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form. The latest USV design uses NACA foil as a trimaran hull form with a self-
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maneuvering system. This design must provide minimal resistance for longer durability
during operation. In this study, the authors investigated the relationship between the
distance, angle of attack, and shape of the NACA foil as a USV trimaran hull to reduce
the resistance. The analysis began with verification and validation based on previous
experimental research. Several configurations of the positions of each hull were
modelled using an angle of attack of up to 20 °. Computational Fluid Dynamics (CFD)
analysis was employed in ANSYS CFX to simulate the model. After obtaining the
optimal configuration, variations in the NACA foil on the hull were performed, and the
simulation was repeated. The study found that the configuration without an angle of
attack, with one hull positioned in front and two hulls positioned behind, using NACA
0024 produces the smallest resistance value. Furthermore, this configuration
exhibited wave interference with smaller volume-fraction contours. The study
concludes that the angle of attack results in greater resistance owing to the shorter

Keywords: distance between the NACA foils. This research provides insight into the trimaran
Unmanned Surface Vehicle; Resistance; design of USVs and contributes to the further development of marine robotics
Trimaran; NACA technology and unmanned surface vehicles.

1. Introduction

Indonesia, with its vast and strategic area, boasts of abundant natural resources, making the
defense of its outer borders vulnerable. As the largest archipelagic nation in the world, Indonesia has
a long coastline to safeguard itself. Indonesia can consider participating in a multilateral security
framework that will facilitate cooperation in all areas of security, including cyber technology [1].
Therefore, surveillance and exploration technologies are crucial for determining the conditions of
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Indonesian territorial waters. Effective and fair management is required in accordance with local
socio-ecological conditions to protect Indonesia's border ecosystems and ensure sustainable
ecosystem services for Indonesian people [2]. An Unmanned Surface Vehicle (USV) is a technology
that can minimize the risk of casualties while facilitating supervision and collecting data related to
territorial areas in the waters. USVs are more flexible than large manned ships and can provide better
solutions for data collection than survey ships. The use of survey ships is associated with low security,
high costs, difficulty in data collection, and low chances of success, as reported by Sun et al., [3].

Unmanned Surface Vehicles (USVs) are suitable tools for measuring sea data such as wave
recording, hydrographic data, oceanographic data, and other sea measurements. USVs are a better
option than large and costly research ships. Marine robots, such as USVs and Autonomous
Underwater Vehicles (AUVs), are widely used in seabed mapping applications, oceanographic
surveys, mine countermeasure operations, marine rescue, and environmental monitoring [4]. Recent
studies by Li et al., [5] and Song et al., [6] introduce new methods for controlling the movement of
USVs. Li et al., [5] propose a 3D mapping and adaptive fuzzy control approach, which has proven
effective in numerical experiments on the MATLAB platform, even in the presence of external
disturbances. Similarly, Song et al., [6] present a communication-efficient method in computer
simulations for controlling unmanned boats to follow specific paths, even when the boat's behavior
is uncertain. The latest USV design with the NACA foil as a hull form using a self-maneuvering system
can provide a smaller resistance value, making it more durable. Recent research has also
demonstrated that adopting the strategy of multiple diversion methods and nonlinear observer
inhibition can effectively improve the convergent speed and tracking accuracy of USV formation
trajectories. The permanent robustness of its MPC controller is combined to complete the
observation and compensation of complex marine environment obstructions [7].

The NACA foil has been widely used in research related to the maximum lift force resulting from
a geometric shape exposed to a fluid flow. This is because it has a lower resistance, making power
usage more efficient and economical. Moreover, the NACA foil is also used for validation of numerical
studies owing to the availability of experimental data for different profiles [8]. The foil profile shape
is described using a series of numbers following the word "NACA.” For instance, the aerospace
industry uses NACA foil for aircraft wing profiles, whereas the renewable energy industry employs it
for wind turbine blades and water turbine impeller profiles [9].

Sogukpinar [10] conducted research on NACA foils in the aviation field by testing variations in the
angle of attack for each NACA profile. It is known that the greater the angle, the greater the lift force;
however, the change in the lift force becomes insignificant at an angle of 10 °. In other studies, related
to energy, the heat-transfer performance of the NACA series foil fin Printed Circuit Heat Exchanger
(PCHE) also increased as the foil thickness increased, but the comprehensive performance of the
calculated flow and heat transfer decreased [11].

In addition to its applications in aviation and renewable energy industries, NACA foil is also
utilized by naval architects to reduce the drag on ships and generate hydrofoil lift. Putranto and
Sulisetyono [12] conducted research to determine the optimum characteristics of a hydrofoil,
including maximum lift and drag reduction at a certain speed, minimum form factor, and avoidance
of stall phenomenon. The NACA 4712, with an angle of attack of 15 °, met these criteria. Suastika et
al., [13] conducted research on the effect of using stern hydrofoil on ship resistance and found that
at relatively low speeds (Fr < 0.45), the use of stern foil increased ship resistance by up to 13%, while
at relatively high speeds (Fr < 0.55) it reduced the drag of the ship by up to 10%. For unmanned
vessels with robotic automation systems, such as Micro Underwater Gliders (MUGs) that can operate
with USVs, the best geometry is obtained using NACA 0016 with an angle of attack of 6.5 °because of
its high ratio of lift and stall angle [14].
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Azzeri et al., [15] conducted a study on the resistance and the enforcement arm of the GZ of USV
using a quantitative simulation method. Three variations of the hull distance with Froude number
variations of 0.04 to 0.22 m/s were tested to obtain data on ship resistance. Additionally, a variation
in the rotation angle from 0 °to 180 °was tested to obtain enforcement arm data. The study found
that the widest hull spacing produced the least drag owing to wave interference. It was also reported
that the value of the GZ enforcement arm at all hull distance variations complied with the
International Maritime Organization (IMO) Code on Intact Stability [16]. Bahatmaka et al., [16]
simulated a mono-hull ship with varying deadrise angles. It was confirmed that the greater the
deadrise angle, the lower is the resulting resistance. In another study, Naiem et al., [17] analyzed the
USV resistance with variations in the ship hull spacing using experimentation and simulation. Three
variations in the distance between the hulls, with speed variations of 0.2 to 0.6 m/s were tested. It
was found that the greater the distance between the hulls, the smaller is the ship resistance.
However, based on a literature review, no study has yet been conducted on the effect of the type
and angle of attack of NACA foil as a USV hull.

Therefore, the novelty of this study lies in conducting a numerical study on the resistance of a
trimaran USV with an NACA foil-based hull. Simulation data were collected and validated using
previous experimental studies. Finally, this study aimed to determine the minimum resistance data.

2. Fundamental Theory

Based on Birk [18], ship resistance is affected by the ship velocity, the weight of the water
displaced by the submerged hull, and the ship hull shape. Ship resistance is denoted by RT, which
stands for total resistance, with the equation:

RT=%£-,0-5-VS2 (1)

RT is total resistance [N], € is ship total resistance coefficient [-], p is fluid density [kg/m?3], s is
ship’s wet surface area [m?], Vs is ship velocity [m/s]
Ship friction resistance coefficient is regression equation to Reynold Number function.

0075
F = (log (Re)—2)2

(2)

Cr is friction resistance [-], Re is Reynolds Number [-] with equation:

R, == (3)

Re is Reynolds Number [-], Vs is ship velocity [m/s], L is the length of the ship [m], ¥ is kinematic
viscosity [m?/s].

The Reynolds-averaged Navier—Stokes equations (RANS equations) are the time-averaged motion
equations for fluid flows. The idea behind the equations is the Reynolds decomposition, in which
instantaneous quantities are decomposed into quantities averaging time and their fluctuations. The
RANS equations were primarily used to describe turbulent flows. These equations can provide an
estimate of the time-average solution to the Navier-Stokes equation using an approximation based
on knowledge of the turbulence properties of the flow. For a stationary flow of an incompressible,
Newtonian fluid, this equation can be written in Einstein notation in Cartesian coordinates as:
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In this study, ANSYS CFX is used as a commercial CFD software to solve the Reynolds Average
Navier-Stokes (RANS) equation. The RANS equation models the Reynolds shear stress in the N-S
equation for inviscid, incompressible flow (except near walls). As for turbulence consideration, the
realizable k - € model is implemented, which is commonly used to analyze ship resistance. Scalar
values of k and €; k representing the turbulent kinetic energy, and € representing the turbulent
dissipation rate. On the other hand, Guan et al., [19] utilized a different method for CFD simulation
of USV by using STAR-CCM+ to solve RANS-VOF.

3. Research Method

The method involved in this study begins with creating a USV model, which will be simulated
based on the main measurement data from previous studies (see Figure 1). Table 1 shows the
dimensions of the trimaran that was studied by Naiem et al., [17]. As for the hull design, the NACA
Foil profile was chosen and designed using Autodesk Inventor. The three-dimensional trimaran ship
models were created using Rhinoceros (see Figure 2).

Table 1

Dimensions of the trimaran
(17]

Main Size Unit (m)
Length Overall (LOA) 0,906
Beam Overall 0,820
Height 0,325
Draft 0,268

|

Fig. 1. Top view of trimaran ship USV Fig. 2. Three-dimensional model
trimaran ship USV

The next stage is to set the boundary of the trimaran model so that it can be simulated to
resemble the conditions of the previous research. The boundary conditions were created using Ansys
ICEM, with inlet limits for simulation extended to 1.50L at the front of the model and outlet limits set
at 3.00L at the rear of the model. The portside and starboard limits were set at 1.85L each, and the
limits under the keel were also set at 1.85L. Air layer or opening was extended 0.40L above the free
surface. For more details, the boundary conditions can be seen in Figure 3. In the meshing settings,
a density value of 0.1 was used for the boundaries, and 0.0033 was used for the trimaran ships to
make them denser.
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Fig. 3. (a) Side view of boundary (b) Front view of boundary

To run the simulation on Ansys CFX, it is necessary to set the location classification for each
component within the boundary conditions. The boundary conditions for each component were set
to separate the domain into air and water domains with a temperature of 25°C and a pressure of 1
atm. The shear stress support was also adjusted. The water fluid velocity was set to equal the
trimaran ship speed, while the air fluid velocity was set to zero. The outflow condition was set to
average static pressure, and the open domain conditions were in accordance with the boundary
conditions. The model conditions were then set to no slip wall with a smooth wall roughness level.
After setting the boundary conditions and model conditions, the solver control details were adjusted.
The convergent control was set to a maximum of 250 iterations, with a residual target of 0.0001.

After simulating the trimaran ship model on Ansys CFX, the meshing convergence decreases
gradually from a total element mesh of 79,000 to a total element mesh of 139,000, as shown in the
Figure 4.

After the convergence of the mesh has been carried out, the actual value of the experimental
results to control for the relative error percentage still needs to be calculated to achieve research
validation of the CFD analysis results as the initial stage of the design. The mean deviation equation
is shown as follows:

100
dexp

MD = %211\’ (dpre — dexp). (5)

Where MD is mean deviation [-], N is sum of data [-], dpre is prediction data [N], and dexp is
experimental data [N].
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Fig. 4. The convergence graph of meshing values

Figure 5 displays the results of calculating the mean deviation. The simulation and experimental
data yielded a mean deviation of 2,41%, satisfying the study's criteria. After the simulation data is
valid, trimaran hull with NACA 0040 is made into six configurations. The configuration varies based
on the position and angle of attack from each hull. Detailed configuration data is shown in Table 2
and Figure 6.
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Fig. 5. Comparison graph of simulated and
experimental resistance values

Table 2
Detailed configuration data
Configuration Hull Spacing (m)  Hull Angle

Configuration1 0,7 0°
Configuration2 0,7 10°
Configuration3 0,7 20°
Configuration4 0,7 0°
Configuration5 0,7 10°
Configuration6 0,7 20°
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Configuration 4 Configuration 5 Configuration 6

Fig. 6. Configuration setup detail

After finding the lowest resistance data between configurations 1 to 6, the next variation is to
change the foil used to NACA 0024 and NACA 0032. Therefore, a summary of the variations in
research data used is shown in Table 3.

Table 3
Summary of the variations in research data
Variation Value
Velocity (m/s) 0,2;0,3;0,4;0,5;0,6
Main Size Length (m) Width (m) Height (m) Draft (m)
0,906 0,820 0,325 0,268
Configuration 1-6
NACA Foil 0040; 0024; 0032

4. Results and Discussion

Based on the results of the resistance simulation carried out on configurations 1 to 6 at speeds
ranging from 0.2 m/s to 0.6 m/s, Figure 7 is obtained as a comparison. From the figure, it can be seen
that for the USV trimaran model using NACA 0040, the smallest resistance value is obtained in
configuration 1. The highest resistance value is found in configuration 3, which has an average
resistance value more than 4.94% higher than configuration 1. Configuration 3 uses the same NACA
Foil arrangement as configuration 1, but with an angle of attack of 20°, making the foil position closer.
Basically, the higher the angle of attack on the foil, the higher the resulting resistance. It is reported
that an increase in the angle of attack above 5° will significantly increase the resistance, as the front
part of the foil expands and the boundary layer of the flow thickens [20]. Sogukpinar [10] confirms
that NACA with an angle of attack will produce significant lift force along with drag force. Overall, the
results of this study are consistent with previous research that proves that increasing the distance
between the hulls will result in less resistance [17].
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Fig. 7. Resistance vs velocity for NACA 0040

Once it was known that configuration 1 with NACA 0040 had the smallest resistance, variations
were made by changing the shape of the hull of the USV trimaran ship (see Figure 8). NACA 0024 and
NACA 0032 were used as the hulls. The best result was obtained with NACA 0024, which showed an
average decrease in resistance value of 14,5% compared to configuration 1 using NACA 0040.
Fundamentally, NACA 0024 produces lower resistance because it has a slimmer shape compared to

NACA 0040 and NACA 0032. In previous research, there were two important principles that should

be followed in designing an object to produce low resistance [21]: (i) if the object is long and thin,
resistance can be reduced by smoothing the surface and maintaining laminar flow, and (ii) if the
object is blunt, resistance can be reduced by streamlining and extending the rear part of the object.
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Fig. 8. Resistance comparison graph for configuration 1 with NACA
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Based on Figure 9, it can be seen that overall, the non-dimensional unit of the total resistance
coefficient (CT) for each configuration decreased. The lowest total resistance coefficient was found
in the hull with configuration 1 using NACA 0024 variation, which was due to its low total resistance
(RT) and small surface area. However, in previous research, a graph of the total resistance coefficient
of an asymmetric trimaran ship showed an increase in CT when the ship speed was at Fr around 0.4
to 0.5 and a decrease when the ship speed was above 0,5 [22]. The difference in the rising and falling
of the CT curve may be due to interference between wave systems, and thus a good hull design can
ensure that the ship will operate at the desired speed conditions [23].
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Fig. 9. Coefficient of total resistance comparison chart

The calculation results for the friction coefficient only show one graph of resistance because the
USV model has the same length in every variation. As shown in Figure 10, the higher the speed of the
trimaran, the lower the friction coefficient becomes. The decrease in the friction coefficient is caused
by several factors, including: (i) wave shape that the ship passes through, (ii) shape of the ship's hull,
(iii) surface area of the ship's hull that comes into contact with the fluid, (iv) vertical force of the hull
against the fluid, (v) speed of the ship. However, the shape of the ship's hull and the surface area of
the hull that comes into contact with the fluid are the most significant factors in this case. These two
variables are the most significant factors because the trimaran uses NACA foil as its hull. NACA foil
has a slender shape, making the frictional resistance experienced by the trimaran smaller. The
decrease in the friction coefficient results in the trimaran being able to travel faster and perform its
tasks more efficiently. If the friction coefficient becomes smaller, the resistance experienced by the
ship also decreases. Hakim et al., [24] conducted research on the frictional resistance experienced by
their ship model, which increased as the ship's speed increased. This difference can occur because
the ship model used in their study is a kriso container ship, and the fuel used is bio-fuel. The ship
model used is different, so it is reasonable that there are differences in the calculation results. If one
compares the container ship model used in the study by Hakim et al., [24] with the ship model used
by Naiem et al.,, [17], differences in the number, slenderness, and hull shape can be observed.
Another factor that causes differences in friction coefficient calculation results is the use of natural
fuel. So far, the efficiency of natural fuel has not been able to surpass the efficiency of fossil fuels.
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Therefore, the resulting speed decreases, causing the friction coefficient to increase, and ultimately,
the resistance experienced by the ship also increases.
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0.0055 +

0.005

Velocity (m/s)

Fig. 10. Coefficient friction vs velocity

Figure 11 shows the contour of all configurations at a speed of 0.6 m/s resulting in a wave volume,
namely the diffraction wave caused by the flow or water wave colliding against the surface of the
trimaran USV model. The wave volume is indicated by the red to blue color. The red contour signifies
a high-volume fraction value, while the blue contour signifies a low volume fraction value. The
volume fraction is a representation of the space occupied by each phase, the law of conservation of
mass and momentum filled by each fluid phase.

Water volume fraction Water volume fraction
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(c) (d)
Fig. 11. USV trimaran wave contour (a) Configuration 1; NACA 0040 (b) Configuration 3; NACA 0040 (c)
Configuration 1; NACA 0024 (d) Configuration 1; NACA 0032
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In contour of configuration 1; NACA 0040 shows slight wave interference between the NACA,
which is indicated by a pale-yellow colour that signifies a change in water volume fraction.
Meanwhile, the contour of configuration 3; NACA 0040 produces a higher water volume fraction than
other configurations, marked by a darker red colour due to the use of a higher angle of attack. A
larger angle of attack results in a tighter distance between NACA, creating a greater wave
interference. On the other hand, Samuel et al., [25] reported that on a Deep-V Planning Hull, as the
boat speed increases, the water volume fraction decreases. As the speed increases, the amount of
air spreading beneath the hull increases due to the high trim value effect.

In configuration 1; NACA 0024 produces contours with the lowest volume fraction indicated by
the absence of the colour red unlike in other configurations. Therefore, these results indicate that
this configuration produces the lowest drag. In the same configuration, using NACA 0032 produces a
higher volume fraction than the NACA 0024 variation, as indicated by darker shades of red and
yellow.

5. Conclusions

This research was conducted using numerical simulations with the CFX ANSYS software. The
simulation data were validated against previous studies conducted on USV trimarans. The variations
in this study include the hull spacing, shape, and angle of attack of the NACA foil. In this study, the
total drag of the ship, total drag coefficient, friction coefficient, and contour volume fraction of the
trimaran USV ship were used as variables. Configuration 1 with NACA 0024 exhibited the lowest
resistance, whereas configuration 3 with NACA 0040 demonstrated the highest resistance. It was
concluded that the dimensions of the NACA, position of the NACA as the hull, and angle of attack of
the trimaran affect the resistance value. This study contributes to the development of USV based on
trimaran hull by providing valuable insights into their design. It is expected that these findings will
help optimize the performance of USV trimaran vessels in real-world scenarios.
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