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Shipping companies and ship owners are very concerned with reducing operating 
costs. One way to achieve this is by improving the hydrodynamic performance of 
ships, which can reduce fuel consumption by decreasing total resistance. Optimizing 
ship design, particularly the bow shape, is crucial for enhancing hydrodynamic 
performance, fuel efficiency, and operational costs. While CFD simulations have 
become a powerful tool in naval architecture, their accuracy and reliability in 
predicting hydrodynamic resistance for different bow shapes need validation through 
experimental data. This study employs computational tools using Fine/Marine 
NUMECA and model tests carried out in a towing tank. The primary objective is to 
compare the hydrodynamic resistance of axe bow and conventional bow shapes. 
Additionally, the contributions of different resistance components (residuary and 
friction) to each bow shape are identified and quantified. The study concludes that 
the axe bow shape offers notable improvements in reducing total resistance 
compared to the conventional bow, providing a reduction of up to 12.5%. Moreover, 
the residuary resistance component has a more significant effect on total resistance 
compared to friction resistance. 
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1. Introduction 
 

The need to decrease energy usage must be extended to all sectors, including marine 
transportation. Shipping is the main element of it. Like any other industry, the shipping industry 
relies on fuel and is influenced by the instability of oil prices [1]. The international shipping sector 
has been significantly impacted in recent years by volatile fuel costs and more stringent emissions 
standards imposed by the International Marine Organization (IMO) [2]. The escalating cost of heavy 
fuel oil has prompted much study on fuel consumption efficiency.  

The fuel cost is often the most significant expenditure in shipping operations, accounting for 
around 50–60% of the total operating costs [3]. As a result, shipping firms, charterers, and ship 
owners have been seeking methods to minimize and streamline fuel use. Minimizing ship fuel 
consumption is crucial for enhancing ship efficiency. It can be approached from two perspectives: 
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minimizing the operational expenses of ships by controlling speed and optimizing routes, or by 
optimizing ship hull elements such as the hull, propeller, and rudder [4]. The optimization of ship 
performance and the reduction of resistance are topics of great interest to several academics. An 
alternate design is one effective method to decrease drag [5]. 

The efficiency of fuel consumption in vessels may be influenced by many factors, such as 
weather conditions, mainly wave conditions, ship speed, draft, displacement, hull shape, and 
propellers, which have been the focus of many studies due to the increasing fuel cost and 
environmental concerns [6]. The maritime world increasingly acknowledges that hull form 
optimization is an important aspect to be considered in the field of ship hydrodynamics in order to 
increase ship energy efficiency. Ship owners should evaluate the hull shape to improve their fuel 
economy [7]. The ship's hull shape is a crucial feature that requires careful consideration while 
designing the hull lines to minimize the ship's overall resistance [8]. 

Several innovative bow hull optimizations have been developed to reduce wave-making 
resistance, such as the x bow [9], ax bow [10], and axe bow [11]. These designs feature sharper bow 
entrances and significant changes to the bow shape, with a deep and nearly vertical V-shaped 
section. The axe bow, in particular, is a successful concept that has proven effective in optimizing 
hydrodynamic resistance and seakeeping. 

Hydrodynamic optimization is a crucial element in the ship design process. This optimization 
begins at the initial and early stages of design and continues through to the later stages and final 
design. Computational fluid dynamics (CFD) simulations and model test techniques are commonly 
used to assess hydrodynamic performance during this process [12]. Many studies have documented 
the use of CFD modeling in optimizing hull shapes to minimize resistance in calm water [13], 
examining effects on wave-making resistance [14], the impact of trim [15], hull roughness on 
resistance [16], and the interaction between the propeller system and the flow around the hull 
[17]. 

The purpose of this research is to investigate the hydrodynamic performance of bow hull forms 
in relation to the reduction of total ship resistance by comparing the axe bow shape with the 
conventional bow shape of fast monohulls. The two hull forms are examined under calm water 
conditions and various Froude numbers. Moreover, the analysis is conducted based on the 
individual contributions of each resistance component. 

Keuning et al., [18] have conducted a calm water model test of the Axe Bow Concept (ABC) and 
compared it with the Enlarge Ship Concept (ESC) and Wave Piercing Concept (WPC). The results 
show that the resistance between the three designs depends on the speed range under 
consideration. At ship speeds below 35 knots, the ESC has a higher resistance when compared with 
the ABC. Above 35 knots, this is reversed. It was found that the axe bow concept has illustrated 
remarkable achievement with a 30% reduction in the required installed power to sustain a design 
speed of 25 knots compared to the ESC, which has a conventional bow shape. 

Mosaad et al., [19] have also carried out a simulation by using the X-bow shape of the original 
DTMB 5415 model, compared with the X-bow, and found that at low Froude numbers, there is a 
considerable decrease in wave-making resistance of about 18%. The reduction of the intermediate 
Froude number changed from 22% to 30% with increased hull speed. 

Similarly, Basil et al., [20] have observed a simulation of fishing trawling, and the results indicate 
that the optimal design of the x-bow hull resulted in a resistance reduction of 4% at operational 
speeds and a remarkable 11% resistance reduction at trawling speeds. This result of the x-bow 
shape highlights its significant potential and promise compared with conventional bow shapes in 
reducing resistance and improving fuel efficiency. 
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Previous research has often focused on either experimental methods or simulations 
independently, lacking a comprehensive approach that combines both. This leaves a gap in 
validating CFD results with experimental data, particularly for innovative bow designs like the axe 
bow compared to conventional bows. By conducting a comparative analysis of different bow 
shapes using both CFD simulations and physical model tests, this study aims to provide a more 
accurate and validated understanding of hydrodynamic resistance. This is crucial for the design and 
optimization of fast patrol boats, where reducing resistance can lead to significant improvements in 
fuel efficiency, operational range, and speed capabilities. The findings can aid naval architects in 
making informed decisions about bow designs, contributing to more efficient and sustainable 
shipbuilding practices. This paper discusses the investigation into the influence of using the axe bow 
shape on a fast patrol boat's total ship resistance, residuary resistance, and friction resistance 
compared to a conventional bow shape. Additionally, a detailed analysis of the divergent wave and 
transverse wave patterns generated by both bow shapes may affect the total wave resistance. To 
gain a preliminary understanding of the hydrodynamic performance, a detailed analysis from a low 
Froude number of 0.25 to a high Froude number of 1.25 was simulated, and model test studies on 
both bow hull forms were conducted in calm water. 

 
2. Methodology  
2.1 Ship Geometry  

 
The principal dimensions of the two fast patrol boats are presented in Table 1, and their 

geometry is shown in Figure 1. 
 
Table 1 
Principle characteristic of conventional bow and axe bow 

Dimension Parameters 
Conventional Bow Axe Bow Unit 

Model scale Full scale Model scale Full scale  

Length Over All (Loa) 
Length Water Line (Lwl) 
Beam (B) 
Draft (T) 
Volume displacement 
Wetted Surface Area 

4.302 
4.048 
0.545 
0.178 
0.125 
2.361 

60.23 
56.68 
7.624 
2.485 
352.6 
462.9 

4.286 
4.286 
0.544 
0.141 
0.126 
2.347 

60.00 
60.00 
7.622 
1.975 
353.1. 
460.1 

m 
m 
m 
m 
m3 
m2 

 
For the model test, both ships were scaled at 1:14, while full-scale models were used for 

numerical simulations in calm water across a range of Froude numbers from Fr = 0.25 to 1.25, 
corresponding to ship speeds from Vs = 12 to Vs = 59 knots. The model test, conducted to validate 
simulation results, was limited to speeds from Vs = 24 to Vs = 30 knots. This study employed both 
model testing and computational simulations to explore various aspects, including the influence of 
hull form and Froude number variations on total resistance.. 
 

 
(a) 
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(b) 

Fig. 1. Comparison of the ship profiles of axe bow (a) and conventional bow (b)  
 

2.2 Numerical Approach 
 

The simulations were conducted by incorporating geometric measurements into meshing, 
solving, and post-processing processes. A model hull was imported in para-solid format, and a mesh 
was produced using an unstructured hexahedral mesh generator. The simulations were conducted 
in calm water conditions.  
 
2.2.1 Solver  
 

The numerical solver used in this study is the ISIS-CFD flow solver of the NUMECA Fine/Marine. 
The solver is based on the finite volume method to build the spatial discretization of the transport 
equations to solve the incompressible unsteady Reynolds-averaged Navier–Stokes equations 
(RANSE). The choice of turbulence models is crucial for modeling flow fields. This study uses the 
Shear Stress Transport (SST) k–ω model to resolve turbulence. The SST k-ω model is effective for 
simulating ship hydrodynamics, provided the mesh quality meets stringent criteria. Maintaining 
appropriate y+ values, ensuring mesh alignment around the hull, and refining the wake region are 
critical steps in obtaining reliable CFD results. These measures collectively ensure that the model 
can accurately capture the complex interactions between the hull and the surrounding fluid, 
leading to precise predictions of hydrodynamic resistance [21]. The SST k–ω model provides a 
simpler alternative to two-equation turbulence models, improves the predictions made by algebraic 
mixing-length models, and builds a local model for complicated flows [22]. 
 
2.2.2 Governing equations  
 

The governing equations of fluid flow are solved numerically. The continuity equation, 
sometimes known as the Navier-Stokes equation, and the energy conservation equation are the 
three primary equations regulating fluid flow. Because they are fundamental to all fluid 
computations, every CFD code implicitly solves the conservation equations of mass and momentum 
[23]. The spatial discretization and discretization of the transport equations were accomplished 
using a finite volume technique using our solver. The following are the conservation equations for 
mass, momentum, and volume for the incompressible flow with external forces, which can be 
written in tensor form in the Cartesian coordinate system and expressed in Eq. (1) and Eq. (2) as 
follows:  
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Where ui is the relative averaged velocity vector of flow between the fluid and the control volume, 
ui

’uj
’ is the Reynolds stresses, p is the mean pressure and τij is the mean viscous stress tensor 

components for Newtonian fluid under the incompressible flow assumption, and it can be 
expressed in Eq. (3) as follows: 
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2.2.3 Computational domain and boundary conditions  
 

To minimize computing effort and expense, the computational domain is configured as a 
rectangular prism, representing just half of the ship's body. This decision was made after 
considering the symmetry of the hull and the fact that the ship is only traveling forward. Figure 2(a) 
shows methods for determining the computational domain's dimensions. According to the 
International Towing Tank Conference (ITTC) suggested processes for ship CFD applications, the 
dimensions in the (x-y-z) directions are specified as (5.0LWL-2.0LWL-2.0LWL) [24]. The ship's 
meshing was done using a tetrahedral approach, as shown in Figure 2(b). An unstructured surface 
mesh grid is used to discretize the computational domain. The mesh distributed around the ship 
hull consists of about 2.506 million cells. 

 

 
(a)                                                                                                  (b) 

Fig. 2. Computational domain (a) and (b) meshing of model  

 
2.3 Resistance Definition  
 

There are some methods to break down a ship's total ship resistance (RT), which is the amount 
of force required to keep the ship's speed constant. Based on The International Towing Tank 
Conference (ITTC), ship resistance in calm water can be classified into two components: friction 
resistance and residuary resistance. One of the dominant components of residuary resistance is 
wave resistance, which relates to the energy loss caused by waves created by the vessel and viscous 
pressure resistance. 

The total resistance of a ship is comprised of two primary components: frictional resistance (RF) 
and residuary resistance (RR), as described in Eq. (4). Based on physical phenomena, ship resistance 
can also be divided into two subtypes: viscous resistance (RV) and wave resistance (RW). Viscous 
effects are excluded from wave resistance, which is therefore considered an inviscid phenomenon 
[25]. The entire hull forms a boundary layer that expands as it moves downstream. The boundary 
layer thickness is defined as the distance from the hull surface to the point where the velocity 
reaches 99% of the undisturbed flow velocity [26]. 
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WVRFT RRRRR +=+=           (4) 

 
For non-dimensionless, the total resistance coefficient CT is expressed as in Eq. (5) [27]:  
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Where RT is the total resistance, 𝜌 is the water density, WSA is the ship wetted surface area and 𝑉S 
is the ship speed.  
 
Then, the total resistances coefficient can be defined as :  
 

WVRFT CCCCC +=+=           (6) 

 
CT is the total resistances coefficient, CF is the frictional resistances coefficient, CR is the 

coefficient of residuary resistance CV is the viscous resistances coefficient, and CW is the wave 
resistance coefficient. However, residuary resistance changes due to many parameters, especially 
bow shape.  

The frictional resistance coefficient directly relates to the ship wetted surface area and can be 
estimated by using the ITTC 1957 formula in Eq. (7) as follows: 
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By using Eq. (6), the residuary resistance CR can be derived from difference between total 

resistance and friction resistance. 
 
2.4 Model Test 
 

Ship models of conventional bow and axe bow shapes were made of wood, which was 
laminated with fiberglass-reinforced plastic. To mark the draft line and section line and to ensure 
the similarity between actual ship and ship models, an accurate measurement of model dimension 
is carried out in the marking table. The choice of model scale is 14, which is taken based on the 
capability of the towing tank facility. 

The model tests were conducted in the towing tank of the Indonesian Hydrodynamic 
Laboratory, with a size of 220 m x 11 m x 5.5 m. A resistance dynamometer apparatus was 
equipped in the carriage of the towing tank. The set-up configuration test of models is directly 
connected to the towing carriage by resistance dynamometer apparatus so that the models can 
move vertically and trim, as illustrated in Figure 3. The resistance dynamometer is equipped with a 
load cell to measure the resistance force acting on the ship model while being towed at a certain 
speed. A clamp apparatus is installed to tow the model during acceleration, release it to measure 
the resistance, and clamp it before model deceleration. The ship model is free to move with two 
degrees of freedom: pitch and heave. In the test program, the models are towed in calm water with 
a range of model speed from Vm = 3.30 m/sec to 4.40 m/sec, which corresponds to ship speed Vs = 
24 knots to Vs = 32 knots. 
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Fig. 3. A schematic diagram of towing system and set-up model test  

 

3. Result 
3.1 Validation of Total Resistance by Model Test  
 

The generated simulation results of bow shape hulls were validated through a series of model 
tests conducted at the Indonesian Hydrodynamic Laboratory in Surabaya. These tests evaluated the 
performance of axe-bow and conventional bow shapes at model ship speeds ranging from Vm = 
3.30 to Vm = 4.40 m/sec, corresponding to full-scale ship speeds of Vs = 24 to Vs = 32 knots. 

As shown in Table 2 and Figure 4, there was good agreement between the total resistance 
results from the model tests and CFD simulations, with the percentage error not exceeding 5%. 

 
Table 2 
Percentage error of total resistance between 
model test and simulation CFD in (kN) 

Fr Model Test CFD Error 

0.51 133.64 129.83 2.8% 

0.55 150.64 145.87 3.2% 

0.59 167.18 162.34 3.2% 

0.64 182.92 179.76 1.6% 

 

 
Fig. 4. Total ship resistance of simulation CFD and model test  
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Figure 5 presents a visualization comparing the wave patterns from the CFD simulation and the 
model test results. Although the comparison is not perfectly accurate, it still shows good similarities 
between the two visualizations. The detailed influence of bow shape on the wave pattern will be 
discussed in sub-section 3.2. 
 

 
Fig. 5. Visualization of wave pattern of simulation CFD and model test at model speed Vm = 3.85 
m/sec  

 

3.2 Numerical Result  
 

The computational investigation into predicting the total ship's resistance in calm water 
conditions primarily focuses on two aspects: hull form and ship speed. Simulations are executed 
under specific test conditions, covering only half of the hull, with results duplicated for the entire 
hull. The analysis explores the impact of conventional and axe-bow shapes on total resistance, 
providing deeper insight into hydrodynamic characteristics by quantifying residuary and friction 
resistances. Simulations are conducted for Froude numbers from Froude number from Fr = 0.25 to 
Fr = 1.25, corresponding to ship speed from Vs = 12 to Vs = 59 knots.  

 
3.3 Effect of the Froude Number on the Total Resistance of the Ship 

 
From the simulation, the characteristics of total ship resistance and the total ship resistance 

coefficient are summarized in Table 3. Figure 6 shows that the total ship resistance for both bow 
shapes is proportional to ship speed. 

Figure 7 illustrates the presence of a hump and a hollow in the total resistance curve. It is found 
that at certain ship speeds, the crests of the wave systems can coincide, creating a hump in the 
total resistance and hollows where the crests of one system align with the troughs of another. At 
low Froude numbers, from Fr = 0.25 to Fr = 0.35, the total resistance coefficient decreases gradually 
as the Froude number increases, then increases from Fr = 0.35 to F r= 0.45, and decreases gradually 
again until Fr = 1.00. 

The increment percentage of total resistance varies as the ship speed increases. At speeds 
ranging from Vs = 12 to 20 knots, the increment percentage varied significantly, between 16% and 
25% for the conventional bow and between 13% and 25% for the axe bow. In contrast, at speeds 
from Vs = 22 to 59 knots, the increment percentage shows a similar trend for both bow shapes, 
ranging between 7% and 16%. 
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Table 3 
Characteristic of total resistance and total resistance coefficient at various 
Froude number 
Ship Speed Conventional Bow Axe Bow 

Knots m/s Fr RT CT Fr RT CT 

12 6.16 0.26 42.16 4.69 0.25 42.76 4.78 

14 7.19 0.30 51.66 4.22 0.30 56.54 4.64 

16 8.22 0.35 61.64 3.86 0.34 65.12 4.09 

18 9.24 0.39 81.28 4.02 0.38 77.35 3.84 

20 10.27 0.44 107.66 4.31 0.42 97.31 3.91 

22 11.30 0.48 128.21 4.24 0.47 114.10 3.79 

24 12.34 0.52 145.28 4.03 0.51 129.83 3.62 

26 13.36 0.57 162.32 3.84 0.55 145.87 3.46 

28 14.39 0.61 178.34 3.64 0.59 162.34 3.32 

30 15.42 0.65 195.69 3.48 0.64 179.76 3.21 

32 16.45 0.70 220.82 3.45 0.68 201.71 3.16 

34 17.47 0.74 238.08 3.30 0.72 217.81 3.03 

38 19.52 0.83 274.90 3.05 0.80 257.95 2.87 

42 21.58 0.92 317.70 2.88 0.89 302.27 2.75 

46 23.64 1.00 369.58 2.79 0.97 346.51 2.63 

50 25.70 1.09 427.09 2.73 1.06 403.40 2.59 

53 27.24 1.16 481.82 2.74 1.12 448.39 2.56 

56 28.78 1.22 548.45 2.80 1.19 500.52 2.56 

59 30.32 1.29 628.29 2.89 1.25 568.78 2.62 

         

Figure 8 and 9 illustrate the residuary resistance coefficient for both conventional and axe 
bows, respectively, showing a similar trend to the total resistance coefficient as ship speed changes. 
At Froude numbers above 0.5, friction resistance becomes the dominant factor in total resistance. 
However, from Fr = 0.25 to 0.5, the residuary resistance coefficient of axe bow shape becomes 
more dominant than friction resistance in contributing to the total resistance coefficient. While 
conventional bow shape, the residuary resistance coefficient illustrate dominant contribution from 
Fr = 0.25 to 0.65. 

 

 
Fig. 6. Total ship resistance of conventional bow and axe bow 
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Fig. 7. Total ship resistance coefficient of conventional bow and axe bow 

 

 
Fig. 8. Coefficient of total ship resistance (CT), friction resistance (CF) 
and residuary resistance coefficient (CR) of conventional bow 

 
The wave-making resistance is a key factor in this increase, with residuary resistance 

contributing 50% to 61% of the total resistance, consistent with findings by Lothar et al., [28]. While 
frictional resistance is the major component of low-speed vessels' calm water total resistance, 
residuary resistance exceeds the frictional resistance component only at Froude numbers above 
0.3. 
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Fig. 9. Coefficient of total ship resistance (CT), friction resistance (CF) and 
residuary resistance coefficient (CR) of Axe Bow 

 
The wave elevation and hydrodynamic pressure characteristics at various Froude numbers for 

the axe bow shape are shown in Figure 10, 11, and 12. The total ship resistance for both bow 
shapes is proportional to the wave elevation magnitude along the hull. Figure 10(a), 11(a), and 
12(a) indicate that as ship speed increases, the generated wave elevation also increases, leading to 
a decrease in the residuary resistance coefficient.  

 

                             (a)                                                                             (b) 
Fig. 10. Visualization of wave elevation (a) and hydrodynamic pressure (b) at froude number  
Fr = 0.25 

 

 
     (a)                                                                             (b) 

Fig. 11. Visualization of wave elevation (a) and hydrodynamic pressure (b) at Froude number  
Fr = 0.42  
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The generated wave-making resistance increases due to hydrodynamic pressure, especially in 
the bow region. It is evident that as the Froude number increases from Fr = 0.25 to 0.60, the offset 
area of wave elevation also increases..  Figure 10(b), 11(b), and 12(b) illustrate that hydrodynamic 
pressure at the ship's bow region increases, indicated by the darker red color. 

 

      
                                 (a)                                                                           (b) 
Fig. 12. Visualization of wave elevation (a) and hydrodynamic pressure (b) at Froude number 
Fr = 0.60  

 
3.4 Effect of Bow Hull Shape on Ship Resistance 

 
Referring to the results of the computational investigations shown in Table 2 and Figure 6 and 7, 

the effect of the bow shape on the total resistance and total resistance coefficient can be defined. 
The tendency of the total resistance coefficient for both bow shapes is similar across the range of 
ship speeds. The percentage reduction of the total resistance coefficient at Froude numbers from Fr 
= 0.43 to Fr = 0.74, which corresponds to ship speeds from Vs = 20 knots to Vs = 32 knots, is 
significant, ranging from 9% to 12.4%. Notably, at Froude numbers from Fr = 0.25 to 0.35, the axe 
bow shape does not positively affect reducing total resistance. This indicates that the total 
resistance coefficient of the conventional bow shape is lower than that of the axe bow shape, being 
9% lower at a Froude number of 0.3. 

Additionally, obtaining the hydrodynamic characteristics through components such as residuary 
resistance and friction resistance is necessary. Figure 13 shows that the effect of the bow shape on 
frictional resistance is almost the same due to the wetted surface area being similar.  

 
Fig. 13. Characteristic of friction resistance of conventional bow and 
axe bow 

1.40

1.50

1.60

1.70

1.80

1.90

0.20 0.35 0.50 0.65 0.80 0.95 1.10 1.25 1.40

C
F

(x
 1

0
^-

3
)

Fr

Conv

Axe



CFD Letters 

Volume 17, Issue 3 (2025) 36-51 

48 
 

 
Fig. 14. Characteristic of residuary resistance of conventional bow 
and axe bow 

 
However, the influence of residuary resistance on the total resistance of the two bow shapes 

becomes more significant, as shown in Figure 14. At Froude numbers between 0.43 and 0.74, there 
is a significant reduction in the residuary resistance coefficient of axe bow shape, ranging from 19% 
to 23%. The primary factor contributing to the rise in overall resistance at high speeds is the 
residuary resistance resulting from increased wave-making resistance. 

The wave patterns, which primarily consist of divergent and transverse waves derived from 
simulations of the conventional bow shape and axe bow shape at three different ship speeds, are 
shown in Figure 15, 16, and 17. Figure 15(a) and 15(b) display the wave patterns at a low ship speed 
of Vs=14 knots. The offset area of the divergent wave near the bow region (A) and the transverse 
wave at the stern region (B) of the conventional bow shape is smaller, and the wave elevation is 
lower, as indicated by the red color, compared to the axe bow shape. This could explain why the 
residuary resistance coefficient of the axe bow at Fr = 0.25 to 0.35 is larger than that of the 
conventional bow shape. 

Furthermore, as seen in Figure 16 and 17, it is essential to note that as the ship speed increases 
to Vs = 28 knots and Vs = 46 knots, the offset area and the red and yellow colors of the divergent 
wave elevation near the bow region of the conventional bow shape (A) are larger than those of the 
axe bow shape. Additionally, the offset area of the divergent wave at the shoulder and stern, 
indicated by the blue color (B), is larger for the conventional bow shape than for the axe bow 
shape. 

 

 
                           (a)                                 (b) 

Fig. 15. Wave elevation of conventional (a) and axe bow (b) at ship speed Vs=14 knot 
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               (a)                                       (b) 

Fig. 16. Wave elevation of conventional (a) and axe bow (b) at ship speed Vs=28 knots 
 

 
        (a)                                   (b) 

Fig. 17. Wave elevation of conventional (a) and axe bow (b) at ship speed Vs=46 knots 
 

4. Conclusion 
 

The CFD simulation and model test approaches for the two bow shapes have been analyzed. 
The results provide a better understanding of the effect of bow shape on total resistance and its 
components. Several conclusions can be drawn, as follows: 

 
i. The total ship resistance is proportional to ship speed; however, in this particular fast 

monohull, a phenomenon of a hump and a hollow appears at low Froude numbers. 
ii. The simulation results show that the axe bow shape provides a significant improvement in 

hydrodynamic performance by reducing total resistance by up to 12.5%. This finding has 
been validated by ship model test results, which show good agreement. 

iii. The residuary resistance of the axe bow shape has a greater influence on total resistance 
compared to the conventional bow, particularly at Froude numbers from Fr = 0.25 to Fr = 
0.55. 

iv. It was found that at low Froude numbers, from Fr = 0.25 to 0.35, the conventional bow 
shape has lower total resistance than the axe bow shape. This can be attributed to the 
smaller offset area of wave elevation in the bow and stern regions of the ship. 
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