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Abstract
Increasing environmental requirements and a relatively long ship life of 30 years mean more attention is needed to retrofit
existing ships. One possibility is using hydrofoils to reduce the ship’s resistance and improve comfort and safety in rough sea
conditions. This study investigates the influence of retractable bow hydrofoils on the seakeeping performance and operational
conditions of a selected case study vessel (V-shaped bulbous bow). The methods used were full-scale computational fluid
dynamics (CFD) simulations and towing tank experiments for validation. The analysis was conducted for bow waves of
different lengths and a ship’s operating speed. The most beneficial effect of hydrofoils was observed for wavelengths from
λ/LWL = 1.0 to λ/LWL = 1.2. For the wavelength λ/LWL = 1.2, the reduction of heave motion was equal to 33%, pitch motion
was equivalent to 28%, and the reduction of wave-added resistance was equal to 25%. The analysis also showed unfavourable
conditions for which hydrofoil folding is needed to avoid causing an excessive increase in resistance. A generalized procedure
has been developed to assess the potential for resistance and motion reduction by retrofitting existing ships using hydrofoils.

Keywords Ship · Seakeeping · Retrofitting · CFD · Hydrofoils

1 Introduction

In recent years, there has been significant interest in rais-
ing the propulsive efficiency of ships and improving comfort
and safety. This is supported by the rapidly growing require-
ments for environmental protection. It is worth noting that
the working life of a ship is about 30 years. Therefore, to sig-
nificantly reduce emissions frommaritime transport over the
next 10–30 years,more attention should be paid to retrofitting
the existing fleet. One possibility worthy of attention is using
bow hydrofoils (analyzed here) to improve ships’ seakeeping
performance.

Multiple studies have been carried out to investigate the
application of hydrofoils in ships. In the early 1980s, a
Norwegian fishing vessel was equipped with two foils on
its bow. Additional thrust was produced, and pitching and
rolling reduction was observed (Berg 1985). Similar find-
ings were reported by Terao and Isshiki (1991), who carried
out tests on a full-scale fishing vessel. Belibassakis and
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Politis (2013) analyzed the hydrodynamic performance of
a flapping wing beneath the ship’s hull. Numerical results
presented the thrust the examined biomimetic system pro-
duced and the ship’s vertical motion reduction. Bøckmann
and Steen (2013) analyzed the experimental results with a
model with a fixed horizontal hydrofoil attached deep below
the bow. The foil resulted in a resistance reduction of up to
60% in regular head sea waves. The potential for extract-
ing a ship’s kinetic energy using a biomimetic wing with
active pitch control was studied (Politis and Politis 2014).
It was concluded that significant propulsion power might be
produced, and the stabilizing effect was also noted. Free sur-
face impact on the flapping foil performance was analyzed
by Filippas and Belibassakis (2014). Belibassakis and Fil-
ippas (2015) analyzed the coupling between ship motions
and flapping foil dynamics. Placing the wing on the bow was
beneficial regarding thrust generation. Bowker et al. (2015),
Bowker (2018) also studied the application of flapping foils.
The possibility of using the foils for propulsion and as the
device that transfers the wave energy to the power take-off
system was analyzed. The flapping foil stabilizers for the S-
SWATH vessel were investigated (Wang et al. 2016), and the
motion control model, coupled with the mathematical force
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model of flapping foils, was presented. Significant improve-
ment was observed in damping the heave and pitch of ship
motions in rough seas. The application of hydrofoil on a
selected wind farm support vessel was presented by Aktas
et al. (2016). CFD simulations have shown power savings of
up to 10%. Bøckmann and Steen (2016) analyzed the exper-
imental model with the wave foil attached to the vessel’s
bow. Depending on wave parameters, resistance reduction
varied between 9 and 17%, heave reduction varied between
11 and 32%, and pitchmotion varied from 11 to 25%. Sheng-
Wei et al. (2016) also analysed an active pitch-oscillating
fin. The free-running model showed energy savings of up
to 19%. Active flapping foils in deepwater heading waves
were analyzed by Xu et al. (2017). The benefits of apply-
ing hydrofoils for thrust generation and motion stabilization
were also discussed by Ahmed et al. (2017). A biologically
inspired hydrofoil plate installed on a catamaran was pre-
sented by Yasukawa and Ishikawa (2017). The concept of
retractable bow foils was analyzed (Bøckmann et al. 2018).
It was found that the application of retractable foils offered
22% of fuel-saving, in the most favorable case. A similar
study was presented by Chiu et al. (2018); however, the free-
running ship model was equipped with an actively controlled
bow foil. (Jiao et al. 2018) investigated the effects of semi-
submerged bow and fin on hull vertical motion stabilization
for high speed hybrid ships. They also developed improved
strip theory seakeeping algorithm, which considers the vis-
cous flow effects attributed to bow appendages. It is worth
noting that for the seakeeping analysis, the standard strip
theory method may be insufficient (Niklas and Karczewski
2020) and should be complemented by other methods. In
particular, the full-scale CFD-RANS method can be used,
i.e. (Niklas and Pruszko 2019a) compared two hull forms,
(Huang et al. 2021) analyzed ship seakeeping behaviour in
the bi-directional cross wave (Niklas and Pruszko 2019b)
showed a supporting role for towing tank testing. In Bowker
(2018), the dynamics between vessel and foil in waves were
studied. The influence of a foil’s location and size, favourable
hull dimensions, and optimum wavelength for the highest
efficiency of propulsion were investigated. The influence of
fixed tandem hydrofoils on the motions of catamaran ships
in regular head waves and low forward speed was analyzed
(Wang et al. 2019).Also, the stern flap effect on a catamaran’s
seakeeping characteristic was investigated by Wang et al.
(2020). A dual-flapping foil system was analyzed using a
2D parametric study by Moreira et al. (2020). The effect of
flexibility on the propulsive performance of a heaving hydro-
foil was presented by Li et al. (2021). The highest values of
propulsive efficiency were indicated for the analyzed condi-
tions. The seakeeping analysis of a small catamaran equipped
with hydrofoils was numerically analyzed by Suastika et al.
(2021). A major positive effect of the hydrofoils on reducing
ship motions was noted. A wave foil with a passive angle of

attackwas investigated byZhang et al. (2022). Twowave foils
were analyzed deep below the ship’s bow and stern-mounted
on long arms. The analysis showed that the wave foil can
extract wave energy to propel the ship and reduce the pitch
motion of the ship. The propulsion and energy harvesting per-
formance of a pitching foil without a hull was investigated
by Wang et al. (2022). For specific conditions, high energy
harvesting efficiency was obtained. The experimental inves-
tigation of the control strategy of a T-foil for increasing the
seakeeping performance of a high-speed trimaran was pre-
sented by Jiang et al. (2022). The towing tank tests showed
that the hybrid control strategy effectively reduced the hull
motions. Stark et al. (2022) indicated that the hydrodynamics
of the ship’s hull could be improved by using different foils
in the bow or stern region.

Summarizing the recent studies, improving a ship’s sea-
keeping performance through hydrofoils is an actual research
topic being developed in various aspects. At the same time,
a relatively small number of papers have examined the most
common monohull form, a V-shaped bulbous bow. Difficult
operating conditions (North Sea, Baltic Sea), specifically
steep waves, are also relatively rarely analyzed. The pre-
sented work also uses a foil type with a small aspect ratio
and relatively small size, which is much easier and cheaper
to implement practically compared to most of the solutions
discussed in the literature review. From the perspective of
modernizing the existing fleet, this is a significant gap to fill.
Also, the capabilities of the Full-scale CFD method have not
yet been used to thoroughly analyze the hull-foil interaction
with fluid viscosity and free surface effect. Some new aspects
are analyzed using the full-scale CFD-RANS method: the
time history of thrust and lift force generated by hydrofoils,
the time history of bow accelerations, the occurrence of the
dynamic stall and the emergence of hydrofoil from the water.
It has provided amore detailed insight into the hydrodynamic
behaviour of a shipwith retractable fixed-angle hydrofoils on
the bow.

2 Aim and scope

The study aimed to investigate the influence of retrofitting
in the form of retractable fixed-angle bow hydrofoils on the
seakeeping performance of a selected case study vessel and
its operational conditions. The research demonstrates the
potential of retrofitting an existing vessel to reduce the ship’s
resistance and motions. It was assumed that the hydrofoils
can extend and retract in the hull depending on operating
conditions, particularly the sea state. A hypothesis is pro-
posed: it is possible to determine the operating conditions
forwhichbowhydrofoils are beneficial by applying full-scale
CFD simulations. That is the condition for which simultane-
ous reductions of total hull resistance, pitch, heave motion,
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Fig. 1 Body lines of the case study ship

and vertical acceleration are obtained. At the same time, the
research is intended to determine conditions under which the
presence of hydrofoils is unfavourable. A generalized proce-
dure has been developed to assess the retrofitting of existing
ships by adding hydrofoils. The method was successfully
applied to the selected vessel.

The scope of the research was as follows. At first, calm
water analysiswas conducted for a speed range of 5–15knots.
Then, the seakeeping analysis was performed by employing
full-scale CFD-RANS simulations for the model with and
without the hydrofoils, for the Froude number FN = 0.23,
corresponding to the ship’s operational speed of 10.4 knots
and for a wide range of wavelengths. Furthermore, towing
tank testswere performed for the related conditions butwith a
limitedwavelength range to gain validation data. The applied
full-scale CFD simulation technique enabled the investiga-
tion of the influence of fixed bow hydrofoils on the added
wave resistance, heave, pitch, and vertical hull accelerations
for selected operational conditions.

3 The case study vessel and the hydrofoils

The research and training vessel ‘Nawigator XXI’ (IMO
9161247) was chosen. She has a conventional hull form with
a V-shaped bow section and flare, a bulbous bow, and a tran-
som stern. The body lines of the ship are presented in Fig. 1.
The main operational sites of this ship are the Baltic Sea and
the North Sea, characterized by short and steep waves. The
ship crew reports that for sea states above3–4, significant ship
motion causes seasickness in people on board. Her real-life
seakeeping performance is much worse than expected and
calculated using the strip theory method (Niklas and Kar-
czewski 2020). The seakeeping performance determined by
full-scale CFD and measured in a towing tank exposed low
seaworthiness (Niklas and Pruszko 2019a). Therefore, it is
advisable to study the effect of retrofitting in the form of bow
hydrofoils on the seakeeping performance. It was determined
that the simplest form of hydrofoils was desirable.

Table 1 Main data of the case study ship

Name Nawigator XXI

IMO no 9161247

Volume of displacement D (m3) 1110

Waterline length LWL (m) 55.68

Length between perpendiculars Lpp (m) 54.13

Breadth B (m) 10.5

Draught Tmidship (m) 3.14

Longitudinal center of buoyancy LCB (%) 47

Wetted Surface A (m2) 677

Waterplane Area AWL (m2) 466.13

Block coefficient CB (–) 0.607

Moreover, a fixed angle of attack and the ability to extend
and retract into the hull was required (Table 1). According
to the wave global statistics, the most frequently occurring
weather conditions in the Baltic Sea and the North Sea are
waves with a significant height between 1 and 2 m and a
zero-crossing period between 4 and 7 s. The corresponding
wavelength is between 30 and 70 m. Thus, the wavelength-
to-ship length ratio is between λ/LWL = 0.6 and λ/LWL =
1.3.

The use of hydrofoils in the analyzed case study vessel
reduces vessel motions and added wave resistance. Gener-
ating a possible thrust force on the foils is assumed to be
less critical. The parameters of hydrofoils, like type, shape,
dimension, position, and angle of attack, were selected based
on preliminary research and the literature review. The pro-
file selection from the NACA catalogue was dictated by the
availability of results describing the hydrodynamic prop-
erties of the foils and by meeting the following selection
criteria. Firstly, it was to be a symmetric profile because
of the symmetric character of oscillatory ship movements.
The choice of profile NACA 0010 was based on the desire
for low resistance. The span dimension resulted from the
practical applicability criteria of the vessel (space available).
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Table 2 Main data of the hydrofoil

Profile [–] NACA0010

Span (tip to root) [m] 3

Chord [m] 2.8

Aspect Ratio AR [–] 1.1

Area AFOIL [m2] 8.35

Position from FP [m] 0.95

Volume of the hydrofoil [m3] 1.3

Fig. 2 Model overview of the ship’s geometry with the hydrofoils

The chord dimension resulted from the minimum hydrofoil
area needed for pitch movement suppression and keeping the
aspect ratio above 1. As a result, the foil span was equal to
3 mwith an area of 8.35 m2, which resulted in an aspect ratio
of AR= 1.1. The foil chord was equal to 2.8 mwith no taper-
ing. The position of the hydrofoil along the ship was dictated
by the desire to place it as far as possible towards the ship’s
bow. This increased the vertical force the arm generated on
the foil, suppressing a pitch movement. It was placed 0.95 m
behind the fore perpendicular to integrate it into an exist-
ing hull form. The total foil area was 16.7 square meters,
which gives the ratio between the wing area and the ship
waterplane area of 3.6%. In the analyzed case, the hydrofoils
have changed the ship’s displacement by 0.2%, which has a
minor influence on trim and sinkage. The foil data are sum-
marized inTable 2.Overall the hydrofoil type anddimensions
can provide relatively easy application in terms of standard
materials and low cost. If the budget for a potential retrofit
of the vessel allows, a more complex process of selecting the
type and dimensions of the hydrofoil with consideration of
an optimization process is recommended.

Figure 2 presents the overview model of the case study
ship with the hydrofoils.

4 Full-scale CFD simulations

4.1 Numerical model

Simulations were performed using an unsteady RANS
approach. The fluid flowwas simulated as three-dimensional,
viscous, unsteady, and turbulent. The finite volume method
was applied to solve the governing equations of mass and
momentumconservation, and Star CCM+ softwarewas used.
Two different set-ups of numerical simulations were applied:
calm water and seakeeping computations. The differences
included mesh, temporal discretization, and computational
domain size.

In principle, the finite volume method is based on dis-
cretizing the entire numerical domain by the computational
grid and solving the conservation equation in integral form
in each mesh cell of the computational domain. Discretiza-
tion of the numerical domain means dividing it into a finite
number of control volumes. The control volume boundaries
define those control volumes (CV). Inside each CV is a com-
putational node. Depending on the problem, the CV can
be two- or three-dimensional. The surface and volume inte-
grals must be approximated to obtain the algebraic equation
for the particular control volume (Ferziger and Peric 2002).
The conservation equation governs each mesh cell’s mass,
momentum and energy conservation and the entire domain.
Moreover, for various problems, the discretization of the
conservation equation canbedoneonly in space (steadyprob-
lems) or space and time (unsteady flow).

The Reynolds-averaged Navier stokes equation is one of
the most popular approaches to turbulent model flow next to
detached Eddy simulations and large Eddy simulations. It is
widely used because of its reasonable computation time and
good accuracy. One of the consequences of turbulent flow
is the presence of numerous eddies of different scales near
the ship’s surface. Neither small nor big eddies are directly
resolved in the RANS approach, but their average effect
on the flow is modelled. The process of averaging causes
an additional, previously unknown term—Reynolds stress-
es—to appear in the equations, written as follows:

∂(ρui )

∂x j
= 0, (1)

∂(ρui )

∂t
+ ∂

∂xi

(
ρuiu j + ρu ′

i u
′
j

)
= ∂ p

∂xi
+ ∂τi j

∂xi
, (2)

where p is pressure, ρ is the fluid density, ρu
′
i u

′
j are Reynolds

stresses, u′
i are the averaged components of the velocity vec-

tor in the Cartesian system of coordinates, and τ ′
i j are the
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Table 3 The set-up of the CFD domain for calm water simulations

Boundary Position Boundary
Condition

Inlet 2.12 Lpp in front of a ship Velocity
inlet

Outlet 2.2 Lpp behind a ship Pressure
outlet

Symmetry Symmetry plane of a ship Symmetry

Side 2.2 Lpp from symmetry plane Velocity
inlet

Top 1.5 Lpp above the free surface Velocity
inlet

Bottom 2.0 Lpp below the free surface Velocity
inlet

mean viscous stress tensor components (defined as follows):

τi j = μ

(
∂ui
∂x j

+ ∂u j

∂xi

)
. (3)

The Reynolds stresses tensor needs to be resolved using a
turbulence model to close the new system of equations. Over
the years, many turbulence models have been defined, and
it requires some knowledge and experience from the user to
choose and specify them correctly. In this case, the k-ε was
selected for the calm water and the seakeeping simulations.

Two degrees of freedom were released—rotations about
the Y-axis, resulting in pitching motions, and translations
along the Z-axis, resulting in heave motions. The remaining
four degrees were restrained. The DFBI (dynamic fluid body
interaction)modelwas applied to compute the ship’smotions
due to acting fluid forces. The solver allows computation of
the motions of a rigid body by integrating pressure and shear
forces over the body’s surface. The solver iteratively finds a
new hull position after the translational motion and angular
rotation of a body’s center of mass. A surface-capturing VOF
(volume of fluid) model was applied to capture the interface
between phases. The model can find the actual position of
the free surface based on the information on the percentage
amount of phases in each cell. The interface is set for cells
where the air and water percentage equals 50%. The follow-
ing sections describe the differences in the numerical settings
for simulating the calm water and the seakeeping analyses.

4.1.1 Calm water

For the calm water simulations, a single-volume mesh was
applied. The position of outside boundaries of the numerical
domain, with prescribed conditions, is described in Table 3.
The domain size and ship position were specified to avoid

reflection from the side and downstream boundary and cap-
ture the Kelvin wave pattern. Additionally, numerical wave
damping was applied to minimize the reflections of waves
on the side and outlet boundaries. Standard refinements in
the free surface, the wake, and near the hull were used. The
numerical model set-up was similar to the one presented, dis-
cussed, and analyzed in detail in (Niklas and Pruszko 2019b).

Moreover, because of the presence of hydrofoils, partic-
ular surface refinement was applied in the simulations to
reproduce the leading and trailing edge of the wing correctly.
The prism layers were used in the closest proximity to the
hull surface. The value of the non-dimensional distance to the
wall y+ was between 50 and 200, which means that the wall
function was applied to resolve the boundary layer’s velocity
profile. The total number of volumetric cells was equal to 2.1
million and 2.6 million for simulations without and with a
wave foil. Figure 3 presents the numerical mesh applied for
calm water simulations.

A second-order upwind numerical scheme was used for
the spatial discretisation convection term, and a first-order
scheme was used for temporal discretization. For calm water
simulations with a wave foil, the time step varied according
to the speed of the vessel to obtain a sufficiently low Courant
Number, which is defined as:

C = u�t

�x
. (4)

In this equation, u stands for the fluid velocity, �t is the
time step size, and�x is the volume element size. This num-
ber represents the number of cells fluid particles travel to
within one step. It is assumed that it is sufficient for naval
applications in calm water simulations to keep the Courant
Number below 10.

4.1.2 Regular wave for the seakeeping analysis

The fifth-order Stokes wave model was used to represent the
conditions of incoming regular head waves. A probe was
placed in front of the bow to monitor the free surface eleva-
tion, which enabled control of the actual wave parameters
affecting the ship. The overset mesh technique was used
because of the expected significant vertical motions of the
vessel. This approach is based on the principle that numeri-
cal mesh can be divided into two separate regions: the overset
and the background region, marked in Fig. 3. The former is
placed close to the hull and allowed to translate and rotate
freely, according to the computed 6 DOF body motion in the
stationary background region. The transport of scalar values
between the two areas occurs, which is crucial for the stabil-
ity of computations and accuracy of the results to ensure that
the size of the elements for the two regions is similar at their
interface.
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Fig. 3 General view of the finite volume mesh used in the simulation on calm water without the foil (left) and with the refinement of the hydrofoil
surfaces (right)

Fig. 4 The finite volume regions
and the size of the computational
domain used in the seakeeping
simulations

Overset 
region

Background 
region 0.95 L

1.8 L

Velocity 
inlet

Bottom – Velocity inlet

Pressure 
outlet

Top – Velocity inlet

L 1.5 L2L ~ 3L

Depending on the wavelength, the domain size was more
significant for the seakeeping simulations. The upstream inlet
boundary was positioned at 1.5 LPP in front of the ship’s
bow for all the simulations. The top and bottom boundaries
were set at a distance of 0.95 L and 1.80 L away from the
free water surface, respectively, as shown in Fig. 4. The dis-
tance between symmetry, boundary, and side boundary varied
between 1.5 L (for short waves) and 2.0 L (for long waves).
The distance from the ship and downstream pressure outlet
boundary ranged from 2 to 3 L for long waves. The dimen-
sions of the overset region were: 1.13 L long, 1.15 B wide,
and 1.6 H high. As specified in Table 3, the velocity inlet
conditions were prescribed to the side boundary of the com-
putational domain.

A different modelling approach (from the one applied in
the calm water simulations) was used to avoid the unde-
sired reflections from the outlet and side boundaries. The
wave force was applied instead of damping. The difference
between those approaches is that the free surface elevation
next to the boundaries is modified to follow a specified wave

profile instead of a flat wave. To select proper forcing coeffi-
cients, open-source code was used, according to the detailed
description published by Perić and Abdel-Maksoud (2018).

It was noted that the second-order implicit numerical time
scheme has very high requirements regarding the time step
to ensure the stability of the computations. Based on the
authors’ experience and previous calculations, it is believed
that the biggest challenge is in cases where the ship length
is close to the wavelength. To make sure that a less demand-
ing first-order scheme can produce accurate results, the time
step dependence study was carried out for the case study
ship sailing at a speed of 10.4 knots on a regular head wave
of 1.5m and a period of 6.5 s, which corresponds toλ/LWL =
1.19. The second-order converged solution required the time
step �t = 0.001, and it corresponded to 6500-time steps per
period of encounter. For the first-order temporal discretiza-
tion, the time step equal to �t = 0.0025 was sufficient for
the stability of the computations. The calculated relative dif-
ference of pitch, heave, and total resistance allowed us to
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Fig. 5 Mesh refinement of the free water surface at the overset region
and the hydrofoil refinement at the FP cross-section

conclude that, despite some damping, this accuracy is accept-
able. The differences in the results (namely pitch, heave, and
total resistance amplitudes) do not exceed 5%. The numer-
ical mesh and domain used for the seakeeping study were
similar to those described in Niklas and Pruszko (2019a). In
that paper, the seakeeping performance of the case study ves-
sel was assessed for a regular head wave with a broad range
of wavelengths, the wave height equal to 1.95 m and vessel
speed Fn = 0.11 and Fn = 0.22. Some of the findings from
that investigation were applied in the current study. Special
care was taken to refine the mesh properly around the wave
foil. In Fig. 4, the transverse cut at the position of the foil is
presented with the free surface and the overset region refine-
ment. The total number of elements varied according to the
wavelength andwas between 4.7 and 7.5Mcells (Fig. 5). The
number of cells in the overset region varied between 1.6 and
2.2 M, whereas it was between 3.2 and 5.4 M for the back-
ground. The verification study of the numerical model of the
vessel without hydrofoils was presented in detail in Niklas
and Pruszko (2019a). Therefore, it has not been duplicated
here.

However, an additional verification study was conducted
for the vessel equipped with hydrofoils. The verification
study was performed for three meshes and selected wave-
length equal to λ/Lpp = 1.199. A factor systematically
reduced the base size of the mesh

√
2 resulting in a total

element count equal to 3.5 M, 8.5 M and 20 M of elements
for coarse, medium and fine meshes, respectively. Figure 6
shows the results of the verification study.

The verification study was conducted based on the ITTC
guidelines (ITTC 2017). The verification analysis indicated
that for resistance and motions, monotonic convergence was
obtained since the convergence ratio RG was equal to 0.403,
0.431 and 0.801 for total resistance, pitch amplitude and
heave amplitude, respectively. The corrected simulation solu-
tion SC was equal to 83.48 kN for total resistance on waves,
2.25 deg for pitch motion amplitude and 0.384 m for heave

amplitude, giving the mesh uncertainty equal to 2.2% for
resistance, 0.9% for pitching motion and 2.5% for heave
motion. For further calculations, medium fidelity mesh was
chosen to offer a good compromise between accuracy and
computation time.

4.2 Towing tank experiments for validation
of the numerical model

The calculations were validated against a towing tank exper-
iment conducted at a 1:25 scale in the Gdansk University
of Technology hydrodynamics laboratory. The model basin
was 40 m long, 3 m deep, and 4 m wide and equipped with
a towing carriage with a maximum speed of 2.5 m/s and a
wave generator capable of producing a regular sine wave and
irregular wave spectra, including Pierson-Moskovitz, JON-
SWAP, and ITTC. The towing tank was also equipped with
a standard damping beach. The wave probe monitored the
wave parameters. The ship model was ballasted according to
draft marks, and the moment of inertia was adjusted using a
pendulum method. The model was attached to the carriage
by a single towing post that allowed it to pitch and heave.
The remaining degrees of freedom were restrained. The total
resistance, vertical motions, and accelerations at the fore and
aft perpendiculars were measured during the run. The data
acquisition frequency was equal to 100 Hz. Figure 6 shows
the model during testing.

The experimental results presented in this paper consist
of four series:

• Series 1—calmwater experiment for a shipmodel as-built.
• Series 2—calm water experiment for a ship model
equipped with the wave foil.

• Series 3—seakeeping experiment on the regular headwave
for a ship model as-built.

• Series 4—seakeeping experiment on the regular headwave
for a ship model equipped with the wave foil.

For calm water in Series 1, the range of speeds for which
the model was tested was 0.5 m/s to 1.6 m/s and 0.1 m/s
increments. The range ofReynold’sNumberwas between 1.1
×106 and 3.3 106, and the trip wire was installed in the fore
section of the model to ensure the turbulent flow on the ship’s
surface. There was no turbulence stimulation on the foil, but
the foil was 3-D printed, resulting in an excellent rough sur-
face. The effect of hull roughness was included in the towing
tank testing, and the roughness allowance�CF was included.
The presented case was calculated based on Bowden–Davi-
son formula. Hull roughness, according to ITTC (2017), was
assumed to be kS = 150 μm, thus �CF = 0.821·103. The
measurement uncertainty was estimated based on the ITTC
recommendations, equal to 2.5% for the lowest speed case.
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Fig. 6 The mesh sensitivity study
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The seakeeping experiments of Series 3 were made for
two speeds, corresponding to Froude numbers FN = 0.11
and FN = 0.22. The wave height was constant during the
experiment and was equal to 0.078 m, corresponding to the
value of 1.95 m at full-scale. The wavelength was picked
so that it results in encounter frequency equal to a ship’s
natural heave motions frequency for a given speed. The nat-
ural heave frequency of the ship was estimated according to
the formula: ω3 = √

C33/(m + A33), where C33 =ρgAW is
a heave restoring force, and AW is a waterplane area. The
coefficient A33 can be approximated as m, the ship’s mass.
The natural heave frequency of the case study vessel esti-
mated by the formula was fn = 0.22 Hz, and the encounter
frequency was equal to fe = 0.21 Hz. It corresponded to val-
ues of Lpp/λ equal to 0.87 for a speed of 5 knots and 1.19
for a speed of 10 knots. The wavemaker generated a sine
wave with prescribed parameters. The probe located 15 m
from the wave generator recorded the free surface elevation.
According to findings from Niklas and Pruszko (2019a), for
the speed of v = 5 knots, the added resistance coefficient
is in very good agreement with the experimental data (7%
difference)—see Table 6. However, the value of the heave
transfer function was overestimated by 16%, and the value
of the pitch transfer functionwas underestimated by 12%.For
the speed v = 10 knots, the heave and pitch transfer func-
tions correspond to the experimental data very well (2% and
3%, respectively). However, the calculated added resistance
coefficient was underestimated by 36%. The performed CFD
simulations are in good agreement with the experimental
data. Therefore, it was decided that similar numerical mod-
els will be used in the presented study of the influence of the
wave foil on the ship response.

Experiments were performed in Series 2 and Series 4 for
comparison purposes and to gain additional validation data
for the numerical model of a hull equipped with wave foils.
The towing tank tests were carried out in the same facility,

analogically to Series 1 and Series 3. The matrix of param-
eters for the experimental cases of all series is presented in
Table 4.

The calm water experiments were conducted for the
Reynolds number range between 1.1 × 106 and 3.3 ×106,
and the Froude Number was between 0.11 and 0.33. The
results were extrapolated to the full scale using the ITTC-
78 procedure using the ITTC-57 skin friction line and then
compared to full-scale CFD simulations. The model’s form
factor was obtained using the Prohaska method. The calm
water experiments of Series 1 and Series 3 were compared to
the results of full-scale CFD simulations in Fig. 5. The test-
ing on regular head waves was performed for vessel speeds
corresponding to FN equal to 0.23 (10.4 knots for a full-scale
ship) and three wavelengths. These waves were estimated to
reach near resonance conditions and are the most demand-
ing cases. A similar approach was used by Simonsen et al.
(2013). The heave and pitchmotions and total resistancewere
measured during the experimental study. To compare these
results with full-scale seakeeping simulations, theywere nor-
malized to obtain each experimental case’s added resistance
coefficient, heave and pitch transfer functions. The added
resistance coefficient σaw was computed according to the
formula:

σaw = Fxwave − Fxcalm
ρgζ 2

I1B
2/LPP

. (5)

In the denominator, the symbols being used were: water
density ρ, acceleration due to gravity g, and first harmon-
ics of the wave elevation time history ζI1, which means the
wave amplitude, beam B, and length between perpendic-
ulars LPP of the ship. The calm water resistance Fx, calm

can be extracted from the resistance on the waves Fx, wave.
Both Fx calm and Fx wave were measured in the x-axis direc-
tion. Fx wave was calculated using the Fourier Series, which
enables the analysis of the force–time history. Each record of
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Table 4 The experimental cases
of the model-scale tests on calm
water and regular wave

Series/case
number

Speed v
[m/s]

Froude number FN
[–]

Wave height H
[m]

Period T [s] Relative
wavelength
λ/LPP [–]

1-1 0.50 0.107 Calm water

1-2 0.60 0.128

1-3 0.70 0.150

1-4 0.80 0.171

1-5 0.90 0.193

1-6 1.00 0.214

1-7 1.10 0.235

1-8 1.20 0.257

1-9 1.30 0.278

1-10 1.40 0.300

1-11 1.50 0.321

1-12 1.60 0.342

2-1 0.50 0.107 Calm water

2-2 0.60 0.128

2-3 0.70 0.150

2-4 0.80 0.171

2-5 0.90 0.193

2-6 1.00 0.214

2-7 1.10 0.235

2-8 1.20 0.257

2-9 1.30 0.278

2-10 1.40 0.300

2-11 1.50 0.321

2-12 1.60 0.342

3-1 0.51 0.11 0.078 0.87

3-2 1.02 0.22 1.19

4-1 1.07 0.23 0.06 1.195 1.001

4-2 1.300 1.199

4-3 1.366 1.324

a time-dependent periodical quantity ϕ may be approximated
by Eq. (6).

ϕ(t) = ϕ0 +
N∑

n=1

ϕncos(2π fent + γn), n = 1, 2, 3, . . .

(6)

where ϕn and γ n are the nth harmonic amplitude and corre-
sponding phase, respectively, to calculate the total resistance,
the 0th harmonic needs to be calculated from Eq. (7). This
corresponds to the average value of resistance time history
(Tezdogan et al. 2015).

ϕ0 = 1

T

∫ T

0
ϕ(t)dt . (7)

The heave and pitch transfer functions are expressed by
Eqs. (8) and (9):

T Fx3 = x31
ζI1

, (8)

T Fx5 = x51
kζI1

. (9)

k means the wave number and the product kζI1 is the wave
slope. For the numerical simulations and towing tank exper-
iments, at least ten periods of ship motion were analyzed
after signal stabilization to compute the mean value of the
ship response amplitudes and the total resistance.
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Table 5 Simulation cases of the full-scale CFD on calm water and regular wave

Case number Speed v [kn] Froude number FN [–] Wave height H [m] Period T [s] Relative wavelength λ/LPP
[–]

Remarks

1 5.0 0.11 Calm water

2 7.0 0.15

3 9.0 0.20

4 10.4 0.23

5 12.0 0.26

6 13.0 0.28

7 15.0 0.33

8 10.4 0.23 1.5 5.975 1.001

9 6.500 1.199

9a 6.500 1.199 + 50 AoA

9b 6.500 1.199 − 50 AoA

10 6.830 1.324

11 7.165 1.439

12 7.570 1.606

13 8.360 1.959

Fig. 7 Model with hydrofoils prepared for towing tank testing

4.3 Simulation cases for model scale CFD:
seakeeping validation study

The validation study was performed in the model scale
for three selected cases, representing the most challenging
conditions of dynamic ship motions in close to resonance
conditions and significant wave loads.

The validation scope compared total resistance on waves,
heave and pitch motion for wave lengths λ/LPP = 1.001,
λ/LPP = 1.199 and λ/LPP = 1.324 and model speed equal
to 1.07 m/s. The wave height was equal to 0.06 m. There-
fore, those conditions corresponded to cases 4-1, 4-2 and 4-3,
presented in Table 4.

The validity of the model without hydrofoils was already
proven, and here the focus is on the validation of ship motion
and resistance solely for the ship with hydrofoils.

4.4 Simulation cases for the full-scale CFD

Simulations on the regular head wave were performed for
a wave height equal to 1.5 m, corresponding to sea state 4
on the Douglas scale. The vessel’s speed was equal to 10.4
knots (FN = 0.23). The simulations were performed for a
wide range of wavelengths while keeping the wave height
constant. Similar cases were analyzed for the vessel in an
‘as built’ condition and equipped with wave foils. At first,
the calm water simulations were performed to calculate the
added resistance from the total resistance in the second stage
of the analysis. The calm water simulations were performed
for the range of FroudeNumber FN = 0.11 to FN = 0.33 (ship
speed from 5 to 15 knots) for both models: with and without
wave foils. The analyzed numerical simulation cases are pre-
sented in Table 5. The influence of the hydrofoil angle was
also checked for the selected wavelength (λ/LPP = 1.199).
The angle of attack (AoA) equal to + 5 degrees and − 5
degrees corresponds to Case 9a and Case 9b, respectively.
The remaining simulations were performed for the angle of
attack equal to 0 degrees.

5 Results and discussion

5.1 Calmwater

The ship model’s resistance on calm water was analysed to
determine the added resistance in the later analyzed wave
design cases. The results of numerical calculations and
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Fig. 8 Total resistance of the ship
in calm water, with and without
the hydrofoils, as determined by
towing tank experiments (EFD)
and full-scale CFD simulations
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Fig. 9 Comparison of pressure distribution on hull surface without and
with the hydrofoil at a speed of FN = 0.26

experimental tests for the ship model, with and without a
hydrofoil, are shown in Fig. 7. On the right axis, the drag of
the hydrofoil itself was plotted. This comparison aimed to
validate the computations and assess the influence of wave
foil on the value of the ship’s total resistance on calm water.

According to Fig. 7, and as expected, the presence of a
hydrofoil significantly increases the calm water resistance,
which agrees with experimental results. This is also in line
with the conclusions indicated by the other authors men-
tioned in the literature review presented in Sect. 1. Adding
a fixed hydrofoil in the bulbous bow section increased the
total hull resistance by 17% for low-speed cases, referring
to Froude Numbers between FN = 0.11 and FN = 0.15 (a
speed of 5 knots and 7 knots). The rise of total resistance
for a speed of FN = 0.20 and FN = 0.23 (9 knots and 10.4
knots) was equal to 21%. For the speed of FN = 0.26 (12

knots), it was 24%. The shear drag increased by 4–6% for all
cases; however, the pressure resistance increased by around
40%. For the calm water simulation, the uncertainty analysis
and verification of the numerical model were presented in
Niklas and Pruszko (2019b) and are intentionally not repro-
duced here. Very good agreement was obtained between the
experimental and numerical results. Except for the speed of
5 knots (when CFD underestimated the total resistance by
17%), the remaining speed differences were smaller than 4%
and for a design speed of 10.4 knots, it was equal to 1.28%.
It is interesting to see the decrease of the hydrofoil drag with
the increasing speed. The first reason is that the vessel trim
angle changes from 0.5 degrees bow down for a speed of 5
knots to 0.2 degrees bow down for 13 knots. The pressure
drag component for higher speed is negative—producing the
thrust force.However, it does not suppress the hydrofoil shear
resistance.

The interaction between the hull and hydrofoilwas investi-
gated to identify the reason for increased resistance. Figure 8
compares the pressure distribution on the hull surface for a
ship without and with a hydrofoil at a speed of FN = 0.26 (12
knots).As expected, a high-pressure area occurred around the
foil (Fig. 9).

In addition, the influence of a hydrofoil on thewavepattern
was checked. The comparison of free surface elevation for
the ship’s speed of FN = 0.26 (12 knots) is presented in
Fig. 10. Slightly higher bow waves can be observed for the
bulbous bow equipped with the hydrofoil. The flow direction
around the bulbous bow causes suction on the bottom side,
whereas the top surface of the foil is a higher pressure side.
A high bow wave resulted in a more significant elevation of
divergent waves.

123



778 Journal of Ocean Engineering and Marine Energy (2023) 9:767–788

Fig. 10 Wave pattern for the ship speed of FN = 0.26 for the ship ‘as
built’ (top half) and equipped with the hydrofoils (bottom half)
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Fig. 11 Comparison of wave elevation—validation study

5.2 Regular wave–validation study

To monitor the parameters of the incoming waves for CFD
simulations, the position of the free surface was tracked in
front of the model bow. Figure 11 presents the comparison
of the time history of the wave elevation for CFD and EFD
for the wavelength λ/LWL = 1.2. During the towing tank
experiments, the wave probe was fixed to the tank wall at
a distance of ¼ basin length away from the wave genera-
tor. Therefore, to compare wave elevation in the CFD and
EFD, obtained results are presented concerning the period of
encounter t/Te.

In Fig. 12, the comparison of the heave transfer function
obtained from the towing tank experiments and model-scale
CFD seakeeping simulations for three different wavelengths
is presented. The validation was carried out for the model
equipped with the bow hydrofoil. For wave λ/LWL = 1.01,
the values of heave transfer functions obtained by EFD are
smaller than the CFD results. A very good agreement is
obtained for the medium wave, and CFD under-predicts
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Fig. 12 Comparison of heave transfer function—validation study
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Fig. 13 Comparison of time history for heave motion for the λ/LWL =
1.2

heave motion amplitude for the most extended analysed
wave. The uncertainty of heave motion amplitude obtained
by towing tank test was equal to 9%, 5% and 6% for the
shortest, medium andmost extendedwaves, respectively. For
CFD, those values were equal to 5%, 2% and 2%. The error
bars were included in the plot.

Figure 13 presents the time history of the heave motion
obtained numerically and experimentally for the λ/LWL =
1.2. It can be seen that good agreement between the experi-
ment and simulations was obtained.

The pitch transfer functions are presented in Fig. 14. It
can be seen that the numerical simulations in the model
scale over-predicted the pitch motions for the entire range
of analyzed wavelengths. The agreement between experi-
mental and numerical results improves as the wavelength
increase. Good agreement was achieved for the wavelength
equal to λ/LWL = 1.32; the discrepancy was equal to 3.2%.
The uncertainty of pitch motion amplitude obtained by tow-
ing tank test was equal to 13%, 8% and 6% for the shortest,
medium and most extended waves, respectively. For CFD,
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those values were equal to 6%, 3% and 2.5%. The error bars
were included in the plot.

In Fig. 13, the direct comparison of the time history of
the pitch motion obtained numerically and experimentally
for the λ/LWL = 1.2 is presented. The pitch motions time
history signal obtained experimentally is more noisy and
irregular than the numerical one. The agreement between
the experiment and simulation is believed to be good, con-
sidering the roughwaves and near-resonance conditions. The
non-linear responses of pitch motions for EFD result from
used measuring devices, which were inclinometer mounted
at the COG of the model, remaining recorded signals—i.e.,
resistance and heave had smoother shapes. For the presented
wavelength, very rapid and dynamic motions of the model
were observed, which also increased the uncertainty of mea-
surements (Fig. 15). Observing partially non-linear signals
in measurements for close-to-resonance conditions is not
unusual. For the longer wavelengths obtained time history
of pitch motions had more regular character.
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Fig. 16 Comparison of added resistance coefficient—validation study

The comparison of the added resistance coefficient,
obtained numerically and experimentally, is presented in
Fig. 16. The CFD method slightly under-predicted resis-
tance for the entire range of analyzed wavelengths. The
difference between the experimental and numerical results
was relatively small, oscillating between 6% and 3.5%. The
uncertainty of added resistance coefficient obtained by tow-
ing tank test was equal to 7%, 5% and 5% for the shortest,
medium and most extended wave, respectively. For CFD,
those values were equal to 2%, 1.5% and 1.5%. The error
bars were included in the plot.

Table 6 summarizes the comparison of the numerical and
experimental results. The difference was calculated in per-
centages as a discrepancy between the numerical results
concerning the value of empirical predictions. In general,
the agreement between numerical and experimental results
was very good.

Considering experimental resistance uncertainty for all
analyzed waves, the differences in the EFD and CFD results
are below the experimental uncertainty. For pitch motions,
the amplitude is highly overestimated for the shortest wave.
However, for the remaining wavelengths, the results are
within experimental uncertainty. For heavemotions, theCase
8 results are within experimental uncertainty. Although the
validation was not obtained for all presented cases and mea-
sures, it is believed that considering the dynamic nature of
the analyzed physics phenomena, the presented numerical
model should be regarded as valid and credible.

5.3 The influence of adding the bow hydrofoils
on heave, pitch, and added resistance: a case
study

Figure 17 compares a heave transfer function obtained by the
full-scale CFD simulations for the vessel without a hydrofoil
(as-built) and with the hydrofoil in the range of wavelengths
between λ/LWL = 1.01 and λ/LWL = 1.98. For wavelengths
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Table 6 Relative difference between experimental and numerical results of the heave transfer function, pitch transfer function, and the added
resistance

Case Id λ/LWL
T FX3(exp)−T FX3(CFD)

T FX3(exp)
%D EFD TFX3

T FX5(exp)−T FX5(CFD)

T FX5(exp)
%D EFD TFX5

σaw(exp)−σaw(CFD)

σaw(exp)
%D EFD σaw

7 1.013 8.9% 9.1% 32.3% 13% − 6.0% 7%

8 1.199 − 1.3% 5% 7.1% 8% − 3.5% 5%

9 1.324 − 7.2% 6% 2.1% 6% − 3.5% 5%
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Fig. 17 Effect of the bow hydrofoils on the heave transfer function of
the case study ship
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Fig. 18 Effect of the bow hydrofoils on the pitch transfer function of
the case study ship

up to λ/LWL = 1.5, the bow foil causes a significant reduc-
tion of heave motion, whereas, for longer waves, the vertical
motions of the vessel without a foil are slightly smaller. For
the wave λ/LWL = 1.2, additional simulations were per-
formed for the foil angle of attack equal to + 5 degrees and
− 5 degrees. In this case, a negligible effect on the heave
motions was observed.

Figure 18 compares a pitch transfer function obtained by
the full-scale CFD simulations for a vessel without and with
the hydrofoil in the range of wavelengths between λ/LWL =
1.01 and λ/LWL = 1.98. The presence of hydrofoil reduces

the pitch motion of the ship in the entire range of analyzed
wavelengths. The most considerable reduction was observed
for the shortest analyzed wavelength (λ/LWL = 1.01) and
had a significant favourable influence up to a wavelength
of λ/LWL = 1.55. As the wavelength increased, the effect
of pitch reduction decreased. For the wave λ/LWL = 1.2,
additional simulations were performed for the foil angle of
attack equal to + 5 degrees and − 5 degrees. In this case, a
negligible effect on the pitch motions was observed.

At this point, it is worth discussing the scale effect in the
damping motions for the vessel equipped with the hydrofoil.
CFD calculations were performed for three selected wave-
lengths for both model and full scale. In principle, the scale
effect is negligible for ship motions. Scaled heave motions
differed by about 5%, whereas the pitch angles were almost
identical and lay within the numerical uncertainty. In princi-
ple, the full-scalemotionswere smaller. Therefore, themodel
tests and model scale CFD are credible sources of informa-
tion about the damping of motions using hydrofoils in ship
scale. A more extensive study would have to be performed
to address the resistance problem. However, it seems that the
scale effect will be more significant for resistance due to dif-
ferences in boundary layer thickness between the model and
full-scale ship and different relations to pressure and viscos-
ity forces for ship andmodel.Moreover, the resistance cannot
be as directly compared and additional uncertainty arises.

Several aspects need to be considered when analyzing the
influence of the hydrofoils on the ship motions presented in
the normalized form in Figs. 17 and 18. The effect of reduc-
ing pitch motions is apparent. It is worth noting that the pitch
and heave motions are coupled, and reduced pitch motions
to some extent, help to minimise heave motions. Figure 19
explains the differences in heave and pitch motions for the
shortest wave (Case 8), and it presents a similar moment
of periodic ship motions. The colour range depends on the
Z-position of the free surface elevation, and dark blue corre-
sponds to the trough and red to the crests. It can be noticed
that the bow part of the vessel with hydrofoil (on the right)
is significantly less immersed, and the red oval underlines it.
Moreover, different local wave systems around the ship seem
to create the vessel’s local crest with hydrofoil, strengthening
the effect of reduced heave motions—underlined by a green
oval.
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Fig. 19 Wave system around the vessel without hydrofoils (on the left) and with hydrofoils (on the right)
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Fig. 20 The effect of bow hydrofoils on added resistance on regular
waves

The results can also be analyzed concerning the gener-
alized equation of the ship’s motion. Three reaction forces
(moments) are present: inertial, damping, and restoring
forces. For low-frequency waves, the restoring forces are
dominant. The damping is crucial for middle-length waves,
whereas the inertial forces are the most influential for long
waves. The heave and pitch motions are heavily reduced
for short and middle waves due to significantly increased
damping caused by the presence of the hydrofoil. The most
probable reason for the slight increase in heave motions for
the vessel with a bow hydrofoil in the long waves is water
added mass increase compared to the vessel as-build. For the
pitchmotions, increased damping seems to dominate over the
increased moment of inertia. Therefore the pitching motions
are reduced for the entire range of analyzed wavelengths.

Figure 20 compares added resistance, determined by full-
scale CFD simulations for the vessel without and with the
hydrofoils. The bow hydrofoil very effectively dampens the
peak of total resistance for a wavelength equal to λ/LWL

= 1.19. The maximum total resistance value for the vessel
equippedwith the hydrofoils occurred for awavelength equal
to λ/LWL = 1.25 and was significantly smaller. However,
both curves cross at a wavelength equal to λ/LWL = 1.30.
For longer waves, the application of hydrofoils increased the
total resistance of the case study ship.

For the wave λ/LWL = 1.19 and the hydrofoil with the
angle of attack equal to + 5 degrees massive reduction of
added resistance was observed (by 56%). In contrast, the −
5 degrees angle of the attack hydrofoil caused an increase
in the added wave resistance. For the vessel without hydro-
foils, greater immersion of the bow (see Fig. 17), potentially
much higher pressure loads due to waves, and higher impact
of the ship crashing the incoming wave explain a signif-
icant reduction of added resistance for a vessel equipped
with the hydrofoils—additionally, reduced motion results in
decreased resistance for short and middle waves. However,
for long waves, increased pressure and shear resistance over-
whelm the effect of loweringmotions. The plots of resistance
generated on the hydrofoils are presented to understand the
increase of the resistance for the longer waves. Figure 19
shows the drag of the hydrofoil on waves. It can be noticed
that the hydrofoil for all analysed cases, except the one with
the angle of attack of + 5 degrees, produces drag. It explains
why the added resistance due towaves is so tiny for the hydro-
foil with 5 degrees angle of attack compared to other tested
cases. This finding shows that this solution has great poten-
tial, and future research can optimize the angle of attack for
different conditions. It is also worth noting that the resistance
of the hydrofoil increases for longer waves. This is one of the
reasons for the increased wave-induced additional drag for a
ship equipped with hydrofoils.

Figure 21 presents the plot of the hydrofoil added drag
due to waves. The added drag acting on the hydrofoils was
calculated as follows:

Dadded = Dwave − Dcalm . (10)
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Fig. 21 Resistance of bow hydrofoils on regular waves

The value of Dwave has been averaged over ten peri-
ods, whereas Dcalm is the drag of the hydrofoil on the calm
water. According to Fig. 7, it is equal to 0.68 kN. Accord-
ing to Fig. 20, the presence of hydrofoils for waves shorter
than λ/LWL = 2 is relatively neutral and does not cause an
increase in added resistance. For the most extended analysed
wave λ/LWL = 1.96, there is a visible increase of an added
wave resistance generated by the foil presence. Moreover,
the added wave resistance significantly reduces for the foil
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Fig. 22 Added wave drag of bow hydrofoils on regular waves

having an angle of attack equal to 5 degrees. This explains
the source of such a substantial reduction in the ship’s resis-
tance. Figure 22 also presents increased ship resistance for
the most extended analysed wave.

Figure 23 shows the net force vectors for a hydrofoil with
an angle of attack AoA of 5 degrees to visualise the effect
of hydrofoils during various phases of ship motion. The top
two pictures show the phase of the motion when the bow is
pitching up. The horizontal component propelling the vessel

Fig. 23 Net force vector for hydrofoils at 5 deg AoA with bow pitching up (top) and pitching down (bottom)
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may be observed. The two bottom pictures present the force
direction while the vessel’s bow is pitching down. The drag
force component is the most significant then.

Figure 24 presented the percentage difference between the
motions and added resistance of the vessel with bow hydro-
foils, compared to the original design. In the example, the
percentage difference for an added resistance Raw was cal-
culated using the equation:

Raw = (Raw(withhydrofoil) − Raw(withouthydrofoil))

Raw(withouthydrofoil)
100%. (10)

For wavelengths λ/LWL = 1.01 to λ/LWL = 1.3, a very
beneficial effect of the hydrofoils can be observed. It was
the most pronounced at wavelength λ/LWL = 1.2, for which
heave motion decreased by 33%, pitch motion decreased by
28%, and additional resistance decreased by 25%. For waves
longer than λ/LWL > 1.32, the effect of damping the ship
motions progressively reduced, and the added wave resis-
tance increased significantly. Due to numerical uncertainty
for λ/LWL = 1.42, hydrofoils’ positive or negative effect on
heave motion cannot be assessed. For wave λ/LWL = 1.01,
the uncertainty of added resistance for a vessel without foil
is very high, so for the same reason, it is not evident that the
hydrofoils are beneficial.

Another significant effect of using hydrofoils in off-
shore wave conditions is reduced vertical hull accelerations.
Figure 25 shows the impact of hydrofoils on the maximum
acceleration at the ship’s fore perpendicular (FP) for differ-
ent wavelengths. The reduction of maximum acceleration is
principal. The most significant values of − 48% and − 45%
were for the wavelengths λ/LWL = 1.01 and λ/LWL = 1.2,
accordingly. The minimum reduction was equal to − 13%
and corresponded to thewavelengthλ/LWL = 1.98. The sam-
ple time history of the accelerations at the fore perpendicular
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perpendicular for the wavelength λ/L = 1.3

FP for wavelength λ/LWL = 1.32 is presented in Fig. 26. The
time was normalized by the value of encounter period Te.

To analyze whether the foil reaches the stall angle, the
time history of the generated lift was analyzed. Several cases
were considered, including the longest waves at which the
highest amplitude of pitchmotion occurred and thewavewith
a length of λ/LPP = 1.19, for which the maximum amplitude
of lift was observed. Time histories of lift are presented in
Fig. 27. A sudden loss of lift was not found for any of the
waves.

To provide a more detailed analysis of the motion and
forces generated by the hydrofoil, selected critical load cases
in the time domain are presented below. Figure 28 corre-
sponds to Case 9, where the effect of the foil was found to
be the most positive, whereas, Fig. 29 corresponds to Case
13 for the most extended wave and the purely unfavourable
impact of the hydrofoil. Negative values of thrust force mean
that the foil produces additional resistance instead of a pro-
pelling force. The water surface was the reference point for
tracking the foil’s vertical position.
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Fig. 27 Time history of the lift
generated by the wave foil for the
wavelength λ/L = 1.2 (Case 9)
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Fig. 28 Time history of the vertical hydrofoil position, pitch, lift, and
thrust forces generated by the wave foil—Case 9
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Fig. 29 Time history of the vertical hydrofoil position, pitch, lift, and
thrust forces generated by the wave foil—Case 13

It can be seen that the plots presented in Figs. 28 and 29
have several features in common. The highest drag of the
hydrofoil occurs when the foil is in a maximum downward
position, and the second local minimum corresponds to the
maximum upward position of the foil. The maximum value
of lift force acting upwards or downwards corresponds to
the pitch angle close to zero. At these points, heave motion

corresponds closely with its equilibrium position. To investi-
gate the physics of the thrust and lift forces generated by the
hydrofoil more deeply, the selected repetitive segment of the
ship’s motion is shown in Fig. 30, together with the values
of the lift and thrust forces.

It can be seen that zero thrust force occurs close to the pitch
equilibrium and for the maximum value of a pitch angle.
The maximum value of thrust force occurs when the ship
approaches the maximum pitch angle with a bow downwards
position. The maximum local value of a drag force generated
by hydrofoils, equal to the opposing thrust force, occurs after
reaching the ship’s maximum pitch angle. The lift force was
generated vertically upwards or downwards concerning the
‘bow up’ or ‘bow down’ position. The maximum value of lift
force correlated to the pitch equilibrium position. Minimum
lift forceswere observed at theminimumandmaximumpitch
angle values.

Figure 31 shows the time history of the force along
the X-axis, the ship’s pitch angle, and the vertical position
of a hydrofoil. Based on this picture, additional informa-
tion might be gained, as coupled relations between vertical
velocity and lift and thrust forces were observed. The local
maximum thrust force occurs close to the time intervals in
which the vertical velocity of the hydrofoil reaches its local
extrema. The local maxima of lift force corresponded to the
local maxima of the vertical velocity plot of the hydrofoil.
The water surface was the reference point for tracking the
foil’s vertical position.

5.4 Effect of hydrofoil structural stiffness
on the hydrodynamic flow

Generally, the hydrodynamic flow generated on the foil
depends on its deformability. This raises the question of
the need for fluid–structure interaction (FSI) simulations for
hydrofoils, especially slender ones. It should be addressed
carefully in each design. In this study, the structural response
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Fig. 30 Relation between the
pitch angle, lift, and thrust forces
for Case 9 (λ/LPP = 1.19)
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Fig. 31 Time history of the thrust force, vertical velocity, and pitch
angle—Case 9

of the hydrofoils due to hydrodynamic loadswas investigated
by the finite element analysis (FEA). Structural analysis was
carried out with the Nastran solver. The goal was to calculate
the maximum deformation of foils due to the hydrodynamic
loads previously estimatedby theCFDsimulations.Themax-
imum vertical force applied to the foil surface was 2e5 N,
according to Fig. 25. In this static analysis, inertial forces
have been omitted due to the dominant role of hydrody-
namic loads. The structure of the hydrofoil was modelled
by 4-noded quadrilateral finite elements with 6 degrees of
freedom in each node.

The boundary conditions are assumed to block the foil’s
edge inside the hull. In the model representation, the foil
edge at the hull was restrained. For simplicity, the analy-
sis assumes that the foil is made of a standard 20 mm thick
steel plate with a Young modulus of 2E5 MPa and a Pois-
son ratio of 0.3. No internal stiffeners were considered here
for simplification. For the maximum vertical hydrodynamic
forces, the calculatedmaximumdeformations of the foilwere
equal to 30 mm—see Fig. 32. The unreformed model was
included as a wireframe. The foil span is equal to 3 m. Thus,
the maximum deformation of the foil is equal to only 1%
of the span. As a consequence, the deformability of the foil
may be omitted in the hydrodynamic analysis. Although the

detailed design of the foil structure is not the subject here
and is included in the retrofitting procedure presented in the
following section.

6 Procedure for hydrofoil assessment
in the retrofitting of existing ships

This section presents a proposal for the procedure to assess
the impact of applying hydrofoils on the ship’s performance
(as well as the economic and environmental aspects). The
procedure shown in Fig. 31 contains three main steps that
enable a decision on the appropriateness of the solution
under analysis. The procedure starts with the determination
of initial ship performance in operational conditions. The
main technical characteristics are added wave resistance,
ship motions, and accelerations. Three different determi-
nation methods are proposed: full-scale CFD simulations,
towing tank experiments, and onboard measurements. Full-
scale CFD simulations, supported by towing tank testing, are
the most effective.

In the next step, for analogous cases, characteristics are
determined for the ship with added hydrofoils. This makes
it possible to assess the effect of the hydrofoils on the added
wave resistance and shipmotions. This step includes an inter-
nal loop of a hydrofoil design and integration into a ship’s
structure. The design of the hydrofoil may be simplified to
a simple selection of the hydrofoil having proofed perfor-
mance, as presented here. However, a ship-specific hydrofoil
optimization process may be performed, bringing higher
performance. Hydrofoil design typically includes computer
simulations, like computational fluid dynamic (CFD) and
structural finite element analysis (FEA). If the foil undergoes
significant deformation under loads, it can affect the hydro-
dynamic flowaround the foil. It is then necessary to perform a
coupled analysis, namely the fluid-structure interaction (FSI)
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Fig. 32 Maximum deformations
of the hydrofoil calculated by
FEA [mm]

simulations. The test results showed that improved seakeep-
ing performance is due to the suppression of vertical motion.
Any streamlined foil shape serves this function, and using
more thin foils will likely bring more durability problems
than drag reduction benefits. However, this is a subjective
comment unsupported by research results today. Detailed
research on hydrofoil optimization will be presented in a
future dedicated study. In the second stage of this procedure,
the methods of full-scale CFD, supported by towing tank
testing, are recommended to beused.The full-scaleCFDsim-
ulations presented in this paper were performed using high
power computing (HPC) and commercial software. Discus-
sion on similar simulation performance is included in Sect.
4.1 (Niklas and Pruszko 2019a).

The procedure’s third step is retrofitting’s impact on
economic and environmental aspects. Capital expenditure
(CAPEX) and operating expenditure (OPEX) are typically
evaluated, and emissions assessment also plays an important
role. Finally, a synthetic analysis based on specific economic
and environmental indicators allows for the evaluation of
retrofitting (Fig. 33). If a solution does not meet the indi-
cated criteria, it is possible to perform a new design iteration
in step 2 for the changed design parameters. The proposed
procedure is formulated in general terms and applies to dif-
ferent types of ships and retrofitting technology.

7 Conclusions

Due to the long lifespan of ships (about 30 years), retrofitting
the existing fleet has excellent potential for increasing energy
efficiency and reducing emissions in maritime transport.
Reduced fuel costs, improved safety, and comfort are equally
important. This study presented an analysis of the appli-
cation of bow hydrofoils for a case study ship. Selected
seakeeping performances were analysed, like hull motions
and wave-added resistance. The work was carried out for the

operational speed of the vessel and a regular bow wave of
different lengths. Investigations were carried out in both a
towing tank and by full-scale CFD simulations. The results
were compared for a ship without and with hydrofoils under
identical seawave conditions. The retrofitting of the analyzed
ship by installing the bow hydrofoils significantly reduced
hull motions and wave-added resistance for the wavelengths
ranging from λ/LWL = 1 to λ/LWL = 1.25.

The most beneficial effect of hydrofoils was observed for
a wavelength λ/LWL = 1.20. The reduction of heave motion
was equal to 33%, pitch motion was equal to 28%, and the
reduction of wave-added resistance was equal to 25%. The
damping force component generated on the hydrofoil has
a value of more than ten times the horizontal component.
The horizontal component can be interpreted as thrust (in the
direction consistent with the ship’s motion) or drag (in the
opposite direction). Thus, the main benefit of using hydro-
foils, in this case, is suppressing longitudinal pitch motion,
which reduces added wave drag. For the wavelength λ/LWL

= 1.20 changing the foil’s angle of attack by 5 degrees, the
reduction of wave-added resistance was as much as 56% due
to a thrust force generated on the foil. A significant increase
in comfort and safety may also result from using hydrofoils
due to reduced vertical accelerations. The reduction in max-
imum accelerations was observed for all cases analyzed and
ranged from 48% for λ/LWL = 1 to 13% for λ/LWL = 2. Out-
side the λ/LWL = 1 to λ/LWL = 1.25 wavelength range, the
impact of hydrofoils is strongly negative. Using hydrofoils in
calm water is detrimental because it significantly increases
total resistance. Thus, when analyzing the validity of the use
of hydrofoils, it is crucial to determine the operational con-
ditions under which their use is beneficial. Future research
may address other aspects, such as reducing hull motions’
impact on collision effects. Improved manoeuvrability may
also be addressed. A universal procedure was presented for
selecting hydrofoils for existing ships using full-scale CFD
simulations. It is an effective tool to determine their effect
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Fig. 33 Procedure for hydrofoil assessment in the retrofitting of existing
ships

on hull motions and added wave resistance. The procedure
has been tested on the case study ship and confirmed the
indication of favourable operating conditions.
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