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designs for optimal selection; whilst their influence on vortices through computational
fluid dynamics (CFD). The hydrofoil-winglet flow pattern, lift, and drag are then assessed
through parametric winglet variation. The winglet-less hydrofoil (W0) generates high lift
but substantial drag, leading to an unfavourable L/D ratio. Absence of a winglet at the
hydrofoil tip causes increased pressure gradient, inducing vortex drag. In contrast, the
W1 model, equipped with an enclosed winglet, outperforms in maintaining pressure-

Keywords:

y side flow, yielding the highest L/D ratio. Attaching winglets to the hydrofoil's edges
Computational fluid dynamics; could potentially reduce surface vortices. In general, these findings contribute to the
hydrofoil; lift force; vortices; winglet advancement of efficient and innovative maritime transportation solutions.

1. Introduction

The Hydrofoil vessel, a remarkable high-speed planing-hull ship, employs hydrofoils
interconnected by struts beneath its hull, generating lift that elevates the vessel above water level.
This reduces draft, minimizes wetted surface area, and decreases resistance, contributing to higher
speeds [1]. The lift coefficient, influenced by the intricate hydrofoil shape, peaks just before the stall
condition, while drag is affected by the drag coefficient (cd), shaping the vessel's aerodynamic
performance.

For small hydrofoil craft, tailored for routes like Balikpapan-Penajam Paser Utara, the NACA 64
(1) 212 foil at a 20° attack angle excels in lift force and cl/cd ratio, lifting the hull above water at 30
knots, significantly reducing resistance [2]. This triggers events that intricately affect lift and drag
coefficients, explored by Suryadi et al., [3] and Ni et al., [4], highlighting the dynamic forces governing
hydrofoil performance.
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Hydrofoils submerged below water introduce turbulence due to fluid interaction on suction and
pressure sides. Winglets, akin to aircraft wings, counter this by connecting vertical appendages to
horizontal hydrofoils [5,6]; reducing drag and vortices, enhancing fuel efficiency [7-9]. Winglet design
parameters like can’t angles reduce drag [10], while can’t and sweep angles enhance the lift-to-drag
(L/D) ratio [11]. The hydrofoil's taper, aspect ratio, and winglet shape intricately influence lift and
drag coefficients [12]. Numerical simulations explore vortex behavior around elliptical hydrofoils
[13,14]; experimentally explore dihedral angles to mitigate tip vortex cavitation.

This study presents winglet selections for refining small hydrofoil craft design using
computational fluid dynamics (CFD) (Figure 1). Analysis of varied winglet geometrical parameters
assesses forces, lift-to-drag ratios, and hydrofoil vortices. The solution involves attaching winglets,
akin to aircraft wings. The investigation explores diverse winglet designs, evaluating their impact on
vortices. Subsequent exploration systematically examines hydrofoil-winglet flow patterns, lift, and
drag, offering insights into efficient maritime transportation solutions.

Fig. 1. Hydrofoil craft equipped with winglet
2. Theoretical Background

The basic equation of lift and drag force obtained from the performance of hydrofoil depends on
the fluid density, ship velocity, plan area and the lift and drag coefficients (Eq. (1) and Eq. (2)).
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Computational fluid dynamics software solves fluid dynamics behaviour using the Navier-Stokes
equation, which is based on the conservation of mass equation (Eq. (3)).

) opu;
S dpu,
ot 6Xi

=0 (3)

The Navier-Stokes equations (Eg. (4)) control momentum conservation, forces, acceleration, and
fluid behaviour. These equations are solved numerically using methods such as finite volume or finite
element to calculate fluid velocity and pressure fields.
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where u; is the velocity vector, f; are the external body forces per unit mass, p is the density, p is the
pressure and T,, represents the viscous stress tensor.

3. Simulation Condition

This section covers essential simulation conditions for hydrofoil winglet analysis, including the
variation of type and dimensions, the computational domain, and mesh generation.

3.1 Winglet Geometry

Due to the fact that the winglet is a part of the hydrofoil, the shape of the hydrofoil will affect the
design of the winglet. Based on the NACA foil, common geometric terminology that appears in
various model foils includes chord length, upper and lower surfaces, maximum thickness, and the
radius of the leading and trailing edges, as shown in Figure 2 below.
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Fig. 2. Geometry Parameters of Airfoil [15]

Furthermore, winglets that are mounted on the end of the hydrofoil have several parameters
such as the cant angle (B), sweep angle at the trailing edge winglet (), winglet span (Sw), length of
hydrofoil chord (c), tip chord length (Cwt), and root chord length (Cwr), as depicted in Figure 3 below.
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Fig. 3. The geometric parameters of the hydrofoil and winglets [6]

Table 1

Results of drag force analysis

Type CCR SCR Direction W (°) B(°)
WO 0 0 - - -
w1 1 0,5 Upward 0 90
W2 0,75 0,5 Upward 0 90
W3 0,5 0,5 Upward 0 90

48



Journal of Ship and Marine Structures
Volume 1, Issue 1 (2023) 46-54

This study varies four types of winglets referred from the research conducted by Cetinkaya and
Oral Unal [6], with an alteration in the size of the hydrofoil winglet to fit the vessel dimension. The
winglets differ from the parameters of the ratio of the cwr to ¢ (CCR) and the ratio of the Sw to c
(SCR). Besides that, the winglet direction, {, and B are also determined as shown in table 1. The basic
shape of the hydrofoil winglet is the NACA 64 (1) 212 airfoil with an attack angle of 20°

3.2 Hydrofoil Winglet Design

Based on the winglet geometry parameters in Table 1, the reference design of the hydrofoil
winglet is the WO type, as shown in Figure 4 below. It illustrates that the chord length of the foil (c)
is 100 mm, and the span length is 1200 mm, without being equipped with winglets at the end (bare
hydrofoil). The chord length of the foil, the span, and the angle of attack remain constant for the
other variations of the winglet.
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Fig. 4. Hydrofoil NACA 64(1) 212 (a), Set-up angle of attack 20° (b), and isometric view of WO (c)
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Fig. 5. Side view of winglet W1 (a), W2 (b) and W3 (c)

Figure 5(a) depicts the winglet W1 with a root chord length (Cwr) of 100 mm, a span length (Cw)

of 50 mm, and a tip chord length (Cwt) of 30 mm. The thickness of all the winglets is 10 mm. In
addition, Figure 5(b) shows winglet W2 with Cwr = 75 mm, Cw = 50 mm, and Cwt =25 mm. The last

49



Journal of Ship and Marine Structures
Volume 1, Issue 1 (2023) 46-54

winglet, W3, shown in Figure 5(c), has Cwr =50 mm, Cw = 50 mm, and Cwt = 17.5 mm. The isometric
views of winglets W1, W2, and W3 are illustrated in Figure 6.

(c)
Fig. 6. Isometric view of winglet W1 (a), W2 (b) and W3 (c)

To obtain the performance of the hydrofoil winglets, the setup of the ANSYS fluent software
needs to be determined. The domain is cuboid-shaped, with dimensions of 1000 mm at the front of
the hydrofoil winglet, 1600 mm on the right and left sides of the hydrofoil winglet, 1000 mm on the
top and bottom of the hydrofoil winglet, and 2000 mm at the back of the hydrofoil winglet, with a
mesh size of 0.098 m (see Figure 7). The modelling parameters use k-Q SST fluid models with a density
of 1025 kg/m3 and boundary conditions consisting of inlet boundary conditions with a speed of 15.43
m/s and an outlet boundary condition with a pressure outlet. The modelling solution uses second-
order discretization and an iterative process with standard Initialization.
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Fig. 7. Meshing of hydrofoil winglet
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4. Results
4.1 Performance of Hydrofoil Winglet

The simulation results obtained using the Ansys Fluent software with 4 winglet variations and 8
speed variations obtain the results of lift and drag forces as shown in Figure 8 and 9, respectively.
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Fig.8. Lift force of hydrofoil winglets at speed Fig.9. Drag force of hydrofoil winglets at
variations speed variations

The figures informs that the WO type has the largest amount of both lift and drag force in all
speed variations. For instance, at a speed of 30 knots, it obtained 15069 Newton of lift force and
4808. Newton of drag force. However, it also shows the smallest L/D ratio, namely 3.13. In spite of
generating a considerable force of lift, the drag force of W0 grows much bigger at higher speeds and
dramatically reduces the L/D ratio. At the same speed, W1 generates 14369 Newtons of lift force and
4093 Newtons of drag force. It obtains the highest L/D ratio among the winglet variations, namely
3.51 (See Figure 10).

The high L/D ratio may increase the ship's efficiency since the significant lift force allows the ship
to achieve lifting conditions more quickly. Simultaneously, the decreased drag force means that less
engine power is required to achieve the design speed. As a result, when a hydrofoil has an optimal
L/D ratio, it helps minimise fuel consumption since the design speed may be attained with less engine
power.
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Fig.10. L/D ratio of hydrofoil winglets at speed
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4.2 Flow Characteristics

In this study, data on velocity and pressure contours were collected to describe the fluid
phenomena occur around the NACA 64(1)212 foil with W0O-W3 winglet variations. Figure 11 below

shows the pressure contours both in the suction and pressure sides.

e Pressurs
o ~ Contewr 1 el

SANNMARMNANIA AR, CRTRIIRE,

(b)

Prossare.
Comtow 1 ol

ey,

(d)
Fig. 11. Pressure Contour around winglets

Based on Figure 11, the pressure contours on the pressure sides of W0 and W1 hydrofoil winglets
perform substantially larger forces than the other hydrofoil winglets. It mainly occurs near by the
leading edge at approximately at 0.7 and 0.6 of the chord length measured from the maximum
thickness for WO and W1 respectively. In addition, the flow separation on WO is obtained mainly on
the maximum thickness of suction side, while on W3, it occurs mainly at the trailing edge. The low-
pressure flow is also can be seen in the winglet tip of W1 and W2 (see Figure 11(b) and 11(c)). Low
pressure caused by high-velocity flow increases the momentum of the boundary layer on the suction
side, which means the minimum pressure gradient occurs on these winglet types. As a result, they

are effective in preventing the flow from a high-pressure area to a lower-pressure one.
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Fig.12. Flow Pattern around winglets

The flow velocity around the winglet can be seen in Figure 12 above. The fluid travelling from the
pressure side to the suction side causes vortices at all winglets, which is known as the pressure
gradient. The absence of winglets on the WO type results in the greatest vortex compared to the
other winglet forms. The W1 winglet (see Figure 12(b)) with the full CCR ratio, on the other hand,
might diminish both the fluid flowing to the low-pressure side and the flow-induced vortex. When
the drag force of the winglet is insignificant, including vortex-induced drag, as specified in the L/D
ratio of the W1 winglet, it will aid the ship in attaining the design speed with the least amount of
engine power. It implies that the hydrodynamic drag caused by the vortex that formed at the winglet
would reduce fuel efficiency.

5. Conclusions

Among the studied hydrofoils, the winglet-less hydrofoil (W0) exhibits the most substantial lift
force. However, its L/D ratio suffers due to notable drag. The absence of a winglet induces elevated
pressure gradients, leading to vortex-induced drag. Conversely, the W1 model, featuring a fully
enclosed root chord winglet, effectively manages flow on the pressure side, resulting in the highest
L/D ratio. Importantly, winglets at the hydrofoil's ends mitigate vortex effects.
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