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Article Info Abstract
This work investigates a semi-active mechanism for harvesting energy from water flow
Article history: using a flapping hydrofoil with a prescribed pitch profile and passively induced heave
Received: 5 November 2024 motion. The hydrofoil is connected via a hinged arm to an electrical generator,
constraining the foil’s vertical motion to an arc centered at the generator (Fig. 1). A pitch
Revised: 20 January 2025 profile is imposed by an actuator and controller, while the hydrodynamic forces generate
Accepted: 8 March 2025 the plunging response; the arm transmits torque to the generator. A coupled multiphysics

model is developed that integrates (i) the dynamics of the power take-off, actuator, and
controller (Egs. (1)—(7)), and (ii) unsteady two-dimensional Reynolds-Averaged Navier—
Stokes simulations with the k—® SST model for the surrounding flow (Eq. (10)). The
Keywords: coupling is performed in Fluent using user-defined functions with sliding meshes that
represent the arm and pitching block (Figs. 3—6). To validate the model, we compare its
predictions against oscillating NACA0012 data and a published flapping-hydrofoil
harvester case (Figs. 7-10). We employ a greedy search (Eq. (14)) to identify the dominant
non-dimensional parameters the dominant non-dimensional parameters and their optima:
the natural frequency and damping ratios (actuator-to-generator), the target effective angle
of attack, and the critical arm angle. Under the tested conditions (Table 1), the optimized
configuration delivers a net electrical power of 770 W, with dominant contributions near
the reversals of the heave motion (Fig. 15).
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numerical simulation.

Introduction loop to a realistic power-take-off (PTQ), actuator, and control

Marine flows offer high energy density and extended duty SVSFE”_‘-_ This omission I|m|t§ predictive fidelity when
cycles relative to wind and solar resources, enabling optimizing for net (harvested minus spent) power.

competitive capacity factors for renewable generation (see
[1]-[12]). Among marine energy converters, flapping-foil
devices are attractive because they can extract power over a
wide range of flow speeds and directions while remaining
compact (Section 1 of the Persian text). Flapping foils
undergoing combined pitch and heave generate unsteady
aerodynamic phenomena such as dynamic stall, leading-
/trailing-edge vortex formation, and vortex shedding that can
be leveraged for either propulsion or power extraction
depending on kinematics and flow regime (Figs. 7-9, [14],

The present study addresses this gap by modeling, in a unified
framework, (i) the generator inertia, stiffness, and damping;
(ii) an actively pitched hydrofoil; and (iii) a linear controller
that commands the actuator torque to track a target effective
angle of attack (Egs. (1)—(9)). The hydrofoil’s heave arises
passively from the hydrodynamic loads and geometric
constraint of the hinged arm (Fig. 1). Using the coupled
model, we perform a parametric optimization (Eq. (14))
focused on four non-dimensional parameters identified via
[15]) the nondimensional form of Eqgs. (7). The objective is to

' maximize net average power while maintaining robust,
periodic operation. Unlike previous studies that prescribe foil
kinematics without modeling the energy conversion system,
this work integrates the full electromechanical and fluid
dynamic subsystems.

Early concepts such as the wingmill demonstrated the
viability of oscillating-wing power generation, followed by
studies on tandem and bio-inspired configurations that exploit
upstream shed vortices ([16]-[22]). However, much of the
literature prescribes the foil kinematics without closing the
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Methodology

Mechanical and control model: The device comprises a
NACAO0012 hydrofoil (chord 0.60 m) attached to a rigid arm
of length 1.2 m that is hinged at the generator. The inflow
speed is 1.5 m/s. The PTO and the pitch actuator are modeled
as rotational inertia-spring-damper elements; generalized
coordinates are the arm angle and the foil pitch (Egs. (1)—(6)).
The Lagrangian formulation (Egs. (2)—(4)) yields two weakly
coupled equations of motion (Egs. (7)), linked by the
prescribed actuator torque. A linear controller maps the
tracking error in effective angle of attack to actuator torque;
the effective angle is defined kinematically from the
instantaneous foil motion and inflow (Egs. (8)—(9)).

CFD model and mesh motion: The unsteady RANS
equations (Eq. (10)) with the k- SST closure are solved
using a finite-volume solver (Fluent v17). The computational
domain comprises three sliding mesh zones to accommodate
arm rotation and foil pitching while preserving mesh quality
near the hydrofoil (Figs. 3—6). Boundary conditions include
uniform-velocity inlet, fixed-pressure outlet, symmetry on
lateral boundaries, and moving-wall condition on the foil. The
near-wall resolution ensures y+<1 across the cycle (Fig. 9).
Time stepping is implicit, first-order in time with second-
order spatial discretization; typical mesh counts are ~2x10"5
cells with a 0.5 ms step during validation (Section 3.2).

Coupling and validation: At each time step, the solver: (1)
advances the flow, (2) evaluates hydrodynamic forces and
moments on the foil, (3) updates kinematics via Eqgs. (7), and
(4) updates mesh positions (Fig. 2). Validation includes
comparison with oscillatory NACAO0012 measurements at
reduced frequency 0.1 (Figs. 7-8) and with a published
flapping-foil harvester simulation (Fig. 10). Despite expected
deviations in the downstroke due to URANS limitations in
resolving dynamic-stall vortices, lift and drag loops are of the
correct magnitude and phase for design exploration.
Performance metrics and optimization. The average electrical
output of the PTO and the actuator consumption are
computed from torque-rate products (Egs. (12)—(13)); net
power is their difference. A greedy search (Section 4, Eq.
(14)) iteratively optimizes one parameter at a time while
holding others fixed until convergence (Table 1).

Results and Discussion

Four nondimensional parameters govern the optimized
response: (i) the actuator-to-generator natural-frequency
ratio, (ii) the actuator-to-generator damping ratio, (iii) the
target effective angle of attack, and (iv) the critical arm angle
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that triggers reversal of commanded torque. Trends are
summarized here; quantitative curves appear in Figs. 11-14
with converged values in Table 1.

Frequency-ratio effect: (i) Increasing the frequency ratio
reduces tracking lag and enhances power output, with an
optimum at ~6.47 (Fig. 11).

Damping-ratio effect: Heavier actuator damping suppresses
overshoot yet slows response; concurrently, the generator’s
effective damping adjusts the energy-absorption bandwidth.
The net-power optimum occurs near 0.917 (Fig. 12).

Effective AoA: The controller’s target effective angle
balances strong leading-edge vortex formation against stall
losses. Over 30°-50°, the optimum is ~ 44.6° (Fig. 13).

Critical arm angle: Allowing larger heave excursions
increases available hydrodynamic work but also demands
larger corrective torques. The best trade-off is at =~ 29.9° (Fig.
14).

At the joint optimum (Table 1), the time-resolved flow shows
periodic leading- and trailing-edge vortex shedding
synchronized with heave reversals (Fig. 15). Instantancous
net power peaks near the start and end of the heave stroke,
when dynamic-stall-induced pressure gradients are strongest.
The resulting net average power is 770 W at the specified
inflow and geometry. The solution is periodic and robust
under small parameter perturbations around the optimum.

Conclusion

A semi-active flapping-foil energy harvester was modeled by
tightly coupling a two-DOF mechanical system (generator,
actuator, controller) with URANS flow simulations (Egs. (1)—
(10)). A greedy search over four governing nondimensional
parameters (Eq. (14)) identified clear optima: frequency ratio
~6.47, damping ratio ~0.917, target effective angle of attack
~44.6°, and critical arm angle ~29.9° (Table 1). The
optimized configuration delivers 770 W of net power for a
NACAO0012 foil (0.60 m chord) on a 1.2 m arm at 1.5 m/s
inflow. Flow-field analysis (Fig. 15) indicates that dynamic-
stall-driven vortex dynamics near stroke reversals dominate
useful work extraction. This integrated framework enables
robust, high-fidelity optimization of flapping-foil energy
harvesters and provides a foundation for future experimental
validation and control refinement. The framework preserves
the original numbering of equations, figures, tables, and
references from the Persian manuscript, enabling direct cross-
reference in the compressed English submission.
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Figure 1. Energy harvesting mechanism, forces, and
torques acting on the system.
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Figure 5 - Quality of the computational mesh in
different regions.
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Figure 6. Block structure and computational mesh
around the hydrofoil.
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Figure 4 . Dimensions of the computational domain and
the type of boundary conditions.
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* Trans SST (Wang et al,, 2012)
k-0 SST (Geng F. et al., 2018)

2 * Exp. (Lee and Gemotakos, 2004)
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Figure 7. Comparison of the lift coefficient versus angle of
attack.
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Figure 8 .Comparison of the drag coefficient versus
angle of attack.
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Figure 9. The value of the parameter y* on the surface
of the hydrofoil during pitch motion.
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Figure 10. Comparison of the lift force in the reference
article simulation and the present simulation.
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Parameter
Natural frequency

Symbol Value

coefficient ratio ©r it
Damping coefficient ratio S 0.917
Optimum effective angle of 5
attack Yopr 446
Critical arm angle Uen  299°
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