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Investigation of the effectiveness of a stern foil
on a patrol boat by experiment and simulation
Muhammad Arif Budiyanto1*, Muhamad Fuad Syahrudin1 and Muhammad Aziz Murdianto1

Abstract: In the marine industry, specifically fast patrol boats, the important
objectives are reducing resistance and improving the efficiency of ships’ propulsion
systems. The aim of this research was to investigate the application of a stern foil on
a patrol boat through experimental and simulation methods. The stern foil used to
generate a lift force was an asymmetrical National Advisory Committee for
Aeronautics (NACA) foil. In the experiment, the stern foil was installed below the
transom of a ship model and positioned parallel to the keel direction (3° towards
x-axis). This position created a resultant force, which had an angle to the x-axis. There
were variables in this experiment, such as the stern foil application, Froude number
(Fr) and hull loads. Those combinations of variables generated sufficient data to
analyse the effect of the stern foil working in various conditions. At an optimal load
condition (half full load, 2 kg) and Fr 1.1 in the experiment and simulation, the ship
model had a resistance reduction of as much as 22.3% and 23.3% in stern foil
applications. In addition, with different setups of the stern foil (0° towards the x-axis)
in the simulation, a resistance reduction of about 26.7% occurred at Fr 0.9.
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1. Introduction
Nowadays, it is important to consider many points in the ship design process. Moreover, it is often
necessary to make improvements or apply new inventions based on a previous design, starting
with machining efficiency the impact on production costs. The main factor in any appraisal must
be the shape and characteristics of the ship’s hull itself, beginning with efficiency through to
observation of its wave-making behaviour. The modern era has been rich in new inventions that
were intended to increase the efficiency of ships. Engineers tended to focus on developing and
modifying the propulsion system and adjusting it to the shape of the hull to which it would be
applied (Yun & Bliault, 2012).

Lately, more research has focused on the development and modification of ship performance,
and the important objectives will focus on resistance and optimising the efficiency of the ship’s
propulsion system. Researchers need to keep the main objective under the maintenance, starting
with the shape of the hull, wake fraction, interaction between hulls and propulsion systems, right
up to the amount of the ship’s operating costs (Carlton, 2007; Čerka et al., 2017; Zhang, Ma, & Ji,
2009). The main variables in the ship design process are Length (L), Beam (B), Draught (T),
Coefficient block (Cb) and Velocity (V). Changing these variables may affect the optimisation of
the design and ship performance, and the results of the calculation of efficiency will depend on the
changes to each of them (Edalat & Barzandeh, 2017; Grigoropoulos & Chalkias, 2010).

The preliminary analysis phase and configuration of a ship greatly affect the results of the devel-
opment and modification of its design, and one of the most important steps is the power prediction
analysis. Focusing on ships that have a high Froude number, there are dominant dynamic motions,
heave and pitch. These specific motions arise because of dynamic forces, which work directly on the
ship, especially in the wetted area. Suchmotions will work directly to increase the total resistance and
fuel consumption of the ship. With the aim of optimising the hydrodynamics and increasing the
efficiency of ships, the use of energy-saving technologies has tended to become highly developed
(Avci & Barlas, 2019; Huang & Yang, 2016; Zhang, Zhu, & Leng, 2008).

One of the keys to optimising hull design is to minimise resistance by optimising the hull shape
(Budiyanto, Novri, Alhamid, & Ardiyansyah, 2019; Campana et al., 2018; Diez, Serani, & Campana,
2017), reducing wave making or wave resistance by using stern flaps (Song, Guo, Gong, Li, & Wang,
2018) and/or applying hydrofoils, which lift the hull above the water’s surface and produce higher
efficiency compared with a planing hull (Vellinga, 2009). Similar to a hydrofoil, there are inter-
ceptors, which cause vortices below the transom area and produce lift (Avci & Barlas, 2019). There
is also a submerged hydrofoil that is attached below the hull transom, called a Hull Vane®. The
Hull Vane® was invented by Van Oossanen in 1992 and proved capable of reducing ship resis-
tance. Application of the Hull Vane® successfully reduced resistance by approximately 15.3% and
26.5% on a Holland-class, 108-m offshore patrol vessel (OPV) and on a 64-m motor yacht,
respectively (Bouckaert et al., 2015; Uithof, Van Oossanen, Moerke, Van Oossanen, & Zaaijer,
2015). On commercial vessels, it reduced resistance by about 5–10%. Furthermore, based on
Bouckaert et al. (2015), there was a fuel reduction of 15.3% on a Holland-class, 108-m OPV
operating at approximately 17.5 knots.

Unlike a fin stabilizer that reduces the roll motion on a ship when maneuvering (Song et al.,
2018), the lift force cause by a Hull Vane® affects the pitch motion and added wave resistance on
the ship (Uithof, Hagemeister, Bouckaert, van Oossanen, & Moerke, 2016). Research on the 167-m
Ropax vessel Norbank and the 167-m container vessel Rijinborg using a tank test and
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computational fluid dynamics (CFD) method concluded that the pitch motion value was reduced by
4.9% and 9.7%, respectively, and additional wave resistance was reduced by 4.46% and 17.3%,
respectively, in waves of approximately 2 m in height. In other circumstances, CT enhancement
occurred at Fr <0.45 but was reduced at Fr <0.55 (Budiyanto et al., 2019) on an Orela crew boat.

Research on a 1.6-m AMERC (Australian Maritime Engineering Co-operative Research Centre)
series #13 patrol vessel showed that Fr 0.5 had the highest resistance reduction of approximately
14.32% followed by 1.53% and 8.05% at Fr 0.6 and 0.7, respectively (Andrews, Avala, Sahoo, &
Ramakrishnan, 2015). Moreover, an investigation using CFD simulation compared the application
of Hull Vane®, interceptors, trim wedges and ballasting proved the Hull Vane® to have the highest
value of resistance reduction, which was approximately 32.4% at Fr 0.35 (Uithof et al., 2016).
However, along with increasing Fr, the resistance reduction gap between the Hull Vane® and
interceptors, trim wedges and ballasting were diminished because of uniform flows at the end of
the transom. Besides, annual fuel savings with the applied Hull Vane® compared to the benchmark
with trim wedges and extended benchmark were approximately 15.1%, 8.9% and 6.4% on a 61-m
OPV (Hagemeister, Uithof, Bouckaert, & Mikelic, 2017). Research on varieties of AMERC series
equipped with Hull Vanes® shows that reductions of about 4%–10%, 18.3%, 21.3% and 12.3%
occur on series #3, #4, #8, #11 and #13, respectively, at Fr 0.5–0.7 (Avala, 2017).

The objective of this research was to calculate the ship resistance as the results of applying the
stern foil on a patrol boat using an asymmetrical NACA foil to generate a lift force. Displacements
were specified for various load conditions, i.e. full, half and empty displacements of the vessel. The
stern foil was set parallel to the keel at an angle of 3° counter clockwise towards the x-axis to
provide additional translation force on the x-axis. Furthermore, this research carried out an
experiment and simulation with Froude numbers ranging between 0.6 and 1.3. These Froude
number values were based on the high-speed vessel category meant to indicate speeds in excess
of a Froude number value of about 0.4 (Van Oossanen, 1979).

2. Materials and methods

2.1. Mark VI patrol vessel
The Mark VI patrol vessel was the model for this research. It is a high-speed vessel according to its
Froude number and unique slender body, and it brings heavy firepower to defend the national
territory of the United States Navy. The main dimensions of this ship are as follows: LOA 25.8 m,
beam 6.2 m, draught 1.2 m, and service speed 30 knots (HamiltonJet). The following were the main
parameters of the model; L/B = 4.162, B/T = 5.167 and Cb = 0.37. The dimensions and lines plan of
the model are provided in Table 1 and Figure 1.

The dimensions of a stern foil depend on the Froude number and size of the model, which
imposes a limitation on the model’s size. Larger values for the model’s size are good for stern foil
manufacture, but it would be difficult to obtain experimental data at high Froude numbers. On the
other hand, a smaller size of the ship model would make stern foil production more difficult.

Table 1. Model’s parameters

Model
Lwl (m) 1

B, beam (m) 0.24

T, draught (m) 0.046

Displacement (kg) 3.25

Cb 0.37
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2.2. Stern foil design
Determination of the profile of a stern foil is based on several factors, including the velocity, lift
coefficient and the resulting total lift force (Vellinga, 2009). This study used a profile that is
classified by the National Advisory Committee for Aeronautics (NACA). The profile of NACA 4412
was chosen because it has a high-lift coefficient at the zero-degree angle of attack (AirfoilTools.
com, 2019).

The dimensions of chords and spans must fulfil the needs of the lift force. The lift force required
by the stern foil is only 80% of the total displacement of the ship. The width of the ship is one of
the references in determining the span dimensions of the stern foil model, so the dimension of the
span of the stern foil was set as 20 cm. Whereas the stern foil chord dimension is determined
through a trial-and-error process from the calculation of the lift force, this study established the
dimension of the chord of the stern foil as 4 cm.

A stern foil is placed below the transom. However, in this experiment the stern foil was also
placed parallel to the keel direction. The aim of placing stern foil parallel to the keel is to control
the direction of the resultant force, which had an angle θo to the x-axis, as shown in Figure 2.
X and Y are only axis markers, the force created is the lift force which has an angle θo to the X-axis.
The depth of the stern foil was 1.5 times the chord, and it was assumed that the lift force would be
affected by the thrust generated from the total-resultant force of the stern foil.

2.3. Experimental procedure
Experiments carried out with two variations of the stern foil conditions, with and without the
application of stern foil. The ship model was tested with variation of Froude Number within the
range of 0.6–1.3. The ship models were also loaded by variations of range 1–2 kg (empty load and

Figure 1. Lines plan of the ship
model consist of Body Plan
(Front View), Buttock Plan (Side
View) and Half Breadth Plan
(Top View).
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half load) to see the changing of the draft of the ship. The combination of variations in stern foil
application, Froude Number, and loading generate data to analyse the effect of the stern foil work
on the total resistance of the ship with various conditions.

Towing Test method was applied to this experiment with an electric motor that is regulated by
AC Voltage Regulator. The electric motor was connected to a rope to the loadcell mounted on the
hull of the ship. Assisted with the data acquisition set which consists of a load cell sensor, data
recorder, and laptop. The data that was read on the load cell recorded and stored directly on the
laptop. By using LabView software, the obtained data is measured by load per time unit. The
experiment setup is shown by Figure 3. The obtained data will be processed in accordance with the
International Towing Tank Conference (Analysis & Test, 2008). The experiment was carried out on
an experimental basin with 25 m x 25 m x 8 m is shown by Figure 4.

Figure 2. The position of stern
foil on ship hulls and its resul-
tant force create a lift force.

Figure 3. Experimental setup
consists of ship models
installed with load cell to
obtain the data.
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2.4. CFD simulation
One of the CFD software applications for a single or multiphase flows, according to the required
equations, is Ansys Fluent (ANSYS Inc., 2011). This software is used commercially to solve
various cases such as ship resistance and maneuverings. Reynold’s Averaged Navier–Stokes
(RANS) equation, the basic equation used in a CFD program, can be divided into three equations
(Zuo, 2015):

Dρ
Dt

þ ρ
@Ui

@xi
¼ 0 (1)

ρ
@Uj

@t
þ ρUi

@Uj

@xt
¼ @P

@xj
� @τij

@xi
þ ρgj (2)

ρcμ
@T
@t

þ ρcμUi
@T
@xi

¼ � P
@Ui

@xt
þ λ

@2T
@x2i

þ τij
@Uj

@xi
(3)

Here, Equations (1), (2) and (3) are the continuity equation, momentum equation and energy
equation, respectively. Also, ρ, U, P, τ, and g Equation (2) includes the density, momentum,
convection surface force, diffusion and mass force. Furthermore, in Equation (3), λ and τ are the
heat flux and heat transfer from mechanical energy. For the domain or closure (Danvin, Mathiaud,
& Aupoix, 2017), the turbulence model equation uses k-ω SST turbulence model, which is generally
used for this scheme, as follows:
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In these equations, β, β*, γ, σk and σd are closure constant coefficients. The variables for this
scheme are the Froude number (about 0.6–1.3) and the stern foil, applied or not. In the simulation,
the model was at rest and fluids flowed towards it with a constant velocity according to the
various Froude numbers specified. The model’s movement was restricted in roll, sway, surge and
yaw, which basically allowed heave and pitch movements only. To achieve them, the simulation
used a user-defined function (UDF) for motion restrictions, as follows:

x ¼ xacosðωetþ εxςÞ ¼ 0 (6)

y ¼ yacosðωetþ εyςÞ ¼ 0 (7)

z ¼ zacosðωetþ εzςÞ � 0 (8)

Figure 4. Experimental condi-
tion on the 25-m water basin,
ship models were towed by
electric motors.
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ϕ ¼ ϕacosðωetþ εϕςÞ ¼ 0 (9)

θ ¼ θacosðωetþ εθςÞ � 0 (10)

ψ ¼ ψacosðωetþ εψςÞ ¼ 0 (11)

Here, x, y and z represent the surge, sway and heave, respectively. In addition, ϕ, θ, ψ represent the
roll, pitch and yaw, respectively. In this UDF, the mass was specified empty load (1 kg) and half-full
load condition (2 kg) thus could be substituted according to the model displacement. IYY is the
moment of inertia of a body along the y-axis passing through its centroid, and IXZ is the product of
inertia allowing the model to have a pitching motion. Their values are 0.49272 kg∙m2 and—
0.003444 kg∙m2, respectively, and they change depending on the mass applied.

The volume of fluid (VoF) was used to generate a free surface option between fluids. A wall
boundary condition was used to simulate or calculate flows near the model for the drag resistance
value. Wave and turbulence values were kept low to simulate the calm water condition. The
parameters used in Table 2.

The distance for wall-flow was designed to disallow disturbance flow near the model, it is
intended that the calculation of ship resistance is not affected by waves caused from outside
the model. The main dimensions in the simulation were as follows (ITTC, 2014): The inlet boundary,
located at 1-L upstream from the bow of the ship (where L is the ship’s length at the water line),
was defined as the inlet for fluid that equalled the ship’s velocity; The outlet boundary, located at
approximately 2-L downstream from the transom of the ship, was also defined as the inlet
boundary but at a constant pressure, which allowed incompressible flow in the scheme.
Moreover, the bottom and top walls were located at 1-L from the keel and 0.25-L from the deck,
respectively. In addition, the side wall was located at 1-L from the longitudinal axis. The dimen-
sions of the simulation are determined based on the practical guidelines of the International

Table 2. Parameter conditions of simulation – main particulars of the ship model

Main Particular of the Ship Model
Length of Water Line (LWL) 94.66/92.15 (cm)

Wetted Surface Area 1601.55/1349.16 (cm2)

Displacement 2.25/1.25 (kg)

Displacement Volume 3169.89/2208.07 (cm3)

Type of Mesh Tetrahedral

Domain Physics Multiphase (Water & Air), K-ω SST Turbulent Model

Physical Parameter

Pressure Hydrostatic Pressure

Volume Fraction Water Volume Fraction

Mesh Z—axis

Gravity In Z direction −9.81 m/s2

Boundary Condition

Inlet Velocity with defined Froude Number

Outlet Pressure Outlet (Constant)

Hull and Hull Vane No Slip Condition

Wall No Slip Condition (Numerical Beach)

Fluid Properties

Density of Water 997 kg/m3

Dynamic Viscosity 8.90 × 10 − 4 Pa∙s

Surface Tension 0.072 N/m
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Towing Tank Conference (ITTC) for ship resistance using CFD. Ship model, strut, foil and wall were
defined as the no-slip condition but with an additional numerical beach option for the wall to
restrict wave reflection due to boundaries. The numerical beach is to prevent reflections of waves
from the outflow boundary into the interior of the domain. The domain showed in Table 3.

The stern foil was applied equally towards the keel using a connecting strut from the ship’s leading
edge, and the surface distance was 60 mm (1.5 chord of foil) with an angle of attack that was 3°
counter clockwise towards the x-axis. The symmetrical foil profile that was used was NACA 0010 with
the same chord as the stern foil. The tetrahedral method was used for meshing the ship as shown in
Figure 5 and Figure 6. The elements used for the ship were approximately 10 mm with five layers of
inflation; those for the strut and stern foil were approximately 1 mm with 25 layers of inflation.
A difference in element size and inflation was caused by the part sizes of each model. For accurate

Outlet Pressure

Wall Symmetry

Inlet Velocity

Wall Symmetry

Figure 5. Isometric view of
domain.

Figure 6. Side view of domain.

Table 3. Domain of simulation

Domain of simulation
X (Longitudinal) 4 m

Y (Beam) 2 m

Z (Height) 1.5 m
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results, inflationwas used to calculate the flow that occurred near a wall. Figure 7 below illustrates the
surface meshing.

3. Results and discussion

3.1. Experiment
From the results of the experiment using the towing test method, certain velocities were tested on
the ship model and some of the total-resistance forces were found. The velocity was obtained
when the ship model took a track with a specified distance. The total resistance and Froude
number are used in a comparison chart of each variation of the experiment.

Figure 8 shows the results of the towing test experiment on a ship model without the application
of a stern foil. We use the trend line method by inputting the data from the experimental results
according to the variation of the Froude number. There are three lines that present variations in
the loading condition during the experiment. Based on this figure, variations in ship loading show
that a higher load generates a higher total resistance experienced by the ship and vice versa
(Carlton, 2007). It can be seen that a ship with a half-full load condition (2 kg) experienced a higher

Figure 7. The surface meshing
of the ship model using stern
foils.
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total resistance compared with one that had a load of 1 kg. The Froude number variations show
that with a higher Fr, the total resistance will be even higher, whereas with a low Fr, the total
resistance will also below.

Figure 9 shows the results of the towing test experiment on the model ship with a stern foil
applied. According to the basic formula for how a hydrofoil works, factors that affect its
performance include loading and velocity. In the design process, the optimal performance of
a stern foil is found at a load that is 80% of total displacement or about 2.4 kg. After applying
the stern foil, it can be shown that the loading conditions empty and half-full load condition (1
and 2 kg) produced a significant increase in resistance. However, in the 2-kg loading condition,
the total resistance experienced by the ship model with a stern foil tended to decrease com-
pared with other loading conditions; it could be concluded that the stern foil worked optimally
under this condition. According to the loading condition that was set during the design process,
the velocity of the ship was also related to the optimal performance of the stern foil. Therefore, if
the speed is optimal but loading is not in accordance with the calculation, then the stern foil
performance will not work optimally.

Figure 10 is experimental model measurement and shows good improvement with the usage of
stern foil under the half-full load condition (2 kg). It is clear that the application of the stern foil
reduced the total resistance that occurred in the ship model. This decrease in resistance certainly
occurred under the optimal loading condition but was also influenced by the optimal velocity. At
the half-full load condition (2 kg) and Fr 1.1, the ship model had an efficiency improvement with
the stern foil application that was as much as 22.3%.

3.2. Simulation
Figure 11 compared between both experimental data and simulation data and shows good
agreement. It indicates good agreement between the trend lines, with a range of error between
0.178% and 7.161%. This error occurred because of a difference in roughness of the ship model
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Figure 9. Total ship resistance
(N) as a function of Froude
number (Fr) with a stern foil.
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between the experiment and simulation. This case was originally unsolved with the simulation
method (ITTC–Recommended Procedures and Guidelines, 2011). In the current simulation, a ship
model with a half-full load condition (2 kg) was chosen for validation based on the experimental
result, which established the effective load for the stern foil.

Figure 12 compared between both experimental data and simulation data and shows good
agreement. This figure shows that a reduction of total resistance occurred on the ship model
equipped with the stern foil. The simulation in Figure 13 was operated with a 2-kg load, according
to the experimental conclusion that the half-full load condition (2 kg) was the optimal load for the
stern foil. Total resistance reduction of about 3.2–23.3% occurred compared with the ship model
without a stern foil. The highest value for the total resistance reduction (approximately 23.268%)
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occurred at Fr 1.1, which corresponded with the experimental result. Furthermore, a total resis-
tance reduction above 20% occurred when the Fr was greater than 1 (23.3%, 21.9% and 21.5% at
Fr 1.1, 1.2 and 1.3, respectively). In addition, Figure 13 shows the difference in turbulence intensity
that was observed at Fr 1.1 with a 3° angle of attack of the stern foil (parallel to the ship’s keel)
compared with no stern foil. The amount of turbulence intensity around the stern part according to
the colour and scale when not using and using stern foil was about 39.3–42.9% and 22.6%–28.2%,
respectively. This difference occured because the stern foil also make the flow after the stern part
of model more uniform.

Figure 14 shows comparison of the applied stern foil at angles of attack of about 0° and 3°. It
also compares the applied stern foil at an angle of attack of 0° and without a stern foil. As in
Figures 12 and 14, the simulation was operated under the same load, specifically 2 kg (half
displacement). The graph shows that the differences in stern foil performance were effective at
the specified Fr. As in Figure 14, this shows that the stern foil with an angle of attack of 3° was
effective at Fr >1. On the other hand, with an angle of attack of 0°, total resistance reduction
effectiveness occurred at about Fr <1. Moreover, the total-resistance reduction becomes less
effective at Fr ≥1 compared with the stern foil at 3°. On the green line, total resistance reduction
occurred at about 7.8–26.7%, with the highest value for reduction occurring at approximately Fr
0.9. It then decreases with increasing values of Fr to about 17.4%, 16.6%, 13.3% and 14.7% at Fr 1,
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1.1, 1.2 and 1.3, respectively. All the data obtained on simulation method were in a margin of error
about 0.178% and 7.161%. The differences occurred because of hull planing, which was becoming
higher on the ship model. This caused the angle of attack of the stern foil to become higher, which
in turn caused higher resistance compared with 3°.

4. Conclusion
The experiment and simulation on the ship model were based on the ITTC and on CFD simulations
using Ansys software. The analysis that was carried out in this study arrived at several conclusions.
Successful application of a stern foil on a ship will depend on the conditions. If they are in accordance
with the calculations from the design process, the foil will work optimally. From the experiment and
simulation, itwas found that the application of a stern foil with an asymmetrical profile and an angle of
attack parallel to the ship’s keel as well as an optimal loading condition (the half-full load, 2 kg) and
specific speed (Fr 1.1) will result in a reduction of resistance of 22.3% and 23.3%, respectively. In the
2-kg loading condition, the total resistance experienced by the ship model with a stern foil tended to
decrease compared with other loading conditions; it could be concluded that the stern foil worked
optimally under this condition. Moreover, with various angles of attack of the stern foil (0° towards the
x-axis) in the simulation, a reduction in resistance of about 26.7% occurred at a specific speed (Fr 0.9)
but decreasedwith increasing speed (Fr ≥1). With an angle of attack parallel to the ship’s keel at Fr 1.1°
and 0° towards the x-axis at Fr 0.9, the turbulence intensity was reduced by at least 7.7%, whichmade
the flow after the stern part of model more uniform. The turbulence intensity’s reduction was caused
by the reduction of resistance on the ship.

Nomenclature
Abbreviations

NACA National Advisory Committee for Aeronautics

OPV Offshore Patrol Vessel

CFD Computational Fluid Dynamics

AMERC Australian Maritime Engineering Co-operative Research Centre

RANS Reynold’s Averaged Navier–Stokes

UDF User-Defined Function

VoF Volume of Fluid
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Roman Symbols

Lwl Length waterline

B Beam

T Draughts

U Momentum force

P Pressure

Fr Froude Number

Cb Block Coeeficient

x Surge motion

y Sway motion

z Heavemotion

Greek Symbols

ρ Density

λ Heat flux and heat transfer

ϕ Roll motion

θ Pitch motion

ψ Yaw motion

β, β*, γ, σk and σd Closure constant coefficients
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