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This study experimentally evaluates wind-assisted propulsion (WASP) to reduce the resistance of a 265
GT fishing vessel using model-scale towing tank test conducted at the PRTH-BRIN towing tank facility,
with towing forces measured using calibrated resistance dynamometers following ITTC recommended
procedures. Bare-hull resistance was measured at seven speeds over Froude numbers Fr = 0.12 - 0.30,
while tests with the wing sail installed were conducted at three speeds in the upper range (Fr ~ 0.18 -
0.30) under steady beam wind conditions corresponding to a full-scale true wind speed of 20 knots.
Towing-force measurements were converted into total resistance and total resistance coefficients. The
wing sail effect was quantified using the wind-assisted percentage (WA%), defined as the relative
reduction in resistance compared with the bare-hull condition at the same speed. A Type B uncertainty
analysis following ITTC Recommendations was performed for the bare-hull measurements. The results
show that, for the tested wind-assisted condition, the wing sail configuration produced lower
resistance than the bare-hull at the same speed. The absolute resistance reduction increases with
Froude number, reaching about 1.06 N at the highest speed, whereas WA% decreased from about 4.53%
to 2.25% indicating a larger relative benefit at lower end of the tested speed range. The expanded
relative uncertainty of bare-hull resistance is below 4% for all operating points. Overall, the

experiments indicate a measurable wind-assisted contribution from the wing sail and provide a

DOI: practical framework for assessing WASP performance at model scale using WA% as an indicator.
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article under the CC BY-SA license (https://creativecommons.org/licenses/by-sa/4.0/).

1. Introduction

The maritime industry is undergoing a significant transformation in response to global environmental challenges. With
increasing pressure from international regulations, the maritime sector is required to reduce greenhouse gas emissions and
the negative impacts associated by the use of fossil fuels [1]. Consequently, ship operators are seeking sustainable
technologies to improve fuel efficiency and decrease fossil-fuel consumption. This transition is driven by international
agreements, such as the IMO greenhouse-gas reduction strategy and MARPOL Annex VI regulations [2], [3]. The urgency of
this transition is especially evident of the fishing sector, where reliance on fossil fuels is significant and alternative propulsion
technologies have not been extensively implemented [4], [5], [6].

One of the technologies that has received growing attention is Wind-Assisted Ship Propulsion (WASP). By utilizing wind
to provide additional thrust on ships, WASP reduces reliance on conventional propulsion and can lower fuel consumption
and exhaust-gas emissions [7]. WASP offers an efficient and flexible way to harness wind energy, potentially reducing fuel
cost, saving operational expenses, and contributing to emission reduction [8]. A wide variety of devices fall under the WASP
umbrella. Including soft sail, rigid wing sail, flattener rotors and kites, each with different installation constraints and
performance characteristic [9]. Recent design and performance studies further indicate that, when properly integrated, wing
sail and rotor configurations can archive double-digit reductions in fuel consumption for suitable routes [10], [11].
Optimization research on rigid wing sail configurations has further validated their aerodynamic efficacy across various vessel
types and operational conditions [12], [13].

Although wind-assisted propulsion is not a new concept, its application on medium to large fishing is still relatively
unexplored. Fishing vessels operate in dynamic marine environments with unpredictable wind and wave conditions, so the
integration of wind-assisted propulsion on these vessels requires more detailed study. Previous research on wind propulsion
has mainly focused on merchant or large cargo ships [14], [15], while studies on small to medium-sized fishing vessels
remain limited, particularly regarding the hydrodynamic and aerodynamic effect of wind propulsion under realistic
environmental conditions [16]. In Indonesia, the fishing sector, which is heavily dependent on fossil fuels and challenged
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with rising operational expenses, urgently requires alternative propulsion sources [6]. The 265 GT vessel class is a category
commonly used in Indonesian fishing waters, typically exhibiting modest service speeds with Froude numbers between Fr =
0.18 - 0.30, a range deemed appropriate for wind-assisted propulsion advantages [17]. However, no experimental research
has methodically measured the decrease in hydrodynamic resistance due to a wing sail on this category of vessels.
Understanding how wind propulsion interacts with the operational characteristics of medium-sized fishing vessels is
therefore essential to advancing its adoption in this sector.

The present study contributes to this research gap by conducting model-scale resistance tests on a 265 GT fishing vessel,
both with and without Wind-Assisted Propulsion. The experiments are performed in a towing tank to quantify effects of the
wing sail system on resistance-based performance. Whereas many previous works have focused on larger cargo vessels, but
research on small to medium-sized fishing vessels in varying environmental conditions are scarce [4], [16]. By comparing
the resistance of the vessel with and without wing sail, this study aims to: (1) quantify the bare-hull resistance and total
resistance coefficient of the 265 GT fishing vessel model across a Froude number range of Fr = 0.12 - 0.30; (2) evaluate the
net resistance reduction due to the wing sail under steady beam wind conditions at Fr = 0.18 - 0.30; and (3) assess the wind-
assisted percentage (WA%) as a normalized performance indicator for Wind-Assisted Propulsion at model scale, following
the guidelines of the International Towing Tank Conference [18].

2. Method
2.1. Ship and Wind Propulsion Model

In this study, the ship model is scaled from a 265 GT fishing vessel full-scale for testing in the towing tank, both with
and without Wind Assisted Propulsion. The ship model and wind-assisted propulsion system used in this study were adopted
from a prior experimental research report developed at PRTH-BRIN [19], while the data processing and analysis were
independently conducted in this present work. The ship model is designed to replicate the full-scale vessel while fitting the
requirements for the towing tank experiment. The model vessel is scaled down using a 1: 9.685 scale ratio. This scaling
follows similitude principles to ensure that model’ s behavior in the towing tank reflects that of the full-scale vessel under
real operational conditions [20]. To better understand the design of the model vessel, Figure 1 shows the ship model for the
towing tank experiments.

Fﬁre 1. The ship model

The lines plan of the full-scale 265 GT fishing vessel is presented in Figure 2, including the body plan, sheer plan, and
half breadth plan. The hull design exemplifies a conventional displacement-type fishing vessel with a moderate beam-to-
length ratio, characteristic of vessels operating in Indonesia fishing waters [ 17]. The lines plan verifies the design proportions
specified in Table 1 and establishes the geometric foundation for the 1:9.685 scale model used in the towing tank
experiments.
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Figure 2. Lines plan of the full-scale 265 GT Fishing Vessel

Both the full-scale vessel and ship model share common design characteristics. The specifications for both the full-scale
vessel and ship model are summarized in Table 1.

Table 1. Principal Particulars of Full-scale Vessel and Ship Model

Dimension Notation  Full-scale Vessel Ship Model

Length Overall Loa[m] 33.500 3.459
Length Between Perpendicular Lep[m] 29.054 3

Length Waterline Lwi[m] 29.667 3.063
Breath B[m] 7.950 0.821
Height H[m] 6.026 0.622
Draft T[m] 2.950 0.267
Displacement [ton] 408.9 439.1
Gross Tonnage GT [-] 265 -

The ship model is constructed using multiplex wood material. The hull design of the ship model closely follows the full-
scale design to ensure that the flow characteristics and behavior of the ship model in water are accurately represented during
testing. The wind propulsion device, specifically a wing sail, is employed to investigate the contribution wind-assisted
propulsion in reducing resistance of the ship model. The wing sail design is based on aerodynamic principles similar to those
of an aircraft wing, which generate lift and drag forces that can be controlled via the angle of attack [21]. Table 2 summarizes
the specifications for the wing sail used in the experiments for both the full-scale vessel and the corresponding model.

Table 2. Principal Particulars of Full-scale Wing sail and Wing sail Model

Dimension Notation  Full-scale Vessel Ship Model
Wing sail Height [m] Haait [m] 7.3 0.754
Chord [m] C[m] 2.85 0.294
Total Sail Area [m] Asail [m?] 20.805 2.148
Number of Sail [m] Nsail [-] 1 1

Figure 3 further illustrates the geometry of the full-scale wing sail and its scaled model, displaying the planform layout
and cross-sectional profile of the NACA 0015 airfoil. The illustration validates the dimensional specifications presented in
Table 2 and provides a visual representation of the sail geometry applied in the aerodynamic and hydrodynamic analysis
performed in this study [22].
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Figure 3. Geometry of the full-scale wing sail with NACA 0015 Airfoil Profile

The specifications for both the sail and model ship have been integrated to emphasize the proportional scaling between
the model ship and the wing sail, ensuring that both are scaled consistently according to the 1: 9.685 ratio to accurately
reflect the behavior of the full-scale vessel and wing sail. Figure 4 shows the wing sail model used in the experiment. It was
designed using a NACA 0015 symmetric airfoil profile, which provides well-documented lift and drag characteristic for low-
speed applications [23].

Figure 4. Wing sail model with NACA 0015 airfoil profile

The wing sail was installed at the centerline of the ship model, positioned at the midship section corresponding to the
web frame 30 of the full-scale vessel. The wing sail structure’s base was attached directly to the main deck, with no
modifications made to the hull geometry beneath the waterline. The centerline-midship placement was selected to minimize
asymmetric lateral force impacts on the model during towing, and to ensure that the aerodynamic thrust contribution from
the sail was predominantly aligned with the longitudinal axis of the vessel.

The ship model was prepared and ballasted to represent the hydrostatic condition of the full-scale vessel at the selected
loading state. Prior to ballasting, the lightweight mass of the model was measured using a calibrated digital scale, yielding a
value of 100.80 kg. Internal ballast weights were then installed to achieve the target draft and displacement corresponding
to the geometric scale ratio of 9.685. The final ballasted mass of the model was 338.33 kg, which represents a scaled
displacement of 439.13 kg.

2.2. Experimental Setup

The resistance tests were conducted using a scale model of a 265 GT fishing vessel equipped with a wind-assisted wing
sail. All experiments were carried out in the towing tank facility of the Hydrodynamics Laboratory in Badan Riset Inovasi
Nasional (PRTH), Surabaya [19], [24]. The experimental procedure follows standard ITTC guidelines for resistance tests [18].
The towing tank specifications are detailed in Table 3.

Table 3. Towing Tank Specification

Specification Value Unit
Length 234.5 Meter
Breadth 11 Meter
Depth 5.5 Meter

Model Ship Length 3-9 Meter
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Carriage Speed (min to max) 02-9 m/s
Maximum Flow Rate Upto 12 m/s
Maximum Carriage Acceleration 1 m/s?
Working Pressure 02-2 bar

The water temperature during the tests was maintained at 27.6°C, corresponding to a kinematic viscosity of 8.317 x
1077 m2/s [25]. All instrumentation used in the resistance test was calibrated prior to testing and traceable to international
standards through the National Accreditation Committee of Indonesia (KAN, accreditation number LK-023-IDN). The primary
instruments and their specifications are summarized in Table 4.

Table 4. Principal Instrumentation Used in the Resistance Tests

Instrument Type/Model Range Expanded
Uncertainty (k=2)
Resistance Dynamometer R-56 0-50 kg +0.028 kg
External Load Cell (Wind-Assisted) Lorenz Messtechnik S-type 0-10kg -
Tension Compression
Towing Speed Sensor SCANDAS (NI-based) 0-9m/s 0.107 m/s (2xSEE)
Water Thermometer PTM-806 Type K -50-1300 °C, res. 0.1  0.18 °C
°C
Electronic Hanging Scale CCS-600 0-600 kg, res.0.2kg  0.11kg
Stopwatch HS-70W - 0.038 s

Note: Expanded uncertainty for the external load cell is not reported as uncertainty analysis was performed exclusively for
the bare-hull configuration, as described in Section 2.5.

Two force-measurement instruments were employed in this study, each corresponding to a different test configuration.
A R-56 resistance dynamometer with a capacity of a 50 kg was used for the bare-hull resistance test. The dynamometer was
calibrated using standard dead-weight procedures traceable to international standards. In the wind-assisted configuration,
an external load cell replaced the R-56 dynamometer. This substitution was necessary because the experimental setup
required additional space on the deck and internal volume of the model to accommodate the wing sail structure and its
mounting configuration, which was incompatible with the installation footprint of the R-56. The external load cell used for
the wind-assisted configuration was a Lorenz Messtechnik S-type tension-compression load cell with a capacity of 10 kg.
Both instruments were linked to a National Instruments-based SCADAS data acquisition system functioning at a sampling
rate of 50 Hz. The recorded force signals from both configurations were processed using a low-pass filter with a cut-off
frequency of 10 Hz to suppress high-frequency disturbances, before time-averaging over the steady-state interval to obtain
the representative towing force for each test conditions.

Towing Carriage
/

3 Sail

Sling Pole
{ -; |

—~ ™ Load Cell

Vs

osEiN .

Blower [=5=| [<5~] Load Cell
! l | | Vw

Figure 5. Experimental Setup Diagram

For each test condition, the carriage was smoothly accelerated until the desired steady velocity was achieved. Once the
motion of the model became stable, towing force data were recorded and the steady-state portion of the signal was retained
for analysis. Each test configuration was performed once, as the primary objective of this study was to characterize the
resistance behavior under different wind-propulsion arrangements rather than to assess statistical repeatability. The
complete experimental layout and the two model configurations (bare-hull and wing sail-assisted) are shown in Figure 5.

In addition to the primary towing instrumentation, several auxiliary components were incorporated to enable the wind-
assisted test configuration. A blower unit was installed on the towing carriage to supply a controlled and uniform airflow
toward the wing sail during the wind-assisted tests. The airflow was aligned with the model centerline, and the blower
output was maintained at a constant setting for all relevant test conditions. A light tension sling was connected between the
carriage side frame and the model bow to limit excessive yaw motion under high sail loading; the sling remained slack during
straight towing and engaged only when lateral displacement occurred. The general arrangement of the blower, tension sling
and external load cell follows layouts used in previous wind-assisted towing tank experiments, but was modified to fit the
present towing tank facility and model dimensions [26].
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Figure 6. Resistance test at Towing tank

Figure 6 present the resistance test in progress at the PRTH-BRIN Towing Tank. Figure 7 illustrates the overall
perspective of the resistance test performed at the PRTH-BRIN Towing Tank facility. The figure depicts the comprehensive
configuration of the experiment, featuring the towing carriage situated above the tank, the ship model buoyant in the water,
and the instrumentation apparatus affixed to the carriage. This documentation verifies that the experimental circumstances
were physically implemented as described in the preceding sections, with the model accurately positioned and the
measuring apparatus completely constructed before each test run.

Figure 7. General view of the resistance test arrangement at the PRTH-BRIN Towing Tank facility.

The blower arrangement employed to produce airflow during the wind-assisted test is illustrated in Figure 8. The fan
array was affixed directly to the towing carriage frame and directed at the sail position on the model. This configuration
guaranteed that the produced airflow consistently aligned with the model’ s centerline during each test run, resulting in
stable and reproducible wind conditions at the sail site. The blower was used at a consistent pre-calibrated setting for all
wind-assisted test conditions, as previously outlined.
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Before the wind-assisted test runs, the wind speed at the sail location was confirmed using a portable anemometer
positioned at the base of the wing sail mast, as illustrated in Figure 9. The anemometer was used solely during the pre-test
calibration phase to verify that the blower output achieved the necessary wind speed of 3.305 m/s at the sail position. This
approach guaranteed that the wind condition affecting the sail was uniform and reproducible across all tested configurations.

-

SukfiloS: R2025 108

Figure 9. Portable anemometer mounted at the base of the wing sail mast

Figure 10 presents a detailed perspective of the ship model in the wind-assisted test configuration. The wing sail is
distinctly positioned at the model’ s centerline in the midship location, in accordance with specifications outlined in Section
2.1. This picture also illustrates the external load cell connection at the model bow, validating the instrumentation
configuration employed to assess the net towing resistance in wind-assisted conditions. Figure 10 illustrates the
comprehensive wind-assisted test configuration from which the resistance reduction and WA% outcomes detailed in Section
3 were obtained.

Figure 10. Ship model with wing sail installed during the wind-assisted resistance test

2.3. Test Procedure

The model was towed at a series of prescribed velocities corresponding to Froude numbers between 0.12 and 0.30. Each
run started with a smooth acceleration until the target speed was reached, followed by a constant-speed measurement
segment. Only the steady-state portion of the recorded signals was used for analysis, in accordance with the ITTC
recommended procedure for resistance test [18]. All test conditions were conducted once; repeatability assessment was not
included in the scope of this study.
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Figure 11. Definition of wind and sail angles used in this study

Figure 11 defines the wind-related angles and velocities used in this study. The ship-fixed coordinate system is defined
with the X-Axis pointing forward and the Y-Axis pointing to port. The incoming flow generated by the blower is treated as
the True Wind Speed (TWS), while the ship speed is the towing velocity. The Apparent Wind Speed (AWS) and its direction
are obtained from the vector combination of TWS and ship speed. The true wind angle (TWA) is defined as the angle between
the ship heading (X-Axis) and the true wind direction; in the present setup the wind was applied from the side (beam wind),
corresponding to TWA = 90°. The wing sail setting angle (8) denotes the orientation of the sail relative to the ship transverse
axis (Y-Axis) and follows the values specified in the test matrix; for the present test, the sail position was at g = 30°, meaning
that the sail was rotated 30° form the transverse direction. The angle of attack («) is defined as the angle between the
apparent wind direction (AWS) and the wing sail chord line. i.e., the apparent wind angle is the ship-fixed frame referenced
to the sail setting angle g (with the sign convention consistent with Figure 11). The angle of attack values reported in Table
5 correspond to the entries listed under the symbol o

Two configurations were evaluated, as summarized in Table 5: a bare-hull configuration and a wing sail-assisted
configuration. For the bare-hull tests, the wing sail model and blower were removed while maintaining the same ballast
condition, tow-point position, and instrumentation arrangement. In the wind-assisted test, the wing sail was installed at the
predetermined location as described in Section 2.2 and the blower was operated to generate a nominally steady wind. The
wind speed at the sail position was monitored and maintained at a target value of 3.305 m/s for all wind-assisted runs. This
value was selected based on wind climatology data for the southern Java Sea and surrounding waters, where surface winds
exhibit significant seasonal variability associated with the monsoon system [27]. In the Benoa, Bali fishing ground
specifically, wind speeds can reach up to 20 knots under certain seasonal conditions, representing a practically relevant
upper-bound condition for wind-assisted propulsion assessment on this vessel class. The model-scale wind speed of 3.305
m/s was therefore selected to replicate this upper-bound full-scale condition of 20 knots via Froude scaling. No adjustment
to underwater geometry, ballast, or tow-point arrangement were made between configurations, so that differences in
measured towing force reflected the effect of the wing sail under the specified wind-assisted condition [28].

Table 5. Test matrix for resistance measurements

Configuration Fr Vsm B a Vwm TWA
(m/s) (deg) (deg) (m/s) (deg)
Bare-hull 0.121 0.661 - - - -
0.151 0.827 - - - -
0.181 0.992 - - - -
0.211 1.157 - - - -
0.241 1.322 - - - -
0.271 1.488 - - - -
0.302 1.653 - - - -
Wing sail Assisted 0.181 0.992 30 13.32 3.306 90
0.241 1.322 30 823 3.306 90
0.302 1.653 30 3.46 3.306 90

Table 5 summarizes the complete test matrix, including the tested Froude numbers, corresponding towing speeds, sail
setting angle, and wind condition. All quantities in Table 5 refer to model-scale conditions consistent with ITTC procedures
for dynamic similarity. No full-scale conversions were applied within this section, as the objective is to provide a controlled
comparison of total resistance between the bare-hull and wing-sail configurations.

2.4. Data Acquisition and Analysis

Hydrodynamic resistance measurements were obtained from towing experiments based on the measured towing force
and carriage speed. All force signals were recorded using a calibrated load-cell system, and only the steady-state portion of
each towing run was used in the analysis. The recorded signals were filtered to remove high-frequency disturbances and
subsequently time-averaged to obtain representative force values for each test condition.

The total resistance R of the model was taken directly from the measured towing force. To enable comparison across
speeds, the total resistance coefficient was computed as [18]:



Kapal: Jurnal [imu Pengetahuan dan Teknologi Kelautan, 23 (1) (2026):22-35 30

Rr (1)

%pSmV2

CT=

where o is the water density, V the towing speed, and S,, the wetted surface area of the model geometry (hydrostatic
calculation) at the design draft. The corresponding Froude number was calculated as:

1% (2)

where L is the characteristic length of the model defined in Section 2.1.

All comparisons were performed at identical towing speeds to enable direct comparison between the bare-hull and
wing sail-assisted conditions. To evaluate the influence of wing sail installation on the measurement resistance, the
resistance reduction was defined as the difference between the bare-hull resistance and the resistance measured with the
wing sail installed:

(3)

AR = RT,bare - RT,wing

where Ry pq is the measured resistance of the ship model under bare-hull configuration without wing sail, and Ry ing
denotes the resistance measured with the wing sail configuration. To further quantify the relative contribution of the wing
sail to the overall longitudinal force balance, a wind-assistance percentage (WA%) was defined following the thrust-based
formulation proposed in the literature [14]. In the present towing-tank experiments, the longitudinal thrust condition
generated by the wing sail, Fx ;,; was not measured directly but inferred from the reduction in measured towing resistance
between the bare-hull and wing sail-assisted configurations, i.e. Fy ;4; = AR. The remaining thrust demand, T, corresponds
to the measured towing resistance under the wing sail-assisted condition. The wind-assisted percentage is the define as:

(4)

FXsail >
WA% = | ———= | X 100%
<FX,sail +T

This parameter represents the relative reduction in towing resistance attributable to the wing sail at model scale. The
processed resistance data and derived performance metrics obtained through the above procedures form the basis for
uncertainty assessment and performance evaluation presented in the following sections.

2.5.  Uncertainty Analysis

This section’ s uncertainty evaluation pertains solely to the bare-hull resistance measurements acquired with the R-56
dynamometer. An equivalent uncertainty evaluation for the wind-assisted arrangement was not conducted in this study. The
uncertainty assessment adheres to the ITTC Recommended Procedures for resistance uncertainty analysis [29]. The
uncertainty estimate, consistent with the methodology applied in the Indonesian Hydrodynamic Laboratory [30],
incorporates Type B contributions derived from instrument specifications and ancillary information. In addition, a Type A
component was included to represent within-run variability of steady-state towing-resistance signal. Since each experiment
program was conducted only once per operating point, repeatability between repeated runs was not considered.

Accordingly, the uncertainty components reported in this work comprise systematic (Type B) contributions,
complemented by a statistical (Type A) term obtained from the recorded steady-state signal. Four primary sources of Type B
uncertainty were taken into account: load-cell calibration, towing speed measurement, water temperature effects on water
properties (density and kinematic viscosity), and model displacement estimation. In addition, the Type A within-run
variability of towing resistance, uz (R;) was calculated from the standard deviation of the measured towing-resistance signal
within the steady-state interval of each run, and expressed in relative form. Table 6 summarizes the uncertainty components
and symbols used in this study; the calculated values are reported in Section 3.3.

Table 6. Uncertainty components for towing resistance

Source of Uncertainty Symbol
Load cell Uc
Towing speed Uy
Water temperature UTemp
Model displacement Upisp
Single run force
variability Ur

The combined relative standard uncertainty of towing resistance R was calculated using the root-sum-square (RSS)
method assuming independent components:
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where all u; are expressed as relative values in percent. The expanded relative uncertainty was then computed as:

(6)
Urel(RT) =k uc,rel(RT)

with a coverage factor k = 2, corresponding to a confidence level of approximately 95%. The absolute expanded uncertainty
of the resistance was obtained as:

(7)
U(RT) = U, (RT)RT

Since the nondimensional resistance coefficients C; are directly proportional to R;, the same relative uncertainty
U, (RT) applies to C; when evaluated using the same instrumentation and data acquisition procedures. The within-run Type
A uncertainty term was defined as:

oRy (8)
Up = E— X 100%
T

where oR; is the standard deviation of the towing resistance signal within the steady-state interval, and R; is the mean
towing resistance over the same interval.

This evaluation accounts for the contributions of load-cell accuracy, towing-speed measurement, water-property
variability, and model displacement tolerances, as well as the within-run variability of the measured signal. The resulting
uncertainty bounds support the reliability of the resistance measurements and the derived performance indicators within
the tested condition. An uncertainty bound for WA% is not reported in the present study due to absence of repeated runs and
the limited uncertainty characterization for the wind-assisted condition.

3. Results and Discussion

3.1. Bare Hull Resistance

Figure 12 present the variation of the bare-hull total resistance as a function of Froude number over the range Fr = 0.12
- 0.30. The experiments were conducted over a Froude number range of Fr = 0.12 - 0.30. Within this range, measured
resistance increases smoothly and monotonically with Froude numbers, indicating stable towing condition and consistent
measurements.
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Figure 12. Bare-hull total resistance as a function of Froude number
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At lower Froude numbers, the increase in resistance is relatively gradual. As the Froude number approaches the upper
part of the tested range, a noticeable change in the slope of the resistance curve is observed, indicating a non-linear resistance
trend that is commonly reported for displacement hulls operating from low to moderate Froude numbers. Similar non-linear
resistance growth has been reported for comparable fishing vessel hull forms by [31], who confirmed through both
experimental and CFD analysis that resistance increases more steeply at higher Froude numbers due to growing wave-
making contributions. The present bare-hull results align with this established behavior, confirming that the tested hull form
demonstrates typical characteristics of displacement vessels within the examined Froude number range. This trend is
typically linked to the increasing influence of wave-related effects as speed increases, although no component separation is
attempted in the present study.

To remove the dominant speed dependance and facilitate comparison across operating points, the results are also
expressed in nondimensional form as the total resistance coefficient, shown in Figure 13. The coefficient remains within a
relatively narrow band at lower Froude numbers and then increases markedly toward Fr = 0.30, which supports the observed
non-linear trend in the dimensional resistance.

No abnormal fluctuation or discontinuities are identified in either the total resistance or total resistance coefficient
curves, and the overall behavior is consistent with established hydrodynamics characteristics of conventional displacement
hulls. The bare-hull resistance results therefore provide a reliable bare-hull for the subsequent assessment of the wing sail-
assisted configuration discussed in the following section.
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Figure 13. Bare-hull total resistance coefficient (CT) as a function of Froude number

3.2. Resistance with Wing sail Installed

Figure 14 compares the measured towing resistance between the bare-hull configuration and the wing sail
configuration under the wind-assisted condition at the selected operating points. For all tested wind-assisted speeds, the
measured resistance with the wing sail installed is lower than the corresponding bare-hull resistance at the same Froude
number. The resistance reduction increases with towing speed in absolute terms. At Fr ~ 0.18, the resistance decreases from
9.54 N (bare-hull) to 9.10 N (wing sail), corresponding to a reduction of about 0.43 N. At Fr ~ 0.24, the resistance decreases
from 18.3 N to 17.8 N, giving a reduction of roughly 0.5 N. At the highest tested speed, Fr ~ 0.30, the resistance decreases
from 47.0 N to 45.9 N, corresponding to a reduction of about 1.1 N.



Kapal: Jurnal [imu Pengetahuan dan Teknologi Kelautan, 23 (1) (2026):22-35 33
50

—— Bare-hull
45

—m—=\Wingsail Installed
40
35

30

25

Resistance (N}

20

15

10

5
017 0.19 0.21 0.23 0.25 0.27 0.29 0.31

Froude Number
Figure 14. Comparison of bare-hull and wing sail installed total resistance as a function of Froude number

Although the absolute resistance reduction increases with Froude number, the relative impact of the wing sail decreases
at elevated speeds, a phenomenon elaborated upon concerning the wind-assisted percentage WA% in Section 3.4. It should
be noted that the measured resistance reflects the net longitudinal force balance on the model, which includes the combined
hydrodynamic effect and the aerodynamics interaction induced by the wind and wing sail. Therefore, the observed
reductions are interpreted as net reductions in towing demand under the specified wind-assisted condition rather than a
direct measurement of aerodynamics thrust. These results form the basis for evaluating wind-assisted performance using
the wind-assisted percentage (WA%) in the following section.

3.3. Uncertainty of the Resistance Measurements

The uncertainties associated with the towing resistance measurement were evaluated according to the procedure
described in Section 2.5. The Type B relative components calculated from instrument calibration/specification following the
ITTC procedure summarized in Table 7. For each towing speed, the within-run variability term u; was computed from steady-
state scatter of towing resistance signal and combined with the Type B components using RSS method to obtain u, ¢, (RT).
The expanded relative uncertainty U, (RT) was then calculated using a coverage factor k =2 (approximately 95%
confidence), and the corresponding absolute expanded uncertainty was obtained as U(RT). The uncertainty results for each
towing speed are reported in Table 8.

Table 7. Type B uncertainty components for towing resistance

Source of Uncertainty  Symbol Relative uncertainty (%)

Load cell Upc 0.775

Towing speed uy 0.100

Water temperature UTemp 0.007

Model displacement Upisp 0.342

Table 8. Combined and expanded uncertainty of towing resistance measurements for each towing speed

\ (m/s) Ug (%) uc,rel(RT) (%) Urel(RT) (%) U(RT) (kgf)
0.661 0.10 1.75 3.51 0.0155
0.827 0.09 1.09 2.17 0.0156
0.992 0.07 0.78 1.57 0.0157
1.157 0.06 0.55 1.11 0.0158
1.322 0.05 0.41 0.83 0.0161
1.488 0.05 0.31 0.61 0.0166
1.653 0.02 0.19 0.37 0.0184

The expanded relative uncertainties u,.;(RT) range from approximately 3.5% and 0.4% over the investigated speed
range. The maximum value of 3.51% occurs at the lowest towing speed, while the relative uncertainty decreases
monotonically with increasing speed. In absolute terms, the expanded uncertainty U(RT) remains nearly constant over the
investigated speed range, varying slightly from approximately 0.0155 kgf to 0.0184 kgf as the resistance increases.

These uncertainty levels are consistent with typical model-scale towing tank measurements and indicate that the
observed differences between the bare-hull and wing sail configurations can be interpreted with reference to the reported
uncertainty bounds. Accordingly, the resistance trends and the derived performance indicators are discussed in the
subsequent section while acknowledging the uncertainty limits reported herein.



Kapal: Jurnal [imu Pengetahuan dan Teknologi Kelautan, 23 (1) (2026):22-35 34

3.4. Wind Assisted Percentage (WA%)

To provide a normalized indicator of the wing sail contribution, the wind assisted percentage (WA%) was evaluated
based on the resistance-reduction definition described in Section 2.4. Figure 15 presents WA% as a function of Froude number
for the tested wind-assisted operating points (Fr ~ 0.18 - 0.30). WA% is positive at all tested points, indicating a consistent
net benefit in terms of resistance reduction.

The WA% values decrease from 4.53% at lower Froude numbers to 3.16% at intermediate point and 2.25% at the highest
tested Froude number. This trend indicates that, while the absolute resistance reduction increases with speed, the relative
contribution of the wing sail becomes smaller toward higher Froude numbers within the tested range. No resistance-
component decomposition is performed in the present study; therefore, the trend is discussed in terms of the measured total
resistance behavior.

The decreasing trend of WA% with increasing Froude number can be understood by considering two concurrent effects.
First, for the displacement hull functioning within the moderate Froude number range examined here, total resistance
increases non-linearly with velocity due to the increasing influence of wave-making resistance at elevated speeds, as
confirmed for similar fishing vessel hull configurations by [31]. The aerodynamic thrust produced by the wing sail varies
with the tested speeds, as the apparent wind angle changes with increasing ship speed while the true wind speed remains
constant. Table 5 illustrates that the angle of attack decreases from 13.32° at Fr 0.18 to 3.46° at Fr 0.30. At reduced angles of
attack, a symmetric NACA 0015 airfoil functions at a distance from its optimal lift-to-drag ratio, resulting in diminished net
longitudinal thrust for equivalent true wind input [14], [23]. The interplay of increasing hydrodynamic resistance as
denominator and diminishing aerodynamic thrust contribution as numerator elucidates the observed decline in WA% at
elevated Froude numbers.

In the context of the existing literature, rigid sail system on larger commercial vessels have been reported to provide
fuel savings ranging from 5% to 60% depending upon vessel size, route, wind availability, and number of sails installed [5].
The WA% range of 2.25% to 4.53% identified in the present study is at the lower end of this spectrum, aligning with the
experimental conditions used: a single sail of relatively small area tested under single fixed wind condition at model scale.
With more advantageous apparent wind angles or with optimized sail setting, the WA% contribution would be expected to
increase, consistent with the higher lift-to-drag ratio achievable by the NACA 0015 profile at more favorable angles of
attack[24]. Guzelbulut et al. [ 14] demonstrated through a model-based methodology utilizing a NACA 0015 rigid sail that the
percentage decrease in energy consumption at a velocity of 5 m/s under beam wind conditions is significantly greater than
at 7 m/s, thereby confirming that the speed-dependent reduction in WA% is an intrinsic attribute of wind-assisted propulsion
systems rather than a constraint particular to this study.
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0
0.17 0.19 0.21 0.23 0.25 0.27 0.29 0.31

Froude Number
Figure 15. Wind-assisted percentage (WA%) as a function of Froude number

3.5. Integrated Discussion (Hydro-Aero Interaction)

The experimental result demonstrate that the installation of a wing sail leads to a consistent reduction in the measured
towing resistance across the tested wind-assisted operating points. This reduction is reflected in both the absolute resistance
difference (4R) and the wind-assisted percentage (WA%), indicating a measurable contribution of wind-assisted propulsion
at model scale. The observed trends highlight the different interpretations provided by absolute and relative performance
metrics. While the absolute resistance reduction increases with towing speed, the corresponding WA% decreases with
increasing Froude number. This behavior is consistent with the non-linear increase of total resistance toward higher Froude
numbers, which reduces the relative magnitude of the wind-assisted effect. From a practical perspective, these results
suggest that the relative benefit of wing-assisted propulsion is more pronounced at lower operating speed, where total
resistance increases more gradually within the tested range. At higher speeds, although the wing sail continues to provide a
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beneficial net contribution, its relative impact diminishes as total resistance increases more steeply toward the upper Froude
number range.

From a hydrodynamic standpoint, the resistance reduction observed in the wind-assisted configuration reflects the
cumulative impact of two opposing mechanisms. The aerodynamic force produced by the wing sail operates in the
longitudinal direction and partially counteracts the pulling force necessary to sustain the specified speed, as evidenced by
the observed decreased in towing resistance. The wing sail structure concurrently generates additional aerodynamic drag on
the above-water segment of the model, exerting force in the opposite direction. The reported reduction in net resistance at
all three tested speeds suggests that the longitudinal thrust component surpassed the parasitic drag of the sail apparatus
under the current experimental conditions. This balance is influenced by the angle of attack, which in this experiment range
from 13.32° at Fr 0.18 to 3.46° at Fr 0.30, since the apparent wind angle shifted with increasing ship speed at fixed true wind
speed. The diminishing angle of attack at elevated speeds indicates that the sail was functioning increasingly away from its
optimal aerodynamic state, aligning with the observed decline in WA% and results from numerical analyses on NACA 0015
rigid sails under comparable beam wind conditions [14], [21].

The trends observed in the present study are consistent with findings reported in the literature on wind-assisted
propulsion systems. Full-scale performance datasets, such as those reported by [5], indicate that the relative contribution of
wind-assisted propulsion decreases with increasing vessel speed under resistance-dominated operating conditions.
Likewise, Hosseinzadeh et al. [32] illustrated through self-propulsion experiments on wind-assisted vessels that the relative
thrust contribution from wind assistance diminishes as total resistance becomes increasingly sensitive to speed under
elevated operating conditions, owing to the growing influence of hull-propeller-rudder interaction effects. The model-based
analysis by [14] confirmed that, at a constant true wind speed and beam wind direction, an increasing in ship speed reduces
the apparent wind angle and, consequently, the effective angle of attack of the rigid sail, resulting in reduce thrust output
and a diminished relative contribution to propulsion. The concordance between the current experimental trend and these
independent computational and experimental results corroborates the physical reality of the WA% behavior reported in this
study.

It is emphasized that the present finding is based on resistance-based performance metric derived from towing-tank
measurement. As no direct aerodynamic force measurements were performed, the result represents the net effect of
combined hydrodynamics and aerodynamics interactions rather than isolated aerodynamic performance. Nevertheless, the
adopted methodology provides a practical framework for assessing wind-assisted propulsion concepts at model scale. The
observed trends remain clearly distinguishable within the experimental uncertainty bounds described in Section 3.3 (see
Section 2.5. for details of the uncertainty evaluation procedure).

4. Conclusion

This study experimentally investigated the hydrodynamic resistance of a 265 GT fishing vessel equipped with a NACA
0015 wing sail wind-assisted propulsion system through model-scale towing tank test. The bare-hull resistance increases
non-linearly with Froude number over the tested range of Fr = 0.12 to 0.30, exhibiting behavior consistent with displacement
hull characteristics reported in comparable fishing vessel studies. The installation of the wing sail under steady beam wind
conditions corresponding to a full-scale true wind speed of 20 knots produced a measurable net reduction in towing
resistance at all three evaluated wind-assisted speeds, with absolute reductions ranging from approximately 0.43 N at Fr =
0.18 to 1.06 N at Fr = 0.30. The wind-assisted percentage WA% decreased from 4.53% at Fr = 0.18 to 2.25% at Fr = 0.30,
indicating that the relative benefit of wind assistance is more pronounced at lower operating speeds where the rate of
increase in total resistance is more gradual. This speed-dependent pattern is physically consistent with concurrent reduction
in apparent wind angle and aerodynamic angle of attack as ship speed increases at fixed true wind speed, and is in agreement
with trends reported in independent experimental WASP studies.

The expanded relative uncertainty of the bare-hull resistance measurements remained below 4% at all tested operating
points, confirming the reliability of the experimental results. Overall, these findings demonstrate that even a single wing sail
design can provide a measurable and quantifiable resistance reduction for a fishing vessel hull form representative of the
265 GT class, supporting the technical feasibility of wind-assisted propulsion as part of a broader fuel-efficiency strategy for
the Indonesian fishing fleet, and providing an experimental reference for future work in full-scale performance forecasting,
sail configuration optimization, and coupled hydro-aero numerical analysis.
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