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at Fr > 0.6. Experimental and numerical studies were performed, utilizing a hard-chine
crew boat with varying vane’s placement in the longitudinal direction. At Fr > 0.75 all
vane’s placement variations resulted in an increase of total ship resistance, reaching a
value of 36.3% at Fr = 0.92 for the vane’s placement with the leading edge one chord
length behind the transom. A bow-down trim was observed in this high Froude-number
range, which became more pronounced with increasing Fr. The vane’s placement with
the leading edge two chord lengths behind the transom was found to be the most
favourable vane’s placement among the variations considered, which resulted in a
decrease of ship resistance at Fr < 0.74, reaching a value of 7.1% at Fr = 0.62.
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1. Introduction

Energy efficiency and environmental sustainability are mandatory requirements in the design,
development and operation of ships nowadays. For example, the energy efficiency design index
(EEDI) is mandatory for new ships and the ship energy efficiency management plan (SEEMP) is
required for all ships [1-2]. The research area considering fuel efficiency of ships can be divided into
four main themes: engine and propulsion efficiencies, alternative renewable resources and ship
resistance reduction [3]. Regarding the ship resistance reduction, which is the focus of this study,
many innovations have been made, among others those utilizing appendages. The most successful
application is the so-called Hull Vane®, invented by van Oossanen in 1992 and patented in 2002.

When applied to a ship, the Hull Vane® can generate an additional thrust, thereby reducing the
bow-up trim and reducing the generation of waves. Furthermore, it can reduce the vessel’s motions
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in waves, leading to a higher comfort level for the crew and passengers. Successful applications were
reported when a Hull Vane® was applied to a 108 m Holland-Class OPV. Beside resistance reduction,
other benefits include lower vertical acceleration, an increased sailing range and increased top speed
[4-5]. Better seakeeping performances were also reported due to Hull Vane®’s applications to ferries
and ro-pax vessels [6].

Comparing the performances of the Hull Vane®, interceptors, trim wedges and ballasting utilizing
CFD simulations, the Hull Vane® was found to be the most efficient device in reducing the ship
resistance and in improving the seakeeping performance [7]. The resistance reduction reached 32.4%
in the Froude-number range 0.2 < Fr < 0.6 while in the higher Froude-number range (0.6 < Fr < 0.8),
the resistance reduction was approximately between 10-12%.

The Hull Vane® has been applied to different types of vessel, such as sailing yachts, motor yachts,
supply vessels, container ships, cruise ships and ro-ro vessels and it was found that in certain
applications a resistance increase was found. Bulk carriers and crude oil carriers are not suitable for
Hull Vane®’s applications but supply vessels, ferries or patrol vessels are.

The Hull Vane® should not be placed too close to the hull and not too far below the hull as the
angle of attack from the water would result in poorer lift generation and less net forward thrust. It
should be placed aft of the transom and not to close to the free surface [3, 8-9]. Considering the
vane’s position in the longitudinal direction, the position with the leading edge two chord lengths
behind the transom was found to be the most favorable one [10]. The same object study was
considered in Ref. [10] as in this study but their focus was on the lower Froude-number range (0.3 <
Fr <0.8).

Each case must be considered separately when a Hull Vane® is to be retrofitted into an existing
vessel. This process is rather time consuming. A guideline regarding the type of vane’s section, its size
and its position relative to the ship’s hull both in the vertical and longitudinal directions will be very
valuable. Furthermore, relatively little information is available for Hull Vane®’s applications in the
higher Froude-number range (0.6 < Fr < 1.0) and the available experimental data in this Froude-
number range are scarce. So, the focus of this study is on the Hull Vane®’s applications at Fr > 0.6
with varying vane’s position in the longitudinal direction. The inquiry whether a lower ship resistance,
thus energy efficiency due to saving of fuel consumption, is achievable in this high Froude-number
range takes a central role.

2. Methodology

CFD simulations were performed with varying Froude numbers in the range 0.6 < Fr < 1.0 for ship
with and without vane. The vane’s section is the NACA 641-212 [9] with aspect ratio of 8.50 (chord ¢
= 0.8 m and span s = 6.8 m) following the results reported in Ref. [10-11]. The vane’s position was
varied in the longitudinal direction, but its elevation was kept constant at h = 0.75 T below the water
surface, where T is the boat’s draft. Three vane’s placement variations were considered as
summarized in Table 1. The CFD results were verified using data from towing tank experiments.

As a case study, a hard-chine crew boat was considered, which was designed and produced by
PT. Orela Shipyard, Gresik, Indonesia. Its target top speed is 27 knots (Fr = 0.86). The ship particulars
are summarized in Table 2.

2.1 CFD Simulations

CFD simulations were performed utilizing the software Fine/Marine® from Numeca [12]. Figure
1 shows a mesh of the vessel with vane attached to the hull by using two struts for Case 3 (see Table
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1). Due to symmetry, only half of the vessel with vane and struts were modeled. A non-uniform mesh
distribution was utilized, that is, finer meshes for the vane (NACA 64:-212), struts (NACA 0010) and
regions of the ship’s hull with relatively large curvatures.

Table 1

Variation of vane’s placement in the longitudinal direction

Case h/T Position of vane’s leading edge
Case 0: Without vane - -

Case 1l 0.75 Precisely below the transom

Case 2 0.75 1 chord length behind the transom
Case 3 0.75 2 chord lengths behind the transom

h =vane’s submerged elevation below the water surface

T = boat’s draft

Table 2
Ship particulars

Parameter

Value with unit

Length Overall (Loa)

Length Between Perpendiculars (Lsp)

Breadth (B)
Depth (H)

Draft (T)

Top Speed (Vimax)
Displacement (4)

31.20m
28.80m
6.80 m
2.75m
1.40m
27 kn
104.68 t

Fig. 1. (a) Mesh of half of the vessel with vane and struts for Case 3, (b) the

stern region zoomed in from (a)

Figure 2 shows a mesh of the computational domain with the vessel inside it for Case 3. The
locations of the domain boundaries are defined as follows [13]. The inlet is located at 1.0 L upstream
from the vessel, while the outlet is located at 3.0 L behind the vessel. The side wall is located at 1.50
L aside the vessel. The bottom wall is located at 1.50 L below the vessel and the top wall is located at
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0.50 L above the vessel (L is the length between the perpendiculars Lgp). The boundary conditions,
resolved motions and convergence criterion are summarized in Table 3.

The turbulence model used is the k- SST (shear stress transport) model [14]. Free surface effects
(generation of waves) were modeled in the simulations [15-16] but effects of shallow water on the
ship resistance were not considered (see, for example, in Ref. [17] for shallow water effects on the
resistance of high-speed crafts).

Fig. 2. Mesh of the computational domain with the vessel inside it for Case 3

Table 3

Boundary conditions, resolved motions and convergence criterion

Description Type Condition

Inlet (Xmin) EXT Far field, Vx=0

Outlet (Xmax) EXT Far field, Vx=0

Bottom (Zmin) EXT Update hydrostatic pressure

Top (Zmax) EXT Update hydrostatic pressure

Side (Ymin) MIR Mirror

Side (Ymax) EXT Far field, Vx=0

Ship hull SOL Wall function

Ship deck SOL Free slip (zero shear stress)
Translation in X direction Speed = Ship speed, using
with a given speed one half sinusoidal ramp

. Translation in Z direction Linear law

Motion .
(heave); solved motion type
Rotation about the Y axis Linear law
(pitch); solved motion type

Convergence criterion Order of magnitude of Second order

residual decrease

In any CFD study, there is a trade-off between accuracy and computational cost. To find an
optimum number of cells, grid independence tests were performed. An example is illustrated in
Figure 3. A criterion for the fulfillment of the grid independence test is that the relative difference
between results (of ship resistances) of two subsequent simulations, with the number of cells in the
latter simulation approximately twice of that in the former, must be less than 2% [18]. Using this
criterion, the optimum number of cells found for this example was two million and eight hundred
thousand.
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Fig. 3. Total ship resistance as function of number of cells used
in the simulation (Fr = 0.62), illustrating a grid-independence
test

2.2 Towing-Tank Experiments

The towing-tank experiments were conducted at the Hydrodynamics Laboratory of the Faculty of
Marine Technology, ITS Surabaya, Indonesia. The purpose of the towing tests is to verify the results
obtained from the CFD simulations. The dimensions of the tank are as follows: length = 50.0 m, width
= 3.0 m, and maximum water depth =2.0 m.

It is necessary to model the vessel in accordance to the size and capacity of the tank. The Froude
scaling was applied with a geometrical scale of 1:40. The model consists of a boat’s hull, a vane and
two struts. The boat’s model was made from fiberglass-reinforced plastic (FRP) coated with paint and
resin. The vane (NACA 64:-212) and the struts (NACA 0010) were made from brass. Figure 4 shows
the side and aft views of the ship model.

The total resistance of the boat (with or without Hull Vane®) was measured by using a load cell.
The load cell was connected to a voltage amplifier, which was connected to a computer network in
the control room. The load cell was calibrated by using a mass of 0.5 kg before performing a
measurement. The test program is summarized in Table 4 for the Cases 0, 1, 2 and 3. Figure 5 shows
the ship model towed at a speed of 1.62 m/s (Fr = 0.62) for Case 3.

Table 4

Test program for the Cases 0, 1, 2 and 3
Vship [knots] Vinodel [M/s] Fr

20 1.62 0.62
22 1.79 0.68
24 1.95 0.74
26 2.12 0.80
28 2.28 0.86
30 2.44 0.92
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(b)
Fig. 4. Ship model with a vane attached to the hull by using two struts (scale 1:40):
(a) side view and (b) aft view

.

Fig. 5. Ship model towed at a speed of 1.62 m/s (Fr = 0.62) for Case 3. The locally
high water-overflow near the bow is partly ascribed to the hard chine body

3. Results and Discussion

Figure 6 shows the total ship resistance as function of the Froude number obtained from the CFD
simulations and the towing tests. The agreement between the results from the CFD simulations and
the towing tests is good as shown in Figure 7. In the following discussion, the results are compared
to the case without vane (Case 0) as a reference case.
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Fig. 6. Total ship resistance as function of Froude number for ship with and without vane; (a) obtained
from the CFD simulations and (b) from the towing tests
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Fig. 7. Total ship resistance obtained from the CFD simulations
versus that obtained from the towing tests for the Cases 0, 1, 2
and 3

Figure 6 shows that the application of a vane generally results in an increase of total ship-
resistance in this high Froude-number range. The increase can reach 36.3% at Fr = 0.92 for Case 2.
Furthermore, the vane’s position with the leading edge two chord lengths behind the transom (Case
3) gives the smallest resistance among the vane’s placements considered. Case 3 shows a decrease
of ship resistance at Fr < 0.74. The decrease can reach 7.1% at Fr = 0.62. At Fr > 0.75 all vane’s
placements result in an increase of ship resistance.

The above observations are in a good agreement with those reported in Ref. [3] stating that the
Hull Vane® works most favourably at moderate to high Froude numbers in the non-planing region
with Froude number in the range 0.2 < Fr < 0.7. At higher Froude numbers, the force generated by
the vane creates an unbeneficial bow-down trim as observed experimentally during the towing tests
and using CFD simulations. Considering also a crew boat as in this study, an increase of ship resistance
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was reported at Froude numbers Fr < 0. 45 when a Hull Vane® was applied [10-11]. Therefore, the
recommended Froude number range for an application of a Hull Vane® is 0.5 < Fr < 0.7 for this type
of ship.

Figures 8 and 9 show a comparison of visualizations obtained from the CFD simulations and the
towing tests (Fr = 0.62). Both the CFD and experimental results show a local high overflow of water
near the bow. This locally high water-overflow near the bow is ascribed partly to the hard chine body.
As shown in Figure 8 (right panels), a bow-down trim was observed due to the application of the Hull
Vane® which becomes more pronounced with increasing Fr. This observation is consistent with the
prediction, as also reported in Ref. [3]. As noted earlier, Case 3 shows a decrease in ship resistance
and the bow-down trim for this case is the smallest compared to the Cases 1 and 2. Furthermore,
Figure 9 shows that the wave patterns obtained from the CFD simulations agree well with those
obtained from the experiments.

Wave Elevation (m) 3

(a)

(b)

Wave Elevation (m) 3

2.5

2

1

()

Wave Elevation (m) 3

25

(d)
Fig. 8. Comparison of visualizations of water surface elevations near the bow and near the stern
obtained from CFD simulations and towing tests (Fr = 0.62 ); (a) Case 0, (b) Case 1, (c) Case 2 and (d)
Case 3
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Fig. 9. Comparison of visualizations of 3-D wave pattern obtained from CFD simulations and towing tests
(Fr =0.62); (a) Case 0, (b) Case 1, (c) Case 2 and (d) Case 3

Figure 10 shows that the wave pattern behind the vessel is changed slightly and the wave height
is reduced due to the application of the Hull Vane®. The generated waves have higher crests for the
case without vane as shown in Figure 10(a) (approximately 2.5 m), compared to those for the cases
with vane (Figure1O(b-d), approximately 1.5 m).
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Fig. 10. Wave elevation and wave patern obtained from the CFD simulations (Fr = 0.62); (a) Case 0, (b)
Case 1, (c) Case 2 and (d) Case 3

4. Conclusions

To investigate the possibilities of energy efficiency when a Hull Vane® is to be retrofitted into a
high speed craft at Fr > 0.6, CFD simulations and towing-tank experiments were performed in which
the vane’s placement was varied in the longitudinal direction but its submerged elevation was kept
constant at 0.75 T below the water surface, where T is the boat’s draft. Three variations of vane’s
placement in the longitudinal directions were considered: (i) vane’s leading edge in-line with the
transom (Case 1), (ii) vane’s leading edge one chord length behind the transom (Case 2) and (iii)
vane’s leading edge two chord lengths behind the transom (Case 3). A 31 m hard-chine crew boat
was considered, which was designed and produced by PT. Orela Shipyard, Gresik Indonesia.

At Fr > 0.75 all vane’s placements resulted in an increase of the total ship resistance, reaching a
value of 36.3% for Case 2 at Fr = 0.92. A bow-down trim was observed, which became more
pronounced with increasing Fr. From the cases considered, the vane’s position with the leading edge
two chord lengths behind the transom (Case 3) gave the smallest ship resistance. At Fr < 0.74, this
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vane positioning resulted in a decrease of ship resistance, which reached 7.1% at Fr = 0.62. Referring
to the results of previous studies [10-11] in addition to the present results, the recommended Froude
number range for Hull Vane®’s applications for this type of ship is 0.5 < Fr < 0.7.

The CFD successfully simulates the physical phenomena observed during the towing tests, such
as the wave patterns and the locally high water-overflow near the bow. The application of the Hull
Vane® reduces the height of the waves generated by the ship.
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