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Icing Hazards

- Increase of weight

- Aerodynamic losses

- Blocking of mechanisms
and pressure probes

/TR

Air France 447 in June
2009: 228 people died
because of blocked
pressure probes

Thermal de-icing:
Efficiency limits

Chemical de-icing:
environmental
concerns
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Modeling Characterization
Model ice formation,
accretion and adhesion with Investigate the physics of
computational tools such as icing on complex surfaces
FEA and molecular dynamics
Materials Application

Application of new technologies
Design novel anti-icing for ice protection to aeronautics,
materials and coatings energy systems and sensor
technologies



How to measure ice adhesion?

How is ice adhesion assessed in literature? " T — —Fmax Tavg 15 believed to be independent of the
avg A ice-substrate contact area.
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Stendardo, L., Gastaldo, G., Budinger, M., Pommier-Budinger, V., Tagliaro, |., Ibafiez-Ibafiez, P. F., & Antonini, C. (2023).
Reframing ice adhesion mechanisms on a solid surface. Applied Surface Science, 641, 158462



Fracture Mechanics
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Dimensional Analysis: Shear Stress I ‘LI/
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Dimensional Analysis: Toughness
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Recap

Stress-dominated fracture Toughness-dominated fracture
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Conclusions

The average shear stress is not a sufficient measure of ice adhesion.

For larger interfaces, where crack propagation is controlled by toughness, the adhesion strength becomes
meaningless.

With the SSIFs, the true adhesion strength can be calculated, possibly reducing the discrepancies of shear strength
values reported in literature.

The total toughness can be calculated from the toughness parameters by knowing the test system parameters (h/D,

H/D, and m/D) and the force necessary to propagate the crack.

The novel methodology is developed for a specific set of experimental cases (i.e., cylindrical ice columns and fixed mold
material), and it does not differentiate between normal (G;) and shear opening (G,).

It represents, however, a step towards more complete characterization of icephobic surfaces.
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Shear Stress Analysis
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Strain Energy Analysis o
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The numerical model has been verified by performing a series of experimental
measures of the ice removal force on aluminum and comparing the obtained
toughness value with the literature. The obtained interfacial toughness of Al-6060

aluminum alloy based on our numerical model and experimental data was G, =

0.57 +0.26 J/m?.

Reference Test Method G;vs. Gy Value [J/m?]
Yeong et al. [31] Pressurized air ice G, 0.72+0.11
fracture test
Palanque et al. [14] Electro-mechanical de- G, 0.38 £0.09
icing
Pervier and Hammond [32] Pressurized air ice G, 0.95+0.45

fracture test
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Stress-dominated detachment:
full detachment of the ice in less than 0.17 ms.

200x slow-motion

Mold diameter D = 8 mm

Pushing height h =1 mm

Ice height H=5 mm

“‘Reframing Ice Adhesion Mechanisms ona Solid Surface”

Luca Stendardo, Giulia Gastaldo, Marc Budinger, Valérie Pommier-Budinger, Irene Tagliaro,

Pablo F. Ibanez-Ibanez, Carlo Antonini
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Toughness-dominated detachment:
visible crack propagation and full detachment in 4 ms.

200x slow-motion

Mold diameter D = 14 mm
Pushing height h =1 mm
Ice height H=3 mm

“‘Reframing lce Adhesion Mechanisms ona Solid Surface”

Luca Stendardo, Giulia Gastaldo, Marc Budinger, Valérie Pommier-Budinger, Irene Tagliaro,
Pablo F. Ibafez-Ibanez, Carlo Antonini
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Material p (kg/m3) E (GPa) v
Aluminum 2700 68 0.36
Nylon 1140 15 0.39
Ice 897 9 0.31
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lce Adhesion Test System
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lce Adhesion Test System
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