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Vortex patterns generated by a heaving flexible plate
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Abstract We present dye visualizations of the wake behind a flexible plate flow
when its leading edge is forced into harmonic heave motion. We show that, when
the forcing amplitude is sufficiently large, a reverse Bénard-von Kármán vortex
street is formed in the wake, indicative of the production of positive thrust.
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1 Introduction
Flapping fins are commonly used by swimming animals to produce locomotive
forces. These fins have inspired a vast amount of studies motivated, for a large
part, by the design of novel propulsion devices. These studies have generally considered a foil or a plate harmonically actuated in heave motion (translation), in
pitch motion (rotation), or in a combination of both motions. Interestingly, the
propulsive performances have been shown to increase when a flexible plate, rather
than a rigid one, is used. The thrust produced by flapping fins is an increasing
function of the amplitude of the trailing edge deflection [1]. To assess the propulsive performances of such systems, the knowledge of the deformation kinematics
is thus of primary importance.
In the present work, we consider the flow generated by a flexible plate whose
leading edge is forced into harmonic heave motion. It follows a previous study in
which we have investigated the plate response to this forcing [2]. In particular,
we have evidenced that the deflection amplitude of the trailing edge was maximal
when the forcing frequency was resonant with a structural eigenfrequency of the
flexible plate. We now turn to the visualization of the vortical structures generated
in the wake of this model swimmer, as it is known to be a good indicator of the
thrust produced [3].
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2 Experimental setup
The experimental setup, shown in Fig. 1a, consists of a horizontal flexible plate, of
bending rigidity B, immersed in a uniform horizontal flow of velocity U generated
by free-surface water channel. The plate is of thickness e = 0.004 m, span s =
0.12 m, and chord c = 0.12 m. It is molded out of polysiloxane with a tapered
trailing edge and with a rigid axis inserted at the rounded leading edge. This
rigid axis is attached to a U-frame that can be actuated with a linear motor into
harmonic motion such that the leading elevation is imposed: ALE cos(2πf t). The
flow around the plate is confined between two vertical parallel walls to avoid the
perturbations due to the U-frame.
The explored ranges of the experimental parameters ALE , f , B and U are given
in Fig. 1b. To visualize the vortical structures generated by the plate motion, the
plate is coated with a solution of fluorescent dye prior immersion. The patterns
created by the dye entrained in the flow are illuminated at mid-span with a vertical
sheet of light generated with an Argon Ion laser. Images are captured, through
the transparent channel sidewall, with a camera aligned perpendicular to the light
sheet.
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Fig. 1 (a) Sketch of the experimental setup and (b) ranges of the experimental parameters
explored.

3 Results and perspectives
In Fig. 2, the evolution of the vortex patterns in the wake of the heaving flexible
plate are visualized with dye over one period. The experimental parameters are
ALE = 0.004 m, f = 0.8 Hz and U = 0.05 m s−1 , corresponding to a resonant case
(i.e. a maximum of the trailing edge deflection amplitude).
In Fig. 2, it can be observed that a vortex forms at the leading edge on the upper
side during the plate downstroke (Figs 2a-c) and a second one on the lower side
during the upstroke (Figs 2d-f). These vortices are likely due to a flow separation at
the leading edge. This separation occurs because the combination of the incoming
flow and of the heave motion results in a non-zero effective angle of attack at the
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Fig. 2 Dye visualizations of the vortices generated by the heaving flexible plate over one
period for ALE = 0.004 m, f = 0.8 Hz (period T = 1.25 s), B = 0.018 Nm and U = 0.05
m.s−1 (flow from left to right). The leading edge of the plate motion is indicated by an arrow.

leading edge. For the parameters used here, this angle is arctan(2πf ALE /U ) =
23◦ . The leading edge vortices can be followed on the image sequence as they
travel along the plate chord up to the trailing edge where additional vortices are
generated. Both vortices combine into large scale vortices shed twice per cycle:
the shedding of a counter-clockwise vortex is seen in Fig. 2a and of a clockwise
one in Fig. 2d. As they are advected downstream, they form a reverse Bénard-von
Kármán vortex street, similar to the wakes observed behind bluff bodies but with
reversed sense of rotation of the vortices. This reverse Bénard-von Kármán wake
corresponds to a jet-like average velocity profile and is thus associated with thrust
production. We are currently trying to measure this thrust directly to confirm
quantitatively the present results of qualitative nature.
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