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Abstract. Using the axe-bow to reduce total ship resistance on monohull ships has been
well-known. This advantage has been further applied to a trimaran configuration together
with its space-to-length (S/L) ratio differences. The investigation was carried out
experimentally using an ITTC standard towing tank and numerically using computational
fluid dynamics (CFD) analysis. The base model for the study uses an NPL 4a both for the
mainhull and sidehulls of the trimaran, and later the mainhull is modified by attaching a
front bulb known as an axe-bow. The resistance analysis of the trimaran was conducted
with and without an axe-bow on the mainhull together with S/L ratios of S/L = 0.3 and S/L
= 0.4 and at various Froude (Fr) numbers: 0.15, 0.2, 0.25, 0.3, 0.4, and 0.5. The results
showed that the monohull with an axe-bow had a smaller drag than that without an axe-
bow of an order up to 11.5%, whereas in the trimaran form, the reduction of drag was up
to 8.4%. This indicates a positive influence of using the axe-bow on the total resistance of
the trimaran configuration. Both experimental and CFD methods showed positive
agreement of the order 2.7% discrepancy for the monohull form and a 3.4% discrepancy
for the trimaran configuration.
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1. Introduction

There is increased interest in trimaran vessels due to their advantages and applications
(Elcin, 2003). The trimaran has sidehulls for gaining ship stability. Three hulls make the
trimaran completely unsinkable. Even in the roughest weather, the ultimate hazard of
capsizing is minimized. Mainhulls and sidehulls can be modified flexibly to reduce
resistance (Sulistyawati and Suranto, 2020). Therefore, the decrease in trimaran resistance
results in reducing fuel consumption compared to an equivalent monohull.

In recent decades, much research has considered the advantages of the trimaran
concept. When the literature on trimarans is examined in general, it is clear that the most
important parameter in resistance optimization is configuring the outriggers because of
the flow-interference effect between the center-hull and outriggers (Yildiz et al., 2020).
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Optimum placement of these will result in an interaction between the wave train produced
by the center-hull and the wave trains produced by the outriggers that ideally counteract
each other at primary speed(s) of interest (Chen et al., 2016).

Preliminary research on trimarans was carried out by Gray (2003). In this study,
resistance characteristics of a trimaran hull form with different arrangements were
investigated to verify the theoretical prediction by comparing towing test results. The CFD
method was utilized by Javanmardi et al. (2008) to analyze the hydrodynamic performance
of the trimaran hull form with small-sized outriggers to determine optimum outrigger
positions for minimum wave resistance performance. They also considered the wave
interactions between the center-hull and outriggers to predict total wave-making resistance.

Shahid and Huang (2011) investigated the prediction of wave resistance on trimaran
hull forms using CFD software. Three different mesh sizes and two different turbulence
models were used to investigate the effect of mesh structure and turbulence models on the
prediction of the resistance. CFD analyses were realized corresponding to Froude number
ranges from 0.14 to 0.75, and the results were compared with the experimental data. Son
(2015) performed CFD computations of a systematic series of trimaran hull forms. The
center-hull form of the trimaran was developed based on the National Physical Laboratory
(NPL) systematic series of round bilge hulls, and the sidehulls were created by scaling the
center-hull to one-third size. Poundra et al. (2017) explained that the placement of the
sidehull greatly affects ship resistance, both longitudinally and transversely. Catamaran
hull interference can reduce resistance, as discussed by Igbal and Samuel (2017) and Utama
et al. (2021). This interference phenomenon also occurs in a more complex form on
trimaran ships. The interaction between the hulls on a trimaran ship is examined by Sun et
al. (2020), who prove that the flow field between the mainhull and sidehull of the trimaran
can be captured by numerical calculations and PIV tests of the microscopic and macroscopic
structures of the flow field. Trimaran configurations with proper positions can reduce
residual resistance values (Heidari et al.,, 2019, Yanuar et al., 2020; Yildiz et al., 2020).

Further, the development of hull optimalization was carried out using the axe-bow. It
uses straight vertical sides to dampen waves from the bow, which can result in a smooth
pitching motion. Basically, the axe-bow in the extended section is empty space. The study
of the axe-bow shows an increase in efficiency and a reduction in pitch acceleration because
ships with axe-bows have less resistance in conventional models and reduce fuel use
(Gelling, 2006).

The axe-bow developed by Damen Shipyard has better efficiency as well as better head-
sea performance, with less slamming and higher speeds (Buckley, 2010). Damen Shipyard
(2012) made a delivery of the first ship with an axe-bow, the Patrol Boat. The ship exhibits
effective movement behavior and significantly lower drag while sailing. This provides a
20% reduction in fuel use and, consequently, fewer emissions. Through the CFD analysis of
the optimum hull, it was possible to confirm the reduction of added resistance by the
reflected wave around the bow smoothly spread to the side (Seok et al., 2019).

Two advantages to reducing ship resistance using the trimaran hull and the axe-bow
have been mentioned in the previous literature. This paper discusses a combination of the
two to obtain a better resistance reduction.

The main objective of the study is to analyze the resistance characteristics on a
trimaran configuration with and without an axe-bow at the mainhull by utilizing the CFD
method based on Reynolds-averaged Navier-Stokes (RANS) and an experimental model
test using an ITTC standard towing tank (ITTC, 2011). Further, the interference effect was
calculated to determine the best configuration.
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2. Methods

2.1. Trimaran Model
The investigation used an NPL4a model with and without an axe-bow, as shown in
Figures 1 and 2, and the principal particular can be seen in Table 1.

Figure 2 Mainhull NPL 4a with Axe-bow: (i) Buttock plan; (ii) Body plan

Table 1 Principal particular of the model

Mainhull with

Parameter Unit Mainhull NPL 4a Sidehull NPL 4a
Axe-bow

Loa m 1.252 1.252 1.058

LwL m 1.218 1.252 0.990

B m 0.168 0.168 0.096

T m 0.067 0.096 0.058

Wetted Surface Area m? 0.170 0.190 0.114
Displacement kg 3.119 3.119 1.560
Block Coefficient (Cg) 0.397 0.194 0.397

2.2. Prediction of Trimaran Resistance

The enhanced design features of a trimaran lead to reducing the residual resistance;
however, the consequence is a new form of resistance: the close positioning of the separate
hulls leads to an interaction in both the total resistance.

This means that the following may be constructed. Consider a hull of beam B split into
two equivalent hulls, each having a beam of B/2 and mainhull. The total resistance for the
trimaran individual hull, namely R, divided into two equal resistances, namely Rrsidehun and
RTmainhull, is formulated in Equation 1:

Rr = Rryainhun + 2Rysidenun (1)

As mentioned, the interaction of the waves is due to the position of the various hulls
with reference to separation, implying that if the hulls are positioned so that there is no
interaction between them, then no interference resistance would be experienced 10. By
investigating the variations in separation, this interference resistance can be reduced.
Interestingly, although interference would cause the hull to be inefficient, there are some
positions where the interference produces favorable situations and the complete vessel
experiences less resistance than the addition of the individual hulls acting separately. The
total resistance of a trimaran can be calculated such that in Equation 2:
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R

Trrimaran = Rruainhul T 2 Rrsigenan + ARy (2)
where ARris the interference resistance due to the sidehull effect.

The computational fluid dynamics (CFD) technique, of varying degrees of complexity,
may be used to predict various resistance components. The method would provide some
insight into the pressure form drag. Full RANS codes may be used to predict the flow where
separation and circulation occur, thus potentially providing good estimates of the form
factor and possible scale effect. However, these methods are extremely computationally
intensive, particularly for the high computation of Reynolds number flow (ANSYS, 2020).

The choice of turbulence models is found to be crucial in the simulation of wake
fields. The turbulence model used in the current study is the SST (Shear Stress Transport)
model developed by Menter et al. (2003), which has been used and validated by several
researchers, including the work done by Bardina et al. (1997) with successful results. The
viscous flow field is solved using the RANS solver implemented in ANSYS CFX, together with
the use of continuity, turbulence k-w and turbulence-SST equations.

2.3. Computational Fluid Dynamics

2.3.1. Numerical domain

The domain dimensions and boundary conditions are specified in Figure 3. The
boundary conditions are specified as follows: the hull body is a no-slip condition that is
imposed on the hull surface; the free-slip condition is applied to the top, side, and bottom
walls; the symmetry condition is used for the hull center plane; the flow velocity at the inlet
is defined as the tested speed; at the outlet, the hydrostatic pressure defined as a function
of water-level height is applied; furthermore, the initial location of the free surface is
determined by defining the volume-fraction function of water and air at the inlet and outlet.

Opening Trimaran

(a) Trimaran hull

Bottom Wall Velocity inlet

(b) Mainhull with axe-bow

Figure 3 Boundary conditions Figure 4 Unstructured mesh with
inflation

2.3.2. Grid independence

The mesh generation in this study was accomplished using Design Modeler. The
calculation domain was discretized using structured and unstructured meshes. Considering
the complex geometrical characteristics of the hull, a mesh with triangular elements is
generated on the hull surface, and the boundary layer is refined with prism elements
created through extending the surface mesh node. The region around the boat is filled with
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tetrahedral elements with inflation, while in the far field, an unstructured mesh with grid
generation is generated to reduce the number of elements, as shown in Figure 4.

The mesh size plays an important role in the calculation procedure. A fine mesh can
always bring credible results in ANSYS CFX but at the same time increases the
computational cost and time consumption due to the large element number. Therefore, to
determine the mesh size with acceptable numerical accuracy and element number, mesh-
convergence studies are carried out for the trimaran model of the NPL hull with S/L=0.3 at
a Froude number of 0.4. The grid independence study is shown in Table 2 and Figure 5,
according to Chung (2010); the number of elements used is about 1,583,256.

Table 2 Grid independence study

Total Element (x1000) 192 398 823 1,583 2,876
Resistance Total Coefficient (Cr) (x10-3) 13.365 9.6136  8.1033 7.2356  7.1153
Difference (%) 28.07 15.71 10.71 1.66

0.014 T T T T

0.012 - .

0.01 .

Total Resistance Ccefficient (Ct)

0 1 | 1 1 1
0 0.5 1 1.5 2 25 3

Total Element %108

Figure 5 Grid Independence

Convergence studies of parameters are performed following a systematic refinement
process to create multiple solutions. The numerical uncertainty of the CFD model utilizes
the data in Table 2. In this paper, Richardson’s extrapolation method for grid convergence
could be a proper choice for estimating the mesh error (Zingg, 2012). The grid convergence
study was conducted based on the ITTC uncertainty analysis recommendation (ITTC,
1999). The convergence study was made based on three varying mesh resolutions, which
were categorized into coarse, medium, and fine mesh. The mesh was varied by modifying
the face sizing while keeping the body sizing with a constant element size. The inflation
layer was kept constant throughout the analysis, as the mesh resolution was based on the
standard wall calculation, as shown in Table 3.

Table 3 Three varying mesh resolution details

Detail Fine (1) Medium (2) Coarse (3)
Body sizing (m) 0.2 0.2 0.2
Face sizing (m) 0.01 0.02 0.04
Number of Elements (NE) 2,876,328 1,583,265 823,189

Drag coefficient (x10-3) (Cr) 7.1153 7.2356 8.1033
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The process is the same for time or any other study parameter. As for the refinement
ratio ri, the recommended value is v/2, since the value is large enough to be sensitive to
parameter changes and small enough to generate at least three successive solutions
maintaining. A larger refinement ratio may be used; however, the mesh value has to be at
least three. Based on formulas in the used equation section, outcomes have been calculated
and presented at Table 4.

Table 4 The uncertainty analysis performed for the Trimaran model of NPL hull with
S/L=0.3

OQutcome Equation Value

Difference of estimation €21=NE2/NE1 1.8169
€32=NE3/NE> 1.9230

Refinement ratio r21=Crz2-Cr1 0.1203
r32=Cr3-Cr2 0.8677

Convergence Ri=€21/€32 0.1386
Order of accuracy p=In(e21/€32) /In(ri) 3.3090
Extrapolated relative error e21=€21/TiP-1 0.0523
esz=g32/1iP-1 0.3216

Grid convergence index (GCI) GCl21=Fs|ez1| 0.0029
GCls2=Fslesz| 0.0154

Convergence conditions of this system must first be clarified in order to assess the
extrapolated value from the equations above. The convergence conditions are as follows:
1. Monotonic convergence: 0 <Ri<1
2. Oscillatory convergence: Ri < 1
3. Divergence:Ri>1

For monotonic convergence, a generalized Richardson extrapolation is applied to
estimate the errors and uncertainties. For oscillatory convergence, the results exhibit some
oscillations. Lastly, for divergence, the results diverge, while errors and uncertainties are
impossible to determine.

The grid convergence index (GCI) is a standardized way to report grid-convergence
quality. It is calculated at refinement steps. Thus, we calculated a GCI for steps from grids 3
to 2, and from 2 to 1, where e is the error between the two grids and Fs is the safety factor
(Fs=1.25).

The drag coefficient was converged based on the graphs, which proved that the mesh
converged with different fineness of mesh. However, the fine mesh was still chosen for
analysis as it provides a higher accuracy to the stimulation, which hence minimizes the
error of investigation.

2.4. Experiment

The test-model creation procedure followed ITTC recommendations 7.5-02-05-01
(ITTC, 2002). The size of this winged ship test model adjusts the size of the towing tank test
facility at the ITS Hydrodynamic Laboratory with a length of 50 m, a width of 3 m, and a
depth of 2 m. The maximum towing carriage speed is 4.0 m/s. The mass density of the water
towing tank is 999.1 kg/m3, and the mass density of the air is about 1.164 kg/m3 (for
temperatures of 28°C).

The test model is attached to the towing carriage through the towing guide (see Figure
6) with the setup that the test model can only move heaving and pitching freely and cannot
move yawing or swaying so that no rolling or heeling moments arise.
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Sidehull Mainhull Sidehull

Figure 6 Experimental set-up of Trimaran model

The trim meter was installed in an upright position at the front and rear of the test model
in a position that did not interfere with the towing guide. The test model was installed with
the center line of the model. The instrumentation cable was laid in such a way that, at the
time of measurement, it did not interfere with the motion of the test model.

3. Results and Discussion

3.1. Effect of the Axe-bow

A comparison of the calculation of resistance for conventional NPL 4a hull and NPL 4a
with the axe-bow is presented. Experimental and CFD calculations show positive results
due to the attachment of the axe-bow, as shown in Figure 7. Experimental calculations show
that there is an average drag reduction of 11.5%, where the NPL hull with the axe-bow has
a lower value than the conventional NPL 4a hull. This is also found in the calculation using
the CFD approach, where there is a reduction in total absorption by 10.7%, which shows
that the NPL 4a hull with the axe-bow has less resistance than the conventional NPL 4a hull.
The positive effect of using the axe-bow was also reported by Romadhoni and Utama
(2015), where the use of the axe-bow on a monohull ship was able to reduce resistance by
8-20%, whereas Bouckaert (2012) confirmed that the use of the axe-bow can reduce drag
up to 10% when compared to conventional forms.
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Figure 7 Comparison between CFD and experiment of mainhull
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Furthermore, the fluid interaction with the hull is also influenced by the bow section of
the ship, where in the presence of the axe-bow, fluid interactions tend to produce fewer
waves at the front of the bow, as shown in Figure 8. The CFD simulation shows that it is
quite clear that the bow with a conventional shape forms more waves when compared to
the axe-bow shape. This impacts the resulting obstacles; namely, the conventional form of
the hull has a larger barrier than the hull of the NPL with the axe-bow.

Figure 8 (a) Experiment with wave-making of mainhull at Fn=0.4, (i) NPL 4a, (ii) NPL 4a with axe-
bow; (b) CFD simulation of NPL 4a with and without axe-bow

3.2. Hull Interaction

Calculating trimaran ship resistance was carried out using two approaches, namely CFD
simulation and the towing tank experiment. The CFD simulation results are shown in Figure
8, where the conventional NPL 4a model has the same resistance trend as the axe-bow
model. The individual trimaran model has about 5.6% smaller resistance compared to the
trimaran ship resistance, with S/L = 0.3 and S/L = 0.4. This shows that there is interference
between the hulls, which results in additional resistance.

Calculating trimaran ship resistance was also carried out using the model testing in the
towing tank shown in Figure 9. The physical test results show that trimaran ships with
variants S/L = 0.3 and 0.4 show greater results (about 6.5%) than the experimental results
of individual trimaran ships. The physical test of the trimaran vessel showed hull
interference, which resulted in increased drag.

The results of CFD calculations and experiments show that there are differences in the
resistance to using the NPL 4a with the axe-bow, which is about 1%-8.4% smaller than the
use of conventional hulls.
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The interaction effect between the trimaran hull in the transverse direction (S/L) is
very influential on the trimaran ship resistance. Figure 10 shows the calculation of the
trimaran vessel hull on the NPL 4a hull with and without the axe-bow. The calculation of
the total drag coefficient (Cr) for without interference (individual trimaran) has the
smallest results compared to other trimaran variations. This shows that the interaction
between the trimaran hulls gives rise to additional interference inhibition; in this case, total
resistance interference by the trimaran hull.

Trimaran hull interference is an interaction caused by water between the hulls. This
causes additional drag on the trimaran ship. Trimaran hull interference can be calculated
using Equation 3:

ACT

Cr

where IF is the interference factor of the trimaran and ACr is the difference between the
trimaran resistance coefficient (Crrrimaran) and the trimaran resistance coefficient without

interference or the sum of each individual hull (C; ) = Crmainhun + ZCTSidehull)-
012 T T T T T T T T
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Figure 11 Interference of the Trimaran

The occurrence of wave-breaking around the hull makes this assumption an
underestimate in the calculation of the wave-resistance component. Measuring wave-
breaking directly is very difficult; hence, this can be observed only visually. Wave-breaking
occurs in the front of the hull (bow), and interference occurs in the middle hull. Interference
is influenced by the S/L distance, where the smaller the S/L distance, the greater the
interference will occur, as shown in Figure 11. The existence of the axe-bow had a positive
effect on trimaran hull interference, where there was a reduction of between 1.4%-8.4%.
This occurred because there was a damping of the wave-making due to the axe-bow shape
on the bow, as shown in Figure 13.

The interference that occurs between the trimaran hull models is in the form of waves
and viscous interference. Interference that occurs can be well-visualized in the CFD
simulation. Figure 14 shows the speed contours of the trimaran model with the NPL 4a hull
(Figure 14a) and the NPL4a with the axe-bow (Figure 14b).

Flow-velocity contours indicate the effect of using a bow shape. In the conventional
model, the flow in the bow has quite a few interactions; as a result, the flow interaction with
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(a) Experiment (b) CFD simulation
Figure 12 Wave elevation of Trimaran with NPL hull at Fr=0.4 for S/L=0.4

(a) Experiment (b) CFD simulation

Figure 13 Wave elevation of Trimaran with axe-bow at Fr=0.4 for S/L=0.4

/
o

T s
(b) NPL4a with axe-bow

Figure 14 Velocity distribution of Trimaran at Fr=0.4 with S/L=0.4 for mainhull

the hulls increase afterward, causing an addition of the trimaran model to the absorption.
Conversely, in the presence of the axe-bow, there is an interaction of fluid flow with more
bow models; as a result, the interaction of water and the hull after is less and can reduce
the resistance of the trimaran model.

4. Conclusions

An investigation into the effect of using the axe-bow on the resistance reduction of the
trimaran configuration has been carried out numerically using the CFD approach and
experimentally using an ITTC standard towing tank. The study was conducted using an NPL
4a model with and without the axe-bow on both the monohull and trimaran models with
variations of S/L = 0.3 and 0.4. The use of CFD makes a very good contribution in relation
to the calculation of resistance on monohull and trimaran vessels, both for NPL 4a and NPL
4a with the axe-bow. These results have been verified using experimental data with a
discrepancy of about 2.7% on the monohull to 3.4% on the trimaran mode. Using the axe-
bow gave a positive contribution, a reduction of up to 11.5% when compared to
conventional hulls. Drag reduction of the ship is the ability of the axe-bow to reduce wave-
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making due to the interaction of the bow and water. In the trimaran mode with variations
of S/L = 0.3 and 0.4, the mainhull with the axe-bow was able to contribute to the reduction
of resistance of up to 8.4%. This reduction in resistance occurs due to the contribution of
the axe-bow, which can reduce wave-making in the bow, which further reduces the hull
interaction.
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