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Next Generation Electric Propulsi’on,p' £ W &,

Emerging electric aircraft concepts need better performing, safer
energy storage

A safe, high energy battery will disrupt the electric aircraft industry
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Dendrite growth during Laboratory growth of ‘mossy’ dendrites
charge/discharge in Li/Li battery
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Sensor-based Prognostics to Avoid Runaway Reactions and Catastrophic Ignition

Cell-embedded sensors Nondestructive Evaluation

Physics-based
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X-ray CT of metallic foam

[trasonic waves modeled in
composite structure



Physics-based NDE Modeling ../ 4.

Emerging capabilities in ultrasonic nondestructive

evaluation (NDE) and structural health monitoring

(SHM)
» State of charge (SOC) and state of health (SOH)
monitoring (Gold et al. 2017, Lapdli et al. 2017)
 Afew studies & emerging capabilities for defect
detection (Bommier et al. 2020, Nelson 2021)

Components with heterogeneous, complex
media, and non-stationary properties
* NDE modeling to help manage complexity of
inspection/monitoring

Material model: combination of elastic and fluid-

filled porous (poroelastic) media models
e Significant number of material parameters that
need to obtained or inferred

‘ Transducer

Pouch (ONY/AI/PP) 86 pm

Separator (PP/PE/PP) 25 um

Anode (Li/Cu/Li) 150 pm

Separator (PP/PE/PP) 25 um

Cathode (LCO/AI/LCO) 110 pm

Separator (PP/PE/PP) 25 um

Pouch (PP/AI/ONY) 86 pm

Concept sketch of single-cell through-
thickness resonant measurement

Example of a simulated Li-metal
pouch cell reflection spectrum



Poroelastic Material Properties

(current collectors, pouch material, Li

vV
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Young’s Modulus : :
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Poisson Ratio .
Pore diameter

k Darcy’s permeability coeff.

Fluid Components

(electrolyte)
P Density
ks Bulk Modulus
v Viscosity

« “Need to have” properties: affect key spatial propagation characteristics (wave speeds, reflections)
* “Nice to have” properties: affect frequency-dependent behavior and frequency limits
properties: affect spatial propagation, but are not expected to be in the

literature

* Expecting to be able to calculate / infer some missing parameters from wave propagation experiments



Calculate the missing
material property using

/ e guided wave relations
e (in this case, plate wave
Experimental observation of Extract dispersion curves from approximations)
guided wave fields data
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Generate simulation of wave Extract dispersion curves from Compare experiment with

field using calculated properties data simulation



Experimental Setup

Laser Doppler Vibrometer (LDV)




LDV Results on Thin Cu Foil

Data Processing GUI

MainWindow

lormap thermal

Set Histo Range to Min/Max
Set Histo Range to Mean +/-N * StdDev
N= 10
Output Current Image to PyPlot

Save Movie of Current Datastack

lay Time Domain Data
Display Frequency Domain Data

ROI and Line Tool

e Frequency Domain
Calculate K Domair
Calculate Dispersion Curve

ChirpZ Transform EXPERIMENTAL

(O Dispersion
() 2D Hanning

1000
Dechirp Time Domain Data

Dechirp Frequency (kHz): |300

Time Domain Data Displayed, frame #: 7



Data Processing

Raw Data

Tukey windowing around edges

Combine both spatial windows

+

Hanning-based window around
transducer
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Frequency-wavenumber-wavenumber
Filtered data in the spatial-time domain (f, kx, ky) domain data

3D FFT

v




Dispersion Curve Representation U‘w

Frequency-wavenumber-wavenumber
(f, kx, ky) domain data

Frequency-wavenumber (f, kx) domain data

Slice the data to

view dispersion

curve in a single
direction




Extracting Lamb Wave Modes

/ o

Normalized each frequency bin Isolated mode using search
algorithm

Raw dispersion curve

Indexed freq/wavenumber
values for local maxima in the
isolated mode will output to a

line plot of the dispersion curve

=
o
2
£
=
c
7]
=
]
=

75 100 125
Frequency (kHz)




Wave Mode Extraction Technique . 4 £
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Wave Mode Extraction Technique . 4 £
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Normalized data

Gate the search area

asymmetrically around
the point identified in

the previous bin




Wave Mode Extraction Techniqué‘...‘ds’
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Normalized data

Narrow down the
search region further
by windowing around

last known point
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Analytical Determination of Material Proper

Extract wavenumber across Invert speed-elastic constant

—» Converttophase — 3

frequency spectrum velocity relations
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Wavenumber

Frequency

1Cubberly, W. H. "Metals Handbook 9th Edition, Vol. 2." American
Society for Metals, Metals Park, OH (1979): 714-831.



FEM Confirmation of Extracted Material Properti Sji ‘
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« Confirmation of extracted material properties Simulation Results
* Importinto FEM - Generate wavefield = Extract Surface Velocity, Top View
dispersion curve

e Simulation setup:
* Broadband excitation, 150-500 kHz chirp
* Symmetric top/bottom excitation to isolate SO Chirp
mode Excitation
e Plate model:
* length = width =150 mm
* Thickness =25.4 um
e 5 quadratic elements/thickness
e dx=dy=0.35mm

e ~23 elements per smallest SO wavelength
« 3D FFT approach to extract dispersion curve “ ﬁ
* Same procedure as experimental extraction L

Symmetric
Boundaries,
Bottom & Left

Absorbing
Boundaries,
Top & Right
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Simulated Dispersion Curve Results. 4 £

Wavenumber Plots extracted from
COMSOL

Wavenumber plot, 400kHz

e Extract data from COMSOL simulation files

e Convert COMSOL results into v(x,y,t) data

* Near-field effects of transducer removed via Tukey window

e Fast Fourier transform to convert data into
frequency-wavenumber domain (f, kx, ky)

 Wavenumber calculated at a given frequency slice

-300 -100 0 100
Kx, 1/m



Accuracy of Extracted Dispersion Curve Data_ # ‘K/ .

\

.

 Comparison of empirical wavenumber data to
analytical and FEM-extracted results Accuracy of COMSOL extracted SO mode
* Confirms accuracy of guided-wave extracted wavenumber
material properties
* Validates dispersion curve extraction approach for
both experimental and simulated data
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e Accuracy of technique:
* Experimental extracted wavenumber within ~6%

200 300
of analytical (dependent on discretization) Frequency (K2
Frequency (kHz) Simulated Analytical Percent Error
Wavenumber Wavenumber
(1/m) (1/m)

Simulation-based dispersion curve extraction important for
extension to poroelastic battery materials where analytical
approaches have not been developed




Conclusions and Future Work .. 4 £,

 Guided wave detection and dispersion curve extraction on thin foil

* Material property estimation using longitudinal and shear horizontal modes
 Reasonable estimates of material properties (~“5% error) for Cu 110 specimen
* Technique insensitive to thickness tolerance and imperfections in foil (e.g. wrinkles)

e Dispersion curves simulated in COMSOL with measured properties, accuracy depends on
discretization (higher error at smaller wavelengths)

* Benefit of using finite element (FEM) simulation when moving onto more complex
material models where analytical dispersion curve theories have not been developed

Future Work:

* Extension of technique to poroelastic and isotropic tri-layer components
* Use of measured/inferred properties in battery ultrasound models to support
inspection/monitoring under different wear and defect conditions



