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presents a computational investigation of the hydrofoil ship on predicting lift and ship's
resistance using fluid dynamic (CFD) simulation approach. Several parameters such as
Froude numbers and the angle of attacks both of fore and aft foils have been
accordingly taken into account. The results revealed that the subsequent increase on
angle of attack of fore and aft foils was directly proportional to the lift force and the
ship’s resistance. In addition, the lift force of the aft and fore foils with the angle of
attacks of 10 degrees and 5 degrees, respectively, resulted in the significant increase
of the lift force and the ship’s resistance. However, the subsequent increase of Froude

Keywords: number from 1.382 up to 1.626 has insignificant effect to the lift and the ship’s
Computational fluid dynamics (CFD); resistance of the hydrofoil. It can be concluded that CFD simulation is very beneficial
coal-fired utility boiler; ash deposition; to ensure an operational effectiveness of hydrofoil design towards prediction on the
combustion; ash sampling lift force and the hydrofoil’s resistance at the preliminary design stage.

1. Introduction

The use of hydrofoil on a boat is specially aimed to reduce the viscous resistance of the boat while
moving in the water. The utilization of the hydrofoil has their own advantages and disadvantages in
marine design industry [1]. One of the disadvantages is that the vibration of the foil structure leads
to fatigues of the system [2]. However, the hydrofoil or known as lifting foil [3] is able to produce
sufficient lifting force at relatively high speed. Inherently, the hull can be lifted out of the water as
well as the ship’s wetted surface area (WSA), where the ship’s resistance reduces [4]. In other words,
the ship’s displacement reduces due to presence of the lift force arisen the boat [5]. Geometrically,
the hydrofoils are installed under the hull of the ship and have moved underwater, near the free
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surface of the water. As a result, the waves generated by the movement of the ship may have an
impact on the hydrofoil performance and the revenue of the ship [6]. The technology of hydrofoil is
undergoing a re-mergence, where the hydrofoils technology has become more reliable and widely
used for fast commercial ferries.

Numerous geometrical studies have been conducted by the researches on the prediction of ship’s
resistance through analytical, numerical and experimental approaches towards achieving lower total
ship’s resistance. According to the study by Besana & Turnock [7], L-fois, C-foils, horizontal foils are
the example shapes of a hydrofoil which are attached to the hull of a boat in different configurations.
Two general hydrofoil configurations that have been used historically, commercially, and
experimentally is the surface piercing foil and the fully submerged foil [8]. Based on research done
by Putranto & Sulisetyono [5], the displacement of ship incorporated with the hydrofoil will decrease
because the lift force will support the ship upraised. It should be noted here that the characteristics
of the fore and aft foils at the various angles of attack incorporated with forward velocities have been
vulnerable to induce strong nonlinearities to dynamic lift force and ship resistance. This occurs since
the presence of the hydrofoil affects significant increase of the added ship’s resistance. The
phenomenon may be possibly happening where the ship will experience higher resistance compared
to a ship without hydrofoil ones in the low forward speed and vice-versa. Therefore, the effective
design, durable and affordable hydrofoil systems need to be developed and comprehensively
analyzed (Figure 1) [9]. The experimental model study on the hydrofoil lifting force prediction at the
towing has been prone to cost; whilst theoretical approach may lead to less accuracy of the result.
Hence, the investigation on the hydrofoil using computational fluid dynamic approach is necessarily
required to obtain more reliable prediction on lifting force and ship’s resistance.

This paper presents Computational Fluid Dynamic (CFD) simulation into prediction of lift force
and ship’s resistance of a hydrofoil in the calm water condition. Several parameters such as the effect
of the various fore and aft hydrofoil angles of attack and Froude numbers, have been accordingly
taken into consideration in computational simulation. The angles of attack for the fore and aft
hydrofoils are 0, 5, 10, and 15 degrees incorporated with the various forward velocities. Here, the
commercial software called Fine™/Marine simulation has been utilized to predict her lift force and
the total ship’s resistance. Finally, the CFView™/Marine is then used to visualize the hydrodynamic
performance around the hydrofoil. The results of the lift force and the ship’s resistance
characteristics of the hydrofoil ship using the CFD approach are then accordingly discussed in Section
3.

Fig. 1. A hydrofoil craft concept [9]
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2. Methodology
2.1 Conservation Equation

CFD analysis entails numerically solving the governing equations of fluid flow. There are three
governing equations of fluid flow [10].
The mass conservation for incompressible flow is shown as in Eq. (1)

) | Av) , A(w) _
ax ay a

0 (1)

where u, v, and w are the fluid velocities in the x, y, and z directions, respectively.

Continuity and Navier-Stokes equations are used to represent the motion of viscous fluid. This
equation is derived from the law of conservation of momentum [11]. The continuity and Navier-
Stokes equations are given as follows

ou;

ox; = 0 (2)
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where p is the density, u; is the velocity vector, f; are body forces per unit mass, p is the pressure
while T, is the viscous stress tensor which is defined as below
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where p is the dynamic viscosity.
2.2 k-w Turbulence Model

The k-omega turbulence model is used where k is the turbulent kinetic energy and w is the
specific dissipation rate. The k-omega modelis set to improve the predictions obtained with algebraic
mixing-length models in order to achieve a local model for complex flows. The two major features of
this model are the zonal blending of model coefficients and limitations on the growth of the eddy
viscosity in rapidly strained flows [12]. Besides that, it also displays a simpler alternative to two-
equation turbulence model, for example the k-epsilon model [13].

The model coefficients are written as

dpK i oK .
Tt 5 (PUIK = (ut o) 5 = 18y — B pwK ()
dpw d dw 2 POz 0K dw

e o (U0 — it dure) 3= By = oot + 201 - PO SR “

Eq. (6) is the cross-diffusion term that is in the transformed omega-equation from the epsilon-
equation.

The k-epsilon model is commonly used in marine CFD industry for resistance calculation and yield
nearly identical result to the k-omega for favorable pressure gradients with little or no flow

53




CFD Letters
Volume 14, Issue 4 (2022) 51-66

separation. Resistance offered by ship movement through water resolved into two principal
components: frictional resistance and residual resistance [14]. However, use of the RNG model has
not generally led to my significant improvement. The better performances in heave and pitch may
result in lower added resistance in waves [15]. Heave is an oscillatory linear motion of the vessel in
the direction of its vertical axis, is taken into account mainly because it has a tendency to be more
closely coupled with the pitch mode [16].

2.3 Main Dimensions

The 3D model of the hydrofoil ship is clearly displayed in Figure 2. This hydrofoil ship has two foils
i.e., aft and fore foils, which are designed using the NACA Model series of 0015. These hydrofoils
mainly provide sufficient lift force to lift the boat’s hull outside the water [17]. The principal
dimension of the hydrofoil ship is summarized in Table 1.

Table 1

Principal dimension of hydrofoil ship -

Description Full scale Model scale
Length Overall, LOA (m) 32.64 16.32
Length Between Perpendicular, LBP (m) 32.276  16.138
Beam, B (m) 8.278 4.139

Draft, T (m) 1.4 0.7

Fig. 2. 3D model of hydrofoil ship

2.4 Simulation Condition

Following the CFD application on the naval architecture fields [18-25], the computational
simulations have been extended to predict the lift force and the ship’s resistance of the hydrofoil
ship in the calm water condition. Several parameters such as the various angles of attacks for the
fore and aft foils and the effects of the Froude numbers are taken into the computational simulations.
Table 2 presents the simulation of the hydrofoil ship at the various foil angles of attack (interval of 5
degrees), where the value of Froude number is set with the constant number of 1.545. In addition,
the effect of Froude numbers into the total ship resistance characteristics are summarized in Table
3. In this case, the angles of attack for the fore and the aft foils are constant; whilst the Froude
numbers have been run for the values of Fr = 1.382, 1.423, 1.545, 1.626, 1.708, and 1.830.
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Table 2
Matrix of simulation with various foil angles of attack
Froude No. Angle of Attack (°)

Fore Foil Aft Foil
1.545 0 5 10 15 0 5 10 15
Table 3
Matrix of simulation at various Froude number
Angle of Attack (°) Froude Numbers
Fore Foil Aft Foil
5 5 1.382 1.423 1.545 1.626 1.708 1.830

2.5 Computational Domain

In the boundary setting, the unstructured hexahedral meshes has been applied as shown in Figure
3. The ship’s hydrostatic data such as mass, center of buoyancy, second moment of inertia and are
obtained as the input data in the computational simulation. Here, the hydrofoil ship motion i.e,,
heave and pitch motions has been set as the solved. This means the hydrofoil ship is considered as
the moving objects both of the vertical and the rotational motions during the computational
simulation.

-~

“h
Outlet

Bottom

(a) Dimension of boundary setting (b) Meshing
Fig. 3. Boundary condition of hydrofoil model

2.6 Boundary Condition

The type of boundary conditions has been accordingly defined during in the initial stage of the
computational domain. The definition of each boundary setting conditions and type of patches are
clearly presented in Table 4. The example of the computational simulation result with respect to the
total ship’s resistance and lift force have been shown in Figure 4; and visualized using a package
software called CFView™ with respect to the wave elevation as displayed in Figure 5.
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Table 4
Specific names and boundary type and condition of each patch of hydrofoil
Description Type Condition
Ymin MIR -
Zmax EXT Prescribed Pressure
Xmin EXT Far field
Ymax EXT Far field
Zmin EXT Prescribed Pressure
Xmax EXT Far field
Deck SOL Slip
Transom SoL Wall-function
Hull SoL Wall-function
Fore Strut SOL Wall-function
Fore Foil SoL Wall-function
Aft Strut SoL Wall-function
Aft Foil SOL Wall-function
500
— Rr(Total Resistance)
400 |-

—_ F i foar e Fz (Lift Force)

Z 300}

E

B0F L e

1 1 | 1 1 ]

Time (s)

Fig. 4. Time-history of total ship’s resistance and lift force of hydrofoil

at Fr=1.382

NUMECA

Wave Elevation ;

025 0o = IBE; 0.5

Fig. 5. 3D visualisation of wave elevation at Fr=1.382

3. Results and Discussion

The CFD simulations have been successfully carried out to predict the total ship’s resistance and
the lift force on the hydrofoil in the calm water condition. The effects of various angles of attack and
Froude numbers are accordingly discussed.
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3.1 Lift Force Characteristics at Various Angles of Attack for Fore and Aft Foils

The prediction of the lift force (F.) at the various angles of attack (AoA) on the fore and aft foils
have been displayed in Figure 6. These various configurations have been independently evaluated in
the calm water at the constant forward speed of Fr = 1.545. The results showed that the lift forces
subsequently increase as the AoA for the fore foil increases from 0 degree up to 10 degrees. However,
the lift force has decreased by 27% as the further increase of the AoA by 15 degrees as depicted in
Figure 6(a). In addition to the aft foil, the lift force has gradually decreased commencing from the
AoA of 5 degrees, where the further increase of the AoA up to 10 degrees caused the lift force
reduced by 18%. These reductions of the lift forces of the fore and aft foils were proportional to the
magnitude of the turbulent viscosities as well-visualized in Figure 7(d) and 8(c), respectively. The
results of the lift forces and their lift forces coefficients are completely presented in Table 5 and Table
6. In general, the characteristics of the fore and aft foils at the various angles of attack included strong
nonlinearities to induced their dynamic lift forces; whilst the fore foil has the higher lift forces at the
AoA of 10 degrees as compared to the aft foil. The shape and larger wetted surface area of the foil
could be the basic reason for the augmented the hydrodynamic forces, which is quantified in the
form of the magnitude of the turbulent viscosity as accordingly depicted in Figure 7 and 8. Referring
to the current simulation, the characteristics of the lift forces with respect to the various angles of
attack are proportional to the value of their lift force coefficients (CL).
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Fig. 6. Characteristics of lift force of fore and aft foils versus angles of attack

Table 5

Characteristics of the lift force at various angles of attack (fore foil)
Fore Foil's Angle of Attack (°) FL(N) C

0 602.26236 x 10° 0.10875

5 1104.72834 x 10° 0.19948
10 1588.04863 x 10° 0.28675
15 1155.85234 x 10° 0.20871
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Table 6
Characteristics of the lift force at various angles of attack (aft foil)
Aft Foil's Angle of Attack (°) FL(N) CL
0 1332.79600 x 10° 0.33420
5 1518.00338 x 10° 0.38064
10 1240.32375 x 10° 0.31101
15 1111.09738 x 10° 0.27861
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Fig. 7. Viisualization of turbulent viscosity characteristics around fore foil at various angles of attack
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Fig. 8. Visualization of turbulent viscosity characteristics around aft foil at various angles of attack

3.2 Ship’s Resistance Characteristics at Various Angles of Attack for Fore and Aft Foils

The characteristics of the total ship’s resistance (Rt) of the hydrofoil at the various AoA are
displayed in Figure 9. Similar to what was noted in Sub-sections 3.1, the value of Fr is constant, where
the AoA is employed from 0 degree up to 15 degrees with the interval of 5°. The results revealed that
the value of Rris proportional with the value of AoA. In the case of the fore and aft foils, the increase
of the AoA from 5 degrees to 10 degrees and O degree to 5 degrees resulted in the higher percentage
of Rrincrement by 120% and 102% as seen in Figure 9(a) and 9(b), respectively. The reason can be
explained by the fact that the darker red color at the fore and aft foils surfaces in Figure 10(c) and
11(b) has significantly magnified the hydrodynamic pressure, which is proportional with the sufficient
increase of the wave elevation as compared to Figure 10(b) and 11(a), respectively. The explanations
can be comprehensively referred to Figure 10 and 11 for the better understanding in term of the
hydrodynamic performances and wave elevations around the fore and aft foils. Regardless of the
values of the angle of attacks as depicted in Figure 9(b), the aft foil showed the higher total ship’s
resistance as compared to the value of Rr for the fore foil.
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Fig. 9. Characteristics of total ship’s resistance and aft foils at versus angles of attack
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Fig. 10. Visualization of wave elevation (left) and hydrodynamic pressure (middle and right) around

fore foil at various angles of attack
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Fig. 11. Visualization of wave elevation (left) and hydrodynamic pressure (middle and right) around
aft foil at various angles of attack

The detailed values of Rt and Cr are completely summarized in Table 7 and Table 8. A reason for
this may rest with the higher value of the wetted surface area (WSA) of the foil as the main
component affected the total ship’s resistance. It should be noted here that the WSA value of the aft
and fore foils are 29.029 m? and 20.904 m?, respectively.

Table 7

The total ship’s resistance at various angles of attack (fore foil)
AoA of Fore Foil (°) Rr(N) x 10° Cr

0 60.867 0.01099

5 105.346 0.01902

10 231.451 0.04179

15 424.485 0.07665
Table 8

The total ship’s resistance at various angles of attack (aft foil)
AoA of Aft Foil (°) Rr (N) x 10° Gr

0 141.915 0.03559

5 286.791 0.07191

10 4590.583 0.12301

15 615.644 0.15538
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3.3 Lift Force Characteristics at Various Froude Number Incorporated with Fore and Aft Foils

The lift forces characteristics of the hydrofoil ship at various Froude numbers are displayed in
Figure 12. Here, the computational simulations have applied the coupled foils (fore and aft foils),
where the values of AoA for fore and aft foils are 5 degrees. The computational results revealed that
the subsequent increase of the forward velocities from 17.478 m/s up to 19.549 m/s was inversely
proportional with the lift forces of the hydrofoil. The reasoning for this result is that the viscous
resistance especially at the fore foil has gradually reduced as visualized in Figure 13(a), (b) and (c),
where the dark red color of the turbulent viscosity of the fore foil gradually disappeared. It should be
noted here that the increase of the hydrodynamic pressure was insignificant regardless the increase
of the forward velocities as seen in Figure 13 (right). This means that the hydrofoil ship has steadily
moved forward with almost constant lift forces. Meanwhile, the further increase of the forward
velocity by 20.574 m/s has arisen the lift force as seen in Figure 12(a). In general, the lift force
coefficient has led to decrease as the forward velocity increases. The values of the lift forces and the
lift force coefficients are presented in Table 9. Although the increase of Froude numbers within the
range of 1.382 < Fr < 1.626, this interference factor of the hydrodynamic pressure and the turbulent
viscosity were insignificant to influence the lift forces of the hydrofoil ship.

48 0.48
~  H6} o) 0.44F e ~
= o R Q
< 344t o. 2 ’ :“: 0.4 RN
= g0 - o = 0.36 b
= 342}k 50 o
240 s : - ‘ 0.52 PP S S
176 184 19.2 20 208 135 1.4 145 15 155 16 1.65
Veloeity (m/s) Fr
(a) FL at fore foil = 5° and aft foil = 5° (b) C. at fore foil = 5° and aft foil = 5°

Fig. 12. Lift force characteristics at various forward velocities

Table 9

Lift force characteristics of the hydrofoil ship at various Froude
number

Froude No. Velocity (m/s) FL(N) x 10° CL
1.382 17.487 344.850 0.04524
1.423 18.005 344.399 0.04262
1.545 19.549 342.593 0.03596
1.626 20.574 345.824 0.03278
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Fig. 13. Visualization of turbulent viscosity (left) and hydrodynamic pressure (right)
around aft and fore foils at various Froude number

3.4 Resistance Characteristics at Various Froude Number Incorporated with Fore and Aft Foils

Figure 14 showed the characteristics of the total ship’s resistance (Rt) with respect to the various
forward velocities. Similar to what was noted in Sub-section 3.3, the subsequent increase of the
forward velocities from 17.487 m/s up to 19.549 m/s was inversely proportional to the values of Rr.
Referring to Figure 15(a), (b) and (c), this total resistance reduction occurred due to less magnitude
of the wave elevation, which is proportional to the magnitude of the hydrodynamic pressure
resistance. Correspondingly, it directly reduced the total ship’s resistance coefficient (Ct) as seen in
Figure 14(b). It can be merely concluded that the increase of Froude numbers from 1.382 up to 1.626
resulted insignificant effect to the total ship’s resistance characteristics (Table 10).
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Fig. 14. Resistance characteristics at various forward velocities
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Table 10

Resistance characteristics of the hydrofoil ship at various Froude number
Froude No. Velocity (m/s) Rt (N) x 103 Cr

1.382 17.487 105.411 0.01383

1.423 18.005 103.428 0.01279

1.545 15.549 102.257 0.01073

1.626 20.574 102.679 0.00973

4. Conclusion

The computational simulation on predicting the lift force and the total ship’s resistance of the
hydrofoil has successfully conducted. The effect of the angle of attack and Froude numbers have
been taken into account. The results can be drawn as follows

i. Theincrease of the angle of attack for the fore foil from 5 degrees to 10 degrees resulted in
the significant increase of the total ship’s resistance by 120%.

ii. It should be noted that the lift force of the fore foil has decreased by 27% as the further
increase of the angle of attack by 15 degrees.

iii. As compared to the effect of the angle of attacks, the subsequent increase of Froude numbers
from 1.382 up to 1.626 has insignificant effect to the magnitude of the lift force and the total
ship’s resistance of the hydrofoil.
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