration method
Mu+Cu+ Ku=f
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In the implementation it is divided in initialization, explicit approximation and prediction.

In order to get accurate results it meets the CFL condition:

At
C —_— T < Cmax
Azt



Reduced Order Methods
Singular Value Decomposition

- Singular Value Decomposition (SVD): Exact decomposition

A=Uxv?t
i g1 ) [ — (] — ]
(L] s e -
A — Ui Uo ... Unp, . .
A i | '
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» Truncated SVD: Approximated decomposition
A=Ux, V!
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Reduced Order Methods
Dynamic Mode Decomposition

* Dynamic Mode Decomposition (DMD): Approximate prediction capabilities
1. Define data matrices

2. Perform Truncated SVD toget U,Zand V.
3. Calculate A = UTX'VE~1,
4. Calculate eigenvalues (in A) and eigenvectors (in W) of A.
5. Calculate
=XV lw, > Modes
b=® 1, > Initial amplitude

Q) = diag(wy), wi = log(Ax)/At. —— Continuous time eigenvalues
6. Reconstruct data:

z(t)~ @ e

Modes Dynamics



Software

¢ FENICS Project: Finite element method

¢ PyDMD: Dynamic mode decomposition
¢ Other Software: ParaView, scikit-learn package, Docker, MATLAB...




Test Cases

* Error Control Through Space and Time Step Size
Validates discretization methods (FEM and Newmark) using:

P, in smooth impulse response. P, In smooth impulse response
P, In sharp impulse response P, in sharp impulse response
P, In harmonic regime P, in harmonic regime

+ Exact Result Using d'Alembert's Solution
Validates fluid models with null Dirichlet condition on I}:

P, in smooth impulse response P, in smooth impulse response
P, in sharp impulse response P, In sharp impulse response

+ Exact Result Using Harmonic Solution
Validates fluid models with non-zero Dirichlet condition on [,:

P, In harmonic regime P, In harmonic regime
Validates fluid - rigid porous coupled models with non-zero Dirichlet condition on I,:
P5 In harmonic regime P, In harmonic regime

* Umnova's Low Frequency Approximation Comparison
Validates poro-elastic model: 7
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Harmonic Solution (- e

t=0

Transform the time domain equations to the frequency domain.
Solve the Helmholtz problem.

Transform back the exact solution to the time domain.

Find the initial conditions for the simulation.
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Fluid — rigid porous coupled model with rigid-transparent boundaries.




Harmonic Solution (- e

t=0

Transform the time domain equations to the frequency domain.
Solve the Helmholtz problem.

Transform back the exact solution to the time domain.

Find the initial conditions for the simulation.

W

t=1.02 x 10™*

Sound speed in fluid ce 343 m/s
2 W\/\/\ Fluid density pe 1.21 kg/m”

N | | | P | Sound speed in porous Cp 350 m/s

Porous density Pt 1.5 kg/ m®

t=1.53x 10~

) Porosity 0 0.5
S ol Specific heat capacity ratio v, 1.4
Flux resistivity o 100 N s/ m*

Time step At 7.29 x 10~ 5s
t=3.06x10 Space step Az  2.5x107°m

Fluid — rigid porous coupled model with rigid-transparent boundaries.




Numerical Results

« Harmonic Waves
Reconstruction and prediction of harmonic waves.

Test: Reducing the number of snapshots.
Test: Increasing the discretization size.

* Periodic Impulse Responses
Reconstructionand prediction of periodic impulse responses.
Test: Reducing the number of snapshots.

Test: Reducing the DMD rank.

* Non-Periodic Impulse Responses
Reconstructionand prediction of non-periodic impulse responses.

« Other Approaches
Test: DMD vs. HODMD.

Test: DMD vs. SVD.
Simulation mixing.
Shifted DMD.
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Periodic Impulses 7
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Summary

* Workcompleted:
6 Acoustic models

15 Test cases
11 ROMs scenarios

» Conclusions:
Accurate results in harmonic cases: only 3 snapshots needed.

Accurate results in periodic impulse response cases: a single wave cycle needed.
Unfeasible use in non-periodic impulse response cases: unable to make predictions.
Unfeasible use using simulation mixing.

+ Other conclusions (not included in the slides):
Discretization size can affect results.

Increased DMD rank improves predictions.
HODMD is more versatile but requires tuning.



Next Steps

» Explore predictions using MrDMD.
*  Extendto 3D models.
« Explore Shifted DMD for non-periodic impulse responses.

«  Develop poro-elastic high frequency models.

levels 0-6

1010+

0 50 100 150 200

0 50 100 150 200

Shifted POD**

* https://mathlab.github.io/PyDMD/build/html/tutorial3mrdmd.html ** Reiss, J. et al.: http://dx.doi.org/10.1137/17M1140571.



