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 A B S T R A C T

Bow foils are an emerging energy saving device that utilise wave energy to improve the efficiency of ships 
operating in waves, through both a reduction in ship motions and the generation of additional thrust. To 
identify the performance of bow foils in oblique waves, this paper presents and compares experimental results 
from a series of free-running model tests, with and without a bow foil, with constant forward speed, in regular 
and irregular oblique waves. The experiments identify the effect of bow foils on the ship heave and pitch 
motions, shaft torque and revolutions and foil forces and motion, over a range of relative wave headings. The 
results, demonstrating the ITTC QNM method, show that the bow foil reduces the delivered power required 
to maintain a given speed in waves, and are effective across a range of heading angles, modal periods, and 
wave height once a threshold is reached. The results also verify the use of spectral approaches to predict 
the performance of bow foils in irregular waves using transfer functions and identify that the greatest power 
savings are achieved in head wave conditions. The presented results provide a holistic design methodology to 
predict and scale the performance of bow foils across a range of sea states.
1. Introduction

With increasingly stringent ship regulations (IMO, 2022), national 
targets (Maritime, 2019), the development of energy saving technolo-
gies which exploit the ambient renewable energy are receiving signif-
icant attention. For example photovoltaic (PV) energy systems to sup-
plement auxiliary hotel loads have been trialled on various ships (Lee 
et al., 2012; World’s, 2011; Yuan et al., 2018; Atkinson, 2016; D’Orazio, 
2013) and wind-augmented propulsion systems e.g. Flettner rotors, 
sails and kites (Wellicome, 1975; Lu and Ringsberg, 2020; Chou et al., 
2021; Nelissen et al., 2016; Traut et al., 2014) are widely reported 
with commercial prototypes and systems under development (Smart, 
2025; Econowind, 2025). Wave augmented propulsion using bow foils 
is an emerging technology to improve ship efficiency in waves. Bow 
foils exploit wave energy through both a reduction in ship heave and 
pitch motions and the generation of additional thrust, to reduce the 
delivered power required to maintain a given speed in waves, saving 
fuel and reducing emissions (Mei et al., 2023; Bowker and Townsend, 
2022a,b; Bockmann, 2015; Filippas et al., 2020).

Table  1 summarises investigations into the effect of bow foils on 
ship motions and propulsive efficiency. The research, following initial 
investigations by Jakobsen (1981) and Naito et al. (1986), has primarily 
focused on: numerical prediction (Belibassakis and Filippas, 2015; Be-
libassakis and Politis, 2013; De Silva and Yamaguchi, 2012; Bockmann 
and Steen, 2016a; Isshiki et al., 1984), foil pitch mechanism (Bockmann 
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and Steen, 2014; Naito and Isshiki, 2005), foil size and location (Feng 
et al., 2014; Naito and Isshiki, 2005), ship coupling (Bowker et al., 
2020; Filippas, 2015; Feng et al., 2014), resistance and propulsion (Be-
libassakis et al., 2021a; Feng et al., 2014), free surface effects (Filippas 
et al., 2020), trim-pitch stabilisation (Ntouras et al., 2022), emission 
reductions (Belibassakis et al., 2021a; Bockmann et al., 2018; Huang 
et al., 2016; Isshiki, 2015) and incorporation into the IMO energy 
efficiency framework (Feng et al., 2014; Rozhdestvensky and Htet, 
2021; Bowker et al., 2023; Bockmann and Steen, 2016a). In addition, 
full scale sea trials have previously been conducted on a 15.7 m fishing 
vessel (Terao and Isshiki, 1991), a 20 m trawler (M.N et al., 1995) 
and 25.4 m trawler (Dybdahl, 1988) and recently commercially for 
ferries (Yrke and Bockmann, 2019; WaveFoil, 2025).

The studies show heave motion reductions (between 10% and 33%), 
pitch reductions (between 11% and 28%) and a significant reduction in 
ship added resistance (up to 80%) (Niklas and Pruszko, 2023; Bowker 
and Townsend, 2022b; Bockmann and Steen, 2016b; Feng et al., 2014). 
A key performance parameter is the wave phasing parameter, the 
phase difference between the relative bow foil motions and the wave 
orbital velocity (De Silva and Yamaguchi, 2012; Bowker and Townsend, 
2022b). A 90◦ wave phasing is considered optimal, whereby the rela-
tive bow foil motion coincides (and opposes) the wave orbital velocity, 
resulting in a greater flow velocity over the flapping foil, and maximum 
foil forces i.e., thrust. The wave phasing parameter is related to the 
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Table 1
Bow foil research articles.
Source: Reproduced from Bowker and Townsend (2023).
 Research article Ship type Ship length Speed Froude number Wave type Wavelength/Ship length  
 (m) (knots) (Fn) (𝜆/L)a  
 Model tests
 Isshiki and Murakami (1983) – 80 Variesc Variesc Regular 0.78–4.88  
 Konstantinov and Yakimov 
(1995)b

– 125 7c 0.10 Regular 1.60  

 Naito et al. (2001)b Container ship 175 16.1 0.20 Regular 0.50–2.00  
 & Irregular 0.22–1.07  
 Naito (2003)b Container ship 175 22.9 0.284 Regular 1.50  
 Feng et al. (2014)b Container ship 175 22.0 0.275 Regular 0.50–3.20  
 Bockmann (2015)b Platform supply 

vessel
80.8 12.0 0.22 Regular 0.82–2.55  

 Huang et al. (2016) Container ship 168.8 16.6 0.21 Regular 1.00, 1.30  
 Bockmann and Steen 
(2016b)b

Tanker 113.2 11,13 0.17, 0.20 Regular 0.68–2.33  

 & Irregular 0.84–2.68  
 Chikarenko (2019) – 105 Variesc Variesc Regular 1.35–3.52  
 Belibassakis et al. (2021b)b Ferry 107 17 0.25 Regular 0.84–1.56  
 Bowker and Townsend 
(2022b)

Bulk carrier 100 11 0.18 Regular 0.86–1.85  

 Ntouras et al. (2022)b Ferry 107 16–11 0.176–0.25 Regular 0.87–1.62  
 Numerical simulations
 Grue et al. (1988) – 40 8 0.21 Regular 2.5  
 Naito and Isshiki (2005) Container ship 175 16.1 0.20 Irregular 0.59  
 Chiu et al. (2014) Tanker 315 12–16.5 0.11–0.15 Regular 1  
 Belibassakis and Filippas 
(2015)

Series 60 
hullform

50 10.7 0.25 Regular 0–4  

 & Irregular 0.91–2.25  
 Isshiki (2015) Bulk carrier 178 15.6 0.19 Irregular 0.39–1.16  
 Rozhdestvensky and Htet 
(2021)

Container 175 16,20 0.20,0.25 Regular 0.82–2.55  

 Belibassakis et al. (2021a) Bulk carrier 109 14 0.22 Irregular 1.09  
 and Ferry 107 17 0.265 Irregular 1.07  
 Zhang et al. (2022) Container ship 175 5 0.06 Regular 1  
 & Irregular 0.72  
 Mei et al. (2023) Naval combatant 142 4.9–20.3 0.067–0.28 Regular 1.70  
 Full scale trials
 Berg (1985) Yacht 7.5 6c 0.36 Actual seas 

(Oslo, 
Norway)

–  

 Dybdahl (1988) Trawler 20 6 0.22 Actual seas 
(Trondheim, 
Norway)

4  

 Terao and Isshiki (1991) Trawler 15.7 7.4 0.31 Actual seas 
(Miho & 
Kunou, 
Japan)

0.93  

 M.N et al. (1995) Trawler 25.4 10.1 0.33 Actual seas 
(Baltic, 
Russia)

1.86  

 Yrke and Bockmann (2019) Ferry 40 10.5 0.27 Actual seas 
(Faroe 
Islands, 
Denmark)

–  

 Specific ship routes
 Isshiki et al. (1984) Cargo ship 80 12.1 0.22 Irregular North Pacific  
 Veritec (1985) – 20,40,70 10.9,15.9 0.21–0.31 Irregular North Sea  
 Veritec (1986) – 180 17 0.22 Irregular North Atlantic  
 Feng et al. (2014) Container ship 214.2 22.5 0.25 Irregular North Pacific  
 Bockmann et al. (2018) Cargo ship 99.9 12–16 0.20–0.26 Irregular North Sea & Bay of Biscay  
 Bowker and Townsend 
(2022a)

Bulk carrier 75–150 9.5–13.4 0.18 Irregular North Sea, North Atlantic, 
North Pacific & 
Mediterranean

 

a Wavelength based on mean wave period.
b Also include equivalent numerical simulations.
c Solely propelled by waves.
length of the wave relative to the ship’s length (i.e., the wavelength 
to ship length ratio). Multiple studies report optimal wavelength to 
ship length ratios (in head waves) of around 1–1.3 (Konstantinov and 
Yakimov, 1995; Naito and Isshiki, 2005; Feng et al., 2014; Bockmann 
2 
and Steen, 2016b; Belibassakis et al., 2021b; Bowker and Townsend, 
2022b). Based on optimal wavelength to ship length ratios a global 
assessment of bow foil ship lengths is given in Bowker and Townsend 
(2023). The results suggest that for most regions (e.g., North Atlantic, 



J.A. Bowker and N.C. Townsend Applied Ocean Research 164 (2025) 104789 
Fig. 1. CAD image and photograph of the model.

North Pacific and North Sea regions) a ship length of around 145 m 
(and a maximum of up to approximately 220 m) is favourable for in-
stallation of bow foils, although subject to local variations. While in the 
Mediterranean ship lengths less than 100 m may be more favourable. 
Interestingly, the completed full scale trials are significantly smaller 
than the types of ships investigated at model scale and in numerical 
simulations.

Currently, there are limited studies that have considered the ef-
fect of oblique waves on the performance of bow foils. Prediction 
methodologies in oblique waves have been developed by Feng et al. 
(2014), Belibassakis et al. (2021b) and Bowker and Townsend (2022a). 
In Bowker and Townsend (2022a) a methodology to predict the perfor-
mance of a passive bow foil in irregular, short crested (oblique waves) 
over various routes is presented, building on direct measurement of 
the delivered power from model scale, free running experiments over a 
range of wave frequencies in head sea conditions. Similarly, Feng et al. 
(2014) presents a coupled hull-foil numerical model, verified against 
experiments in head waves, to predict the performance using spectral 
approaches in irregular waves, for a fixed foil system. While Belibas-
sakis et al. (2021b) considers an actively controlled foil system, based 
on a boundary element method (BEM), presenting results for head (180 
degrees) and quartering seas (150 degrees), for 1 irregular wave case 
(𝐻𝑠∕𝐿 = 0.03, 𝑇𝑝𝑈∕𝐿 = 0.7), with comparison to regular head wave 
experiments. That is, all methods either verify or extrapolate from 
(regular) head wave experiments. To date no experimental studies have 
considered the effect of oblique waves on the performance and verified 
these approaches. With reportedly large variations depending on ship 
heading and encountered sea state from the predictions (Bowker and 
3 
Fig. 2. Schematic of the experimental setup.

Fig. 3. Heave and pitch response amplitude operators (RAOs), with and 
without the bow foil over a range of heading angles (𝜁𝑜 = 0.02 m, 𝑉𝑚 = 0.8 m∕s) 
(Curve fit using a Modified Akima Interpolation).

Townsend, 2022a) (with the percentage foil retraction a significant 
factor in operational deployment) establishing the performance of bow 
foils in oblique waves is important for evaluation of this technology.

1.1. Paper contribution and outline

This paper presents and compares experimental results from a series 
of free-running model tests, with and without a passive bow foil, with 
constant forward speed, in regular and irregular oblique waves. The re-
sults, which compare (regular) transfer functions to irregular spectrum 
responses, identify the effect of oblique waves on the performance. In 
addition to, demonstrating a methodology to assess bow foil technology 
and verifying the ITTC QNM method for predicting delivered power 
from model tests.

The paper outline is as follows: Section 2 presents the experimental 
methodology and experimental setup. The results, including the regular 
and then irregular ship motions, propeller torque and rpm, and foil 
responses are presented in Section 3. A discussion, including the scaling 
considerations and full scale predictions are presented in Section 4 
demonstrating the potential of this emerging technology.
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Fig. 4. Propeller shaft rpm and torque in regular waves, with and without the 
bow foil (𝜒 = 0◦, 𝜁𝑜 = 0.02 m, 𝑉𝑚 = 0.8 m∕s).

Fig. 5. Propeller shaft rpm and torque in regular waves, over a range of 
headings, with and without the bow foil (𝜁𝑜 = 0.02 m, 𝑉𝑚 = 0.8 m∕s) (Curve fit 
using a Modified Akima Interpolation).
4 
Fig. 6. Foil thrust, lift and pitch angles in regular waves (𝜒 = 0◦, 𝜁𝑜 =
0.02 m, 𝑉𝑚 = 0.8 m∕s).

2. Methodology

2.1. Overview

To identify the performance of bow foils in oblique waves, a series 
of free-running model tests, with and without a passive, spring-loaded 
bow foil, over a range of wave frequencies, in regular and irregular 
oblique waves with constant forward speed, were conducted in the 
Haslar Ocean Basin (Length = 120 m, Width = 60 m, Depth = 5 m). The 
model, a 1:50 scale small bulk carrier, is shown in Fig.  1. The model and 
foil properties are summarised in Table  2. Details of the model are also 
presented in Bowker and Townsend (2022b) and Lamont et al. (2023).

2.2. Experimental setup

Fig.  2 shows a schematic of the experimental setup. The data acqui-
sition (DAQ) and control system was based on a National Instruments 
myRIO1900 and LabVIEW software. The model heading and forward 
speed were controlled in real time based on the streamed 6DOF motions 
of the model from a motion tracking camera system (Qualisys). A 
proportional-derivative (PD) feedback controller was used to maintain 
the model heading in the Ocean Basin, by controlling the rudder angle. 
While a proportional–integral (PI) feedback controller was used to 
control the propeller rpm and forward speed of the model.

Details of the data acquisition, control and sensors are given in 
Table  3. The data was recorded at a sample rate of 100 Hz. The waves 
were recorded using 9 different wave probes situated around the test 
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Fig. 7. Foil thrust, lift and pitch angles in regular waves over a range of 
headings (𝜁𝑜 = 0.02 m, 𝑉𝑚 = 0.8 m∕s) (Curve fit using a Modified Akima 
Interpolation).

Table 2
Model hullform and foil properties.
 Parameter Value  
 Scale ratio 1:50  
 Length (𝐿𝑤𝑙) [m] 2  
 Breath (B) [m] 0.33  
 Draught (T) [m] 0.12  
 Displacement [kg] 51.50  
 Block Coefficient (𝐶𝑏) 0.65  
 Foil section profile NACA0012  
 Foil chord, (𝑐) [mm] 60  
 Foil span, (𝑠) [mm] 420  
 Foil aspect ratio 7  
 Foil spring stiffness (𝑘𝜃) [Nm/rad] 0.165  
 Foil pivot point, (𝑥𝑝) 10% chord  
 Foil longitudinal location 10% of 𝐿𝑤𝑙 fwd 
 Foil depth [m] 0.12 (keel)  

facility. The load cell and torquemeter were calibrated following the 
National Physics Laboratory (NPL) guidelines (Robinson, 2008).

To provide the skin friction correction (SFC), a ducted air fan was 
mounted to the stern via a load cell, as shown in Fig.  1. The required 
SFC load was calculated from the difference between the model and 
full-scale skin friction coefficient (i.e. 𝛥𝐶𝑓 = 𝐶𝑓𝑚 −𝐶𝑓𝑠) using the ITTC 
‘57 frictional correlation line based on the respective Reynolds Number 
for the model and ship speeds (ITTC, 1957).
5 
Table 3
Sensor information.
 Sensor Type Range  
 Shaft torquemeter Full bridge 0–0.1 N m 
 Shaft encoder (rpm) Optical 2500 ppr  
 Tri-axial load cell Half bridge ±10 N  
 Foil pitch encoder Optical 2048 ppr  
 SFC Load cell Full bridge ±5 N  
 Rudder potentiomenter Resistance ±50 deg  
 Motion capture (Qualisys) Optical –  
 Wave probes (facility) Ultrasonic –  

Table 4
Experimental investigations.
 Parameter Value  
 Ship model speed (𝑉𝑚) [m/s] 0.8  
 Froude number (𝑉 ∕

√

𝑔𝐿) 0.18  
 Regular waves
 Wave amplitude (𝜁𝑜) [m] 0.02  
 Wave frequencies (𝜔𝑜) [Hz] 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, 0.95  
 Ship heading (𝜒) [deg] 0◦ (head), 15◦, 30◦, 45◦, 60◦, 90◦ (beam) 
 Irregular waves
 Significant wave heights (𝐻𝑠) [m] 0.02, 0.04, 0.06, 0.08, 0.1  
 Model wave periods (𝑇0) [s] 0.95, 1.10, 1.25, 1.36, 1.62, 1.85  
 Ship heading (𝜒) [deg] 0◦ (head), 15◦, 30◦, 45◦, 60◦, 90◦ (beam) 

2.3. Experimental investigations

The experimental investigations are summarised in Table  4. Follow-
ing the ITTC guidelines, over 10 (steady state) wave encounters at each 
heading in regular waves were captured. In irregular waves, where 100 
encounters are preferable, two irregular wave runs (of different time-
domain realisations or ‘seeds’) were conducted to acquire sufficient 
encounters to accumulate the spectral responses.

The experimental procedure, which for the regular wave tests fol-
lowed the procedure in Bowker and Townsend (2022b), comprised of 
a zero speed datum, followed by an initial acceleration in calm water, 
before encountering waves and settling into a steady state response 
(with a controlled average model speed of 0.8 m/s and at least 10 wave 
encounters recorded), before switching to a new heading and reaching 
steady state (for at least 10 wave encounters). While the irregular wave 
tests comprised of a single heading in each test. To summarise, the data 
was processed as:

• Synchronisation. The Qualisys and DAQ data sets were synchro-
nised to the same time base.

• Crop. The data was cropped into a datum at the start of the 
run and steady state responses (comprising of at least 10 wave 
encounters for each regular wave headings).

• Filter. The data was filtered using a Butterworth low-pass filter, 
with cutoff frequencies of: 1 Hz for shaft rpm, 2 Hz for the 
torquemeter and 5 Hz for the motions and foil forces.

• Analyse. Sine wave fitting was used to identify the amplitude, 
phase and encounter frequencies.

3. Results

3.1. Regular waves

3.1.1. Motions
Fig.  3 shows the heave and pitch response amplitude operators 

(RAOs), with and without the bow foil, over the range of investigated 
heading angles. The results show that the effect of the bow foil reduces 
the heave and pitch motions in oblique head wave conditions (𝜒 : 0◦ to 
45◦). While, in oblique beam wave conditions (𝜒 : 45◦ to 90◦) the effect 
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Fig. 8. Comparison of irregular and regular response spectra (𝜒 = 0◦,𝐻𝑠 = 0.06 m, 𝑉𝑚 = 0.8 m∕s).
Fig. 9. Example irregular heave and pitch responses with and without the bow 
foil and foil pitch and thrust (𝜒 = 0◦,𝐻𝑠 = 0.06 m, 𝑇0 = 1.25 s, 𝑉𝑚 = 0.8 m∕s).

of the foil leads to a heave contouring motion and the pitch motion, 
with and without a foil, is negligible. That is, the results show that the 
bow foil is advantageous in reducing the heave and pitch motions in 
oblique head wave conditions.

3.1.2. Shaft torque and revolutions
Fig.  4 shows the propeller shaft rpm and torque in regular head 

waves (𝜒 = 0◦), with and without the bow foil. The bow foil leads 
to a reduction in rpm and torque required to maintain a given speed 
in waves, as expected and shown in previous work (Bowker and 
Townsend, 2022b). Eq.  (1) was used to approximate the relation-
ship and provide a transfer function of the torque and rpm over the 
6 
frequency range. 

𝑓 (𝜔) = 𝜔2
√

(𝑐 − 𝑎𝜔2)2 + (𝑏2𝜔2)
(1)

Extending over the range of investigated regular wave headings, 
Fig.  5, shows the propeller rpm and torque with and without the bow 
foil. The results show a general reduction with heading angle (through 
head 𝜒 = 0◦ to beam waves 𝜒 = 90◦) and that the bow foil reduces 
the rpm and torque, particularly around resonance from 0◦ through to 
≈60◦. That is, the bow foil savings are more pronounced in head wave 
conditions.

3.1.3. Foil thrust, lift and pitch angles
Fig.  6 shows the foil thrust, lift and pitch angles in regular head 

waves (𝜒 = 0◦), with and without the bow foil (with a 1
√

2𝜋𝜎2
𝑒−

(𝑥−𝜇)2

2𝜎2

curve fit). In this study the hydrodynamic lift and thrust forces are 
defined in the ship fixed axis frame. These results show that the thrust 
and lift forces occur at similar (resonance) frequencies, although the 
maximum foil pitch response occurs at a slightly lower frequency.

The foil responses over the range of heading angles, Fig.  7, are more 
pronounced in head wave conditions. This is attributed to both the 
relatively greater flapping motion of the foil in head waves and the 
optimum alignment with the incoming wavy flow. Interestingly, the 
thrust and pitch responses of the foil tail off after 𝜒 ≈ 45◦, although 
the lift forces remain for heading angles up to 60◦. This may indicate 
the foil damping and reduction of added resistance is associated with 
the vertical (lift) forces and that the additional thrust, which is greatest 
in head waves when the foil is aligned to the incoming waves, is related 
to when the foil flapping motion is exhibited.

3.2. Irregular waves

Fig.  9 shows an example time history of the irregular wave re-
sponses with and without the bow foil. By starting the model at the 
same time under ‘autonomous’ control and maintaining the irregular 
wave seeding, the model encountered the same ‘wave train’ enabling 
this direct comparison to be made.
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Fig. 10. Effect of modal period (𝑇0) on the shaft rpm and torque with and 
without the bow foil, in irregular waves compared to irregular response 
estimated from regular responses.

3.2.1. Modal period
Fig.  8 shows the irregular wave and motion response spectra. The 

results show that the generated waves closely represent the target 
wave spectra and that the regular and irregular motions show close 
agreement across the investigated modal periods. The results also in-
dicate that the bow foil reduces the heave and pitch motions, for the 
investigated cases.

Comparing the rpm and torque (to maintain a constant speed in 
waves), Fig.  10, the bow foil leads to a reduction across the investi-
gated modal periods. That is, for the investigated sea states the bow 
foil performance is largely advantageous. Although, extrapolating the 
results the bow foil may need to be retracted in sea states with lower 
and higher modal periods.

3.2.2. Wave height
The effect of significant wave height is shown in Figs.  11–13. Fig.  11 

illustrates the irregular heave time histories, over a range of significant 
wave heights, with the same seeding. The spectral responses, Fig.  12, 
show that the generated waves closely represent the targeted spectra. 
Fig.  13 shows that the required rpm and torque to maintain a given 
speed, increases with wave height, and the irregular results show close 
agreement and similar trends with the transfer functions for both with 
7 
Fig. 11. Example irregular experiments with increasing significant wave 
height, with and without the bow foil (𝜒 = 0◦, 𝑇0 = 1.25 s, 𝑉𝑚 = 0.8 m∕s).

Fig. 12. Comparison of wave, heave and pitch spectra with increasing signif-
icant wave height, with and without the bow foil (𝜒 = 0◦, 𝑇0 = 1.25 s, 𝑉𝑚 =
0.8 m∕s).
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Fig. 13. Effect of significant wave height (𝐻𝑠) on the shaft rpm and torque 
with and without the bow foil, in irregular waves compared to irregular 
response estimated from regular responses.

and without the bow foil. The experiments show that the bow foil 
performance increases with wave height, indicating that foil stall did 
not occur. Although, with further increases in the wave height the 
foil would be expected to stall, requiring a change in foil stiffness or 
retraction of the foils in practice.

3.3. Relative wave heading

The effect of the relative wave heading is shown in Fig.  14. The 
results show that the bow foil reduces the rpm and torque, required to 
maintain a given speed in waves, effective across a range of heading 
angles up to 𝜒 ≈ 60◦.

4. Discussion

4.1. Full scale delivered power

Fig.  15 shows the predicted change in delivered power (𝛿𝑃𝑑) for the 
nominal full scale vessel (𝐿 = 100 m), and the effects of modal period, 
significant wave height and heading in regular and irregular waves on 
the performance. The predicted change in delivered power, calculated 
as: 
𝛿𝑃𝑏,𝑓 = 2𝜋

[

(𝑄𝑠𝑤 + 𝛿𝑄𝑏,𝑓 )(𝑛𝑠𝑤 + 𝛿𝑛𝑏,𝑓 ) −𝑄𝑠𝑤𝑛𝑠𝑤
]

(2)

and the efficiency: 

𝜂 =
𝛿𝑃𝑏 − 𝛿𝑃𝑓 (3)

𝑃𝑠𝑤 + 𝛿𝑃𝑏

8 
Fig. 14. Effect of relative wave heading (𝜒) on the shaft rpm and torque with 
and without the bow foil, in irregular waves compared to irregular response 
estimated from regular responses.

where 𝑄, 𝑛 represents the shaft torque and rps respectively and 𝛿𝑃𝑓 , 𝛿𝑃𝑏
represents the change in delivered power with and without the foil and 
𝑃𝑠𝑤 represents the calm water delivered power. The subscripts 𝑏, 𝑓 refer 
to the bare hull or the hull with the foil and 𝑠𝑤 the still water (calm 
water) condition. The results shows that the bow foil is advantageous in 
relative head wave conditions, for a range of modal periods around res-
onance and wave heights once a threshold is reached. Interestingly, the 
effect of heading angle shows that the efficiency is greater encountering 
waves at a slight heading angle (not directly head on) for the investi-
gated sea states. This finding is attributed to the change in effective 
encounter wavelength (i.e., 𝜆𝑒∕𝐿 ≈ 1). However, the magnitude of the 
delivered power reduction remains greatest encountering head waves. 
This result suggests that performance gains may be possible by ‘wave’ 
routing, to maximise head waves. In practice, these results indicate that 
bow foils should be retractable, deployed to reduce the added resistance 
(or speed loss) in relative head waves.

4.2. Full scale foil forces

Extending the methodology to the foil, Fig.  16, the irregular thrust 
and lift forces determined from the regular transfer functions, and 
measured irregular responses can be scaled to provide a prediction 
of the full scale ship performance. These results show that predicting 
the performance from regular wave responses can provide reasonable 
estimates of the irregular responses. The results show that the forces 
and flapping motion of the foil generally reduce with relative heading 
angle, increase with wave height and the thrust and pitching of the 
foil are frequency dependent. Although, the predicted lift forces using 
regular spectral approaches under predict compared to the scaled ir-
regular responses. This finding suggests the vertical forces are greater 



J.A. Bowker and N.C. Townsend Applied Ocean Research 164 (2025) 104789 
Fig. 15. Efficiency and full scale delivered power estimates with and without 
the bow foil in irregular oblique waves ((a) Effect of modal period (b) Effect 
of significant wave height (c) Effect of relative wave heading).

Fig. 16. Full Scale estimates of foil thrust, lift and pitch in irregular oblique 
waves ((a) Effect of modal period (b) Effect of significant wave height (c) Effect 
of relative wave heading).
9 
in irregular waves than the regular responses may imply, and safety 
factors should be selected carefully.

5. Conclusion

This paper presented results from a series of free-running, model 
scale experiments, identifying the performance of a passive, spring 
loaded, bow foil in regular and irregular, long crested, oblique waves. 
The results, comparing the performance with and without the bow foil, 
shows a reduction in ship heave and pitch motions and the delivered 
power (required to maintain a given speed in waves) is effective across 
a range of heading angles up to 𝜒 ≈ 60◦. Performance savings increase 
with wave height once a threshold is reached and with modal periods 
around resonance (i.e. where 𝜆𝑒∕𝐿 ≈ 1). Practically, these findings 
suggest that a change in foil stiffness or retraction of the bow foil would 
be required in sea states with low or high modal periods and small 
wave heights. Furthermore, the presented results demonstrate the ITTC 
QNM method and verify the use of spectral approaches to predict the 
performance of bow foils in irregular waves from transfer functions 
including the foil forces. The results and method provide a holistic 
design methodology to predict and scale the performance of bow foils 
across a range of sea states.
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