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A submerged hydrofoil interacting with incoming waves produces combined heaving and pitching motion, facilitating
the conversion of wave energy into thrust. When the foil is attached to the ship hull, the generated ’green’ power from
wave energy could assist the ship’s propulsion system and significantly reduce fuel costs. This study experimentally
assesses thrust generation from a fixed mid-hull foil by comparing towing force at different wave and traveling speeds.
The optimal mid-hull foil demonstrates a fuel cost reduction ranging from 10.3% to 20.4% at diverse traveling speed
and wave parameters. Thrust generation increases at higher traveling speeds. Additionally, this study mathematically
describes the hydrofoil motion with an outer pivot, which better suits the ship-foil model. This study then introduces a
Strouhal number (87, ) specifically for the ship-foil model, considering ship travel, ship response, and the hydrofoil’s

rotation around its outer pivot.

I. INTRODUCTION

Taking inspiration from the moments of flying birds and
swimming fishes, a foil-shaped body can generate thrust
through its flapping motion!, presenting a promising approach
for an energy-efficient propulsion system. The submerged hy-
drofoil undergoes a flapping motion (heave and pitch) due to
the wave excitation, which is a process that achieves the wave
energy harnessing and the conversion into forward thrust®>.
Consequently, the hydrofoil can be affixed beneath a ship’s
hull to either replace or complement the ship’s original propul-
sion system*. The technology of hydrofoils finds widespread
application in unmanned surface vehicles (USVs)?, including
wave gliders®’. Additionally, the flapping response of the hy-
drofoil can be harnessed to generate electricity, functioning
as a wave energy converter (WEC)®, and this leads to recent
exploration of hydrofoil’s hybrid application® 0.

The foil attachment contributes to the reduction of ship dy-
namic response (e.g., pitch motion), ship resistance, and fur-
ther fuel costs. Foils that fixed to ships'!~!3 achieve flap-
ping motion straightforwardly from ships’ dynamic interac-
tion with waves. Bgckmann and Steen'! conducted experi-
mental tests on a ship with two fixed bow foils, reporting a
substantial reduction of up to 17% in ship resistance, as well
as 32% and 25% reductions in heave and pitch. A spring-
loaded foil'®'8 employs springs to provide the restoring force
and has revealed superb energy extraction performance!®.
Bowker and Townsend* carried out experiments on a free-
running ship with a spring-loaded bow foil, demonstrating
a 50% reduction in provided power for regular waves and
a 12% reduction for irregular waves. Foils can also be ac-
tively flapped!+2°, serving as thrusters. Huang et al.”! experi-
mentally compared the fixed bow foil and active pitching foil
using a free-running ship, concluding an 11.86% speed im-
provement and an 18.9% energy saving for the active pitch-

OThese authors contributed equally to this work.

ing foil at proper wave conditions. The foil can be designed
as retractable’>”2*, retracting in calm water and deploying in
waves, to facilitate fuel savingszz. The attached foil can also
be designed to passively adjust> angle of attack, to enhance
wave energy conversion and mitigate ship pitch motion.

Based on the aforementioned research background, foils are
typically fixed to the ends of ships (bow or stern) due to higher
ship response near these locations. The study about foils un-
derneath the mid-hull is limited'>'4, making it a topic worthy
of investigation. The hydrofoil’s pivot location in previous
studies?®2% within the foil’s geometric shape, is not suitable
for the ’ship-foil’ model. Therefore, studies on its pivot lo-
cation should explore the position outside the foil’s geometry.
Additionally, parametric studies on ’foil only’ reveal that the
foil shape3%-3!, freestream velocity (related to the effective an-
gle of attack3?33), and wave parameters®* affect thrust gen-
eration, providing controlling variables for studying the fixed
mid-hull foil.

Consequently, the present study experimentally tested a
ship model with a fixed mid-hull foil in regular waves, in com-
parison to a ’ship-only’ model. The ship was towed against
regular waves, and both the towing force and the model’s pitch
motion were collected to evaluate the thrust generated by the
hydrofoil. Through this series of experiments, a comparison
of the generated thrust was made to reveal the optimal hy-
drofoil type out of five different models, followed by an ex-
ploration of the impacts of different towing speeds and wave
conditions. This study then mathematically described the hy-
drofoil’s motion with an outer pivot and introduced a Strouhal
number (8?4 s) for the ship-foil model. This Strouhal number
accounts for the superposed motion of the traveling ship, its
response, and the rotation around the outer pivot, providing a
more accurate description of the ship-foil model. However, it
is important to note that the Strouhal number calculated by the
introduced St4 s represents a range value, effectively indicat-
ing a certain limitation.
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FIG. 1. Schematic sketch of flapping hydrofoil motion for inside
pivot (a) and outside pivot (b); the ellipse stands for the hydrofoil.

1. METHODOLOGY
A. Hydrofoil motion

The normal definition of a hydrofoil’s flapping motion in-
volves a combined heaving and pitching motion, correspond-
ing to z4(¢) and a,(t) as plotted in figure la. It can be math-
ematically expressed as two coupled sinusoidal paths at an
identical frequency with a certain phase difference, as given
by:

24(1) = Agsin(ot), (1)

aq(t) =By

sin(of + @), 2

where A,, B, are heaving amplitude, pitching amplitude; @
and o denote the motion angular frequency and phase differ-
ence.

It is worth noting that, according to the flapping motion def-
inition in figure 1a, the pivot point (Q) is within the hydrofoil
geometric outline. However, when fixing the hydrofoil under-
neath the ship’s hull, the ship’s scale is much larger than that
of the hydrofoil. The flapping motion defined by equation 1,
2 is not applicable owing to the pivot point being out of the
hydrofoil geometry. As a result, the present study introduces
another definition of flapping motion with an outside pivot,
as shown in figure 1b. For simplification, the pivot point (P)
is specified right above the hydrofoil’s central point at a dis-
tance defined as [y (i.e., the grey rod in figure 1b). A coupled
sinusoidal motion is prescribed at the pivot point P, and the
expression is given as:

Zp(t) =Apcos(or), 3)

ap(t)

where z,., (), a,(t) represent the heaving and pitching motion
of P; A, and B,, denote the corresponding heaving and pitch-
ing amplitudes. Concerning the hydrofoil, its pitching motion
can also be expressed as a,(t) in equation 4. Additionally, its
rotation around P decomposes into two motion components: a
vertical oscillation and a horizontal oscillation. Consequently,
its surge motion x,(f) and heaving motion z,(¢) are given by:

=B, cos(wt + ), “4)

2p(t) = lo(1 —cos(@t + a)) +zp (1), 5

xp(t) = lpsin(ot + ), 6)

where [y represents the distance between P and the hydrofoil
centre. x, () denotes pure rotation-induced surge, and z,(¢) is
a combined motion, including the rotation-induced heave and
pivot (P) heave.

Comparing the two types of hydrofoil flapping discussed
above, a notable difference arises. The hydrofoil with an
outside pivot (see figure 1b) exhibits additional heave and
surge motion originating from its rotation around pivot lo-
cation P. While the coupled motion of z,(r) and a,(r) for
the hydrofoil with an inside pivot generates horizontal thrust,
the outside pivot hydrofoil’s coupled motion of [z,(r),a,(1)]
and [x,(t),a,(r)] results in both horizontal and vertical thrust.
Consequently, the hydrofoil fixed to the ship aligns better with
the motion described in figure 1b, leading to the generation of
both vertical and horizontal thrust.

The experimental model employed in this study is a ship
with a mid-hull fixed hydrofoil, as illustrated in figure 2. The
large scale difference between the ship and the attached foil
results in an outside pivot for the hydrofoil’s flapping motion,
aligning with the concept depicted in figure 1b. Consequently,
the hydrofoil’s dynamic motion can be calculated by combin-
ing its rotation around point P with the wave-excitation re-
sponse centered on P.
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FIG. 2. Schematic sketch of ship motion in waves.

B. Experimental setup

The experiments investigating ship-foil interaction with
waves were conducted in the open circulation ocean wave tank
at Cranfield University'8. The tank is equipped with three
powerful paddles situated at one end, enabling the genera-
tion of regular waves with a maximum height of 0.28 m and
a frequency range of 0.1 Hz to 1.1 Hz. These waves cover
both deep-water and shallow-water conditions, with most be-
ing intermediate wave. To minimize wave reflection, an ar-
tificial beach is installed at the other end of the tank. Ad-
ditionally, a towing system above the wave tank enables the
towing of floating objects with predefined acceleration, veloc-
ity and positions within specified limits to study their dynamic
responses. The configuration and working limits of the wave
tank and towing system are detailed in table I.

TABLE I. Parameters of ocean wave tank and towing system.

Items Properties Value
1 Dimension (Length*Width*Height) 30m * 1.5 m * 1.8 m
2 Water Depth 1.5m
3 Range of Working Frequency 0.1Hz-1.1Hz
4 Maximum Wave Height 0.28 m
5  Maximum Towing Velocity 3.5m/s
6  Max Towing Carriage Payload 75kg
7  Max Towing Carriage Drag 200 N

The experimental setup for this study is illustrated in de-
tail in figure 3. The ship model used in the experiments is a
scaled-down Volvo Ocean Race (VOR) 70 shape model, ap-
proximately 1.077m in length (/5), and featuring a stratifica-
tion surface with carbon fibers. Approval for the model’s us-
age in the experiments has been granted by the Process Sys-
tems Engineering (PSE) laboratory of Cranfield University
specifically for this study. The hydrofoil model is fixed un-
derneath the middle of the ship’s hull at a distance of 0.15
m (dy) between ship’s bottom and the chord line of the foil.
To maintain ship’s traveling direction, a stabilizing rudder
(an aluminium plate) is positioned at the ship’s stern. Two
three-dimensional (3D) printing components, marked as green
blocks in figure 3, are attached to the ship’s bottom and stern
to support the foil and rudder, respectively. Additionally, three
0.335 kg weight balances are located inside the ship model for

further stabilization. The towing carriage, which travels freely
along rails over the wave tank, is connected to the ship’s bow
using fishing lines. Four low-stiffness tension springs with a
stiffness of 48 N/m are connected in series between the fish-
ing lines to ensure the taut status of the fishing lines during
the ship’s dynamic response throughout the experiments.

TABLE II. Parameters of hydrofoil models.

Model NACA? Chordc Spand Pivot Projected area
Type (m) (m) ratio (m?)
1 0030 0.15 0.23 1:2 0.01035
2 0030 0.15 0.23 3:2 0.01035
3 0030 0.10 0.23 1:2 0.0069
4 0030 0.10 0.23 3:2 0.0069
5 0012 0.15 0.23 1:2 0.00414

2 NACA: National Advisory Committee for Aeronautics

A total of 5 different sets of three-dimensional (3D) printed
hydrofoils (material: polylactic acid, PLA) were prepared for
the experiments, varying in hydrofoil type, scale, and pivot lo-
cation, as outlined in table II. The pivot ratio is defined as the
ratio of the distance from the pivot point (Ps) to the leading
edge to the distance from the pivot point to the trailing edge.
For the initialization of all hydrofoil models, the chord line,
which connects leading edge and trailing edge, is parallel to
the still water surface. the draft of the hydrofoil is approxi-
mately 0.15 m.

C. Experimental arrangement and data processing

The Greater Ekofisk area in the North Sea has been selected
as a reference for obtaining specific water parameters, with a
wave height of 14 m and a wave period of 16 s3. To adapt
these parameters to the capabilities of the ocean wave tank,
a scale factor of 100 was chosen. Consequently, the scaled-
down reference regular wave parameters are 0.07 m and 0.625
Hz for wave amplitude (Aw) and frequency (fw ), respectively.
The reference towing speed (u7) of the towing carriage is 0.55
m/s, and the experimental water depth (H) is maintained at 1.5
m.

The present experiments consists of three stages: determin-
ing the optimal hydrofoil type, exploring the effect of towing
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FIG. 3. Schematic sketch about experimental setup.

TABLE III. Summary of working conditions at various towing
speeds (ur).

Case Aw (m) fw (Hz) ur (m/s) Foil model
1 0.07 0.625 0.55 NF?, Model 1-5
2 0.07 0.625 0.5 NF, Model 5
3 0.07 0.625 0.45 NF, Model 5
4 0.07 0.625 0.4 NF, Model 5
5 0.07 0.625 0.35 NF, Model 5
4 NF: No Foil

TABLE IV. Summary of working conditions in diverse waves.

Case Aw (m) fw (Hz) ur (m/s) Foil model
6 0.055 0.709 0.55 NE, Model 5
7 0.0625 0.664 0.55 NF, Model 5
8 0.0675 0.637 0.55 NE, Model 5
9 0.0725 0.613 0.55 NE, Model 5
10 0.0775 0.591 0.55 NF, Model 5
11 0.085 0.561 0.55 NE, Model 5

speed, and investigating the impact of wave parameters. In
the first stage, five different hydrofoil models (see table II)
were fixed underneath theship’s mid-hull and tested succes-
sively under reference wave conditions (0.07 m Ay, 0.625 Hz
fw), and a towing speed (ur) of 0.55 m/s. The correspond-
ing results were compared to those of the ship without an at-
tached foil (indicated as “NF" shown in table III, IV), leading
to the identification of the optimal hydrofoil model (Model 5).
The subsequent experiments employed Model 5 under refer-
ence regular waves and various towing speeds, as summarized
in table III. The third stage explores the impact of different
regular wave conditions using Model 5 with a fixed towing
speed at 0.55 m/s. To achieve this, the wave conditions were
varied by changing the wave scale, as characterized by dif-
ferent amplitudes and frequencies (see the cases in table IV),
while maintaining a constant wave steepness, Sy, that is de-
fined here as:

Sw =kAw, )

where Ay is the wave amplitude and k& is the wavenumber ob-
tained by the linear dispersion relation (associated with the
depth of water and the wave frequency). Based on equation
7, the calculated values of the wave steepness for waves pre-
sented in table III and IV remain at 0.11. The reason of em-
ploying a constant wave steepness across all experiments is to
keep the wave nonlineairty constant and avoid potential break-
ing events’®, so that the identical maximum flapping angle of
the foil is achieved.

Ship performance, including ship resistance and pitch mo-
tion, was comprehensively evaluated using data collected
from the Vernier load cell and the WitMotion inclinome-
ter/accelerometer, with detailed specifications provided in ta-
ble V. The data was collected and processed using software
paired with sensors. The Vernier load cell is mounted onto
the towing carriage, where the fishing line attached to the
ship bow is connected to the hook at the bottom of the load
cell (marked as red Block B in figure 3). The load cell is
horizontally placed throughout the experiments, and its sam-
pling frequency was set to 50 Hz. During the experiments,
the recorded force of ship with and without foil is termed Fj ¢
and F;. The force difference between with (F ¢) and without
(Fy) the attached foil stands for the generated thrust (Fjps)
due to foil flapping, as expressed in equations 8. Besides, the
effectiveness (R.rr) can be defined in equation 9 to evaluate
the total reduction in fuel cost. The WitMotion sensor in the
present project is responsible for measuring ship pitch angle
variation. It is mounted on top of the compartment, situated
close to the middle of the ship horizontally (marked as red
Block A in figure 3). It is worth noting that although the incli-
nometer is not positioned at the centre of rotation (CoR), the
measured pitch angle can accurately reflect the pitch motion
of foil, as well as the ship.

F:v,f = Fs — Friyust 3
F
Reff _ tl}r:vust ) )



TABLE V. Details of load cell and inclinometer/accelerometer.

Items Properties Value

Load cell

1 Force range +50N

2 Sampling rate (max) 1000 samples/s
Inclinometer/Accelerometer

1 Acceleration range +16¢g

2 Acceleration resolution 0.005 g

3 Anglerange + 180° (X, Z), = 90° (Y)

4 Angle accuracy (X, Y) 0.05° (Static), 0.1° (Dynamic)

Ill. RESULTS AND DISCUSSION

Upon completing the preparation procedures, experiments
were carried out for the defined cases. During the experi-
ments, the towing carriage moved along the rail at the pre-
scribed towing speed, pulling the ship model against the reg-
ular waves. A representative film capture is presented in fig-
ure 4. In the first stage, five different hydrofoil models were
successively attached to the ship mid-hull and tested at the
reference wave (Ay = 0.07 m, fiy = 0.625 Hz), reference tow-
ing speed 0.55 m/s. The comparison of effectiveness (R, )
of different hydrofoils identified Model 5 (NACAO0012) as the
optimal hydrofoil. Subsequently, towing force and generated
thrust (Fj.g) were found to increase as the towing speed
climbed from 0.35 m/s to 0.55 m/s. In the third stage, diverse
waves (Ay =0.055 to 0.085 m, fiy =0.709 to 0.561 Hz) with a
constant wave steepness concluded similar thrust generation.
Furthermore, based on the hydrofoil’s motion with the outer
pivot, the Strouhal number (St ) for ship-foil model was in-
troduced, considering the integration of ship traveling, ship
response, and foil rotation. Testing for each case was repeated
2 to 4 times which ensure data reliability.
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FIG. 4. A film capture of experiment with hydrofoil Model 5
(NACAO0012) at reference wave (Aw 0.07 m, fiy 0.625 Hz), tow-
ing speed 0.55 m/s.

A. Thrust generation

The primary objective of this subsection is to compare the
ship performance using five different hydrofoil models un-
der reference wave and towing speed conditions, ultimately
determining the optimal hydrofoil. The recorded time series

of force, i.e., F;, Fy 7, oscillated as the ship traveled through
the crest and trough of the wave propagation. In comparison
to Model 1-4 (NACAO0030 series), the results from Model 5
(NACAO0012) demonstrated a notable capability to produce
thrust for the ship through wave energy harnessing. This
phenomenon can be attributed to the difference in geometry,
where the NACAO0030 type has a higher projected area than
that of NACAO0012 as shown in table II. Consequently, the
NACAO0030 hydrofoil induces larger drag, which neutralizes
the generated thrust from hydrofoil’s flapping motion in the
present study. As a result, Model 5 (NACAQ0012) was cho-
sen as the optimal hydrofoil, and an analysis of the corre-
sponding recorded force is provided in this subsection. A 10-
second time-frame from a single test was extracted for time-
averaging, and each case was repeated to three times for reli-
able averaged output.
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FIG. 5. Recorded force for representative cases with Model 5

(NACAO0012) hydrofoil and without hydrofoil at reference wave (Aw
0.07 m, fw 0.625 Hz), towing speed 0.55 m/s.

TABLE VI. Summary of all tests for Model 5 (NACAO0012) at refer-
ence wave, reference towing speed.

Fy (N) F f N) Finrust N) Reff
Test 1 0.75133 0.63672
Test 2 0.76400 0.61222
Test 3 0.78499 0.61619
Total Average 0.76677 0.62171 0.14506 18.9%

The recorded forces for the ship with (F§, r) and without (Fj)
the NACAOQO12 foil at the reference wave and towing speed
are compared and illustrated in figure 5, where they exhibit
similar oscillation shapes. In the initial part (e.g., O to 10 sec-
onds), the launch of the carriage and its acceleration lead to
larger and unstable forces. Similarly, as the towing carriage
gradually slows down (40 seconds and beyond), the force de-
creases to zero. In the stabilised region in between, the force
fluctuates at a stable frequency and amplitude. A straightfor-
ward observation from the oscillated value is that the recorded
force for the ship with the NACAOO12 is smaller than that
from the ship-only testing. This difference directly confirms
that the flapping NACAO0012 foil, due to wave excitation, gen-
erates a notable thrust (F;;,s ), Which partially counterbalance



the ship resistance. The 10-second averaged forces from three
tests for the ship with/without the NACAOQ012 foil are sum-
marized in table VI. Notably, the averaged recorded force for
all trials with the NACAOO012 is significantly lower than that
of the ship-only trials. The total averaged generated thrust
(Fipruse) from the hydrofoil is 0.14506 N, indicating an effec-
tiveness of 18.9%. As a result, the thrust and its effectiveness
demonstrate that the attachment of the NACA0012 to the ship
mid-hull contributes to around an 18.9% reduction in overall
fuel consumption.

B. Effect of towing speed and wave

As discussed in section III A, the NACA0012 hydrofoil
generates satisfactory thrust for powering the ship. This sub-
section continues to investigate the impact of ship traveling
speed and wave parameters by adopting the NACAO012 hy-
drofoil model. Towing speed of the carriage varies from 0.5
m/s to 0.35 m/s as shown in Case 2 to 5 in table III. Diverse
wave amplitudes (0.055 - 0.085 m) and frequencies (0.709 -
0.561 Hz) are specified in table IV.

A Fs,f (average‘j) x FS (r'm's)
v F, (averaged) Fieust
+ Fs,f (r.m.s) - = Fs (rm.s) FS." (rm.s)
08 0.15
v
2,6 : 3
5 /0 g
S v .
0.4 A 0.09
A
¥_ - ¥ - "‘ - -1 o= -#
0.2 ' 6
0.3 0.4 0.5 oo

towing speed m/s

FIG. 6. Force comparison for Model 5 (NACA0012) in stabilised
region for reference wave (Aw 0.07 m, fi 0.625 Hz), diverse towing
speed (0.35 - 0.55 m/s).

TABLE VII. Summary of Model 5 (NACAQ012) at reference towing
speed (0.55 m/s), diverse wave parameters.

Case Ay (m) fw®Hz) FKN) FrN)  Fpug N)

1 0.07 0.625 0.76677 0.62171  0.14506
6 0.055 0.709 1.07239  0.7696 0.30279
7 0.0625  0.664 0.73566  0.61677  0.11889
8 0.0675  0.637 0.75741 0.60271  0.1547

9 0.0725  0.613 0.76993  0.62979  0.14014
10 0.0775  0.591 0.87135  0.69779  0.17356
11 0.085 0.561 0.88894  0.74578  0.14316

As the ship, with/without NACAO0O012 foil, travels against

the reference wave at towing speed ranging from 0.35 m/s
to 0.55 m/s, the time-averaged and root-mean-square (r.m.s)
value of the recorded force in the stabilised region are sum-
marized in figure 6. At each towing speed, it is clear that
the attachment of the NACAO0012 foil results in a reduction in
the averaged force, as well as the r.m.s value of force, indi-
cating the reproducible finding that the generated thrust from
hydrofoil partially counterbalances ship resistance, and the
wave-induced hydrofoil’s flapping motion reduces force fluc-
tuation. It can also be observed that the force r.m.s value for
with/without hydrofoil remains at a stable level, around 0.25,
throughout the towing speed range, and the r.m.s difference
for each speed also keeps stable. However, the averaged force
for with/without foil significantly increases with the increase
in towing speed, and the force difference represents the gener-
ated thrust (F;,4s ), Which also experiences a notable upward
trend. The effectiveness (R.ss) ranges between 10.3% and
18.9% across all towing speeds. It should be noted that the
carriage’s towing speed aligns with the ship’s traveling speed
in calm water, as there is no involved vertical velocity compo-
nent. In the present study, when applied to waves, the actual
ship traveling speed should be a superposition of the towing
speed and the wave’s vertical speed, but changes in towing
speed can also directly influence and evaluate the ship’s trav-
eling speed.

Subsequently, while maintaining the same wave steepness,
varied wave parameters were tested and the corresponding re-
sults are presented in table VII. The extreme wave condition
(case No. 6, Ay = 0.055 m, fiy = 0.709 Hz) resulted in the
highest towing forces, possibly due to a significant increase in
resistance. Additionally, the highest flapping frequency of the
hydrofoil in Case No. 6 is considered to dominate and con-
tribute to its highest thrust generation. The remaining cases
(No. 1, 7 to 11) with variation in wave parameters resulted
in steady force values for both with (F; ) and without (Fj)
the NACAQ012 hydrofoil, in the range of 0.60 to 0.75 N and
0.74 to 0.89 N, respectively. Thus, the generated thrust from
the foil varies from 0.12 to 0.17 N for the remaining cases,
accounting for a stable range of effectiveness from 16.1% to
20.4%. In general, it is concluded that the NACA(0O12 hy-
drofoil is capable of achieving a lower fuel consumption rate,
despite of reductions in traveling speed and changes in wave
parameters, enabling the ship to attain even better fuel effi-
ciency.

C. Extension on Strouhal number

In the analysis of hydrofoils, the Strouhal number based
on amplitude, referred to as St4, is commonly used to char-
acterise the transition from drag to thrust®’. It is calculated
by dividing the product of frequency (f) and amplitude (A)
by velocity (u..)'. However, the motion of a hydrofoil fixed
to a ship hull is complicated, as described in section IT A, in-
volving a superposition of ship traveling, wave response and
rotation (outer pivot)-induced heaving and pitching. Conse-
quently, the original definition of the Strouhal number (St4)
for a hydrofoil is not directly applicable and the complexity



of hydrofoil motion necessitates corrections to the terms men-
tioned above. As a result, this section introduces a Strouhal
number (St4 5) specifically for the hydrofoil fixed to a ship,
taking into account the superimposed motion.
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FIG. 7. Pitch variation (a) and pitch spectra (b) at reference wave,
different towing speed (ur). Pitch variation (a) contains time series
(thin lines) and 20 selected cycles (bold lines). Angular frequencies
(w) are 4.775, 4.700, 4.609, 4.539, 4.471 corresponding traveling
speed 0.55 to 0.35 m/s.

The time series of pitch variation of the traveling ship with
the NACAO0O012 foil at the reference wave (Ay 0.07 m, fw

0.625 Hz) and towing speeds (0.55 to 0.35 m/s) are displayed
in figure 7a. A total of 20 pitch cycles (marked as bold lines
in figure 7a) are selected to extract the corresponding spectra
in figure 7b. The angular frequency (@) at different towing
speeds (0.55 to 0.35 m/s) varies, with values ranging from
4.775 to 4.471, indicating that the frequency strongly depends
on the traveling speed. Therefore, the frequency (fs) can be
estimated based on ship traveling and wave propagation. The
wave propagation speed (Uyqve) is described as:

Uyave :fW)’7 (10)

where fiy and A are the wave frequency and wavelength. Set
the reference system on the moving ship, the frequency dif-
fers due to traveling speed (u7) and traveling direction. The
correction of frequency (fs5) can be given in vector form as:

fom I»TW;+LTT>I7 (an
by substituting the reference wave data (u,,4y, = 2.46 m/s, A =
3.94 m) and towing speed (ur = 0.55 to 0.35 m/s) into equa-
tion 11, the theoretical angular frequency ws (i.e., 27 fs) is
4.8,4.720, 4.64, 4.561, 4.481, which is in agreement with the
experimentally obtained values shown in figure 7b.

As described in equations 4 to 6, the foil’s amplitude (Ag) in
the present ship-foil model is a superposition of the pitching
amplitude onto the ship’s maximum heaving response (A,).

The corresponding expression is given by:

As = \/A,% + (resin(B,))2, (12)

where ¢ and B, stand for the chord length of the hydrofoil
and the maximum flapping angle, respectively. The ratio r
describes hydrofoil’s connection location. The present exper-
imental model fixed the rod to the middle of the hydrofoil,
thus r is 0.5. The estimation of velocity (u.s) for the foil
attaching to the ship is also a superposition of the ship trav-
eling speed, rotation (outer pivot)-induced horizontal velocity
component (u,,) and wave particle velocity at the foil posi-
tion (u). According to airy wave theory, for a given wave, the
water particle velocity (uy, u;) at a given vertical position (zp)
can be expressed as:

B coshk(H +zp)

us(1) = 27 fiy Aw =2 cos(lo — 27 fipt), - (13)
B sinhk(H +z0) .

u (1) = 2w fiy Aw bl sin(kxo —2mfwt), (14)

where Ay, fi represent wave amplitude and wave frequency,
respectively; k and H denote wavenumber and water depth,
respectively. Typically, the orbit of a water particle in wave
is elliptical. The corresponding path deforms into curves, as
shown in figure 8, due to the superposition of the ship travel.
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FIG. 8. Water particle (0.15m underneath free water surface) trajectory for reference wave with the superposition of diverse towing speed.

The rotation-induced speed (u,.,) can be calculated according
to figure 1b and equation 4:

(1) = a, (1) I cos(a, (1)), (15)

where [y stands for the distance between outer pivot position
and the hydrofoil.

_ fsAs _ fsAs
Uoos  UT Eux(max) xu.(peak)”

Sta.s (16)

The Strouhal number (St4 s) specifically for the ship-foil
model is put forward as expressed in equation 16. It is essen-
tial to note that the estimation of St4 g uses the maximum of u,
and the peak value of u,, spectral. Consequently, the Strouhal
number (St4 5) can be estimated by substituting the obtained
experimental data into equation 16. Data of a test at the refer-
ence wave (Aw 0.07 m, fir 0.625 Hz) and towing speed (0.55
m/s) was utilized, and key parameters are provided in table
VIIL. fs was theoretically calculated using equation 11, where
0 is zero. A, in the table was estimated by comparing the
foil’s heaving motion range and wave height in obtained film
sequence. B), is extracted from the pitch spectra shown in fig-
ure 7b. uy(max) was calculated from equation 13. Addition-
ally, u,..(peak) is obtained from the u,, spectra. The u,, time
series can be post-processed using equation 15, where angu-
lar velocity of foil’s pitch (a,(¢)) for the present experiments
was collected using the pitch sensor. The estimated range for
the Strouhal number (St ) is 0.044 to 0.15, as shown in table
VIIL

TABLE VIIIL. Strouhal number (St4 5) estimation for a testing case
(Model 5, NACAO0012) at reference wave (Aw 0.07 m, fi 0.625 Hz),
reference towing speed (ur 0.55 m/s).

fs Ap By uy (max)
0.764 0.048 6.21° 0.22

Urx(peak) Stas
0.0787 0.044 - 0.15

IV. CONCLUSION

The flapping hydrofoil converts wave energy into thrust,
and its attachment to the ship hull achieves significant re-
duction in fuel costs during ship travel in waves. This study
experimentally tested the thrust generation performance of a
mid-hull foil at different towing speeds and incoming wave
conditions.

The results for the optimal mid-hull foil type (Model 5,
NACAO0012) at diverse speeds (0.35 to 0.55 m/s) and waves
(Aw = 0.0625 to 0.085 m, fiy = 0.664 to 0.561 Hz) reveals
a notable fuel saving (R.sy) in the range of 10.3% to 20.4%.
The thrust generation increases with ship traveling speed. The
results in terms of reducing fuel consumption provide valu-
able reference for hydrofoil application, especially the mid-
hull foil. The Strouhal number (St4 s) of the mid-hull foil were
introduction and evaluated. The introducing of hydrofoil mo-
tion with outer pivot, as well as the Strouhal number (St4 s) for
ship-foil model, contributes to the following parametric study.
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