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Energy efficiency and environmental sustainability are important aspects in ship design
and operation. Hull-shape optimization, hull cleaning and coating, and the use of
appendages are, among others, well-known efforts to reduce ship fuel consumption.
Regarding energy efficiency and environmental sustainability, it is possible to
effectively reduce the resistance of an existing catamaran by retrofitting a foil system
to it. In this study, a foil system is designed and retrofitted to a catamaran to reduce
its total resistance. Reynolds-averaged Navier-Stokes simulations, utilizing k- SST
turbulence model, were performed to study the effects of the foil system on the
vessel’s total resistance. Free surface effects were modelled, i.e., the generation of
waves due to the vessel’s movement on the water surface. The foil system affects the
wetted surface area, running sinkage and trim, and the wave pattern generated by the
vessel, which ultimately affect the vessel’s total resistance. At relatively low speeds (Fr
< 0.7), an increase of the total resistance, reaching a value of approximately 11%, was
observed due to the foil system. However, at higher speeds (Fr > 0.7), the foil system
decreases the total resistance, reaching a value of approximately 32% at the service
speed (Fr = 1.24). The 32% resistance reduction at the service speed is promising in
view of the intended purpose of the foil system as an energy saving device.

1. Introduction

Environmental sustainability, energy efficiency, safety and economy are important aspects in ship
design and operation. Regarding these aspects, various attempts have been made to reduce the fuel
consumption of a ship, among others, optimization of the hull shape, hull cleaning, polymerase and
coating, air injection, and the use of appendages as energy saving devices. Hydrofoils have been
applied as energy saving device in the form of Hull Vane® applied to single-hull vessels [1-3] or applied
to catamarans resulting in vessels known as hydrofoil supported catamaran (hysucat) or hydrofoil
supported watercraft (hysuwac). In this study the concept of hysuwac is further explored in which a
foil system is retrofitted to an existing operating catamaran to reduce the total resistance of the

vessel.
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Catamarans have some advantages compared to monohull vessels. First, catamarans usually have
a small draft so that they can operate in shallow water. Second, the slender hull shape reduces the
intensity of the wave wash. Third, catamarans have wider deck and higher level of transverse stability
compared with monohull vessels [4].

Earlier studies have shown that the application of hydrofoils to catamarans can reduce the total
resistance of the vessel significantly. Prof. K. G. Hoppe initiated the study on hysucat and hysuwac at
the University of Stellenbosch, South Africa, in the early 1980s [5,6]. Initially, a hydrofoil assisted
catamaran model was tested with an unexpected resistance improvement of 40%. Later, theoretical
efforts to determine the hydrodynamics of the hysucat principle resulted in numerical models for
design analysis of planing type hysucats which allow further design optimization and further
developments of hysucats [7]. Calkins [8] developed a hybrid marine vehicle concept, called hycat,
which utilized a combination of static and dynamic support. In another study, Miyata [9] designed a
new-type hydrofoil catamaran and reported that the application of hydrofoils reduced the total
resistance and the motion transfer-functions of the vessel.

More recently, Najafi et al., [10] investigated experimentally the hydrodynamic performance of
three different hydrofoils (NACA 16, Eppler 874 and Gottingen 11k) applied to a hysucat. They
reported a significant decrease in total resistance when hydrofoils were applied to the catamaran
and, amongst the three foils, the Gottingen 11k showed best performance. Torabi et al., [11] utilized
E654 Eppler foil in their numerical study of a hysucat and reported a resistance decrease of 30%. A
relatively small resistance reduction of 2.14% was reported by Yao et al., [12] in their numerical and
experimental study on the influence of hydrofoils on the resistance of catamarans. Kazemi et al., [13]
reported that the application of hydrofoils to a catamaran brings about 50% drag reduction. Li et al.,
[14] performed CFD simulations and reported a total resistance reduction by up to 26% due to the
application of hydrofoils to a catamaran.

The installation of a hydrofoil on a catamaran provides a dynamic lift which lifts a part of the hull.
This concept adopts the foil concept used in airplane wings. With the use of a hydrofoil, the vessel’s
weight will be partly supported by the foil and partly by the vessel’s static and dynamic buoyancy.
The foil lift can affect the trim and the wetted surface area of the vessel favorably, which ultimately
results in the reduction of the vessel’s total resistance. The hydrodynamic performance of a hysucat
or hysuwac depends on the foil type used and the placing of the hydrofoils on the catamaran. Further,
the magnitude of the lift generated by the foils relative to the vessel’s displacement influences the
vessel’s hydrodynamic performance. In the case of a foil-system retrofit to an existing catamaran, as
considered in this study, each case should be considered separately, and a proper foil-system
arrangement should be designed prior to its application. These aspects are still insufficiently reported
in the literature of hydrofoil supported catamarans. In this study, a foil-system arrangement is
introduced, which is then retrofitted to an existing catamaran. The effects of the foil-system on the
vessel’s total resistance were investigated with the aid of computational fluid dynamic simulations
(CFD). Results on the vessel’s resistance are reported in this study while the results on the seakeeping
performance have been reported earlier by Suastika et al., [15].

2. Methodology
2.1 Description of the Catamaran and Foil System

A 10.5 m long passenger catamaran is considered in this study, which was designed and built by
PT. Maju Bangkit Indonesia Group, Surabaya, Indonesia. It is an asymmetric flat-side inside catamaran
with two hard chines, one submerged in the water, and the other located above the water line. The
service speed of the vessel is Vs = 24.5 knots (corresponding to length Froude number Fr = 1.24). The
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main particulars of the vessel are tabulated in Table 1. The body plan and buttock lines are shown in

Figure 1.

Table 1
Main particulars of the vessel
Parameter Value
Length overall, LOA [m] 10.50
Breadth, B [m] 3.50
Height, H [m] 1.80
Draft, T [m] 0.25
Block coefficient of a demihull, Cs [-] 0.25
Longitudinal centre of gravity measured from AP, LCG [m] 4.18
Total displacement, A [t] 1.965
Service speed, Vs [kn] 24.5
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Fig. 1. Catamaran hull shape: (a) Body plan and (b) Buttock lines

The foil-system arrangement is shown in Figure 2. It is the same foil system as reported by
Suastika et al., [15]. It consists of two hydrofoils, one placed near the bow while the other placed
near the stern. The foils position in the longitudinal direction is indicated in Figure 2a while their
submerged depth is indicated in Figure 2b. The foils submerged depth was determined from h/c =
0.4, where h is the submerged depth and c is the chord length of the hydrofoil [16]. This configuration
of catamaran with foil system is called a hydrofoil supported watercraft (hysuwac) [7]. The foils
section for both the bow and rear foils is the NACA 641-212 [17]. The foils span s is equal to the
distance between the demi hulls of the catamaran, which is 1.7 m, and the chord length c is 28 cm
(0.28 m). The foil aspect ratio AR = s/c = 6.07. CFD simulations of foil alone performed in this study
showed that a maximum lift-to-drag ratio occurred at an angle of attack of approximately 4°. Earlier
studies on the NACA 641-212 reported a maximum lift to drag ratio to occur at angle of attack
approximately between 2° and 4° [3,18]. Therefore, the angle of attack of the foils was set at 4°
(counter-clockwised from the vessel’s course direction; the positive x-axis).
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Fig. 2. The foil system applied to the catamaran: (a) Position of the hydrofoils in the longitudinal direction
and (b) The foil submerged depth

2.2 CFD Simulations of Catamaran without and with Foil System

To study the total resistance of catamaran without and with foil system, Reynolds-averaged
Navier-Stokes (RANS) simulations were performed with modelling of the free surface effects, i.e., the
generation of waves due to the vessel’s movement on the water surface. For that purpose, the
Numeca FINE™/Marine software package was utilized [19]. The CFD package utilizes the ISIS-CFD
flow solver, developed by Ecole Centrale de Nantes and CNRS. The solver is based on the second-
order accurate finite volume method. Egs. (1), (2) and (3) represent the mass, momentum, and
volume fraction equations in integral form, respectively, for a two-phase incompressible unsteady
flow considered in this study

0
Efv pdV + [ p(U—Uy) -ndS =0 (1)
7]
= J, PUAV + [ pUi(U—Uy) - ndS = [ (tijl; = pI;) *ndS + [, pg;dV (2)
0
afv CidV + fS Ci(U - Ud) ‘ndS =0 (3)

In Egs. (1-3), Uis the velocity field relative to a stationary observer, Uy is the velocity of the control
volume V relative to the stationary observer, S is the control surface with an outward normal vector
n, p is the mass density of the fluid, p is pressure, g is the gravitational acceleration and t is time.
Further, t;; are the Reynolds stresses, /i is an identity tensor and ¢; is a volume fraction, representing
the presence of fluid i (¢c; = 1) or its absence (c¢; = 0). At the free-surface interface, the value of ¢; is
between zero and one (0 < ¢i< 1).

To close the system of Egs. (1-2), the k- SST turbulence model [20] was applied, which relates
the Reynolds stresses 1j; with the mean flow properties. This turbulence model can predict the onset
and amount of flow separation accurately [21]. The free surface boundary is modelled with Eq. (3)
utilizing the volume of fluid (VoF) method [22]. Eq. (3) represents the transport equation for the
volume fraction c;.
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2.2.1 Geometrical modeling

A three-dimensional (3-D) model of the catamaran and the foils were generated with the aid of
the Maxsurf Modeller [23]. To verify that the numerical model represents the prototype accurately,
the hydrostatic characteristics of the model are compared with those of the prototype. The
comparison is tabulated in Table 2. Table 2 shows that the differences in the hydrostatic
characteristics between the prototype and the numerical model for all parameters considered are
less than two percent, indicating accurate geometrical modelling results.

Table 2

Comparison of the hydrostatic characteristics between the prototype and numerical model
Parameter Prototype Numerical model Percent difference [%]
Length overall, LOA [m] 10.5 10.5 0
Breadth, B [m] 3.5 3.5 0

Height, H [m] 1.8 1.8 0

Draft, T [m] 0.25 0.25 0
Displacement, A [t] 1.965 1.987 1.11
Length at water line, LWL [m] 9.69 9.66 -0.217
Prismatic coefficient, Cp [-] 0.853 0.856 0.350
Block coefficient, Cs [-] 0.25 0.25 0
Midship coefficient, Cv [-] 0.287 0.292 1.71
Longitudinal center of buoyancy, LCB, 4.189 4.193 0.0954

measured from AP [m]

2.2.2 Computational domain, boundary conditions and meshing

The computational domain has a box shape as shown in Figure 3 with the location of the
boundaries defined as follows. The inlet is located at 3 L upstream from the vessel while the outlet is
located at 6 L downstream from the vessel, where L is the overall length of the vessel (LOA). The side
walls are located at 2 L aside the vessel. The bottom wall is located at 3 L below the vessel while the
top wall is located at 3 L above the vessel. The length of the domain behind of the vessel was made
rather long (6 L) to sufficiently capture the shape of the wave pattern behind the vessel. The distances
from the vessel to the top and bottom walls were also set quite large (3 L) with the intention to
provide sufficient space for the ship to move in two degrees of freedom, i.e., to appropriately capture
the running sinkage and trim. Further, in high speed simulations (Fr > 1), a grid deformation can occur,
which can affect the numerical stability or cause errors. For the above reasons, the computational
domain was set relatively large as compared to that for simulations of displacement vessels with
relatively low speeds.

The boundary conditions are defined as follows. On the inlet, outlet and side wall boundaries the
velocity was defined as free stream far field velocity. On the bottom and top walls, the pressure was
prescribed. The boundary condition on the vessel’s hull was defined as no-slip, where a wall function
was utilized. Further, the trim and sinkage of the vessel were resolved in the simulations. Because of
symmetry and to reduce the required computational resource, only a half of the domain was
simulated.
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Fig. 3. Definition of the computational domain: top view (left) and cross section (right)

It is important to get an accurate picture of the fluid flow along the ship hull, i.e., the boundary
layer flow which affects the drag of the vessel. Therefore, the mesh near the hull was refined. Further,
the mesh near the free surface was also refined to capture the free surface effects, i.e., the waves
generated by the vessel’s movement on the water surface. Figure 4 shows a side view of the
computational mesh, where a multi-block structured grid was utilized [24], with mesh refinements
in the regions near the free surface and near the hull.

z
I_’.‘
Y
!

Fig. 4. Side view of the computational mesh, utilizing a multi-block structured
grid, for the simulations of catamaran with and without foil system

2.2.3 Grid independence tests

Grid independence tests were carried out to verify the convergence of the numerical calculations
and to determine the optimum number of cells to be used in the final setting of the CFD simulations.
The total resistance of catamaran without foil system at the service speed (Vs = of 24.5 knots; Fr =
1.24) was considered in the grid-independence tests. In these tests, the number of cells in a
subsequent simulation was increased approximately one and a half times until twice from the
previous one, and the percent increase or decrease of total resistance obtained from these two
subsequent simulations was determined. The results are tabulated in Table 3 and plotted in Figure 5.
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In the first three simulations, the total resistance decreases, and thereafter increases slightly, as
shown in Figure 5 and Table 3. Looking at the graph in Figure 5, the simulations should be carried out
further after simulation number four. However, the absolute differences between two subsequent
total resistances are less than two percent (see Table 3), which is considered as sufficiently accurate
for the final value estimate [25]. Considering the available computational resources, the number of
cells of 2 669 190 was considered as the most optimum value for the final simulations of catamaran
without foil system. For the case of catamaran with foil system, there is an additional number of cells
due to the foil system.

Table 3
Total resistance as function of number of cells used in the simulations
Number of cells Total resistance [N] Percent difference [%]
864 941 4 593.28
1579 759 4531.17 -1.352
2 669 190 4 462.83 -1.508
5000 367 4 483.16 +0.456
5000
4800
z
(O]
© 4600 [—m
8 .
@
2 = — 1"
@ 4400
S
o
|_
4200
4000
1x10° 2x108 3x10° 4x10° 5x108

Number of Cells
Fig. 5. Total resistance as function of number of cells used
in the simulations for catamaran without foil system at the
service speed (Vs = 24.5 knots; Fr = 1.24)

3. Results and Discussion

Results of the total resistance of catamaran without and with foil system are presented in this
section. Figure 6a shows that the retrofit of the foil system results in an increase of the total
resistance at Fr < 0.7 but a decrease of this at Fr > 0.7. More specifically, at Fr = 0.507 and 0.634 an
increase of the total resistance was observed of 10.78% and 4.12%, respectively. Further, at Fr> 0.7,
the foil system reduces the total resistance with a value of 3.29% at Fr = 0.760 until a maximum
reduction of 32.04% at the service speed (Fr = 1.24). An interpretation of these results is as follows.
At relatively low speeds the foil lift has not sufficiently been generated to lift the vessel while the foils
work as appendages to result in an increase of the total resistance of the vessel. At high speeds the
foils sufficiently generate lift force, and the foil system works as desired, i.e., to reduce the total
resistance of the vessel. The 32.04% reduction of total resistance at the service speed is promising in
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view of the intended purpose of the foil system as an energy saving device. To better understand the
above observations, these will be further analyzed, utilizing the results of observed wetted surface
area (WSA), running sinkage and trim, and the generated wave pattern (wash) by the vessel.

The application of the foil system reduces the WSA of the vessel as shown in Figure 6b. The
decrease in WSA due to the foil system increases with increasing speed with a maximum decrease of
68.18% at the service speed (Fr = 1.24). This decrease in WSA is ascribed to the foils lift, which lifted
the vessel as indicated by the vessel’s running sinkage shown in Figure 7a. A positive sinkage means
that the vessel is lifted as compared with the initial position (the reference of zero sinkage). As shown
in Figure 7a, the hull lift increases with increasing speed for both catamaran with and without foil
system. In the case of catamaran without foil system, a negative sinkage was observed at Fr = 0.507
and 0.634, and the hull lift was ascribed to the hull planing. The hull lift is much larger for the case of
catamaran with foil system, as expected.

5000
20
4500
18

4000
z 16
© 3500 _
g E14
7 3000 =
3 D
0]
@ 2500 =
<
o 10
2 2000

1500 8

1000 g —=— Without Foil System ¢ [ Without Foil System

—a— With Foil System —— With Foil System
04 05 06 07 08 09 10 11 12 13 04 05 06 07 08 09 10 11 12 13
Fr Fr
(a) (b)

Fig. 6. Total resistance (a) and wetted surface area (b) of catamaran without and with foil system as
function of Froude number

The hull lift of the vessel at the service speed (Vs = 24.5 knots; Fr = 1.24) is visualized in Figure 8.
Beside visualizing the hull lift, Figure 8 also shows a relatively large water spray in the case of
catamaran without foil system, which is attributed to the hard chine of the vessel. On the contrary,
no water spray was observed for the case of catamaran with foil system. The reduction of the water
spray due to the application of the foil system also results in the reduction of the total resistance.

The decrease in WSA plays an important but not a single role in the decrease of the total
resistance. As shown in Figures 6a and b, the total resistance was observed to increase with the
application of the foil system at Fr = 0.507 and 0.634 although the WSA decreases at these Froude
numbers. The running trim and the wave pattern (wash) generated by the vessel also play a role in
affecting the total resistance of the vessel. The running trim is plotted in Figure 7b, showing negative
values of running trim. A negative running trim means a bow-down trim. For the case of catamaran
without foil system, the bow-down trim decreases with increasing speed, ascribed to hull planing.
For the case of catamaran with foil system, the bow-down trim first increases and then decreases
with increasing speed. In all the cases, the bow-down running trim is less than one degree, which is
relatively small. This change in running trim due to the application of the foil system also affects the
vessel’s total resistance.
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Fig. 7. Running sinkage (a) and trim (b) of the vessel as function of Froude number
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Fig. 8. Side view of the water surface along the hull at the service speed (Vs = 24.5 knots; Fr = 1.24) for
catamaran without foil system (a) and with foil system (b)
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Figures 9 and 10 show the wave patterns generated by the vessel at 10 knots (Fr = 0.507) and
24.5 knots (Fr = 1.24), respectively, for catamaran without and with foil system. At relatively low
speed (10 knots; Fr = 0.507) the foil system results in higher waves behind the vessel while at high
speed (24.5 knots; Fr = 1.24) the foil system decreases the wave height behind the vessel as compared
to the case of catamaran without foil system. The increase/decrease in wave height corresponds to
an increase/decrease in the wave-making resistance. The increase in total resistance at low speeds
with the application of the foil system is partly ascribed to the increase in wave-making resistance.
Further, Figures 9 and 10 show that the wave patterns consist of transverse waves propagated in the
direction of the vessel’s course and divergent waves propagated in the direction making an angle
with the vessel’s course. As the speed increases, the wave pattern becomes more dominated by the
divergent waves. These observations are consistent with the classical analytical predictions as
described by Faltinsen [26].
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(a) (b)
Fig. 9. Wave patterns for the vessel at 10 knots (Fr = 0.507): (a) Without foil system, (b) With foil system
(unit of water elevation in m)

(a) (b)
Fig. 10. Wave patterns for the vessel at 24.5 knots (Fr = 1.24): (a) Without foil system, (b) With foil
system (unit of water elevation in m)

4. Conclusions and Recommendations

A foil system was retrofitted to an existing catamaran to reduce the resistance of the vessel. The
foil system affects the wetted surface area, running sinkage and trim, and the wave pattern
generated by the vessel, which ultimately affect the vessel’s total resistance. At Fr < 0.7, the foil
system increases the total resistance of the vessel, reaching a value of approximately 11% at Fr =
0.507. This is ascribed to that the foil lift has not sufficiently been generated to lift the vessel at low
speeds while the foils work as appendages to result in an increase of the total resistance. Further, it
was observed that the foil system increases the height of the waves (wash) behind the vessel at low
speeds, and accordingly, it increases the wave-making resistance. At Fr > 0.7, the foils sufficiently
generate the lift force, and the foil system works as desired, i.e., to reduce the total resistance of the
vessel. The foil system lifted the vessel, and it reduced the vessel’s wetted surface area. Further, it
also affects the running sinkage and trim, and reduced the height of the waves (wash) at high speeds,
thus reducing the wave-making resistance. A resistance reduction of approximately 32% was attained
at the service speed (Fr = 1.24), which is promising in view of the intended purpose of the foil system
as an energy saving device.

It is recommended to verify the results of total resistance and other parameters, such as WSA,
running sinkage and trim, obtained in this study by using experimental data from towing tests. As
part of the present study, towing tank experiments are planned, to be carried out in near future.
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