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This study closely examines the intricate relationship between bow profiles and the hydrodynamic resistance
experienced by naval vessels, employing Computational Fluid Dynamics (CFD) as a pivotal tool for analysis. The study
examined three distinct bow configurations: no-axe, semi-axe, and fully-axe designs. The primary objective of this study was
to ascertain which of these configurations most effectively minimizes hydrodynamics resistance, which is a critical factor in
enhancing the performance and efficiency of naval ships. Through a series of detailed CFD simulations, the finding revealed
that both the semi-axe and fully-axe designs significantly reduced resistance compared to the traditional no-axe bow design.
The semi-axe design achieved an impressive average reduction of 9.17%, whereas the fully-axe configuration followed
closely with a reduction of 7.64%. Interestingly, the semi-axe bow surpasses the fully-axe design in terms of resistance
reduction and provided an additional advantage of 1.42%, underscoring its superior hydrodynamics performance compared
to the fully-axe design. These results underscore the potential benefits of adopting innovative bow shapes in naval
architecture, particularly regarding operational efficiency. The simulations further indicated that the alternative bow design
contributed to a notable decrease in the wave height during the vessel’s interaction with water. By refining bow shapes,
naval forces can enhance not only the speed and agility of their vessels but also their overall mission effectiveness,
particularly in challenging maritime environments. The implications of this research extend beyond more performance
metrics; they highlight the critical need for ongoing innovation in vessel design to meet the evolving challenges of maritime
security and operational readiness.
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1. INTRODUCTION

Indonesia is the world's largest archipelagic state, consisting of over 17,000 to 18,000 islands stretching
approximately 5,200 km along the equator (Cribb & Ford, 2009). This vast collection of islands, located between the Indian
and the Pacific Oceans, ranges from Sabang to Merauke and forms a unique cluster that is considered a single entity under
the concept of an archipelagic country. Two-thirds of Indonesia's area is covered by the sea, which connects 17,504 islands
and emphasizes its maritime nature (Djunarsjah and Putra, 2021). As an archipelagic state, Indonesia exercises sovereignty
not only over its land territory but also over the waters between the islands, highlighting the integral role of both land and
sea in its national identity (Butcher & Elson, 2017).

Indonesia’s unique status as an archipelagic state presents a range of opportunities and challenges that must be
addressed carefully. Proactive initiatives aimed at addressing the impacts of climate change are crucial as environmental
factors can exacerbate these vulnerabilities. By capitalizing on its strategic geographical position and leveraging diplomatic
relationships, Indonesia has the potential to significantly bolster maritime security (Priestnall, 1997). A comprehensive
strategy is essential for effectively addressing these security concerns. This strategy should encompass legal reforms to
update and strengthen existing laws, reorganization of institutions to improve efficiency and responsiveness, and fostering
enhanced cooperation with regional partners (Febrica, 2017). To address these challenges, Indonesia requires a strong
naval fleet and improved governance. The government has identified enhanced connectivity as crucial for promoting
economic growth, especially in the manufacturing sector (Sandee, 2016). Establishing a mechanism for cross-institutional
coordination could lead to more effective marine protection and security measures in Indonesia (Sahri et al., 2020).
Additionally, this enhancement of security measures is vital for safeguarding the nation's sovereignty against evolving threats,
including piracy, illegal fishing, and territorial disputes (Darmawan, 2022). Through a concerted effort that combines legal,
institutional, and cooperative frameworks, Indonesia can address immediate security challenges and position itself as a
resilient player in the regional and global maritime landscapes (Lau, 2024).

Naval ships are designed to operate optimally at high speeds, and research on high-speed naval ships, particularly
the bow sections, continues to evolve to improve their performance and efficiencies. Keuning et al., (2015) explored the
feasibility of applying an axe bow to a 5,000-ton frigate, highlighting its benefits in reducing resistance and enhancing
seakeeping capabilities. Research indicates that vessels operating at Froude numbers (Fr) between 0.4 and 0.5 exhibit
improved hydrodynamic characteristics when specific design modifications are implemented. A novel bow appendage can
reduce the total resistance by more than 8% at optimal effectiveness (Liu et al., 2020). Similarly, Kusuma et al., (2020)
demonstrated that redesigning the KCR 60m-class fast missile boat with an axe bow resulted in a 2.75% to 11.5% reduction
in resistance, improving fuel efficiency and speed. An axe bow installed on the main hull of the trimaran model can reduce
the amount of drag experienced by the vessel by up to 8% (Utama et al., 2021). Additionally, Kiryanto et al., (2021) examined
the impact of adding an anti-slamming bulbous bow to tugging supply vessels, revealing significant reductions in total
resistance through computational fluid dynamics (CFD) simulations. These studies underscore the ongoing advancements
in naval architecture aimed at improving the efficiency and performance of vessels.

Rijkens and Mikelic, (2022) further validated these findings through hydrodynamic comparisons, showing superior
drag reduction and wave-cutting ability for axe bow hulls compared to conventional designs. Recent studies have explored
various aspects of hull design and their influence on ship resistance, particularly focusing on innovative bow configurations.
Samuel et al. (2023) conducted a numerical study on the Ulstein X-Bow configuration and analyzed the impact of water
depth on the total resistance, which is critical for optimizing vessel performance under varying operational conditions. In
another study, Samuel et al. (2023) investigated the effects of an inverted bow on frigate-hull resistance, highlighting its
potential to reduce drag and improve hydrodynamic efficiency. Similarly, Fitriadhy et al. (2023)performed computational
analyses on axe bow ships, demonstrating the importance of predicting total resistance in calm water to enhance design
accuracy and operational effectiveness. Finally, Suardi et al. (2023) emphasized the positive impact of axe bows on patrol
ships, noting improvements in resistance, freeboard, and trim, which enhance stability and operational effectiveness in rough
seas. Together, these studies underscore the versatility and advantages of axe-bow technology for modern naval vessels.

Although there are currently no widespread examples of axe bow-equipped naval ships in service, ongoing research
and experimental data underscore their potential for adoption in various naval platforms. As navies continue to prioritize
advanced technologies for superior maritime capabilities, the axe bow design is likely to gain further traction in future fleet
developments, and variations in the combinations of conventional and axe bow (semi-axe bow) designs are worth exploring.

This study evaluated the performance of naval ships with three bow variations: no-axe, semi-axe, and fully-axe
bows, focusing on minimizing resistance. A Computational Fluid Dynamics (CFD) approach was employed to analyze the
hydrodynamic effects of these bow designs on ship resistance. The CFD procedure included a rigorous verification process
for the simulations to ensure the accuracy and reliability of the obtained results. This verification step involved validating the
numerical models against benchmark data and refining the mesh resolutions, time step settings, and turbulence models to
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achieve convergence. By simulating various operational conditions, this study aimed to quantify the impact of each bow
design on wave-making resistance, pressure distribution, and flow patterns.

2. MATERIAL AND METHODS
2.1. Governing Equation

Computational Fluid Dynamics (CFD) was used to predict the resistance of the models. Utama et al. (2021)
conducted research on calculating the hull resistance of a trimaran model with axe bow modification using CFD showed
good results compared to experiments. The CFD model employed a three-dimensional equation using the Reynolds-
averaged Navier-Stokes (RANS) technique. The flow problems in the walls of a ship were solved using a steady
incompressible flow, as provided by ANSYS (2020).

The selection of turbulence models is important for modelling wake fields. In this study, the Shear Stress Transport
(SST) turbulence model was developed by Menter (1993, 1994). The SST model has been utilized and verified by many
researchers, all of whom have reported positive findings using the model ( Menter et al., 2003). A RANS solver implemented
in ANSYS CFX was used to solve the fluid flow fields. Equations (1), (2), and (3) illustrate the continuity, RANS, and SST
turbulence equations, respectively.

Continuity equation:
ap a _
where p is the fluid density, t is the time, and U; is the flow velocity vector.

RANS equation:
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The mean momentum of a fluid element owing to mean flow unsteadiness is shown on the left-hand side of the
RANS equation. That modification is compensated the mean body force (f), the mean pressure field (p), the viscous
aﬂi
ax;

stress, u ( + %), and apparent stress (pu{u]'-) to the fluctuating velocity field.

Menter’s SST equation:
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Menter’'s SST model combines the benefits of the k—-w and k—¢ turbulence models to produce an effective model
formulation for a broad range of applications. To accomplish this, a blending function F1 is added, which is equal to one in
the region close to the solid surface and zero in the flow domain far from the wall. Specifically, it triggers the k—€ model for
the residual flow and k-w wall area. This method allows the free-stream sensitivity to benefit from the promising near-wall
performance of the k—-w model.

2.2. Geometry Model

The modelling process was performed on conventional, axe, and semi-axe bow ships. The semi-axe bow serves
as a transitional form between the no-axe and axe bows. For consistency in terminology, the conventional bow shape is
referred to as a no-axe bow, and the axe bow is referred to as a fully-axe bow. Consequently, the different bow shapes were
categorized as no-axe, semi-axe, and fully-axe bows, as shown in Figure 1. The main dimensions of the model are presented
in Table 1.
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/ — fully-axe bow

(a) Bow Variation

(i) Sheer plan (i) Body plan
(b) Naval ship with no-axe bow

(i) Sheer plan (i) Body plan
(c) Naval ship with semi-axe bow

= - et
(i) Sheer plan (i) Body plan
(d) Naval ship with fully-axe bow

Figure 1. Lines plan of naval ship with bow profile variations

Dimension Unit No-Axe Bow Semi-Axe Bow Fully-Axe Bow
Length over All (Loa) m 2 2 2
Length Water Line (LwL) m 1.823 1.949 2
Breadth (B) m 0.356 0.356 0.356
Height (H) m 0.265 0.265 0.265
Draught (T) m 0.69 0.69 0.69
Wetted Surface Area (WSA) m 0.566 0.57 0.578
Displacement (A) kg 20.84 20.98 20.98
Coefficient Block (Cs) - 0.534 0.5 0.49

Table 1. Main dimensions of naval ship model
2.3. Boundary Setting

The computational domain that was suggested most for the velocity inlet was set at 2 L ahead perpendicular to the
front, and the domain that was recommended for the outlet pressure was set at 5 L towards the rear, which was determined
perpendicular to the front. It was decided that setting the transverse and vertical directions to 2L-3L would prevent the side
borders from being affected by backward flow (Nasirudin et al. 2025).

The boundary conditions and domain dimensions are shown in Figure 2. The following opening condition was
applied to the top wall, and a symmetry condition was applied to the side walls. The hull body was defined as a fixed
boundary, and a no-slip condition was imposed on the model. At the inlet, the flow rate was set to Fr = 0.3 — 0.7, and the
pressure at the outlet was set as a function of the water level. Specifying the volume fraction functions of water and air at
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the entry and exit points of the system is another method for describing the initial free surface location. This function was
used to determine the amounts of water and air present in the system.

Opening Top

]

Wall Velocity Inlet

Pressure Outlet Bottom

Figure 2. Boundary conditions of model
2.4. Grid Independence Study

A Design modeller was used to perform the mesh generation. The combination of structured and unstructured
meshes used to discretize the computational domain is referred to as a hybrid mesh (HM). Considering the intricate
geometrical features of the hull, a mesh with triangular elements was constructed on the hull surface, and the boundary layer
was refined with prism elements by expanding the surface-mesh node. As shown in Figure 3, the tetrahedral elements were
inflated to cover the area, whereas in the distant field, an unstructured mesh with grid generation was formed to reduce the
number of elements.

(a) Naval ship

(b) Naval ship with semi-axe bow

(c) Naval ship with fully-axe bow
Figure 3. Hybrid mesh of naval ship model
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A fine mesh may always deliver reliable results in ANSYS CFX; however, at the same time, it increases the
computational cost and time consumption owing to the large number of elements. The mesh size plays a significant role in
the calculations. Mesh convergence experiments were performed for the Navy ship models at a Froude number of 0.3 to
establish the mesh size that would provide an acceptable level of numerical accuracy and total number of elements. The
grid independence study is shown in Figure 4, where the number of elements used is approximately 1.7M. It is evident that
the use of CFD makes a significant contribution to naval ship model simulations. These results were verified using a grid-
independence study with disparities of less than 2% (Anderson, 1995).
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Figure 4. Grid independence study of naval ship model
2.5. Grid Uncertainty Analysis

ITTC (2017) suggested that uncertainty analysis is the foundation of grid convergence studies. Convergence
analysis was conducted using three different mesh resolutions, which were subsequently categorized as coarse, fine, and
the finest. The mesh was altered by adjusting the size of the individual faces while maintaining the overall size of the object
constant by using a uniform element size. This was performed to achieve this goal. Because the mesh resolution was defined
by the standard wall calculation, the inflation layer was consistently maintained throughout the investigation, as shown in
Table 2.

Furthermore, this approach can be extended to investigate additional parameters. The refinement ratio is
recommended to have a value of V2, given that it is sufficiently high to allow for sensitivity to changes in the parameters and
sufficiently low to enable the generation of at least three subsequent solutions while maintaining stability. Although a
minimum required mesh size of three is specified, it is permissible to use a higher refinement ratio if inclined.

Oscillatory convergence is a phenomenon observed in numerical simulations in which the solution exhibits
oscillatory behavior as the resolution of the computational grid increases. This behavior typically emerges during a three-
stage grid refinement process, leading to oscillations that can compromise the accuracy and stability of the computed
solution. The relationship governing this behavior is encapsulated in the R value, which is defined by the equation

_h-f
R= fa—f3 “)

where fi, f>, f3, fo The calculation result and the interpretation of the R value is critical for understanding the nature of
convergence: when 0<R<1, the convergence is classified as monotonic; for R<0 and |R|<1, it is identified as oscillatory
convergence; R>1 indicates monotonic divergence; and for R<0 with |R|>1, the divergence is categorized as oscillatory. This
framework is essential for analyzing the performance of numerical methods in computational simulations.

The outcomes, which are presented in Table 3, were computed using the formulas specified in the section on
utilized equations.
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Model Detail Coarse (1) Fine (2) Finest (3)

Body sizing (m) 0.25 0.20 0.15
Face sizing (m) 0.02 0.015 0.01
No-Axe Bow
Number of elements (NE) 812,466 1,635,860 3,124,883
Total resistance (Rr)(N) 6.67 6.25 6.19
Body sizing (m) 0.25 0.20 0.15
Face sizing (m) 0.02 0.015 0.01
Semi-Axe Bow
Number of elements (NE) 851,245 1,768,692 3,452,681
Total resistance (Rr)(N) 6.36 5.93 5.81
Body sizing (m) 0.25 0.20 0.15
Face sizing (m) 0.02 0.015 0.01
Fully-Axe Bow
Number of elements (NE) 823,665 1,723,365 3,589,978
Total resistance (Rt)(N) 6.33 6.12 6.04

Table 2. Three varying mesh resolution details of naval ship models

Outcome Equation No-Axe Bow Semi-Axe Bow Fully-Axe Bow
Difference of £21=NE2/NE; 2.0135 2.0778 2.0923
estimation £32= NEs/NE2 1.9102 1.9521 2.0831
Refinement ratio r21=Rr2 -Rr1 -0.4200 -0.4303 -0.2052
rs2 = Rtz -Rm2 -0.0600 -0.1172 -0.0898
Convergence Ri=€32/€21 0.1429 0.2725 0.4375
Order of accuracy p=In(e21/€32)/In(ri) -2.7805 -1.7780 -1.1198
Extrapolated relative e21- £21/rP-1 -0.1375 -0.1297 -0.0608
error €32= €32/riP-1 -0.0226 -0.0417 -0.0269
Grid convergence GCla1=Fs|ex| 0.5880 0.3329 0.0957
index (GCI) GClaz- Fs|es| 0.0733 0.0828 0.0423

Table 3. The uncertainty analysis performed for naval ship models

The analysis of grid convergence for the naval vessel is presented in Table 3, which presents a detailed evaluation
of the Grid Convergence Index (GCl) and oscillation convergence metrics. The simulation results indicated a commendable
level of precision, with GCl21 values recorded between 0.0957% and 0.5880%, and GCs2 values ranging from 0.0423% to
0.0733%. Both GCI values were significantly below the established threshold of 5%, reflecting a favourable outcome in the
convergence assessment. The low percentages observed in the GCI metrics suggest that the parameters under investigation
operate effectively within the acceptable limits defined in this study. This finding is crucial because it underscores the
reliability of the simulation results, indicating that the grid resolution is sufficient to capture essential physical phenomena
without introducing significant numerical errors.

The analysis conducted in this study went beyond a mere evaluation of the Global Convergence Index (GClI) to
encompass a more comprehensive assessment through the calculation of oscillatory convergence, denoted as Ri. The
results of this calculation yielded values ranging from 0.1429 to 0.4375. This specific range of Ri values is particularly
significant because it indicates the state of monotonic convergence. In mathematical terms, monotonic convergence occurs
when a sequence consistently approaches its limit without oscillating or diverging. The fact that the Ri values fall within the
interval of 0 and 1 (0 < Ri < 1) further reinforces this observation. The implications of these findings are thus significant. The
observed Ri values suggest that the simulation process employed in this analysis demonstrated both stability and high
reliability. In this context, stability refers to the ability of the numerical method to produce consistent results over time,
whereas reliability indicates that the method can be trusted to accurately reflect the underlying dynamics of the studied
system. In this case, the system in question pertains to the dynamic behaviour of naval vessels.
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The SST k-w model incorporates Automatic Wall Treatment to effectively manage high y+ regions, specifically those
where the y+ value ranges from 30 to 300. In these areas, logarithmic wall functions were employed to approximate the
turbulence behaviour near the wall. Furthermore, maintaining a y+ value below 300 (Figure 5) enhances the computational
efficiency by allowing the use of coarser mesh configurations in noncritical regions. This approach significantly decreased
the total number of cells required, thereby facilitating faster simulations.

o N © ®
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1

(a) No-Axe Bow

(b) Semi-Axe Bow (c) Fully-Axe Bow

Figure 5 y* value for variation models

The SST k-w turbulence model offers significant benefits in situations where there is a need to strike a balance
between computational efficiency and accuracy, making it especially useful in applications such as ship resistance analysis
and other marine engineering tasks. In scenarios characterized by high y+ values, specifically within the range of 30 — 300,
the model utilizes logarithmic wall functions to effectively approximate the behavior of turbulence near the wall surfaces
(ANSYS, 2020). This methodology facilitates the implementation of coarser mesh configurations near the walls, thereby
leading to a substantial decrease in computational expenses while ensuring that the accuracy of the results remains
acceptable (Krank, 2019).

3. RESULTS AND DISCUSSION
3.1. Total Resistance and Correlation with Block Coefficient

The resistance calculations for a naval ship with no-axe, semi-axe, and fully-axe bow modifications were presented
and compared in this study. The positive results from the CFD resistance estimates are shown in Figure 6, owing to the
utilization of the semi-axe and fully-axe bows. CFD analyses revealed an estimated drag reduction of up to 11.18% when
using a semi-axe bow hull with a lower value than that of the no-axe bow hull. Similarly, the fully-axe bow hull exhibited less
resistance than the no-axe bow hull, with a decrease of up to 10.00%. As previously stated, Bouckaert (2012) demonstrated
that an axe bow can reduce drag by up to 10% compared with a no-axe bow profile, and Utama et al. (2021) found similar
results for monohull ships using fully-axe bow. The development of the semi-axe bow had a positive impact, as its use
reduced the resistance by an average of 1.42% compared to the use of a no-axe bow profile hull. The simulation results
indicate that the axe-bow design significantly reduces resistance, achieving a reduction of up to 9% for frigate vessels
(Keuning et al., 2015, 2018; Rijkens & Mikelic, 2022) .

There is a direct correlation between the block coefficient and hull shape factor of a naval ship. The no-axe and
semi-axe bow naval ships had CB values of 0.534 and 0.50, respectively. A semi-axe bow navy ship has a CB value that is
6% lower than that of a no-axe bow naval ship, which results in an average reduction contribution of 8%. In addition, fully-
axe bow naval ship has a CB value of 0.49, which is 8% lower than the CB value of a no-axe bow naval ship. A total resistance
reduction of approximately 7% was achieved by the fully-axe bow naval ship. A lower value is associated with this reduction
compared to that of a naval ship with a semi-axe bow. This phenomenon could be influenced by the fact that the wetted
surface area of a naval ship with a semi-axe bow is less than that of a naval ship with a fully-axe bow.
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Figure 6. CFD simulation result of total resistance and its discrepancy at Navy ship
3.2. Resistance Component

The CFD simulation is described in Section 3.1, where the total resistance was calculated. ANSYS software can
decompose the total resistance into two distinct components: viscous and pressure resistance. Viscous resistance refers to
the frictional forces that arise due to the viscosity of the fluid as it flows over surfaces, whereas pressure resistance is defined
as the resistance encountered by the fluid as it moves through a medium, which is often associated with wave dynamics.
This separation of resistance types allows for a more nuanced understanding of fluid behaviour in various applications,
enabling engineers and researchers to optimise designs and improve performance by addressing each resistance
component. This formula was used to calculate the viscous and wave resistances. The total resistance is the sum of the
viscous and wave resistances, as formulated in Equation 5, and William Froude was the first researcher to introduce the
description of total resistance into several components. The total resistance is the sum of the two types of resistances.

Rr =Ry + Ry, (5)

where R represents the overall resistance measured in N, while R, denotes the resistance attributed to viscous, also
expressed in N. Additionally, Ry, refers to the wave resistance, which is similarly quantified in N.

The wave resistance trends reveal a nonlinear relationship with speed across various designs, characterized by a
gradual increase at lower velocities that becomes more pronounced as the speed increases, as shown in Figure 7. Among
the different bow designs, the fully axe bow consistently exhibited the lowest wave resistance, particularly at speeds of
approximately 2.4 m/s. In contrast, the no-axe bow demonstrated the highest wave resistance across all tested speeds,
making it the least efficient option. The semi-axe bow occupies a middle ground, providing a moderate enhancement in wave
resistance compared to the no-axe design, thus offering a balanced performance for those seeking a compromise between
efficiency and speed.

Figure 7 explains that viscous resistance tends to increase with speed although this increase follows a more linear
pattern than wave resistance. In terms of bow design, the variations in performance were relatively minor; however, the fully-
axe bow generally exhibited a slight advantage in terms of lower resistance at higher velocities. This observation indicates
that the viscous drag is less influenced by the shape of the bow than the wave-making drag, suggesting that the design of
the bow plays a more significant role in the latter type of resistance. Consequently, while optimizing for speed, attention to
bow shape may yield diminishing returns in terms of viscous resistance, emphasizing the need to focus on wave-making
characteristics to enhance performance.
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Figure 8 Difference in resistance components between naval ships

The analysis of wave resistance, represented by black squares (Figure 8(a)), indicates that the semi-axe bow begins
with a reduction of approximately 6% at a speed of 1.4 m/s. As the speed increased, this reduction steadily increased,
reaching a peak of approximately 13 - 14% lower at approximately 2.4 m/s. Following this peak, the wave resistance gradually
diminished, settling at approximately 10% lower when the speed reached 3.2 m/s. Overall, the average reduction in wave
resistance across the entire speed range was estimated to be between 11% and 12%, highlighting the semi-axe bow's
effectiveness in enhancing hydrodynamic efficiency primarily through its impact on wave-making resistance.

Furthermore, the viscous resistance, denoted by red circles (Figure 8(a)), remained relatively low and stable
throughout the tested speed range, showing only minor fluctuations between 1% and 3% lower for the semi-axe bow. The
average reduction in viscous resistance was approximately 2%, suggesting that the modifications to the bow shape had a
limited effect on the skin friction drag. The most significant advantages in wave resistance were observed at approximately
2.4 m/s, where the effects of wave-making were most pronounced, underscoring the importance of bow design in optimising
performance under specific speed conditions.

The examination of wave resistance, depicted by the black curve (Figure 8(b)), reveals that at a speed of 1.4 m/s,
the fully axe bow achieves a notable reduction of approximately 6% in wave resistance. As the speed increases to
approximately 2.4 m/s, this reduction escalates to its maximum, demonstrating a significant decrease of approximately 17-
18%. However, as the speed further increased to 3.2 m/s, the wave resistance experienced a slight decline, resulting in a
reduction of approximately 14%. When averaging the results across all tested speeds, the fully axe bow consistently showed
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a reduction in wave resistance estimated to be approximately 13 - 14%. This considerable decrease is instrumental in
improving the overall efficiency of the vessel, highlighting the importance of bow design in the hydrodynamic performance.

In contrast, the analysis of viscous resistance, represented by the red curve (Figure 8(b)), starts with a similar
reduction of approximately 6% at 1.4 m/s but gradually diminishes as the speed increases, ultimately resulting in a reduction
of only 1 - 2% at 3.2 m/s. The average reduction in viscous resistance for the fully axe bow was relatively modest, estimated
at approximately 3 - 4%. This indicates that the bow shape has a lower influence on the hull surface area and wetted geometry
than the pronounced effects of wave-making. Notably, the most significant efficiency improvements were observed at
approximately 2.4 m/s, where the impact of wave formation was most pronounced, thereby underscoring the critical role of
bow design in optimising hydrodynamic efficiency.

Figure 9 shows that the bow part of the ship also affects the fluid interaction with the hull, with the axe bow causing
fluid interactions that create fewer waves in the forward region of the bow than those of the other bows. The CFD analysis
demonstrated that the no-axe bow hull generated more waves than the axe-bow hull did. Therefore, the resistance provided
by the hull depends on whether it has an axe bow. The no-axe bow naval ship provides more resistance than the hulls with
semi-axe and fully-axe bows.

(c) Naval ship with fully-axe bow

Figure 9. Wave elevation at Fr=0.7

Furthermore, the fluid interaction with the hull is affected by the bow of the navy ship. Fluid interaction tends to
produce higher waves in the bow section of the no-axe bow naval ship, as shown in Figure 9(a). The CFD simulation clearly
shows that the bow section with the hull modified with a semi-axe bow produces less wave-making than the no-axe bow, as
shown in Figure 9(b). As shown in Figure 9(c), the effect of the axe bow modification on the bow of the naval ship resulted
in low wave-making. This affects the resulting resistance so that the hull with a modified bow shape with a semi-axe and fully
axe bows have less resistance than the hull with no-axe bow.

4. CONCLUSION

This study utilized Computational Fluid Dynamics (CFD) to evaluate the hydrodynamic resistance of naval ships
with different bow profiles: no-axe, semi-axe, and fully-axe designs. The primary aim of this study was to identify the
configuration that minimizes hydrodynamic resistance, thereby enhancing naval vessel performance and efficiency. The
findings indicate that both the semi-axe and fully-axe designs significantly reduced resistance compared with the traditional
no-axe bow, with the semi-axe design achieving an average reduction of 9.17% and the fully-axe configuration reducing
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resistance by 7.64%. Notably, the semi-axe bow outperformed the fully-axe design by an additional 1.42% in terms of
resistance reduction.

This study challenges the prevailing belief that fully-axe bows provide optimal hydrodynamic performance,
suggesting that semi-axe designs may offer superior resistance reduction. This insight has important implications for naval
architecture and ship designs. Furthermore, this study underscores the effectiveness of CFD in optimizing ship designs,
allowing for detailed fluid dynamics analysis without extensive physical testing. It also highlights the intricate relationship
between the bow design, block coefficient, and resistance components, offering valuable insights into the factors influencing
ship performance.

In terms of resistance and block coefficient correlation, the semi-axe bow hull demonstrated a drag reduction of up
to 11.18% compared to the no-axe bow, whereas the fully-axe bow hull showed a decrease of up to 10%. The semi-axe
bow's lower block coefficient contributed to an average 8% reduction in the resistance. The study also examined the
resistance components, revealing that the wave resistance increased non-linearly with speed, particularly at higher
velocities, with the fully-axe bow exhibiting the lowest wave resistance at approximately 2.4 m/s. The semi-axe bow achieved
an average wave resistance reduction of 11 - 12%, whereas the fully-axe bow showed a reduction of 13 - 14% across all
tested speeds. Additionally, the bow shape significantly influenced the fluid interaction with the hull, with the axe bow designs
generating fewer waves in the forward region than the no-axe bow, which produced more waves. The semi-axe and fully-
axe modifications resulted in lower wave-making resistance than the no-axe bow, further supporting the advantages of
alternative bow designs in enhancing the efficiency of naval vessels.
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