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Turbulent drag reduction using dolphin-inspired
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ABSTRACT

The skin-friction drag generated by wall-bounded turbulent flows can potentially be reduced by a wall-parallel oscillatory motion. Inspired
by microvibrations and the high sensitivity of dolphin skin, we examine whether wall-normal undulating motion actuated by longitudinal
micro-ultrasonic waves (LMUWs) with ultrasonic-frequency oscillations and micro-size amplitudes significantly alters the multi-eddy motion
on the surface, thereby reducing skin-friction drag. Simulations of the LMUW-induced turbulent flows are performed in an open channel at
a Reynolds number of 1.24 x 10° for three motion modes, i.e., two traveling waves (downstream and upstream) in the streamwise direction
and a standing wave. It is verified that the wall-normal turbulent fluctuations are remarkedly altered within the viscous sublayer of the turbu-
lent boundary layer, resulting in a reduced velocity gradient. This leads to lower or even extinguished friction drag, which is strongly associ-
ated with the LMUW-excitation mode. Informed and validated by numerical results, we further derived a theoretical model for the dynamic
boundary layer. This model is based on Fourier series expressions of the velocities and is used to elucidate the underlying mechanisms in
association with the LMUW-excited turbulent flow and active friction drag reduction. The results indicate that upstream traveling waves
enable 100% friction drag reduction, while downstream traveling waves are capable of overcoming the trade-off between friction and pressure
drag, accomplishing 100% total drag reduction. This study thus provides a novel active and controllable method for turbulent drag reduction.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0209761

4¥592023-57879, Phys.Fluids.36 (2024)
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reduction mechanism using
dolphin-inspired ultrasonic
microvibrations

Dongyue Wang™® & Hao Liv™

Aerodynamic drag, particularly wiscouws drag, is a significant source of energy loss in aircraft, with

its reduction being critical for improving overall asrodynamic performance. Here we introduce &
novel strategy to reduce drag while enhancing |ift-to-drag ratio by utilizing delphin skin-inspired
downstrearm-traveling longitudinal micro-ultrasonic wasves [DTLMUWS). A turbulent drag reduction
gysterm was developed by applying DTLMUWS to the upper and lower surfaces of & NACA D002 airfoil.
Turbulent simulations at varying angles of attack (Aok) from 0F to 10° reveal that DTLMUW: excite

& dynamic boundary layer that actively modulates turbulent selocity Auctuations within the viscous
sublayer. This mechanism enables up to 90% reduction in total drag (friction and pressure drag), with
minirmal perturbation to the macre-flow around the sirffoil. Consequently, a substantial increase in
pressure-based |ift is achieved, resulting in @ more than tenfold improvement in lift-to-drag ratio at an
Aok of 7.5%, and further enhancements at lower Aods (2° to 57) in level flight. These results pressnt

a transformative approach to drag reduction that could significantly advance aerodynamic design in
aviation.

Keywords Turbulent drag reduction, Dalphin, Ultrasonic microvibrations, Aerodynamic performance,
Airfoil design

+%£EE2024-118446, Sci. Rep.15 (2025)
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