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is still deficient. The objective of this study is to compare the mounting locations of
hydrofoil in the horizontal axis in a high-speed patrol vessel. The comparison result is
based on the computational fluid dynamics where the basic model was validated using
experimental data. Three mounting location cases of hydrofoils were performed i.e.
middle section, stern section, and behind the stern. The result shows that the optimal

Keywords: hydrofoil mounting position is after the transom. In this position, the value of the lift-
Hydrofoils; patrol vessel; lift-to-drag to-drag ratio is higher by an average of 10% - 29% compared to other positions
ratio depending on the speed of the ship.

1. Introduction

In recent decades, the use of planing hulls on high-speed vessels continues to grow not only for
the military but also for passenger ships. Research continues to be carried out to obtain a reliable
design and performance in terms of durability and seakeeping performance [1]. Research on the
planing hull was first carried out by Savitsky who carried out a series of tests on the flat plate model
so that he could determine the coefficient of a practical ship shape [2]. The development of the
planing hull model continues to be carried out by other researchers in order to analyze its
hydrodynamic characteristics, this research was conducted experimentally which resulted in an
effective deadrise angle database for the planing hull [3]. The further development of the planing
hull model was carried out by other researchers by adding hydrofoils with a deep V shape for patrol
boats with a research focus on the aspect ratios and bottom deadrise angles [4,5].

Research on planning hull continues to be carried out until now both through experiments and
simulations with advances in seakeeping performance [6,7]. Experimental methods have been widely
researched carried out from the beginning development of planing hull models, but due to the high
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cost of experiments [8], this method is decreased only for data validation. With the development of
computer technology so rapidly, in the last decade research with Computational Fluid Dynamics
(CFD) hasincreased more and more. The use of CFD methods with Reynolds-averaged Navier — Stokes
equations on unsteady flow has led to numerous high-speed craft studies with accurate results [9].
Some research related to high-speed craft begins with a simulation with Wigley's hull model to
predict pitch and heave movements [10]. In addition, other research with CFD has also been carried
out to predict ship motion on a high-speed catamaran and shows a good agreement between
experimental and numerical data [11], this shows that the CFD method can also be applied to predict
the motion of ships.

Focus on the research of planing hull models with hydrofoils, several researchers have tried to
investigate the effect of a hydrofoil on the ship resistance [12,13], the results show that the use of
hydrofoil can reduce ship resistance by 5.5% [14]. The results of other investigations show that the
use of hydrofoil can also affect ship motion [15], particularly on heaving and pitching, the result
showed the back foil gives a better response amplitude operator for heave movement [16]. Another
research about hydrofoil that has been done a lot is the effect of angle of attack on foil using NACA
profiles [17]. The optimum angle of attack of the hydrofoil will get down when increasing the hull
speed, at the specific speed, the hydrofoil will lose the lift force. Total ship reduction the addition of
a hydrofoil ranges from 10% to 28% depending on variations in the angle of attack [18,19]. Another
factor on the effectiveness of hydrofoils is regarding the ship's draft [20], from the results of previous
studies showing that the ship's draft at full load will increase the effectiveness of using hydrofoil in
reducing total resistance by up to 24% [21]. Another study also showed that the position of the foil
in the vertical direction also had an effect on hydrodynamic performance [22]. The optimum position
of hydrofoil was when it was fully submerged at an angle of 36 degrees at the speed 30 knots [23].
There are still very few researchers investigating the effect of the hydrofoil position in the horizontal
direction.

The objective of this study is to investigate the effect of application hydrofoils in high-speed patrol
vessel focusing on the comparison of the mounting locations of the hydrofoil in the horizontal axis.
This research will provide twofold contributions which are finding the optimal position of hydrofoil
mounting and how much total drag reduction effect of the lift-to-drag ratio.

2. Description of Simulation Model
2.1 Particular Dimension of the Ship Models

In this study, the high-speed planing hull models were used to investigate the optimal mounting
location of the hydrofoils. The model was based on the class of patrol vessels with the semi planing
hull called Mark VI. The particular dimension of this vessel are length 25.8 m, beam 6.2 m, draught
1.2 m and Speed 45 knots which is categorized as high speed craft category in accordance with
International Maritime Organization regulations. The body plan of this high-speed vessel is shown in
Figure 1. Experimental testing has been carried out in previous studies using a 1:25 scale model, later
the data from these experiments will be used for validation in this study.
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Fig. 1. Body plan of the ship model

In this study, the NACA 4412 profile will be used as hydrofoils at the three different mounting
locations on the horizontal axis as shown in the Figure 2. The first consideration of the mounting
location is at the midship section (F1) since the location of the longitudinal centre of gravity. The
second mounting location is below the transom (F2) and the third mounting location is after the
transom (F3). In the vertical axis, all the mounting location has same depth at 1.5 draught and same
angle of attack at 0° with full load draft condition. The dimension of the hydrofoil profile as follows:
NACA 4412 profile, Span 0.2 m, Chord 0.04 m, Strut 0.06 m, Surface Area 0.008 m2, Aspect Ratio 5
and Lift Coefficient 0.47 [24].
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Fig. 2. Three different mounting locations of the hydrofoils

2.2 Description of the Simulation Model

The CFD simulation model was carried out by the academic software package called CFDSOF
which is based on fluid flow governing equations [25]. The geometrical domain and boundary
condition of the simulation model is shown in Figure 3. The dimension of the domainis 13 mx7 mx
6.5 m consist of the body of the ship model, hydrofoil, water, and air within the boundary condition
are the inlet, outlet, and slip wall. In ship geometry, the refinement parameter given to the surface
of the ship is surface refinement level 5. As for the stern foil geometry, the surface refinement given
is level 7 because the stern foil has a complex shape and is passed through water fluids on all its
surfaces. Therefore, a higher level is needed compared to the ship's geometry so that the shape of
the hydrofoil can be captured properly. The refinement region given in the whole domain is level 2
with inside mode.
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Boundary condition settings are performed on each face. Inlet uses the type of velocity inlet and
the speed entered according to the speed of the ship. The outlet uses the type of outflow and the
speed entered according to the ship's speed. For faces of symmetry type, the boundary condition
type is symmetry. In boundary typefaces use far-field suitable for compressible (air) fluids. For the
fluid flow in the simulation to be constant, it is necessary to adjust the initial condition where the
initial speed is entered according to the speed of the ship in the x direction. The simulation is done
with physical time 5 seconds, with time-step (delta t) 1e-4, and maximum courant number 1. The
calculation will be saved every run time 0.1 seconds. Within 5 seconds, it is expected that the
resistance value graph is nearing a steady phase.
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Fig. 3. Geometrical domain and boundary condition of the simulation model

The governing equation of this simulation is determining the simulation model. In this case the
transient model will be done where the value of the resistance will change depending on the time.
The turbulence model used is RANS (Reynolds-averaged-Navier-Strokes) with the SST k-w model are
shown in Eq. (1) and Eq. (2)

iy | Otouo _ KB ak
=P B pwk + == (1 + o )ax (1)

Apr) , Otouje)

_Y9p ot 4l ok | poa Ok 0w
3¢ + dx; _kP Ppw +ax,-[(“+ )

ax w ax]- ax]-

(2)

U
where B, B*, y, ok, and od are closure constant coefficient and P = 7;; — ox, thls simulation was

incompressible flow, so P = 0. Model boundary conditions in Figure 4 FoIIowed ITTC standard [26] for
simulation. This model does not focus on details in turbulent fluctuations, so it is enough to simply
time-averaged flow properties such as average velocity, pressure, etc. Because the simulation will be
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carried out in two phases (i.e. water and air), the multiphase volume of fluid (VOF) option is used.
Phase 1 is defined as a water fluid with a density of 997.13 kg / m3 and a dynamic viscosity of 8.91e-
4 Pa.s. Phase 2 is defined as a water fluid with a density of 1,225 kg / m3 and a dynamic viscosity of
1.79e-5 Pa.s.

Paraview is used to visualize the simulation results and calculate the value of the ship's resistance.
After the simulation is computed, the ship and the stern foil can be visualized with various options
such as pressure, alpha phase, and others. To calculate resistance, it is necessary to calculate the
normal force of the x direction which can be generated with Generate Surfaces Normal. Then the
results of the pressure that has been obtained from the simulation, multiplied by the magnitude of
the normal force of the x direction, then integrated.

2.3 Grid Independency Test and Validation Result

Grid Independency Test is a test conducted on a variety of mesh counts which is important to see
the sensitivity of the mesh system model to the simulation results. This is done so that we get the
right amount of mesh for effective computing time and quality results. The design used for the
independence test on CFDSOF and experimental data found previous studies using a resistance load
cell in the experiment basin where the ship is driven by an external propulsion which will be
connected to the data capture device on board [27]. From the above test, it can be concluded that
the most appropriate mesh number is + 350,000 with a computing time of 24 to 25 hours as shown
in Table 1.

Table 1
Grid independency test
Number of mesh  Simulation Experiment Error

15000 8 4.6 73.91%
25000 6.8 4.6 48.69%
35000 5 4.6 8.69%

Validation analysis is done by comparing ship experimental data that was carried out from the
previous research with ship simulation data without using stern foil. The validation result show in the
Figure 4. From these data, it appears that the trendline between the results of simulation and
experiment in a good agreement. So it can be assumed that the setup used in the simulation model
is valid. The slight difference in the value of the results of simulations and experiments occur because
of numerical factors in the form of viscous layers in meshing. To get the value of resistance, meshing
on the surface of the ship is very influential so that the fluid can be "captured" in detail by the surface
of the ship. The amount of fluid that is caught is very sensitive to the resistance results obtained.
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Fig. 4. Comparison of simulation result with experiment data

3. Results and Discussion
3.1 Effect of the Hydrofoil to the Drag Force

Figure 5 shows the drag force of the ship model with various Froude number. These results
indicate clear results that the use of hydrofoil can reduce the value of ship resistance. The optimal
mounting location of the hydrofoil to drag reduction located after the transom. The amount of drag
reduction for hydrofoil installations at locations F1, F2 and F3 is 11%, 25% and 30%, respectively,
depending on the speed of the ship. These results are consistent with research conducted by other

researchers who offer a after transom hydrofoil called Hull Vane® with a drag reduction of up to 23%
[28,29].
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Fig. 5. Effectiveness angle of attack of the application stern foil
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3.2 Lift-to-Drag Ratio of the Application of Hydrofoil

Figure 6 shows the lift-to-drag ratio with various Froude number. The lift-to-drag ratio has
decreased along the increasing of the Froude number. These results are consistent with research
conducted by other researchers shows that the effectiveness of the hydrofoil at a certain speed will
decrease depending proportion of trim angle of the ship and the angle of attack of the foil [30]. The
lowest trendline of lift-to-drag ratio shown in the mounting location of hydrofoil on the middle
section (F1), while the highest lift-to-drag ratio was at the location after the transom (F3). Figure 7
shows speed contour of the mounting location of hydrofoil after the transom at Fr 0.52, where at
this point the largest lift-to-drag ratio is obtained. From this speed contour, it is very clear that the
mounting location of hydrofoil after the transom can reduce the flow velocity behind the ship, which
reduce the formation of ship wave resistance, consistent with the other researcher result. Thus the
results of this study confirm that the most optimal mounting location for hydrofoil is after of the

transom (F3).
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Fig. 6. Lift to drag ratio of the application of hydrofoil
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4. Conclusions

The study on the comparison of the mounting location of hydrofoils on high-speed patrol vessels
has been done carried out using CFD simulation where the basic model was validated using
experimental data. The CFD simulation results on the high-speed patrol vessel have a good
agreement with the experimental data. Three cases of the mounting location of hydrofoil were
performed that is at the midship section, under the transom, and after the transom. From the three
cases of the mounting location of a hydrofoil on high-speed patrol vessels, the results consistently
showed a drag reduction by 11-30%. From the analysis results of the lift-to-drag ratio, it shows that
the most optimal mounting location of hydrofoil is after the transom on Froude number 0.52. From
this study, it provides further research directions that lead to the effect of ship motion due to the
addition of foil under the hull.
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