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Abstract: Flat-hull ships are known to have higher resistance than streamlined hulls. Although the
Hull Vane® concept has been proven effective as a stern-mounted energy-saving device through
pressure-field modification and stern-wave interaction, most previous studies have focused on
straight-foil configurations (straight planform). The effect of planform shape optimization,
particularly the sweptback configuration, on the hydrodynamic performance of flat-hull ships is
limited in the literature. This study modifies the geometry of a Hull Vane® into a sweptback stern
foil and evaluates its performance using Computational Fluid Dynamics simulations. The results
show that a 15° sweptback angle yields the greatest reduction in resistance. Velocity contour
analysis shows a narrower wake and a more uniform velocity-gradient distribution in the stern area
for the 15° swept-back stern-foil configuration compared to other configurations. Meanwhile, the
turbulence length distribution shows a tendency toward reduced intensity of large-scale turbulent
structures behind the ship, indicating improved wake-flow characteristics. The identified resistance
reduction mechanism primarily stems from improved pressure recovery and modified pressure
distribution in the stern area, which is consistent with the working principle of Hull Vane®.
Optimizing the sweptback planform geometry yields more efficient flow interaction than the
straight-foil configuration. These findings indicate that planform optimization is an important design
parameter in the development of stern foils to improve the hydrodynamic efficiency of medium-to
high-speed commercial vessels.

Keywords: flat-hull ship; flow simulation; energy-saving device; affordable and clean energy; ship
resistance reduction

1. Introduction

The weakness of flat-hull ships is that they have greater resistance than streamlined hulls [1], [2].
The greater the resistance of the ship, the greater the propulsion power required to maintain
operating speed. This increase in power requirements is directly proportional to the main engine's
fuel consumption [3]. The impact is an increase in ship operating costs and exhaust emissions due
to higher fuel consumption [4]. Flat-hull ships are becoming increasingly popular due to their ease
of production and affordability. One approach to reducing resistance is to increase the length-to-
width (L/B) ratio to reduce wave-making resistance. However, increasing the L/B ratio can reduce
the ship's transverse stability (decrease in GM value), thus increasing safety risks, especially under
certain operating conditions. Therefore, innovations to reduce the resistance of flat-hull ships are
essential.
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Previous research has shown that installing a Hull Vane® on a ship's stern can reduce the ship's
resistance through a combination of pressure resistance reduction, trim correction, and positive
interaction with the stern wave system [5], [6], [7], [8], [9]. Various Computational Fluid Dynamics
(CFD)-based studies, model tests in towing tanks, and full-scale sea trials report a potential
reduction in resistance of between 5-10% on commercial ships, and more than 20% on medium to
high-speed displacement ships with a Froude number (Fn) between 0.2-0.7 [10], [11]. The Hull
Vane® installed on the stern generates lift due to the interaction between the stern flow and the
ship's wave system. This lift and the resistance force of the foil produce a resultant force that can be
decomposed into horizontal and vertical components. At certain angles of attack and Froude
numbers, the horizontal component of this force can be positive, contributing as an additional
thrust. In addition, the vertical component of this force improves trim and reduces pressure
resistance due to stern waves [12].

On flat-hull ships, installing a Hull Vane® can reduce resistance by 12.44% [13]. However, under
comparable operating conditions, flat-hull ships generally have greater resistance than streamlined-
hull ships, mainly due to the dominance of pressure resistance and the more pronounced stern-
wave formation. Therefore, further innovation in Hull Vane® design is needed to further reduce
resistance on flat-hull ships . In this study, the shape of the Hull Vane® was modified from straight
to sweptback. Unlike previous studies that focused on the straight Hull Vane® configuration, this
study not only created simple geometric modifications but also systematically evaluated the effects
of sweptback-angle variations on the resistance characteristics and wake-flow behavior of flat-hull
ships. To date, reports on the influence of sweptback planforms on stern-mounted lifting surfaces
for flat-hull ships are still very limited, especially in the context of RANS analysis in the medium-
to-high Froude number range. Therefore, this study provides a new contribution to understanding
the sensitivity of planform geometry to pressure-recovery-based resistance-reduction mechanisms.

2. Material and methods
2.1  Ship model and variations in sweptback stream foil angle

The ship used as a model in this study is a flat-hull ship, which has previously been studied in terms
of hull shape [1], [2] and the application of the Hull Vane® with a straight configuration using NACA
4012 foil (Figure 1.b). The main innovation in this research lies in modifying the Hull Vane® into a
swept-back stern-foil configuration (Figure 1.c). The sweptback angle was varied from 5° to 30° in
5° increments to evaluate its effect on hydrodynamic characteristics. This modification is expected
to optimize ship performance by reducing ship resistance. The simulation results of the ship
equipped with a sweptback stern foil are compared with a ship without a Hull Vane® (Figure 1.a)
and a ship equipped with a Hull Vane®. The main dimensions of the ship are presented in Table 1.
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Figure 1.  (a) Flat-hull ship without foil, (b) installation of Hull Vane® (Straight/ Original) [13]
and (c) installation of Sweptback stern foil
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Table 1. Main dimensions of the ship

Item Ship Model Unit
LoA 12 0.9 m
B 3 0.225 m
H 2.1 0.157 m
T 0.97 0.072 m
Displacement 17609 7.3 kg

2.2 Computational Fluid Dynamics (CFD)

The research was conducted using the CFD method with the SolidWorks Research License from
Universitas Negeri Padang. CFD simulations were performed to reveal the resistance and flow
phenomena in all research ship models. CFD simulations provided visual data in the form of color
illustrations based on fluid pressure [14], [15]. The simulation parameters used in SolidWorks Flow
Simulation are presented in Table 2.

Table 2.  Parameter condition of the simulation [13]
Analysis type External
Consider closed cavities - Exclude cavities without flow conditions

- Exclude internal space
Time-dependent - Total analysis time: 60 sec.

- output time step: 1 sec.

Gravity Y component: -9.81 m/s’
Flow analysis type Free surface
Two immiscible fluids - Air
- Water
Velocity parameters Velocity in X direction
Boundary Condition - Inlet: Velocity with defined Froude Number

- Outlet: Constant
- Wall: No-slip condition
- Hull and Hull Vane: No-slip condition

Numerical simulations were performed on all ship model configurations within a Froude number
(Fn) range of 0.5-1.0 to represent medium to high speed operating conditions, where wave
resistance and pressure components begin to dominate over frictional resistance. The selection of
this Fn range was based on ship hydrodynamics theory, which states that at Fn > 0.4, there is a
significant increase in wave-making resistance, and flow interaction at the stern becomes more
sensitive to additional geometric modifications such as stern foils [16], [17]. The Fn range of 0.5-
1.0 was also chosen because flat-hull ships operate within that speed range. The simulation was
performed using the Reynolds-Averaged Navier-Stokes (RANS) approach with a two-equation
turbulence model commonly used in ship resistance prediction and stern wake analysis. The RANS
approach has been proven to reliably represent viscous flow phenomena and pressure distribution
in ship resistance studies and energy-saving devices (ESDs) [18], [19].

The computational domain follows ITTC guidelines for CFD simulation [20]. The ship model, foil,
and walls were set as slip-free conditions. The inlet was placed 1 L upstream with a flow velocity
equal to the ship's speed, while the outlet was located 2 L downstream as an open boundary with
constant pressure. The bottom, top, and side walls were each 1 L from the keel, 0.25 L from the
deck, and 1 L from the ship's longitudinal axis.
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Figure 2. Computational domain [13]

In this study, the computational grid was created by referring to the meshing strategy used in
previous Hull Vane® studies to ensure numerical consistency and reliability [13]. Grid independence
studies were conducted using three mesh densities (coarse, medium, fine) for the Fn = 0.7
configuration as a representative condition. The difference in resistance values between the medium
and fine meshes was less than 2%, so a mesh with *3.4 million cells was selected as a compromise
between accuracy and computational efficiency. In the area around the sweptback stern foil, the
mesh was locally refined to more accurately represent the velocity gradient, pressure distribution,
and wake structure (Figure 3). Meanwhile, a larger grid size was applied to the area near the
computational domain boundary to reduce computational costs and prevent artificial wave
reflection at the domain boundary [17], [20], [21]. This meshing strategy strikes a good balance
between numerical accuracy and computational efficiency while maintaining the stability of the
free-surface simulation. Numerical model validation was performed by comparing the resistance
results of the baseline configuration and the conventional Hull Vane® with previously published
results [13]. The maximum deviation obtained was within an acceptable range for steady-state
RANS simulations, so the numerical model was deemed adequate for parametric analysis in this

study.
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Figure 3. Meshing
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3. Results and discussion

The simulation results show that the resistance increases nonlinearly with the increase in Fn for all
variations of the sweptback stern foil angle (Figure 4), in line with the hydrodynamic force
formulation that depends on the square of the flow velocity [22]. Among all configurations, the 15°
angle consistently produced the lowest resistance values across almost the entire tested Fn range
tested. At Fn = 1, for example, the 15° configuration produced a resistance of 15.13 N, which was
lower than the 30° configuration at 16.68 N. At small angles of 5°-10°, the resistance was relatively
higher than at 15°, indicating that the pressure distribution and lift force contribution were not yet
optimal. Conversely, at large angles of attack of 20°-30°, the increase in resistance is more
pronounced, especially at high Fn, likely due to increased pressure resistance and three-dimensional
flow-separation effects. These findings indicate that there is an optimum angle at which the
interaction between the wake flow and the foil produces the most effective pressure recovery
mechanism. Overall, the 15° configuration provides the most stable minimum-resistance
performance across the entire Fn range, confirming that sweptback-angle optimization is a crucial

design parameter in the development of foils to reduce resistance on flat-hull ships.
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Figure 4. Resistance as a function of Fn for different sweptback stern foil angles

Figure 5 shows a comparison of resistance between a ship without foils, Hull Vane®, and a 15°
sweptback stern foil in the Froude number (Fn) range of 0.5—1. The data for ships without foils and
for the Hull Vane® refer to results from previous studies, which are used as comparative data to
evaluate the development of sweptback stern foil geometry in this study. In general, resistance
increases with increasing Fn across all configurations. The ship without foils shows the highest
resistance values across the entire Fn range, especially at Fn 2 0.7. Hull Vane® consistently reduces
resistance compared to ships without foils. The 15° sweptback stern foil configuration in this study
resulted in a greater resistance reduction than the Hull Vane®, especially at Fn 0.8—1. This indicates
that planform optimization improves hydrodynamic efficiency by enhancing pressure distribution
and wake control at the stern.
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Comparison of resistance total versus Froude number for baseline configuration
(without stern foil), conventional Hull Vane, and sweptback stern foil 15°
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Differences in flow velocity after passing through the ship (a) sweptback-foil 5 degree,
(b) sweptback-foil 10 degree, (c) sweptback-foil 15 degree, (d) sweptback-foil 20
degree, (e) sweptback-foil 25 degree, (f) sweptback-foil 30 degree, (g) without foil,
and (h) Hull Vane®
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CFD simulation results based on velocity contours (Figure 6) show that the installation of sweptback
stern foils and Hull Vane® significantly modifies the velocity distribution and wake characteristics
in the stern area compared to a ship without foils. On ships without foils, a wider, longer velocity-
deficit zone is visible behind the ship, indicating a loss of flow momentum and associated with high-
pressure resistance due to suboptimal pressure recovery. On ships equipped with Hull Vane®, the
wake zone appears more focused and narrowed, with flow acceleration around the foil, indicating
the formation of circulation and a more favorable pressure distribution. Hydrodynamically, this
which modifies the
pressure field at the stern, reduces the amplitude of stern waves, and improves pressure recovery,

phenomenon is consistent with the working principle of the Hull Vane®,
thereby reducing resistance. Ships equipped with a 15° sweptback stern foil show the most stable
velocity distribution pattern, with a relatively narrower wake and a smoother velocity gradient
transition compared to other angles. This indicates more efficient flow interaction and a potentially
more optimal lift-to-resistance ratio. At larger angles (25°-30°), although local acceleration around
the foil increases, there is a tendency for the velocity gradient behind the foil to widen, indicating
an increase in viscosity losses and the potential for increased induced resistance. Overall, these
velocity visualization results support the previous obtained quantitative resistance data and are
consistent with the findings of previous Hull Vane® CFD studies, which show that resistance
reduction is primarily due to wake modification and improved stern pressure distribution, rather
than solely due to the addition of direct thrust [23].

(©) (d)

(®)

-

@) (h)
Figure 7. Differences in turbulence length (a) sweptback-foil 5 degree, (b) sweptback-foil 10

degree, (c) sweptback-foil 15 degree, (d) sweptback-foil 20 degree, (e) sweptback-
foil 25 degree, (f) sweptback-foil 30 degree, (g) without foil, and (h) Hull Vane®
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On ships without foils, the wake area has a greater turbulence length and extends behind the stern.
This indicates the development of a larger turbulence scale and a less effective pressure recovery
process, resulting in less controlled flow in the stern area and contributing to increased pressure
resistance. Conversely, on a 15° sweptback stern foil, the high turbulence length zone is more
localized around the trailing edge of the foil, and the wake appears narrower and dissipates more
quickly. This pattern shows that flow modification by the foil can control turbulence development
and reduce the formation of large vortex structures at the stern. These findings are in line with the
resistance graph results, which show the greatest reduction at an angle of 15°. They are consistent
with the velocity contours, which show a more focused wake and a more stable velocity gradient
distribution. Thus, based on the consistent quantitative data (resistance graphs) and CFD
visualizations (velocity and turbulence length), the 15° sweptback stern foil configuration provides
the most efficient flow interaction, with improved pressure recovery and better control of
turbulence development behind the ship.

The results of this study show that the sweptback stern foil configuration at a 15° angle provides
the greatest reduction in resistance compared to ships without foils or a conventional Hull Vane®
(straight foil). The trend of resistance reduction obtained is consistent with the working principle
of Hull Vane® as described by van Oossanen and Uithof [10] that the main mechanism of resistance
reduction is not solely due to additional direct thrust, but mainly through modification of the
pressure distribution at the stern, reduction of stern wave amplitude, and increased pressure
recovery. The CFD velocity contour results in this study show that the configuration without foils
produces a wider, longer velocity-deficit zone in the stern wake, indicating a loss of flow
momentum and a greater contribution to pressure resistance. In contrast, the 15° swept-back stern
foil configuration produces a narrower wake and a more stable velocity-gradient distribution. This
phenomenon is in line with the results of research reported by Tripathi and Vijayakumar [24] that
installation of stern foils can reduce residual resistance through constructive interaction with the
stern wave system and improved pressure field behind the ship. The turbulence length distribution
shows a tendency for a reduction in the characteristic turbulence scale in the wake region at a 15°
sweptback configuration, indicating a more controlled pressure recovery process compared to the
baseline configuration. However, a detailed analysis of vortex structures was not performed in this
study. The simulation was performed under steady-state and static trim conditions. The effects of
trim dynamics and sinkage were not accounted for in this study, so the results obtained represent
hydrodynamic trends under ideal conditions. Evaluation under free-to-trim conditions warrants
further research.

4. Conclusion

This study confirms that the installation of stern foil devices is effective in reducing a ship's resistance
through pressure field modification and wake control, as described in previous Hull Vane® studies.
Based on CFD simulation results, the sweptback stern foil configuration at 15° showed the best
performance compared to configurations without foils or Hull Vane®, as indicated by lower
resistance, a narrower wake, a more stable velocity distribution, and better control of turbulence
length in the stern area. These findings are consistent with the theory that, in the medium-to high-
Froude-number range, pressure and wave-resistance components become dominant, so that lifting-
surface-based devices contribute significantly to improving hydrodynamic efficiency. Compared to
previous research on Hull Vane®, this study shows that optimizing the planform geometry through
a sweptback design can increase resistance-reduction effectiveness without changing the basic
working principle. Thus, this study not only reinforces the validity of the stern foil concept as an
energy-saving device but also makes a new contribution to the development of designs that optimize
planform angles and shapes for ships with a dominant pressure resistance. These findings have
practical implications for improving energy efficiency and reducing fuel consumption in medium-

to high—speed operational ships.
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