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A B S T R A C T

To improve ship efficiency and reduce CO2 emissions, the use of renewable based energy saving devices is an
emerging field. By harnessing the ambient wave energy, ship bow mounted foils can serve as an energy saving
device (ESD), reducing the added resistance in waves and generating an additional thrust. This paper presents
a methodology to predict the efficiency of bow foils over various regions, seasons and ship routes. The results
show that ship length significantly influences the effectiveness of bow foils with respect to differing regions
worldwide. The percentage foil retraction is also shown to be a significant factor in operating bow foils with
a large variation depending on ship heading and encountered sea state. The presented method, which could
be implemented for the assessment of future bow foil designs, provides a holistic approach to evaluate bow
foils for route and ship specific energy savings.
1. Introduction

The advantages of mounting foils at the bow of ships are twofold;
to reduce ship heave and pitch motions and improve the propulsive
efficiency in a seaway (Jakobsen, 1981; Naito et al., 1986). Both actions
result in an overall reduction in ship delivered power (Bowker and
Townsend, 2022). Bow foils can therefore act as an energy saving
device (ESD) to reduce emissions in the shipping industry.

Full scale sea trials have been conducted by Nikolaev et al. (1995),
Terao and Isshiki (1991) and Dybdahl (1988) and bow foils have been
operated commercially onboard ferries (Wavefoil, 2019). Scientific re-
search has included both experimental (Bockmann and Steen, 2014;
Huang et al., 2016) and numerical studies (Belibassakis and Filippas,
2015; Belibassakis and Politis, 2013; De Silva and Yamaguchi, 2012).
More specifically, research has focused on a range of aspects including
anti-pitching fins on ships (Abkowitz, 1959; Stefun, 1959; Wu et al.,
1996), numerical prediction (Bockmann and Steen, 2016; Isshiki and
Murakami, 1984), foil pitch mechanism (Bockmann and Steen, 2014;
Naito and Isshiki, 2005), size and location (Feng et al., 2014; Naito
and Isshiki, 2005), ship coupling (Bowker et al., 2021; Filippas, 2015;
Feng et al., 2014), resistance and propulsion (Belibassakis et al., 2021;
Feng et al., 2014), oblique waves (Feng et al., 2014) and free surface
effects (Filippas et al., 2020).

In order to assess the benefits of fitting or retrofitting bow foils,
stakeholders require an understanding of bow foil performance in real-
istic seas. Realistic seas refers to the ambient wave energy encountered
by a ship for the intended or current shipping route. Previous methods
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by Naito and Isshiki (2005), Feng et al. (2014) and Bockmann et al.
(2018) have undertaken numerical simulations to calculate the effect of
bow foils on ship propulsion and motions in realistic waves. In all cases,
strip theory was employed to resolve the ship motions in the frequency
domain, which could then be transferred to evaluate the forces acting
on the bow foil. To resolve the coupled effect, Naito and Isshiki (2005)
accounted for the effect of the foil on the ship motions by including
the foil forces in the ship equation of motion. The foil lift and thrust
forces in a wavy flow were determined using Theodorsen’s unsteady
foil theory. Combining this with the added resistance in waves, Naito
and Isshiki (2005) was able to predict the speed loss in irregular waves
for with and without a bow foil. To resolve the effect of bow foils
on the ship’s engine load and speed, Feng et al. (2014) expanded the
coupled solution by combining the ship-foil response with propulsive
coefficients, then implemented this method to evaluate the effect of
bow foils on a ship’s engine load for a specific route, accounting for
wave statistics. This method was advanced by Bockmann et al. (2018)
to include the effect of dynamic stall on the foil lift forces for large an-
gles of attack, which was achieved using a hybrid time domain solution.
Strip theory was used to resolve the ship-foil coupling and a dynamic
stall theory was used to evaluate the foil forces at each time step. To
assess the effect of the bow foil, Bockmann et al. (2018) predicted the
ship’s engine load by evaluating the change in total resistance due to
foil thrust and reduced added resistance in waves. Alternative methods
include the direct measurement approach developed by Bowker and
vailable online 23 October 2022
141-1187/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.apor.2022.103374
Received 14 July 2022; Received in revised form 8 September 2022; Accepted 6 O
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ctober 2022

http://www.elsevier.com/locate/apor
http://www.elsevier.com/locate/apor
mailto:J.Bowker@soton.ac.uk
mailto:nick@soton.ac.uk
https://doi.org/10.1016/j.apor.2022.103374
https://doi.org/10.1016/j.apor.2022.103374
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apor.2022.103374&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Applied Ocean Research 129 (2022) 103374J.A. Bowker and N.C. Townsend
Fig. 1. Flowchart illustrating the numerical process.
Townsend (2022), which accounts for the ship-foil coupling, the change
in added resistance in waves and foil thrust as a holistic response on
the ship’s engine load over a range of regular wave frequencies.

A numerical method was presented by Feng et al. (2014) to assess
the performance of bow foils for a ship route in the North Pacific
including wave statistics. This method combines the spectral ship-foil
response with the probability of occurrence for a particular sea state,
assuming head seas. The heading contribution was weighted equally
across all directions, resulting in a 1/9 probability of foil effectiveness
in head seas (160–180 deg). In order to evaluate the effect of bow
foils on the ship’s CO2 emissions in realistic seas, Feng et al. (2014)
calculated the ship’s Energy Efficiency Design Index (EEDI) for with
2

and without foils. Contrastingly, Bockmann et al. (2018) implemented
a Monte Carlo approach to investigate the effect of bow foils in realistic
seas. Using the hybrid time domain numerical model, Bockmann et al.
(2018) completed 1000 simulations per route for two ships, one with a
bow foil and the other without. During the simulations, the foils were
retracted if the propulsive efficiency became less than that of the ship
without a foil. The results were then compiled to produce histogram
probability distributions of the fuel savings for each route. The simu-
lations were also performed for a range of ship speeds, resulting in a
mean fuel saving per speed for each route.

Through experiments, simulations and full scale trials, the use of
bow foils has been shown to significantly reduce a ship’s delivered
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power in waves. Although this amounts to a considerable volume
of research and development, the number of studies that have as-
sessed bow foils in realistic seas (historical or hindcast wave data)
are limited to several articles with vastly different predictions for fuel
savings (1.6% Feng et al., 2014 vs. 22 % Bockmann et al., 2018).
However, these predictions cannot be considered equivalent due to
the considerable difference in methodology, ship length (214 m Feng
et al., 2014 vs. 100 m Bockmann et al., 2018), location (North Pacific
Ocean Feng et al., 2014 vs. North Eastern Atlantic Ocean Bockmann
et al., 2018) and foil size (1% of waterplane area Feng et al., 2014 vs.
2.6% Bockmann et al., 2018). Both (probabilistic) methods provide a
useful approach for evaluating bow foil performance in realistic seas.
These methods are based on numerical predictions, which have shown
promising comparisons against experimental results. However, given
the considerable differences noted between the numerical predictions
of Feng et al. (2014) and Bockmann et al. (2018), a more direct method
based on experimental data is absent from the research domain.

1.1. Paper contribution and outline

Using spectral analysis and ocean wave statistics, this paper presents
a methodology to predict the effect of bow foils on a ship’s powering
demand for particular shipping routes in representative waves (irreg-
ular and oblique), which forms an extension on the previous research
in regular waves (Bowker and Townsend, 2022). A spectral analysis
method (using the measured data from physical experiments Bowker
and Townsend, 2022) is combined with ocean wave statistics to es-
timate the mean efficiency gain from bow foils (calculated as the
difference in delivered power between a ship with and without bow
foils) for a range of ship sizes (75 m to 150 m in length), over various
shipping routes, in representative oblique, short crested waves.

The method, which predicts the change in delivered power in irreg-
ular short-crested waves, uses wave data to provide a global assessment
and predict the performance of bow foils for a range of shipping routes
and ship sizes. More specifically, the statistical analysis includes the
relative wave heading with respect to the ship’s heading (for example,
east vs. westbound in the North Atlantic) and percentage foil retraction,
which is an extension on the method presented by Feng et al. (2014).
Although the results in this paper are limited to the specific particu-
lars of the basis experimental data, the methodology outlined in the
following sections could be applied to prospective bow foil designs in
the support of EEDI index certification (ITTC, 2021a).

The paper is structured as follows: Section 2 outlines the method-
ology, basis dataset, theory, wave statistics and shipping routes. The
results are presented in Section 3 including a global assessment of the
overall bow foil efficiency gain projections for ship size and routes. A
discussion of the results is given in Section 4.

2. Methodology

The methodology follows a series of numerical processes, which
combines the deterministic evaluation of bow foils in waves with
the probabilistic analysis of waves statistics and shipping routes, as
illustrated in Fig. 1 and summarised in the following text:

1. Regular waves: Compile experimental dataset in regular waves
across a range of wave frequencies which encompasses the bow
foil effectiveness (i.e. positive efficiency gain)

2. Oblique waves: Extend the analysis in the previous step to
account for the change in bow foil performance in additional
relative wave headings (e.g. bow-quartering waves)

3. Irregular (short-crested) waves: Using spectral analysis, predict
the change in propeller torque and revolutions for with and
3

without the bow foil in irregular, short-crested waves
Table 1
Ship and bow foil dimensions for a range of length scales.

Ship/Foil particular Model
scale

Case 1 Case 2 Case 3 Case 4

Length [m] 2 75 100 125 150
Displacement [kg] 51.50 2.78 × 106 6.60 × 106 1.29 × 107 2.23 × 107

Beam [m] 0.173 12.375 16.500 20.625 24.750
Draught [m] 0.12 4.50 6.00 7.50 9.00

Vertical CoG [m]
(from keel)

0.14 5.25 7.00 8.75 10.50

Longitudinal CoG [m]
(forward of amidships)

0.005 0.188 0.250 0.313 0.375

Foil span [m] 0.42 15.75 21.00 26.25 31.50
Foil chord [m] 0.06 2.25 3.00 3.75 4.50

Speed (kts) 1.56 9.52 11.00 12.30 13.47
Delivered power (W)a 2.36 354 × 103 903 × 103 1888 × 103 3427 × 103

aEstimated for calm water using the Holtrop formulations for total resistance and a
quasi propulsive efficiency of 0.59.

4. Delivered power: Following the International Towing Tank Com-
mittee (ITTC) torque-RPM (QNM) method (ITTC, 2021b), calcu-
late the change in delivered power in waves for with and without
the bow foil and, therefore, estimate the resultant efficiency gain
and reduction in fuel consumption and CO2 emissions

5. Operational envelope: Place limits on the sea states for which
bow foils are deployed (i.e. minimum and maximum wave height
and wave period)

6. Wave statistics: Compile wave scattergrams from global wave
statistics (e.g. WaveWatch III NOAA, NCEP, 2021) for all loca-
tions and combine the previous analysis with the probability of
occurrence to predict the performance of bow foils around the
globe

7. Shipping routes: Define shipping routes using waypoints and
ship headings, then apply wave statistics for each waypoint to
assess the performance of bow foils on outbound and return
voyages

2.1. Regular waves

The research presented in this paper utilises the experimental re-
sults from model scale tests in regular waves published by Bowker
and Townsend (2022). The experiments were conducted using a free
running model, shown in Fig. 2, with a bow foil mounted at 10% model
length beyond the forward perpendicular and plan area of 4.6% of the
ship’s waterplane area.

The model dimensions, derived from the basis data of realistic bulk
carriers, are presented in Table 1 along with the full scale equivalent
values for a range of length scales (L = 75 m to 150 m). The scaling
method assumes Froude scaling laws and kinematic similarity such that
the foil pitch and angle of attack is equivalent at each length scale
for a proportional wave amplitude and frequency. Further information
and non-dimensional parameters are published in the preceding article
by Bowker and Townsend (2022).

A constant speed was maintained in waves by controlling the pro-
peller revolutions (rpm) using a proportional–integral feedback con-
troller. To ensure that the demanded rpm was in response to the added
resistance due to waves, the model’s feedback speed was filtered using
a low-pass filter to eliminate the effect of individual waves on the
controller. For a range of regular wave frequencies (𝜔) and for with
and without the bow foil, the propeller torque (𝑄𝑏,𝑓 (𝜔)) and revolutions
per second (𝑛𝑏,𝑓 (𝜔)) were recorded using a torquemeter and shaft
encoder, respectively. The subscript 𝑏 refers to the ship with a bare hull,
i.e. without a foil, and 𝑓 refers to the ship with a bow foil installed.
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Fig. 2. Image of the free running model developed by Bowker and Townsend (2022).
2.2. Oblique waves

For the purposes of this study, the propulsive measurements in
waves have been adjusted to be a function of wave direction by apply-
ing a cos-squared relationship (as observed by Bowker and Townsend,
2022 during turning circle manoeuvres in waves). This assumes that
the bow foil effectiveness is a function of the cos-squared deterioration
from head seas through to beam seas, and zero effectiveness in beam
through to following seas:

𝐻𝑒𝑎𝑑 𝑠𝑒𝑎𝑠, 𝑐𝑜𝑠(𝜓 − 𝛼) > 0 ∶ 𝛿𝑄𝑏,𝑓 (𝜔𝑒, 𝛼;𝜓) = 𝛿𝑄𝑏,𝑓 (𝜔𝑒)

× 𝑐𝑜𝑠2(𝜓 − 𝛼)

𝛿𝑛𝑏,𝑓 (𝜔𝑒, 𝛼;𝜓) = 𝛿𝑛𝑏,𝑓 (𝜔𝑒)

× 𝑐𝑜𝑠2(𝜓 − 𝛼)

𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔 𝑠𝑒𝑎𝑠, 𝑐𝑜𝑠(𝜓 − 𝛼) < 0 ∶ 𝛿𝑄𝑏,𝑓 (𝜔𝑒, 𝛼;𝜓) = 0

𝛿𝑛𝑏,𝑓 (𝜔𝑒, 𝛼;𝜓) = 0

(1)

Importantly, the wave encountered frequency is also adjusted for
each relative wave direction:

𝜔𝑒 = 𝜔 + 𝜔2𝑈
𝑔

𝑐𝑜𝑠(𝜓 − 𝛼) (2)

2.3. Irregular (short-crested) waves

To predict the response in irregular waves, the current method
utilises an extension of the International Towing Tank Committee
(ITTC) torque-rpm (QNM) formulations (ITTC, 2021b). The ITTC QNM
method utilises experimental measurements in regular waves (propeller
torque and revolutions) to predict the spectral response (𝛿𝑄𝑏,𝑓 , 𝛿𝑛𝑏,𝑓 )
in irregular waves, as explained in ITTC (2021b). The change in torque
(𝛿𝑄(𝜔)) and propeller revolutions (𝛿𝑛(𝜔)) were evaluated at each wave
frequency relative to the calm water results without the bow foil
(𝑄𝑠𝑤, 𝑛𝑠𝑤), then integrated over the range of encountered wave frequen-
cies (𝜔𝑒) and the relative headings of short crested waves (𝛼), for each
relative wave direction (𝜓):

𝛥𝑄𝑏,𝑓 (𝜓) = 2
𝜋∕2 ∞ 𝛿𝑄𝑏,𝑓 (𝜔𝑒, 𝛼;𝜓)𝐸(𝜔𝑒, 𝛼;𝐻, 𝑇 , 𝜓)𝑑𝜔𝑒𝑑𝛼 (3)
4

∫−𝜋∕2 ∫0 𝜁2
Fig. 3. Definition of relative wave heading (𝜓) and direction (𝛼𝑖).

𝛥𝑛𝑏,𝑓 (𝜓) = 2∫

𝜋∕2

−𝜋∕2 ∫

∞

0

𝛿𝑛𝑏,𝑓 (𝜔𝑒, 𝛼;𝜓)

𝜁2
𝐸(𝜔𝑒, 𝛼;𝐻, 𝑇 , 𝜓)𝑑𝜔𝑒𝑑𝛼 (4)

where 𝜁 is the regular wave amplitude and 𝐸 is the directional wave
spectrum, which is a function of the encountered frequency spectrum
(𝑆(𝜔𝑒)) and directional spreading function (𝐷(𝛼)):

𝐸 = 𝑆(𝜔𝑒)𝐷(𝛼) (5)

For a given ship route, the ship will encounter a predominant wave
direction relative to the ship’s heading, referred to as the relative wave
direction, illustrated in Fig. 3. In addition to the predominant wave
direction, the ship also encounters waves from a spread of other wave
directions which forms short-crested waves, also illustrated in Fig. 3.
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Ocean measurements show that the spreading of waves from dif-
ferent directions can vary depending on several factors but a typical
approximation for the open ocean is a cosine-squared spreading func-
tion (Cummins and Bales, 1980). This function spreads the total wave
spectra about the predominant wave direction at a deteriorating rate
approaching zero energy at a relative angle of 90 degrees:

𝐷(𝛼) = 2
𝜋
𝑐𝑜𝑠2𝛼 (6)

2.4. Delivered power

The change in torque and propeller revolutions are combined to
calculate the overall change in delivered power in an irregular wave
(𝛥𝑃𝑏,𝑓 ), which was then used to estimate the change in propulsive
efficiency in waves due to the bow foil (𝜂𝑤):

𝛥𝑃𝑏,𝑓 (𝜓) = 2𝜋[(𝑄𝑠𝑤 + 𝛥𝑄𝑏,𝑓 (𝜓))(𝑛𝑠𝑤 + 𝛥𝑛𝑏,𝑓 (𝜓)) −𝑄𝑠𝑤𝑛𝑠𝑤] (7)

𝜂𝑤(𝜓) =
𝛥𝑃𝑏(𝜓) − 𝛥𝑃𝑓 (𝜓)
𝑃𝑠𝑤 + 𝛥𝑃𝑏(𝜓)

(8)

The efficiency gain is given as the difference between the deliv-
red power required in a sea state for with and without a bow foil.
lternatively, by applying fuel consumption rates (𝑆𝐹𝐶𝑀𝐸) and carbon
mission factor (𝐶𝐹 ), it is possible to convert the change in delivered
ower into an estimate for fuel consumption (𝛥𝐹𝑢𝑒𝑙) and emissions

savings (𝛥CO2):

𝛥𝐹𝑢𝑒𝑙 =
(

𝛥𝑃𝑓 (𝜓) − 𝛥𝑃𝑏(𝜓)
)

× 𝑆𝐹𝐶𝑀𝐸 × ℎ (9)

here ℎ is voyage time in hours. The emissions saving can then be
stimated as follows:

CO2 = 𝛥𝐹𝑢𝑒𝑙 × 𝐶𝐹 (10)

Since the analysis presented in this article is applied to a generic hull
esign, the reference values from the International Maritime Organiza-
ion (IMO) Marine Environment Protection Committee (MPEC) guide-
ines (IMO, 2013) have been implemented for specific fuel consumption
190 g∕kWh) and emissions factor (3.1144 gCO2∕g).

.5. Operational envelope

In this study, the foils were assumed to be retracted beyond an
perational envelope which is defined by practical limits. The following
ules were set as practical limits:

• Maximum wave steepness: For structural integrity, the bow foil
was assumed to be retracted in sea states with a steepness greater
than 1∕20 for the shortest wavelength to ship length ratio (0.8):

𝐻𝑚𝑎𝑥 = 1
20

× 0.8 × 𝜆∕𝐿 (11)

• Minimum wave height: Sea states with a significant wave height
less than 1 m were assumed to be equivalent to calm water con-
ditions, for which the foil is retracted to eliminate the additional
drag.

• Minimum and maximum wave period: The bow foil was retracted
for sea states that result in a negative efficiency gain due to a
mean wave period beyond the range of bow foil effectiveness,
as shown in the experimental results in Bowker and Townsend
(2022):

𝜆∕𝐿 ≪ 0.8 𝜆∕𝐿 ≫ 1.6 (12)

• Relative wave heading: The turning circle observations made
by Bowker and Townsend (2022) show that the bow foil is
ineffective in following seas and it was therefore assumed that
the foil would be retracted in relative wave headings that range
5

from beam seas through to following seas.
Through application of these limits, operational envelopes have
een generated for varying ship sizes from 75 m to 150 m, shown in
ig. 4. Using wave statistics and ship route information, discussed in the
ollowing sections, this method is able to predict the percentage time
hat the foil is retracted due to sea states being beyond the operational
nvelope of the bow foil or due to following seas.

.6. Wave statistics

The WaveWatch III 31 year hindcast dataset is available online for
he global oceans (NOAA, NCEP, 2021), the North Sea and the Mediter-
anean Sea, with a geographic coordinate grid resolution of 1∕2◦, 3∕12◦

and 1∕6◦, respectively. For the years from 1979 to 2009, data on the
significant wave height (𝐻), mean wave period (𝑇 ) and wave direction
𝜒) have been downloaded in the form of GRIdded BInary (GRIB) files.

The open source program called NCTOOLBOX (Schlining et al., 2009)
was utilised to read the data stored in each GRIB file.

The wave data was compiled using MATLAB, which loops through
each year, month and wave parameter to generate a histogram for
every geographic grid coordinate in each region. Following the guid-
ance provided by Perrault (2021), the method uses a long duration of
observations (31yrs) and the finest resolution available for latitude and
longitude and the shortest time interval between measurements (3 h).
In order to limit the required computational capacity, the bin widths
for the significant wave height, mean wave period and wave direction
were set to 1 m, 2 s and 15 deg, respectively. A sensitivity study on
bin width has been completed at finer resolutions (0.5 m, 1 s and 5
deg) and is included in the uncertainty analysis. Fig. 5 presents an
example scattergram for the wave height and period and an example
polar histogram for the wave direction.

From this analysis, the probability of occurrence for each sea state
(𝑃𝑂𝐶𝐶𝐻,𝑇 ) and wave direction (𝑃𝑂𝐶𝐶𝜒 ) for a particular time of the
year and location is calculated using the counts (𝑚) for each histogram
bin:

𝑃𝑂𝐶𝐶𝐻,𝑇 =
𝑚𝐻,𝑇

∑

𝑚𝐻,𝑇
(13)

𝑃𝑂𝐶𝐶𝜒 =
𝑚𝜒

∑

𝑚𝜒
(14)

With the introduction of ship routing, the ship’s heading (𝜑) can be
sed to generate the probabilities of occurrence for each relative wave
eading (𝑃𝑂𝐶𝐶𝜓 ):

𝑂𝐶𝐶𝜓 (𝑗) = 𝑃𝑂𝐶𝐶𝜒 (𝑗 = 𝜒 − 𝜑)

𝑤ℎ𝑒𝑟𝑒 𝑗 = 0◦, 15◦, 30◦,… , 330◦
(15)

The results from the spectral analysis for the bow foil efficiency
ain in irregular short crested waves were applied for each relative
ave heading and sea state, then combined with the probability of
ccurrence for each wave direction to calculate the mean efficiency
ain for each sea state at every longitude and latitude location (𝜙𝑔 , 𝜆𝑔):

𝜓 (𝐻, 𝑇 , 𝜙𝑔 , 𝜆𝑔) =
2𝜋
∑

𝑖=𝜋∕12
𝜂𝑤(𝐻, 𝑇 , 𝜓𝑖) × 𝑃𝑂𝐶𝐶𝜓𝑖 (𝜙𝑔 , 𝜆𝑔) (16)

For assessing the overall outlook of a particular ocean or sea, the
hip heading cannot be included in the analysis and, therefore, the
robability of occurrence for relative wave heading was set to an equal
robability of 1∕24 (15◦∕360◦). The total efficiency gain for a particular
ocation was calculated by multiplying the efficiency gains for each sea
tate within the operational envelope:

𝜂𝑡𝑜𝑡𝑎𝑙(𝜙𝑔 , 𝜆𝑔) =
10
∑

𝜂𝜓 (𝐻𝑖, 𝑇𝑖, 𝜙𝑔 , 𝜆𝑔) × 𝑃𝑂𝐶𝐶𝐻𝑖 ,𝑇𝑖 (𝜙𝑔 , 𝜆𝑔) (17)

𝑖=1
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Fig. 4. Example of the operational envelopes for ship lengths 75 m to 150 m including the bow foil efficiency gains for each sea state (assuming an equal probability of occurrence
for relative wave direction).
Fig. 5. Example histogram data for (a) the significant wave height and period and (b) the wave direction for a location in the North Atlantic (45◦N, 45◦W) during the month of
January for 31 years between 1979 and 2009.
Table 2
Shipping route information and total distance.
Route Start End No. Nautical

Latitude Longitude Latitude Longitude waypoints miles

North Atlantic 28◦0′0′′N 77◦0′0′′W 49◦0′0′′N 8◦30′0′′W 60 3330
North Pacific 34◦0′0′′N 143◦0′0′′E 38◦30′0′′N 125◦30′0′′W 60 4240
North Sea 53◦30′0′′N 0◦30′0′′E 54◦0′0′′N 8◦0′0′′E 30 268
Mediterranean Sea 36◦0′0′′N 4◦0′0′′E 32◦30′0′′N 31◦30′0′′E 60 1763
2.7. Shipping routes

The final section of the methodology involves the definition and
inclusion of shipping routes. Exemplar shipping routes with high traf-
fic (Wu et al., 2017) have been selected as case studies to cover the
following regions; the North Pacific Ocean, the North Atlantic Ocean,
the North Sea and the Mediterranean Sea, as summarised in Table 2
and plotted in Fig. 6.

Each route follows an orthodromic course for the most direct route
and is divided into a series of waypoints, each with a longitude, latitude
and heading. The number of waypoints was set to ensure that the
resolution was similar to the grid coordinates in the WaveWatch III
dataset so that each waypoint utilised the nearest wave data.
6

For each waypoint (𝑊𝑃𝑛), the overall efficiency gain was calculated
for each month of the year and for both the outbound and return
journey with the only difference being the ship heading:

𝜂𝑤𝑝(𝑊𝑃𝑛,𝑀𝑜𝑛𝑡ℎ) = 𝜂𝑡𝑜𝑡𝑎𝑙(𝜙𝑛, 𝜆𝑛, 𝜑𝑛) (18)

The resultant overall monthly and yearly efficiency gain for each
route was calculated as the mean of all the waypoints and months,
respectively:

𝜂𝑚𝑡ℎ(𝑅𝑜𝑢𝑡𝑒,𝑀𝑜𝑛𝑡ℎ) =
∑𝑁
𝑛=1 𝜂𝑤𝑝(𝑊𝑃𝑛,𝑀𝑜𝑛𝑡ℎ)

𝑁
(19)

𝜂 (𝑅𝑜𝑢𝑡𝑒) =
∑12

1 𝜂𝑚𝑡ℎ(𝑅𝑜𝑢𝑡𝑒,𝑀𝑜𝑛𝑡ℎ)
(20)
𝑦𝑟 12
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Fig. 6. Case study shipping routes: (a) North Atlantic (Gulf of Mexico to the English Channel); (b) North Pacific (Tokyo to San Francisco); (c) North Sea (Hamburg to Hull); (d)
Mediterranean Sea (Gibraltar Strait to the Suez Canal).
With the introduction of ship routing and heading, the percentage
foil retraction (FR) was calculated using both the probability of occur-
rence for relative wave direction (𝑃𝑂𝐶𝐶𝜓 ) and sea state (𝑃𝑂𝐶𝐶𝐻𝑠,𝑇 ):

% 𝐹𝑅 = 100×
(

∑

𝑃𝑂𝐶𝐶𝜓 (𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔 𝑠𝑒𝑎𝑠)

+
[

1 −
∑

𝑃𝑂𝐶𝐶𝜓 (𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔 𝑠𝑒𝑎𝑠)
]

×
∑

𝑃𝑂𝐶𝐶𝐻𝑠,𝑇 (𝐻𝑠, 𝑇 𝑏𝑒𝑦𝑜𝑛𝑑 𝑂𝐸)
)

(21)

3. Results

3.1. Uncertainty

To assess uncertainty, the results include three main sources; exper-
imental uncertainty, statistical uncertainty and numerical uncertainty.
The experimental uncertainty (𝑢𝐸) is associated with the accuracy and
repeatability of measurements at model scale. The ITTC published a
procedure (ITTC, 2014) for calculating experimental uncertainty based
on the ISO-GUM guidelines (International Organisation for Standard-
isation, Guide to the Expression of Uncertainty in Measurements).
The ITTC procedures and guidelines define two types of experimental
uncertainty; Type A and Type B. Type A is derived from the uncertainty
of repeat measurements and Type B includes elemental uncertainties
pertinent to the sensors, calibration, data acquisition, processing and
analysis.

The statistical uncertainty (𝑢𝑊 ) is due to the variability of ambient
wave energy for a particular shipping route. The numerical uncertainty
(𝑢𝑅) is the numerical resolution of the statistical analysis, which in-
cludes the wave data temporal and spatial resolution, the basis data
resolution (i.e. wave frequency intervals) and the bin width for the
statistical analysis. The total uncertainty (𝑢) was evaluated as the sum
of uncertainties:

𝑢 =
√

𝑢2𝐸 + 𝑢2𝑊 + 𝑢2𝑅 (22)

In this case, the experimental uncertainty was estimated following
the method outlined by Bowker and Townsend (2022) which imple-
ments a Type A uncertainty using a Student’s t value (𝑡 = 2.92) and
a Type B sensor uncertainty (4.32%). The statistical uncertainty due
to yearly variation (𝑢𝑌 ) has been estimated for each shipping route
by calculating the overall efficiency gain for each year of wave statis-
tics, then evaluating the standard uncertainty with a 95% confidence
interval from 31 years of wave data (1979–2009):

𝑢𝑌 = 1.96 × 1
𝑁

𝑁
∑

(𝜂𝑦𝑟 − �̄�)2 (23)
7

𝑦𝑟=1
The same method has been used to estimate the standard uncer-
tainty for monthly or seasonal variation (𝑢𝑀 ) throughout the year using
the 31 year mean annual efficiency gain for each month and route:

𝑢𝑀 = 1.96 × 1
𝑁

𝑁
∑

𝑚𝑡ℎ=1
(𝜂𝑚𝑡ℎ − �̄�)2 (24)

The total standard uncertainty due to the statistical variation of
waves is then estimated as the sum of both the annual and seasonal
variation:

𝑢𝑊 =
√

𝑢2𝑌 + 𝑢2𝑀 (25)

The numerical uncertainty (𝑢𝑅) has been evaluated for the scatter-
gram bin width, which was estimated for each route by comparing high
(0.5 m, 1 s and 5 deg) and low (1 m, 2 s and 15 deg) resolutions for
31 years of wave data, during the month of January (selected to be
indicative of the remaining dataset):

𝑢𝑅 =
|𝜂ℎ𝑖𝑔ℎ − 𝜂𝑙𝑜𝑤|

2
(26)

An overview of the contributions from each type of uncertainty is
shown in Fig. 7, which highlights that the numerical uncertainty is
almost negligible (≈1%) compared to the experimental and statistical
uncertainty. The statistical uncertainty is shown to have the largest
contribution which is understandable given the variability of ambient
wave energy. The total uncertainty has been included in the results as
upper and lower bounds relative to the mean annual bow efficiency
gain, assuming a normal distribution.

3.2. Global assessment

Fig. 8 presents the projected efficiency gains due to bow foils for a
range of ship sizes from 75 m to 150 m length. Since the operational
envelope is governed by the wavelength to ship length ratio, the ideal
sea state is dependent on ship length.

The results highlight the dominance of ship length scale on the per-
formance of bow foils, particularly with respect to operational regions
across the globe. For example, it is predicted that bow foils would be
suitable on ‘Handysize’ and ‘Handymax’ bulk carriers (L = 130–200 m)
for voyages across the North Atlantic and Pacific Oceans and in the
Southern Ocean. Whereas, ‘Small’ bulk carrier (L = 75–125 m) could
operate with bow foils in regions with a short fetch, such as the North
Sea.
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Fig. 7. Contributions to overall uncertainty for each route (North Atlantic (N.A.), North Pacific (N.P.), North Sea (N.S.) and Mediterranean (Med)).
Table 3
Summary of annual mean bow foil efficiency gains and fuel reductions for each route, including estimated upper and lower bounds.

Route Ship Efficiency gain (%) Reductionb (t) Retraction

(Direction) casea Lower Mean Upper Fuelc Emissionsd (%)

North Atlantic (Eastbound) 4 0.31 1.19 2.06 −6.25 −19.47 68.31
North Atlantic (Westbound) 4 1.38 3.11 4.79 −17.63 −54.91 40.53
North Pacific (Eastbound) 4 0.47 1.06 1.63 −5.72 −17.81 74.30
North Pacific (Westbound) 4 1.41 3.43 5.40 −19.71 −61.38 36.21
North Sea (Eastbound) 2 0.21 0.94 1.67 −0.12 −0.39 74.90
North Sea (Westbound) 2 0.02 1.80 3.56 −0.24 −0.75 59.51
Mediterranean (Eastbound) 1 0.41 1.11 1.79 −0.42 −1.32 83.10
Mediterranean (Westbound) 1 0.43 1.75 3.05 −0.67 −2.10 74.63

aIn reference to Table 1.
bEstimated in tonnes per voyage as a seasonal average.
cSpecific fuel consumption = 190 g/kWh (from the reference value in MPEC.231(65)) (IMO, 2013).

dEmissions factor = 3.1144 CO2g/g fuel (from the reference value in MPEC.231(65)) (IMO, 2013).
3.3. Shipping routes

The following section presents the bow foil efficiency gain projec-
tions for the shipping routes outlined in Section 2.7. Table 3 sum-
marises the annual mean bow foil efficiency gain for each route with
upper and lower bounds from the uncertainty analysis. Table 3 also
contains the estimated mean reduction in fuel and CO2 emissions due
to the deployment of the bow foil, and presents the mean percentage
foil retraction for each voyage.

Figs. 9, 10, 11 and 12 present the seasonal and enroute variation in
efficiency gain and percentage foil retraction. The results show a sig-
nificant variation along the route and throughout the year, depending
on the seasonal weather patterns with up to 5% reduction in delivered
power.
8

4. Discussion

4.1. Global outlook

The global assessment shows that the ship length is the governing
parameter with regard to bow foil effectiveness, which highlights the
importance of matching the bow foil application to the ship type and
region of operation. In this generalised assessment the ship is assumed
to encounter waves from all headings with equal probability. However,
as shown in the ship route analysis, certain ship headings are preferable
due to prevailing wave systems and the results are therefore likely to
underestimate the efficiency gain for certain shipping routes.

For optimal application, the results show that the highest efficiency
gains could be attained in the Southern Ocean, which completes a full
circuit of the globe with no landmass to inhibit the development of
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Fig. 8. Global outlook for bow foil efficiency gain for increasing ship size (75 to
150 m).

large sea states. However, the shipping traffic in the southern ocean
is minimal and operating in this region is impractical. Both the North
Pacific and North Atlantic show promising results for 150 m ships and
reasonable efficiency gains could be achieved for small ships in short
sea zones such as the North Sea, the Sea of Japan and the Caribbean
Sea.

4.2. Variation

Fig. 13 presents a summary of the statistical variation of the aver-
aged bow foil efficiency results. Significant variation is observed with
respect to the time of the year (i.e. seasonal), the position along the
route (i.e. enroute) and the destination (i.e. east vs. westbound).

The seasonal variation generally results in higher efficiency gains
during the winter months (October to March) and lower efficiency gains
9

during the summer months (April–September), which is associated with
the prevailing global wave patterns in the Northern hemisphere. The
enroute variation provides an additional insight into the effect of local
wave patterns along the route, which is similar in magnitude to the
seasonal variations. The results show a clear mirroring of the efficiency
gain relative to the percentage foil retraction, which is shown to in-
crease as the ship approaches the destination port. This could be due to
local wave patterns, such as the ship predominantly sailing in following
seas (i.e. waves propagating towards the land) or that the fetch is
too short for an offshore wind to cause a fully developed sea. Local
weather factors are, therefore, shown to significantly affect the bow foil
effectiveness, which is particularly noticeable for the Mediterranean
Sea.

Furthermore, there is a consistent increase in the overall efficiency
gain when heading on westbound routes compared to the eastbound
routes, highlighted in Fig. 13. This is evident in the percentage foil
retraction due to following seas, which is consistently over 50% for an
eastbound route and consistently less than 50% for a westbound route.
For short sea regions, such as the Mediterranean Sea, the effect of ship
heading is reduced in comparison to the open ocean due to a more
evenly distributed wave direction.

There is also a significant variation in the results with respect to
the scale of the ship, which shows that higher overall efficiency gains
were predicted for the largest ship scale (Case 4) in comparison to the
smaller ship scales (Cases 1 & 2). This is partially associated with the
wave environment in the open ocean (i.e. North Atlantic and North
Pacific) in comparison to the short sea routes (i.e. North Sea and
Mediterranean). However, the results also show that the percentage
foil retraction due to the occurrence of sea conditions beyond the
operational envelope (Beyond OE) is significantly higher for smaller
ships (∼28%), in comparison to larger ships (∼7.5%). This contraction
of the operational envelope for smaller ship scales is a mathematical
function of scale which further highlights the importance of deploying
bow foils on ships that are most likely to operate in waves with an
encountered wavelength close to the length of the ship.

4.3. Probability of exceedance

Wave statistics have been implemented to determine the average
likely efficiency gain for a given route with consideration for foil
retraction, which represents zero efficiency gain and therefore acts to
reduce the overall average efficiency gain prediction. This does not,
however, give a representative measure of the bow foil efficiency gains
when the foil is deployed. To achieve this, the bow foil efficiency
gain was predicted for every sea state observed at each waypoint for
all routes from the entire 31 year WaveWatch III dataset (within the
bounds of the operational envelope). At intervals of half percent, the
resultant efficiency gain dataset was binned to generate a histogram
record which was then used to calculate the probability of exceeding a
particular efficiency gain whilst the bow foil is deployed. These results
are presented in Figs. 9(c), 10(c), 11(c) and 12(c) for the case study
routes.

The probability of exceedance provides a useful indication on the
bow foil effectiveness whilst deployed. For instance, the likely bow foil
efficiency gain for the North Atlantic westbound route is predicted to
be greater than 5% for 30%–50% of foil deployments.

4.4. Limitations

The presented methodology utilises realistic sea state and shipping
route information to derive global and route specific predictions on bow
foil efficiency gains and percentage foil retraction. Different configu-
rations, foil size, flapping characteristics and hull shapes would yield
variations in the overall predictions. Since the geometrical parameters
in this example are fixed in relation to the basis model scale data, it
was not possible to investigate the effect of different design parameters
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Fig. 9. Efficiency gain results for the North Atlantic route; (a) Monthly (b) Enroute (the shaded region represents the seasonal variation) and (c) Probability of exceeding an
efficiency gain when the foil is deployed (the shaded region represents experimental uncertainty).

Fig. 10. Efficiency gain results for the North Pacific route; (a) Monthly (b) Enroute (the shaded region represents the seasonal variation) and (c) Probability of exceeding an
efficiency gain when the foil is deployed (the shaded region represents experimental uncertainty).
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Fig. 11. Efficiency gain results for the North Sea route; (a) Monthly (b) Enroute (the shaded region represents the seasonal variation) and (c) Probability of exceeding an efficiency
gain when the foil is deployed.

Fig. 12. Efficiency gain results for the Mediterranean route; (a) Monthly (b) Enroute (the shaded region represents the seasonal variation) and (c) Probability of exceeding an
efficiency gain when the foil is deployed (the shaded region represents experimental uncertainty).
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Fig. 13. Statistical analysis of the bow foil efficiency gain for seasonal variation (based on the monthly data presented in Figs. 9, 10, 11 and 12 (a)) and for enroute variation
(based on the solid line presented in Figs. 9, 10, 11 and 12 (b)).
other than the effect of length scale. The methodology does, however,
provide a framework for the evaluation of prospective bow foil de-
signs, which could be expanded to perform parametric assessments by
utilising a basis dataset derived from numerical simulations.

Furthermore, the results are based on a passively spring loaded bow
foil system, which was designed to limit the relative angle of attack to
less than the dynamic stall angle of the foil. The bow foil could be opti-
mised using active control to maximise the resultant thrust, which has
been proposed to improve efficiency. The pitching mechanism of the
foil presents an interesting design consideration. Previous research has
investigated the use of fixed foils (Bockmann et al., 2018; Feng et al.,
2014; Huang et al., 2016), passively spring loaded foils (Bockmann
and Steen, 2014; Bowker and Townsend, 2022) and actively pitched
foils (Belibassakis and Politis, 2013; Belibassakis and Filippas, 2015;
Bockmann and Steen, 2014; Huang et al., 2016; Belibassakis et al.,
2022). In comparison to previous studies (Feng et al., 2014; Bockmann
et al., 2018), the foil size implemented for this assessment is relatively
large, which is considered beneficial for maximising efficiency but
costly for structural design and the feasibility of retraction. The results
provided in this article are therefore an indicative example of how the
method is implemented and does not represent that of a real design.

The aforementioned limitations refer to the basis dataset and not the
overall methodology, which is subject to several assumptions. The foil
deployment is defined by an operational envelope, which includes the
following assumptions; maximum wave steepness of 1/20, minimum
significant wave height of 1 m and zero bow foil effectiveness in fol-
lowing seas. These limits require further work to verify the assumptions
and the results will vary depending on the values set. The methodology
also contains several assumptions regarding the extrapolation of the
experimental dataset, which include the cos-squared relationship, the
linear spectral response and the response in short-crested waves. These
assumptions could be tested and improved using model scale tests in
irregular, short-crested and oblique waves. Except for the probability of
exceedance analysis, the current method assumes that the probability
of wave heading is representative of the entire dataset for a particular
location and is, therefore, independent of individual sea states. Further
work could increase the complexity by introducing joint probabilities
of sea state and wave direction (𝑃𝑂𝐶𝐶𝐻𝑠 ,𝑇 ,𝜒 = 𝑃𝑂𝐶𝐶𝐻𝑠 ,𝑇 ∩ 𝑃𝑂𝐶𝐶𝜒 ).
An additional assumption is that the foil retraction process is instanta-
neous, which is unlikely to be the case in reality and could involve some
speed loss or additional drag during the process. For future bow foil
designs, that have a detailed understanding of the retraction method,
a coefficient could be included in the current analysis to account for
such losses.
12
4.5. Practical considerations

The current methodology provides a useful guide on bow foil perfor-
mance with respect to ship length and the incident wave environment.
For future bow foil designs, this method could be expanded to consider
structural loading (i.e. cyclic fatigue), economic analysis and a range
of speeds.

The economic and structural considerations could be combined to
assess the compromise between maximising efficiency and retaining
structural integrity within the context of cost and profitability. This
could be achieved by expanding the current method to assess the cyclic
forces acting on the foil, in conjunction with a life-cycle cost analysis
tool, such as Bui et al. (2022). Although the process of foil retraction
has been resolved for small ships (Wavefoil, 2019), the engineering
challenges associated with larger systems require consideration in order
to realise the potential of deploying bow foils on larger ships such as
bulk carriers.

Further considerations include the ship speed, which in this case
is specific to the speed tested at model scale. Since the results follow
Froude scaling laws, each ship length corresponds to a full scale equiva-
lent ship speed, shown in Table 3. The results cannot consider a change
in ship speed which would shift the bow foil optimal wavelength to
ship length ratio and, therefore, the operational envelope. This is due
to a change in wave encountered frequency which is proportional to
ship speed. An expansion of the dataset for different ship speeds would
yield new transfer functions for the change in delivered power, creating
a parallel dataset that could be used to assess the effect of ship speed.

5. Conclusions

This paper presents a probabilistic methodology to predict bow foil
performance. A key outcome from the method is the ability to assess
bow foil performance worldwide for varying ship sizes and routes. The
ship length is shown to dominate the effectiveness of the bow foil
for different regions worldwide, which is principally associated with
matching the length of the ship to the most prevalent local encountered
wavelength. The results suggest that the most suitable conditions for
effective bow foil operation is in waves with an average encountered
wavelength similar to that of the ship length and a direction that
opposes the ship’s heading.

The results also show that the percentage foil retraction is a sig-
nificant factor in operating bow foils, due to seasonal and enroute
variation, and the relative wave direction. Given the adverse impact of
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foil retraction on the overall efficiency gains, it is recommended that
further research is focused on increasing the operational envelope of
bow foils to maximise effective utilisation at sea.

Bow foils have the scope for improvement through design optimi-
sation, particularly towards enlarging the operational envelope. Since
this method can also be applied to a numerical dataset (i.e. from
simulations), it could be used to optimise future bow foil designs for
specific ships and routes.
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