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Submerged flapping hydrofoils have the capability to directly convert wave energy into thrust, offering a sustainable
approach to marine propulsion. This research employs Computational Fluid Dynamics (CFD) to analyse the propulsion
mechanism of wave-induced flapping hydrofoils. Initially validated through established benchmarks and experimental
results with foil in uniform flow, the CFD model was then applied to examine the generation of thrust by flapping
hydrofoils in heading regular wave. The study reveals a distinct transition from drag to thrust, characterized by the
patterns of vortex flow. For the first time, the influence of pitch stiffness on this propulsion process is extensively
explored, identifying optimal wave conditions and pitch stiffness for the application of future eco-friendly marine

systems.

INTRODUCTION

Addressing the global challenge of climate change, the de-
velopment of green ocean propulsion systems plays a pivotal
role in curtailing CO2 emissions. Ocean waves represent an
underutilized energy source that flapping hydrofoils can con-
vert into thrust, providing both propulsion and stabilisation
for marine vessels. This study presents a ’one-fluid” Compu-
tational Fluid Dynamics (CFD) framework to understand the
dynamics of wave-foil interactions and the resulting thrust,
with the goal of improving the environmental and economic
efficiency of marine filed.

Flapping hydrofoils can generate thrust from flows, a con-
cept first explained by Knoller' and Betz?. Wu et al.3 explored
energy extraction from wave-foil interactions, while Isshiki*
introduced wave devouring propulsion (WDP) using passive
flapping hydrofoils. Lighthill> and subsequent researchers
like Koochesfahani et al.® confirmed the formation of a jet-
like wake, facilitating thrust. Studies have since employed
numerical simulations to understand WDP’s physics for ma-
rine applications, analyzing active flapping hydrofoils under
various conditions. Filippas et al.”® and Gao et al.? investi-
gated the impact of hydrofoil movement and waveform pertur-
bations on thrust generation. Qi et al.!” compared sinusoidal
and non-sinusoidal pitching effects on propulsion, finding that
certain pitching profiles enhance propulsive performance. De
Silva and Yamaguchi!! studied active oscillation hydrofoils in
waves, noting efficient wave energy conversion into propul-
sion under specific conditions. Wang et al. studied the use of
WDP for stabilizing a floating wind platform'? and for reduc-
ing fuel consumption in shipping'3.

Hydrofoils can transform flow energy into thrust using
their flapping motion, often controlled with springs to adjust
heave/pitch movements. This enables various flapping modes,
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where an infinite stiffness results in pure heave or pitch mo-
tion, while reducing the stiffness leads to a coupled flapping
motion. Prior research has mainly focused on active flapping,
which our study uses as a benchmark to validate our CFD
code. Yet, the passive thrust generation by wave-induced flap-
ping remains less explored.

This research presents a novel "one-fluid” CFD framework
to analyse thrust production from passive, wave-induced flap-
ping motions, with a focus on how changes in pitch spring
stiffness influence thrust—a topic previously unexplored with
CFD simulations. Additionally, the developed methodology
can be readily applied to study the impact of heave spring
stiffness on thrust generation.

The paper is structured as follows: Section II details the
"one-fluid’ framework, hydrofoil geometry, motion modes,
flow simulation, and key parameters. Model convergence and
validation tests in uniform flow are covered in Section III.
Section IV explores the effects of wave and pitch stiffness on
thrust in passive hydrofoils under heading waves. Conclusions
are summarized in Section V.

Il. MATERIAL AND METHOD
A. Numerical solver

The numerical solver used in this study is an ‘in-house’
developed code that employs the *one-fluid’ formulation, re-
cently proposed by Yang et al.'*"!7. The ’one-fluid’ formu-
lation is a part of the immersed methods family. In con-
trast to traditional approaches, which typically represent struc-
tural dynamics through a set of Newton-Euler equations, this
formulation utilises Lagrangian multipliers to impose con-
straints on motion, thereby ensuring rigidity. Simulations
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are performed on a fixed Eulerian Cartesian grid with a uni-
form mesh size. The ‘one-fluid’ formulation uses the Level
Set Method (LSM) to capture the interface between different
phases. Compared to other formulations, a key advantage is it
only uses fluid solver for the FSI. Additionally, this formula-
tion does not need mesh updating or re-meshing. Both of these
features contribute to improved computational efficiency.
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s  Fig.1 shows the calculation logic of ’one-fluid’ under one
single step, which is validated through several benchmarks
and experimental tests'®. It is worth mentioning the part re-
lated to the solution of the velocity field. The framework con-
siders the elastic force as the external force of the system. The
connection between the spring force F,; and the velocity u,
of the rigid body can be described as Eq.1, according to the
law of conservation of linear momentum.
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o2 where F},,; is the total force on the rigid body at each time
a3 step Af, u,y is the velocity generated by the external force
(i.e. spring force in this case). For more information, please
refer to paper'8.
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FIG. 1. The flow chart of the ‘one-fluid’ framework.

o  The simulation platform in this study employs a high-
o performance computing system featuring an Intel Core i7-
s 10700 CPU 2.90GHz, 32GB of RAM, a 954GB SSD, and
% a 1.8TB HDD, running on Windows 10 Enterprise (version
10 21H2). This setup provides robust computational power and
100 ample memory and storage capacity, essential for conducting
102 CFD simulations efficiently.

103 1. ‘One-fluid formulation - Governing equations

Vortices are key to thrust generation from the hydrofoil'®.
Our aim is to solve the incompressible Navier-Stokes equa-
tions to capture these phenomena.

p ﬁ)—? + (Vu)u} =-Vp+V-2uD(u)+pg inQ
(2a)

V-u=0 in Q
(2b)

Dlu]=0 in Q,
(2¢)

where p = p,H, + pwH,, + p-H, is the density field, u is the
velocity vector field, g is the gravitational acceleration, u is
the dynamic viscosity and D(u) = 3 (Vu+ (Vu)T) is the
strain rate tensor. The subscripts indicate the different phases,
i.e., a for air, w for water, and r for rigid body.

The LSM is used for capturing the interface between the
uo fluid phases in the numerical domain, while the characteristic
m function ) of any region Q4 can be expressed as

104

105

106

107

108

109

X =Hqx(9) a=a,wr 3)
112 wWhere
1 if ze€Q
Ha(w) = { 0 if x¢ QZ “)

is a Heaviside function for a phase a. « = (x,y) is the coordi-
nate of any point in the domain. Hy, is introduced to identify
different phase regions. Once the Heaviside function has been
constructed, the corresponding density and viscosity field can
17 be assigned. For more information refer to Yang’s study .

113
114
115

116

us 2. Numerical and discretisation scheme

All the simulations are performed with a fixed Eulerian
120 Cartesian grid and are numerically discretised using a grid-
11 based immersed method. The Cartesian staggered Finite Vol-
122 ume scheme (Marker-and-Cell) is adopted for the spatial dis-
123 cretisation of the study domain. The convective terms of the
122 Navier-Stokes equations are discretised with a second-order
125 Total Variation Diminishing (TVD) Runge-Kutta scheme in
16 the conservative framework. The second-order accurate
127 Runge-Kutta scheme processes the time treatment of the com-
128 putational momentum and level set equations. Adaptive time
120 Steps are applied to the calculation of the Courant-Friedrichs-
10 Lewy (CFL) number'>, which for all the simulations pre-
sented in this paper is kept equal to 0.5.

119

131

132 3. Boundary conditions

133 This study impose Dirichlet boundary condition for the

13+ wave generation and absorption. The initial flow profiles are
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135 derived from experimental inlet settings. Specifically, the uni- s
136 form flow and regular heading waves are referenced from the 10
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studies by Read et al.?® and Isshiki et al.>!?2, respectively.
Convergence tests and initial validation of the computa-
tions, see in Section II1, are performed with one hydrofoil sub-

ject to the uniform flow. The flow velocity Uy, is the same

throughout the domain and is described by Eq.5 and Fig.6.

(5a)
(5b)

M(X,y,t) = Uflow
v(x,y,t) =0

The current flows steadily along the x positive direction with
zero velocity in the y direction. The flow enters the domain
from the left boundary and exits through the right boundary.
To address concerns regarding the trailing wake, it is impor-
tant to note that both the left and right boundaries are posi-
tioned sufficiently distant. It ensures uniform flow at both
boundaries, maintaining the conservation of mass while min-
imising the influence of wake dynamics on the boundary con-
ditions.

u-n=10
Y

u=10
¥ Phase 1-Air 11,

Free surface
L]

Absorption
2.5m (I} / 6.5

0.59m

4
Wave

Phase 2. Water 12, o
Tlm
Pitch spring

Phase 3-Rigid system 2,

u-m=i
v

| 10 (1) 20m (11}

r 1
Wave Inlet Chutlet

FIG. 2. The schematic diagram of the passive hydrofoil simulation.

For the study of wave-induced performance, see in Section
IV, the hydrofoil is exposed to regular waves. The schematic
diagram for passive foil simulations is shown in Fig.2. For
these simulations, wave generation and absorption are set on
the left and right-hand side of the numerical domain, see also
Fig.2. The flow conditions, in the form of horizontal and verti-
cal velocity, at the inlet are calculated using linear wave theory
as:

u(x,y,t) = ? %&;d” cos(kx — wyt)  (6a)
H sinhlk d
i) = D o) (o)

where u and v are the instantaneous horizontal and vertical
particle velocities at (x,y) location, H is the wave height, T is
the wave period, d is the water depth, k = 2/1—” is the wave num-

ber, w,, = 2TE is the angular wave frequency, and A the wave-
length calculated with the linear dispersion equation, Eq.7.
Using linear wave theory, the wave conditions in the numeri-
cal domain were tuned to match the wave measured in the ex-
periments of Isshiki et al.22, It is noted, that the use of linear
wave theory for generating non-linear waves is a limitation of
this study, which can lead to the generation of spurious long
wave components. The application of a more precise wave
generation procedure goes beyond the scope of the present
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work and the spurious effects partly mitigated through the use
of an absorption zone that the end of the numerical fume.

2

T
x:gz ©)

p tanh (kd)

The relaxation zone is applied to gradually decrease the ve-
locities # and v in the absorption zone to zero. This technique
is known to mitigate spurious wave reflections and improve
the quality of the simulation results. The length of the wave
absorption zone at the outlet (right hand side boundary) varies
in accordance with the incoming wavelength and it is set to 2.5
m for A < 3.75m and 6.5 m for A < 7.70 m. At the absorption
zone wave reflection is prevented through the application of
the relaxation method proposed by Bihs et al.>3, Eq.8.

I o Rt R

L) =1- — for x€0,1] (8a)
uy = T(%)ue (8b)
vy =(%)ve (8c)

Here, I'(X) represents the relaxation function, with X being a
scale factor ranging from O to 1, denoting the normalized dis-
tance from the wave inlet boundary to the absorption zone. In
the absorption zone, u, and v, are the relaxed velocity compo-
nents, contrasting with u. and v., the original computational
velocities.

B. Hydrofoil characteristics
1. Geometry and motions

The study validates simulation results against experimen-
tal findings by Read et al.?® and Isshiki et al.?’*2, focusing
on two NACA hydrofoil types: NACA0012 and NACAO0015.
Each hydrofoil is described by its chord length ¢ and maxi-
mum thickness D, with D being a percentage of ¢. While 3D
applications consider the hydrofoil’s span s, this 2D analysis
normalizes s to 1.

Hydrofoil motions in simulations are either active oscil-
lations (enforced around a fixed position) or passive flap-
ping (flow-induced combining heave and pitch), as depicted
in Fig.3. Active motions include vertical heave or rotational
pitch around a pivot point P. In accordance with the experi-
ments of Read et al.2%, P is set at the chord and a distance of
¢/3 from the leading edge of the hydrofoil. Pure heave and

ss pitch motions are dictated in the numerical domain through
s Eq.9a and 9b. The flapping hydrofoil motion emerges from

the combination of heave and pitch.

h(t) = hgsin(ct)
0(t) = Gysin(wt + y)

(9a)
(9b)

where h(t) is the displacement of the hydrofoil in the y direc-
tion or in other words the instantaneous vertical position of
the hydrofoil axis. 6(¢) is the instantaneous angle formed be-
tween the in flow velocity (U) and the chord, also referred to
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]-__

d-

+ Heave

(— [~

Pitch Heave + Pitch = Flap

FIG. 3. The motions of the hydrofoil.

as the angle of rotation. /g and 6 is the heave and pitch ampli-
tude. @ is the angular frequency (rad/sec), 27 f, where f is the
oscillating frequency, and v is the phase difference between
the pitch and heave motion. When it comes to propulsion effi-
ciency, Platzer et al.>* suggested y = 90° as the optimal phase
difference between pitch and heave.

A hydrofoil can generate either a drag force or a thrust
force, depending on the wake patterns. When a von Karman
vortex street (VK)?? develops, the velocity of the flow within
the wake is diminished relative to the incoming or ambient
flow velocity. This leads to the hydrofoil entering a regime
dominated by drag. However, when the vortices in the wake
align at the hydrofoil’s trailing edge, a unique condition arises.
The velocity of the flow within the wake now matches the
incoming or ambient flow velocity, and the hydrofoil experi-
ences a regime of neutrality. Further evolution of these con-
ditions can lead to thrust generation. When a reversed von
Karmén vortex street (RvK) develops, it accelerates the flow
behind the hydrofoil, leading to thrust production. The emer-
gence of a reversed RvK wake signals the onset of the drag-to-
thrust wake transition. However, there’s a delay in the hydro-
foil’s transition towards thrust generation. This delay occurs
because the minor velocity surplus cannot overcome the pro-
file drag, velocity fluctuations, or pressure differences0-29,
The three fundamental wake patterns are illustrated in Fig.4.
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FIG. 4. The illustration for the drag-to-thrust wake transition of the
flapping hydrofoil.

216

217
For passive hydrofoils controlled by springs, the switch be-

tween drag and thrust depends on spring stiffness, affecting
pitch angle change and amplitude. Simulations represent this
effect by applying an instantaneous force and moment on the
hydrofoil, as outlined by Eq.10 and depicted in Fig.2.

Fy(t) = kpAy
M, (1) = k,A0

(10a)
(10b)

z Where, Fj(t) is the heave force and M), (t) is the pitch moment.
210 Ay and A@ are the vertical and rotational deviation of the hy-
20 drofoil from its initial position at time ¢, respectively, while
21 ky, and kj, are the heave and pitch stiffness. This definition
22 enables the direct comparison with the experiments of Isshiki

23 et al.222 for which k;, is set to 10388 N/m and kp to 129.24
24 N-m/rad. The pitch stiffness effect is then explored by keeping
s kj, constant and varying k, for different incoming flow condi-
26 tions. This topic will be revisited in Section IV B. To remove
27 the effect of the buoyancy force, the hydrofoil’s density has
2s been matched to that of the fluid p = Puyaro foit = Priuia- We
29 have included the gravity force for the wave dynamics.

20 2. Main and dimensionless parameters

In fluid dynamics, hydrofoils are subject to both drag and
lift forces, illustrated in Fig.5. As elaborated earlier, the for-
mation of a RvK vortex street indicates a shift from drag to
thrust, occurring when the wake’s velocity surpasses the sur-
rounding flow’s speed, thus generating thrust. In this study,
the thrust force opposes drag and is denoted as Fy, while the
lift force, acting vertically upward, is labeled F,. These forces
arc quantified using dimensionless coefficients for lift (C;) and
drag (C,), calculated by normalizing the force on the hydro-
foil against the dynamic pressure of the incoming flow and the
hydrofoil’s platform area, as shown in Equation 11.

Lift Resultant
forc

Relative

flow Angle of

attack &

FIG. 5. The forces on the hydrofoil facing flows.

F
Cl=1—5 (11a)
ionoC
Fp
Cy = —D 11b
d %pUD%C ( )

an where, Fy, and Fp is the lift and drag force and c is the hydro-
232 foil chord. Fr = —Fp and C; = —Cy are the thrust force and
233 coefficient. In addition, Eq.11 refers to instantaneous coeffi-
cient values and the time-averaged, e.g. over one wave period
T, forces and coefficients (Fp, F7 and C) are calculated as:

234

235

S
c=o /0 C(t)di (12)
S
Fx:7/0 D(t)dt (13)
—_ 1 T
1*3,:7/0 L(r)dt (14)

2 where, C can be any of C;, C; and C;.
The interaction between a moving hydrofoil and the incom-

ing flow is described through the non-dimensional Strouhal



23

©

24

S

24

a

24;

[}

24,

[

24

IS

24!

&

241

>

247

248

24

°

25

=3

25

>

25,

@

25

by

25!

o

25

-

25

2

25

&

25!

©

26

1=

26

2

26

bS]

263

265

266

26

A

268

269

270

271

272

27,

@

27:

N

278

Numerical investigation of wave induced thrust from a submerged hydrofoil 5

and Reynolds numbers. The chord based Re is calculated
from Eq.15a, while several expressions for the Strouhal num-
ber have been proposed. Typically, the peak-to-peak oscil-
lating amplitude, A, of the hydrofoil’s trailing edge and it’s
oscillating frequency, f, are normalised with the characteris-
tic flow velocity, U, for estimating St4, Eq.15b19’30. Read et
al.?0 reported optimum thrust generation for 0.2 < St4 < 0.4.

Re = P<U= (15a)
u
A

Sty = ];—w (15b)

where p is the density of the surrounding fluid, Us, is the char-
acteristic flow speed, u is the dynamic viscosity of the fluid, f
is the oscillating frequency and A is the oscillating amplitude,
which is often taken as the width of the wake. For forced har-
monic oscillating motions, 2hg is an estimate for the width of
the hydrofoil wake, thus A can be approximated with 2A¢, and
since f=4% Eq.15b is also written as Eq.16.

(Dh()

Sty = —
A U

16)

11l. HYDROFOIL IN UNIFORM FLOW

A. Fixed hydrofoil

This section assesses the convergence of drag and lift coef-
ficients for a NACAO0012 hydrofoil in uniform flow, depicted
in Fig.6. The simulation uses a numerical tank sized 7 m
by 7 m, positioning the hydrofoil vertical centrally, one me-
ter from the inlet on the left boundary. Fig.6 shows the co-
ordinate system starting at the hydrofoil’s leading edge, ex-
tending positively towards the trailing edge and upward from
the front. The hydrofoil’s density matches the fluid’s at p=1
kg/m?>, with a dynamic viscosity of =103 kg/m-sec. The
incoming flow velocity is set at U.,=1 m/s, with an angle of
attack (AoA) a of -15° and the chord length ¢ is 1 m. Con-
sequently, the Reynolds number is calculated as Re = 1000,
fitting within the typical range for flapping hydrofoils of
100< Re <100003!. Direct Numerical Simulation is utilized
for these low Reynolds number flows in the fixed hydrofoil
scenario.

Convergence tests were conducted using three different
mesh sizes, as detailed in Table.l. The results for both lift co-
efficient (C;) and drag coefficient (C,) are presented in Fig.7,
demonstrating satisfactory convergence. The period between
20 and 30 seconds was specifically chosen for analysis be-
cause, during this interval, the wake reaches full development.
In the fixed case, the numerical scheme becomes a direct forc-
ing method, and achieved expected results. The consistently
positive C,; indicates a constant, though periodically fluctuat-
ing, drag force acting on the hydrofoil, with no thrust genera-
tion observed.
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FIG. 6. A schematic diagram of the simulation for the fixed hydrofoil
in uniform flow.

TABLE I. Grid resolution for numerical comparison of fixed hydro-
foil model.

Mesh size Ax (m) Numbers of cells

1 0.0156 448 x 448
2 0.0078 896 x 896
3 0.0039 1792 x 1792

Time #(s)

FIG. 7. Validation of convergence of fixed hydrofoil facing uniform
flow.

B. Active flapping hydrofoil

This subsection examines the active flapping hydrofoils in
uniform flows, highlighting the transition from drag to thrust
as demonstrated in previous studies?>32>-34. The experimental
findings of Read et al.?’ serve as benchmarks for this analysis.
They conducted experiments with a towed NACA0012 hydro-
foil undergoing harmonic (sinusoidal) oscillation in heave and
pitch, measuring lift, thrust forces, and pitching torque across
various angles of attack and .

The towing speed was 0.4 m/s, and the hydrofoil chord
length was 0.1 m, resulting in a Reynolds number of
Re=4x10*. This setup is replicated in a 2D numerical tank
sized 0.5 mx0.6 m, similar to the configuration shown in Fig-
ure 6(a). The numerical simulation adopts a uniform flow at
the towing speed of 0.4 m/s, with the hydrofoil’s chord length
also at 0.1 m and matching the fluid density. Heave and pitch
displacements are induced using Eq.9 with 7(=0.075 m and
w=-90°. This configuration produced a trajectory that allows
for a symmetric evolution of o,//(), closely following the
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experimental design. The pivot point is set at a third of the
chord length from the leading edge, with an initial angle of at-
tack of -15°. The simulations and experiments span Strouhal
numbers St4 from 0.08 to 0.44 and frequency f ranges from
0.21 to 1.17 Hz, utilizing Direct Numerical Simulation to fully
resolve the fluid dynamics.

Numerical results, compared with experimental data in
Fig.8, show the thrust coefficients C; plotted against the
amplitude-based Strouhal number Sz4. The findings indicate
that C; rises with St4. However, across all St4 values, the cal-
culated C; consistently falls below the experimental C;, except
at St4=0.44. The difference may be attributed to the limita-
tions of using 2D simulations, as discussed in Mittal and Bal-
achandar’s study>>.

08

0.6

Thrust eoefficient

.24 028 0.32 036
Stroubal number Sty

(X113 iz o6 (L0}

FIG. 8. The comparison of the thrust coefficient C; under different
St4 between the experiment (the upper line) and active hydrofoil sim-
ulation (Ax = Tlso m).

The Strouhal number St4, as defined, reflects the ratio of the
hydrofoil’s trailing edge speed to the flow velocity. Increasing
the hydrofoil’s amplitude enhances motion-induced thrust, as
shown by higher C; values for larger St4, as shown in Fig.8.
This relationship is further illustrated by analyzing the wake
and thrust development for varying St4 values, with visual ex-
amples in Fig.9. The figures capture the fluctuating forces on
the hydrofoil across a motion cycle, oscillating between thrust
and drag. Significantly, the forces on the hydrofoil oscillate
between thrust and drag within a motion cycle. At specific
times (7, to + T, and fo + 1/2T) (Fig.9 columns (a), (c) and
(e)), when the hydrofoil returns to its initial position,implying
a zero heave velocity and maximum AoA, thrust is produced,
except at Sty = 0.08 time 7o + 7. Conversely, at times (7,
to+ 1/4T, and 1o+ 3/4T) (Fig.9 columns (b) and (d)), the

heave acceleration is zero, and the AoA in the pitch direction

reaches its minimum (=0°), consistently generating drag.

IV. HYDROFOIL IN WAVES: PASSIVE FLAPPING
HYDROFOIL

A. The effect of heading wave

This section explores the interaction between waves and hy-
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FIG. 9. Snapshot series of the motion of active hydrofoil and its
wake in one cycle (St4=0.08(1% row), 0.12(2"¢ row),0.16(3™ row),
0.24(4”’ row), 0.44(5”1 row), Ax = ﬁ m. The force status is
marked in the top left corner, where D is for drag and T is for thrust.).

stiffness, comparing the results with Isshiki et al.’s physical
model tests?->2. The setup for numerical simulations is illus-
trated in Fig.2, highlighting that computational domain sizes
adjust according to the wavelengths discussed in Table II.
Shorter wavelengths in group I use a 10 m by 1.3 m domain,
while longer waves in group II require a 20 m by 1.3 m do-
main, optimizing calculation efficiency. The simulation space
includes air, water, and hydrofoil phases. A NACA(0015 hy-
drofoil, with a chord length of 0.4 m, is positioned 0.077 m be-
low the air-water interface, mirroring the experimental setup.
The simulations employ restoring forces and moments to sim-
ulate the experimental springs (Eq.10), controlling heave and
pitch movements with stiffness values of k,=10388 N/m and
k,=129.24 N-m/rad, matching the physical tests.

In Fig.10, the time-averaged advance speeds of a passive
hydrofoil are plotted across a range of wavelengths, compar-
ing numerical simulation results with experimental and calcu-
lated data from Isshiki et al.2!-22, The advancing speed, U, is
defined as the average speed of the foil after it has reached a
steady motion following several wave cycles. This speed is
determined by measuring the distance the foil travels in the
x-direction over a specific period and then dividing that dis-
tance by the elapsed time. The graph demonstrates a consis-
tent trend across all three data sets, with the numerical results
slightly lower than the experimental findings but closely fol-
lowing the calculated results. This close alignment suggests
that the numerical simulations are capturing the key physi-
cal phenomena with a high degree of accuracy, despite the
inherent simplifications of 2D modeling. The convergence
between the numerical and experimental data, especially at
longer wavelengths, indicates that the simulations are partic-
ularly effective at capturing the hydrofoil’s interactions with
such wave conditions. The persistent lower thrust predictions
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TABLE II. Wave conditions in the semi-active flapping hydrofoil simulations.

Group No. Wavelength A (m) Wave height 2a (m) Wave steepness

1 2.00 0.096 0.048
I 2 2.37 0.108 0.045
3 2.92 0.123 0.042
4 3.75 0.143 0.038
5 4.75 0.159 0.034
I 6 5.92 0.170 0.029
7 6.88 0.174 0.025
8 7.70 0.175 0.023

in the simulations are likely due to the two-dimensional ap-
proach’s limitations in fully representing the intricate three-
dimensional flows and interactions observed in actual envi-
ronments.

Po
L

Advancing speed [
s = g =
= @ o 3

T

B

#

0.3

3 4 5 i 7 3
Wave length A

FIG. 10. The comparison between the experiment, calculation and ¢

simulation for passive hydrofoil (Ax = ﬁ m.)

Fig.11 captures the hydrofoil’s interaction with regular
waves, specifically with a wavelength of 3.75 m where it
achieves its highest advance speed within the studied range.
The snapshots cover the moment the hydrofoil encounters a
head-on wave and its subsequent motion over six wave peri-
ods. Fig.12 illustrates the thrust variation corresponding to
Fig.11, with the horizontal axis intuitively representing the
states from #y to ¢5 as snapshots. The red dots in the figure
indicate the thrust at each moment. Here, the thrust in the di-
rection of the foil’s motion is considered positive. Comparing
the snapshots, it can be observed that during the progression
from 1y to ts, the force is predominantly positive but fluctuates,
demonstrating the transition and generation of thrust and drag.
At 14, aneutral vortex street forms, leading to mild propulsion.
After t5, an RvK vortex street develops, visibly boosting the
hydrofoil’s self-propelled motion against the incoming waves.
Overall, thrust dominates over drag, resulting in noticeable
forward motion.

Fig.13 shows the hydrofoil’s motion and wake over one
wave period, where the chord line orientation and vortex street
evolution are presented. As the hydrofoil tilts under the wave
crest (Fig.13(a)), a negative AoA generates an RvK vortex
street, propelling it against the wave. This force fluctuates
with the wave’s motion, transitioning between thrust and drag,
ultimately resulting in net positive thrust. By the end of one
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cycle, the pattern repeats with the next wave crest (Fig.13(e)),
indicating a consistent thrust-generation mechanism, as con-
firmed by studies like those of Isshiki et al.>!?2,

Fig.14 illustrates how the hydrofoil’s non-dimensional dis-
placement varies with wavelength over time, with the ad-
vance velocities indicated next to each line and also shown
in Fig.10. The displacement initially rises mildly due to the
hydrofoil’s interaction with first waves, then peaks and falls
sharply within each period, reflecting the dynamic motion be-
tween wave crests and troughs. This cyclic motion results in
net positive displacement.

B. The effect of the pitch stiffness

This section examines how pitch stiffness influences thrust
generation, affecting the hydrofoil’s pitch amplitude and its

16 propulsion performance. Originally, the pitch spring stiffness

(kp) was 129.24 N-m/rad in Section IV. To deepen the in-
vestigation, simulations with k, values between 0 and 12900
N-m/rad were conducted. When the foil encounters waves, it
begins to flap with the wave motion. The presence of pitch
stiffness causes the foil’s pitch angle to deviate from zero, and
the spring attempts to restore it to its equilibrium position. As
a result, the flapping frequency of the foil does not synchro-
nize exactly with the wave frequency. The resulting thrust
coefficients (C;) are plotted against k,, in Figure 15.

Fig.15 illustrates the influence of pitch stiffness &, on thrust
generation C;, revealing two distinct response regions. Ini-
tially, at low stiffness, thrust is negligible. As stiffness in-
creases, the thrust coefficient rises sharply (region (1)), peak-
ing at a stiffness of 129.24 N-m/rad. Beyond this peak, fur-
ther increases in stiffness result in a decrease in thrust (region
(II)). The relationship between thrust generation and stiffness
is linked to the Strouhal number’s optimal range for effec-
tive propulsion. As highlighted earlier, optimal C; is achieved
when 0.2 < Sty < 0.4%°, The system’s flow dynamics are in-
fluenced by varying wavelengths (from 2.00 m to 5.92 m),
which affect the flow velocity and consequently the Strouhal
number. At higher stiffness levels, the system becomes more
rigid, leading to reduced flapping amplitude, which impacts
the Strouhal number. The changes in thrust due to varia-
tions in stiffness and wavelength suggest that there is an opti-
mal stiffness level that maximizes thrust across different wave
scenarios. This behavior is also supported by Wang et al.’s
experiments>%37,
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FIG. 11. The position of the passive hydrofoil in wave (wavelength=3.75 m, time interval Az = 1.70 sec is the wave period). The series of

snapshots on the right are the zoomed-in parts.
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FIG. 12. Thrust variation of the passive hydrofoil in wave corre-
sponding to foil snapshots.

Fig.16 illustrates how the hydrofoil’s position and the vor-
ticity field vary with pitch stiffness k,, all under wave con-
ditions with a 3.75 m wavelength. The images captured at
19=8.99 sec show the fully-developed vortex streets behind
the hydrofoil. The rotational angle deviation of the hydro-
foil, A@, diminishes with increased pitch stiffness, leading to
different hydrofoil responses to identical wave conditions. At
zero pitch stiffness (Fig.16(a)), there’s no restoring force, re-
sulting in a hydrofoil that moves passively with the wave and
only a weak vorticity field occurs at the leading and trailing
edge. However, even a small stiffness value creates a regu-
lating moment (Fig.16(b)), enabling a controlled pitch motion
and a transition from drag to thrust, propelling the hydrofoil
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forward. As pitch stiffness rises, the pitch motion narrows,
generating smaller vortices at higher frequencies, as observed
in parts (c) and (d) of the Fig.16. The optimal stiffness for
maximum thrust suggests starting with 129.24 N-m/rad for
a NACAOO15 hydrofoil with a 0.4 m chord. While pitch
stiffness optimization can enhance thrust, the maximum C;
remains wavelength-dependent. For those investigating the
ideal pitch stiffness for maximum thrust, starting with a pitch
stiffness of 129.24 N-m/rad for a 0.4 m NACAO0015 hydrofoil
is advisable. It is also noteworthy that although optimizing the
pitch stiftness will lead to a higher thrust coefficient, the max-
imum threshold for C; is mostly defined by the wavelength,
see Fig.15.

V. CONCLUSIONS

This study applied CFD to examine wave-induced thrust on
hydrofoils, with a special focus on the effect of pitch stiff-
ness. The numerical approach was verified with established
benchmarks, including the performance of a foil in uniform
flow, to confirm its accuracy for analyzing thrust generation
mechanisms in varied hydrodynamic conditions.

Investigations into the foil in uniform flow highlighted how
alternating vortex streets—RvK and vK—correspond with
shifts in thrust and drag. These dynamics are essential for pro-
pelling the hydrofoil against waves and are crucial for perfor-
mance optimization. The study also assessed the hydrofoil’s
response to heading regular waves, examining a range of pitch
stiffness up to 12900 N-m/rad and wavelengths up to 7.70 m.



487

488

489

490

491

Numerical investigation of wave induced thrust from a submerged hydrofoil 9

I

(a) tr =18y + 2At

IR L e

(b) t; + At

— /‘ =
=

(©) tz + At

. 0.2
I o
AT 0.0e+00

(d)t, + At

(C) ty =1ty + 3At

T—
-l
.

=07
—0é
—05
- 0.4

Vorticity

heaviside
1
=]

= 0.3

FIG. 13. The position of the passive hydrofoil in one wave period (wavelength=3.75 m, 7o = 1.95 sec, time interval Ar = 1.70 sec is the wave
period). The snapshots on the left show the Heaviside function, while those on the right show the zoomed-in vortex fields. The dash lines are

the chord lines.

FIG. 14. The non-dimensional displacement x/A of the passive
hydrofoil with time over wave period ¢/T facing different waves
(Ax = 145 m).

W I 1wt

FIG. 15. The thrust coefficient C; of the passive hydrofoil with dif-
ferent pitch stiffness k, (Ax = ﬁ m).

The findings indicate that:

* Hydrofoil advance speeds vary with wavelength, reach-
ing peak efficiency at 3.75 m wavelength.

* A nonzero pitch stiffness is necessary for the hydrofoil
to counteract incoming waves.
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* There are two distinct responses to pitch stiffness: an
initial increase in thrust coefficient with increasing stiff-
ness, followed by a decrease as the hydrofoil becomes
overly stiffer.

* A pitch stiffness of 129.24 N-m/rad marks the transition
between the two responses, recommended as an optimal
starting point for maximizing thrust in regular waves.

These conclusions provide a pathway for further refinement
of hydrofoil applications in wave-dominated environments.
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