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EXPERIMENTAL SETUP
•A servo-driven wake generator with a flat plate pitching sinusoidally 

upstream. 
•A NACA 0012 wing, placed 350 mm downstream, was mounted on a 

load cell to measure forces at 5000 Hz over 100 cycles. 
•Vortex dynamics were captured via 2D2C PIV. 
•The en�re setup was automated by Matlab, with synchronized data 

acquisi�on.
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MOTIVATION
• Understand the aerodynamic force varia�on on a wing surfing in 

an unsteady 2-D wake
•Determine dependence of the overall li� fluctua�ons on the up-

stream flapping kinema�cs
•Provide further interpreta�on of the dynamics in animal flocking 

CYCLE-LEVEL LIFT FLUCTUATIONS 

CONCLUSIONS
•The force response of the surfing wing is aligned with the impingement of flow structures
•The wing's li� response frequency locks to the wake-genera�ng frequency, with cycle-level 

fluctua�ons scaling with Strouhal number.
• A predic�ve model leveraging classic unsteady aerodynamics to account for structured wake 

interac�ons, with theore�cal predic�ons closely aligning with force sensor data—par�cularly 
when using the Wagner approach in the �me domain.

Aerodynamic Forces on a Wing Surfing in a Two-dimensional Vortex Wake
Siyang Hao*,  Pedro Costa Ormonde, Kenneth. Breuer 
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a. In low St case, down wash and up wash are induced from strokes
b. In high St  case, a primary CCW vortex shed in the first half-stroke, as it approaching, the surfing airfoil sees an increment in li� 
coefficient. The li� coefficient reach the peak on the impingement (t/T =0.18) with a separa�on bubble ini�ated on LE. As the 
separa�on growing,  the li� coefficient falls back to neutral (t/T = 0.25). The symmetric process repeat in the other half-stroke.

 

LIFT RESPONSES TO WAKE IMPINGEMENT 

PHASE-RESOLVED LIFT PREDICTION WITH UNSTEADY AERODYNAMICS

r

Laser 

shadow

Leading edge of 

surfing airfoil

u(t)

r'(θ)

θ

C. Frame-by-frame comparison of calculated vs. mea-
sured li� coefficient for various St
numbers ( 14 cases, 1400 frames) by Wagner ap-
proach.
D.  Convergence of the predic�ons: 
                                                                              of the 
Wagner approach as a func�on of �me history length 
included in the calcula�on comparing with the final 
result with 100 cycles
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B. Narrow band integral

is used to quan�fy the cycle-level li� 
fluctua�on.
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A. Power spectral density (                  ) of 
the li� coefficient for all measurements, 
with the example cases highlighted. 
The majority of the spectral energy 
(58%-99%) are distributed in the primary 
peak (highlighted in orange).
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A. Comparison of unsteady approaches
•Quasi-steady approach shows a mas-

sive over predic�on.
•The Wagner func�on with Duhamel’s 

integral has the closest predic�on com-
pared to the directly measured data

•The Küssner func�on with Duhamel’s 
integral exhibits a greater phase delay

•Sear’s func�on applied with Fourier 
synthesis has good es�ma�on of ampli-
tude but lacks phase-wise accuracy in 
this case

C. To account for this A/c and k devia�on,                 
is plo�ed as a func�on of the Strouhal 
number, St = f c/U∞  . St = fA/U∞ = f∗A/c
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