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ABSTRACT

This study discusses the inverted bow design on the combatant hull form.
Changes in the shape of the stem angle and flare bow are used as analytical
parameters to investigate the ship's performance. Ship resistance and motion will
be predicted using the Computational Fluid Dynamics (CFD) approach using the
Reynolds Averaged Navier Stokes (RANS) equation and the k-¢ turbulence
model. The volume of fluid (VOF) method is applied to simulate the change in
the free surface between water and air using an overset mesh technique. The
ship's movement is limited to sinkage and trim motions, so the movement's
accuracy can be predicted. The results revealed that the inverted bow reduced
the total resistance by 6.30%, whereas the trim and sinkage showed no
significant changes. The breakdown of the reduction ratio showed that friction
resistance components were reduced by 10.62%, wave resistance by 44.05%,
and viscous-pressure resistance by 45.33%. This highlights the effectiveness of
an inverted bow in optimizing wave and viscous pressure, enhancing overall ship
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1. INTRODUCTION

Greenhouse Gas (GHG) emissions carry unforeseen
risks to the natural ecosystem. One of the most significant
emitters is the maritime sector. According to the
International Maritime Organization / IMO (2020), ship
emissions accounted for around 2.89% of global CO2
emissions and are expected to increase by 90-130% in
2050. In response to this matter, IMO (2021) has
implemented various measures, including the Energy
Efficiency Design Index (EEDI), the Energy Efficiency
Existing Ship Index (EEXI), the Ship Energy Efficiency
Management Plan (SEEMP), the Carbon Intensity
Indicator (CII), and other initiatives. Some regulations
require that every ship built after January 1, 2013, be
certified using EEDI. Most new ships will need to be 10%
more efficient starting in 2015, 20% more efficient by
2020, and 40% more efficient by 2030 as a result of this
requirement (Wiliyan et al., 2023). That may be connected
to ship resistance, one of the critical variables employed in
calculations that enable researchers to work more
effectively and optimally shapely build ships. Several
studies have been implemented to reduce the ship’s total
resistance, including the frictional resistance well done by
Yanuar et al. (2012) using bubble drag reduction. In
addition, pressure resistance and wave resistance can be

optimized by changing the shape of the bow (Lee et al.,
2017) and hull (Liu et al., 2021).

The inverted bow possesses unique characteristics
that set it apart from conventional designs in general. Its
distinct features include the design of the flare and stem
angle. The research on the inverted bow was initially
conducted on a combatant hull-type ship (FFG-7) by
White et al. (2016), which demonstrated a decrease in
resistance with the implementation of the inverted bow.
Additionally, it was observed that in regular waves, the
inverted bow functions like a spring, increasing the
amplitude of motion while reducing acceleration. The
interaction between the inverted bow and irregular waves
showed improved seakeeping performance. Experimental
results indicated that the inverted bow reduced trimming
motion by up to 15.9% in Sea State 5. Talukdar (2022)
also conducted similar research on frigates, finding that
the inverted bow reduced wave resistance by 8.1% and
total resistance (RT) by 6.8% at maximum speed. Keuning
et al. (2006), in their study on the behavior of fast patrol
boats with the inverted bow concept, likened it to a
damped spring-mass system, softening the spring constant
of the system for vertical motion. This led to increased
trim and sinkage movements while reducing vertical
acceleration.
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Advancements in computing technology have
enabled researchers to conduct numerical research, which
is more efficient and accessible than experimental testing.
This method allows for the simulation and validation of all
types of problems in real-life situations using
experimental data. The Computational Fluid Dynamics
(CFD) method offers several approaches for solving fluid
flow problems, such as Reynolds Average Navier-Stokes
(RANS), Large Eddy Simulation (LES), and Direct
Numerical Solution (DNS). However, LES and DNS
require more computational memory for calculations
(Ozdemir et al., 2014; Hoa et al., 2019). Consequently,
RANS is widely used in the shipping industry as a
practical solution. Previous CFD studies utilizing the
RANS method have been conducted on various aspects of
resistance analysis. These include investigations into
turbulent free surface flow on fast-displacement ships
(Ozdemir et al., 2014), the influence of water depth on ship
resistance (Hoa et al., 2019), the impact of new types of
bow appendages on ship resistance (Liu et al., 2020),
prediction of wave resistance at high Froude numbers
(Kinaci et al., 2016), predict discharge (flow rate) in
compound channels (Kulkarni & Hinge, 2021a, b; 2023),
the effect of trim configuration on ship resistance (Le et
al., 2021), and benchmark studies of the FINETM/Marine
code for ship resistance calculations (Firdhaus et al.,
2021). These studies have yielded promising results in
utilizing the RANS method.

This study aims to reduce the resistance of ships by
modifying the bow shape with an inverted bow.
Additionally, the study will observe the trim and sinkage
movements resulting from the ship's speed response under
calm water conditions. This research is valuable for ship
designers to ensure compliance with the regulations set by
the IMO. The advancement of computing technology
enables researchers to predict ship resistance and dynamic
motion. The novelty of this study lies in conducting a
numerical investigation of the inverted bow. Previous
studies by White et al. (2016) focused solely on
seakeeping analysis, while Talukdar (2022) examined
variations of a reverse bow.

In contrast, this research presents a novel approach by
developing a modified stem angle and flare bow design.
The numerical simulation will be compared with the study
conducted by Ozdemir et al. (2014). The discussion will
encompass various aspects of ship performance, including
resistance and motion, with a particular emphasis on trim
and sinkage. Ship resistance components comprise
frictional resistance, viscous pressure resistance, and
wave-making resistance. Frictional resistance arises from
the interaction between the ship's hull surface and the
surrounding fluid, accounting for a large proportion of
total resistance at low speeds. Wave-making resistance
originates from disturbances created by the ship's
movement through the water and air interface, increasing
significantly with higher navigation speeds. In high-speed
displacement ships, this component represents more than
50% of the total resistance reduction (Liu et al., 2020).
Consequently, reducing wave-making resistance becomes
crucial to minimizing overall ship resistance and is
achievable through optimization of bow design to attain an
optimal form.
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2. METHODOLOGY

2.1 Object of Research

The object used in this research is a navy combatant
frigate which is simulated in calm water conditions. The
ship data is a scale model that has been tested
experimentally and numerically by Ozdemir et al. (2014).
The CFD model uses a 1:36 scale with details of the main
sizes in Table 1.

Figure 1 shows the 2-D barehull model used in this
research. Modification of the inverted bow will be carried
out on this model as much as possible not to change the
main size details of the ship.

2.2 Research Parameters

This research is focused on the effect of the inverted
bow on the frigate. Fixed parameters are the length of the
waterline, displacement, breadth, and draft. While the
parameter variables are ship speed, stem angle, and flared
bow.

Table 1 Model ship particulars

Full Model

Main size Unit scale scale

1:1 1:36

Lengtizf\tvvl\i?terlme m 139.07 3.866
Breadth (B) m 18.20 0.508
Height (H) m 11.20 0.31
Draft (T) m 5.05 0.14
Displacement (A) Ton | 5768.24 0.124
Block coefficient (Cg) - 0.489 0.487
Wette‘zv?srf)ce area |2 | 255030 | 1.883

Fig. 1 Lines plan barehull

The angle of inclination on the longitudinal profile of
the ship's bow tip, as seen in Fig. 2, is referred to as the
stem angle. The flared bow is the angle in the transverse
section measured from the high line and water line
junction, as shown in Fig. 3, and positioned 0.08 m from
the FP point, as shown in Fig. 2 (Kiryanto et al., 2019).
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Fig. 3 Flare bow (10°, 15°, 20°)

2.3 Model Variations

The 3D model is created using the Non-Uniform
Rational B-spline Surface (NURBS), a mathematical
model utilized in computer graphics. The modeling
process involves defining lines and surfaces, while the
polysurface technique is employed to generate solid
shapes. This research analyzed nine variations of the
inverted bow model and one original model with detailed
changes in Table 2.
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Fig. 4 Side view 3D model for barehull and inverted
bow
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Fig. 5 Waterline view at bow area from model

variations

Table 2 Model variations and volume correction

Volume
Model :;ZT; ';ng V?rlrl]Jsr)ne difference
(%)
Barehull - - 0.40513 -
IB3010 30° 10° 0.40476 -0.091
IB3015 30° 15° 0.40512 -0.002
1B3020 30° 20° 0.40632 -0.294
1B4010 40° 10° 0.40475 -0.094
1B4015 40° 15° 0.40511 -0.005
1B4020 40° 20° 0.40631 -0.291
IB5010 50° 10° 0.40474 -0.096
IB5015 50° 15° 0.40511 -0.005
1B5020 50° 20° 0.40632 -0.294
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As depicted in Fig. 4, the inverted bow model exhibits
an increase in volume above the main deck. This addition
aims to equalize the overall volume of the ship between
the original and inverted bow models while also reducing
deck wetness (White et al., 2016). Figure 5 displays the
waterline cut to shape the ship's bow area from a top view
for each variation. The waterline cut is taken at a draft
range of 0.028 to 0.14 m, with the maximum draft
indicated by the red line.

2.4 Numerical Approach

Using the computational fluid dynamics (CFD)
approach, the ship model is simulated in this work. The
unsteady Reynolds-Averaged Navier-Stokes equations, a
method of problem-solving based on the principle of
conservation of mass and momentum, are used to
complete the hydrodynamic simulation (Kinaci et al.,
2016). Below are the URANS equation.
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Where U; and u; express the mean and fluctuation
velocity component in the direction of the Cartesian
coordinate x;, P is the mean pressure, p is the density, v is
the molecular kinematic viscosity and S;; is the mean
strain-rate tensor. The strain-rate tensor is defined as
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The last term on the right-hand side of Eq. (2) is

denoted as the Reynolds stress tensor which is given by
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The Boussinesq (eddy-viscosity) hypothesis obtained
with the k — & turbulence model is expressed by
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The k-g turbulence model specifies that the turbulent
eddy viscosity is calculated by

kZ
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The turbulent Kinetic energy k and the rate of
dissipation of the turbulent energy ¢ are calculated below
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When the energy dissipation rate € and the kinetic
energy k are combined, the turbulent viscosity u, may be
determined. A near-wall function uses a realizable k-¢
two-layer turbulence technique to describe the velocity
profile near the wall (Mohan & Pattamatta, 2015). The
following calculation bases the time-step on the ITTC
guideline (ITTC, 2011).

At ITTC = 0.005~0.01 é 9)

As shown in Fig. 6, the time-step value is between
0.0075 and 0.009. The time-step determination of the CFD
calculation depends on the ship’s speed. The faster the
ship’s speed, the smaller the time-step used. Based on the
calculation recommended by ITTC in Eg. (9), ship length
is noted as L and ship speed notes as V. The wall distance
(Y+) is used in the area affected by the viscosity effect
between the wall and the turbulent region. Y+ is defined
as the non-dimensional distance of the first grid node from
the wall surface, normalized by the local viscous length
scale. In previous studies, the Y+ value ranged from 45 to
110 (Ozdemir et al., 2014). Meanwhile, ITTC (2011)
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recommends that the Y+ value is 30 < Y+ < 100. It is
calculated using the following formula
_(.U.y)

u

Where U is the friction velocity at the wall, y is the
distance from the wall to the first grid node, and u is the
dynamic viscosity of the fluid.

Y+ (10)

The average Y+ value on the ship is between 45 and
65, as seen in Fig. 7. According to (ITTC, 2011; Firdhaus
et al,, 2021), the Volume of Fluid (VOF) approach
replicates the free surface change at the water/air interface.
The water utilized had a density and viscosity of 998.9
kg/m? and 1.1088 x 10 Pa-s, respectively.

2.5 Ship Resistance Computation

The total resistance obtained from the analysis was
simulated utilizing Simcenter Star-CCM+ CFD Code
based on the RANS approach. The resistance output is
divided into two components, which can be expressed
using the following formulas

Ry =Rp+ R, (CFD output)

Cr = Crg+ Cp  (non-dimensional unit)

(11)
(12)

Cr denotes the total resistance coefficient, while Cr
and Cp are frictional resistance coefficient and pressure
resistance coefficient. In this study, the coefficients are

formulated in the following manner
Cy= R,/05.p.WSA.Vs? (13)

Where x may refer to any resistance component used
in that equation, WSA is the wetted surface area, and Vs is
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the ship's speed. Furthermore, the pressure resistance
coefficient can be broken down into components of the
wave-making resistance coefficient (C,) and viscous-

pressure resistance coefficient (Cyp) (Lewis, 1998;
Fitriadhy et al., 2020).
Cp=Cw + Cyp (14)

To obtain C,, and Cyp, we need to determined the
form factor (1 + K) which is derived from the following
equation.

Cr
1+K=lim —
Fn—>0CF

(15)

The form factor approach assumes that viscous
resistance has a similar proportion to frictional resistance
for a flat plate at an equal Reynolds number. Hence, the
resistance tests are performed at low Froude number (Fn =
0.103), where wave resistance is considered negligible
(Ozdemir et al., 2014). After obtaining the form factor, we
can determine Cy, and Cyp using the following equations.

Cvp =K Cp 17)
RT = RF + RW + RVP (18)

After acquiring the coefficients for each resistance
component, they can be substituted into Eq. (13) to
calculate the resistance of each component. As a result, the
final total resistance will be the sum of the three resistance
components, as shown in Eq. (18).

2.6 Meshing Strategy

This study uses a trimmed structured mesh with an
anisotropic mesh method and focuses on the x, y, and z
coordinates. The domain size and boundary conditions
refer to the ITTC recommendation (ITTC, 2011). The
details of the domain size are shown in Table 3, while the
boundary conditions are shown in Table 4.

Figure 8 illustrates a virtual towing tank, where Lpp
is the Length between perpendiculars, B is the ship's
breadth, and H is the boat's height. As shown in Fig. 9, if
the backdrop comprises receptor cells and the overset
comprises acceptor cells, the mesh overset approach
separates the domain into two sections (Samuel et al,.
2021a, b).

Table 3 Domain dimensions

Table 4 Boundary conditions

Surface Area Background Overset
Top Velocity inlet Overset mesh
Bottom Velocity inlet Overset mesh
Inlet Velocity inlet Overset mesh
Outlet Pressure outlet Overset mesh
Back Velocity inlet Overset mesh
Symmetry Symmetry plane | Symmetry plane
Hull - No slip wall

1.5 LPP OUTLgr

/'Zé_!;gg»;) %
— i y

T RY
yMME? =

1.5 LPP

BOTTOM

Fig. 8 lllustration of virtual towing tank

e OVERSET s

)

T

BACKGROUND

Fig. 9 Background, overset, and the bow section

To minimize the inaccuracy of the results, it is crucial
to do an independent mesh and compare it with
experimental data. This ensures that the analysis results
stay the same as the mesh density increases (Fathuddiin &
Samuel, 2021). In this simulation, five conditions of mesh
density and full mesh were obtained, which can be seen in
Tables 5 and 6.

Table 5 Total mesh

Parameter Background Overset
Length (M) 2.5 Lpp from FP 0.3 from AP
2.5 Lpp from AP 0.3 from FP
. 1.5 Lpp from the 1.0 H from the
Height (M) p(g)eck deck
1.5 Lpp from the 1.0 H from the
keel keel
Wide (M) 2.0 Lpp from 1.0 B from
symmetry symmetry

Grid no. Mesh quality Total mesh
1 Very coarse 779556
2 Coarse 1227205
3 Medium 1755342
4 Fine 2233457
5 Very fine 2519969
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Table 6 Mesh density

Part name Very coarse Coarse Medium Fine Very fine
Bow 0.0020 Lpp 0.0016 Lpp 0.0014 Lpp 0.0013 Lpp 0.0012 Lpp
Stern 0.0020 Lpp 0.0016 Lpp 0.0014 Lpp 0.0013 Lpp 0.0012 Lpp

Free surface 0.0078 Lpp 0.0065 Lpp 0.0057 Lpp 0.0052 Lpp 0.0049 Lpp

Near ship 0.0078 Lpp 0.0065 Lpp 0.0057 Lpp 0.0052 Lpp 0.0049 Lpp

Hull 0.0039 Lpp 0.0032 Lpp 0.0025 Lpp 0.0025 Lpp 0.0025 Lpp

3. RESULT AND DISCUSSION

3.1 Mesh Independence and Validation

The mesh size has an important influence on the
computational calculation procedure. Because of the many
elements, a good mesh gives more accurate results but
takes a long time. Therefore, an independent mesh is
needed to get the correct number of features with
stable/dependent results (Fathuddiin & Samuel, 2021).

In Fig. 10, the simulation compares the resistance,
trim, and sinkage values to the number of elements. The
results show that the calculated data becomes more
convergent as the number of meshes increases. The red-
dotted line shows the limit of convergence. The results of
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Fig. 10 Mesh independency for resistance (a), trim
(b), and sinkage (c) at Fn = 0.201
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grid #3, grid #4, and grid #5 indicate the stability of the
value. Compared to grids #4 and #5, which require a
longer simulation time, the CFD simulation was run
using grid #3 with a full mesh of 1.75M.

Figure 11 shows the computational results of the
barehull model at Fn = 0.201. The plot results show that
all data converges at a physical time of 10s. After deciding
on the mesh size, the CFD model is validated by
comparing the overall resistance value and coefficient
with the experimental data. The total resistance of the ship
is shown in Eqg. (11).

60 T i
Resistance Total === (CFD Barehull at Fn 0.201
40 i

Resistance Total (N)
)
=
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Fig. 11 CFD convergence data samples for total
resistance (a), trim (b), and sinkage (c) on barehull
model at Fn 0.201
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Table 7 Model validatio

Fn ) Experiment (Ozdemir et al., 2014) CFD Difference
Rr (N) Ctx(10®) Rr (N) Crx(10%) (%)
0.103 0.634 1.988 4.928 1.970 4.884 0.89
0.127 0.784 2.947 4773 2.907 4.709 1.35
0.168 1.037 4.902 4.540 4.947 4.582 0.92
0.201 1.239 6.874" 4.461 6.943 4.506 1.01
0.264 1.628 12.245 4.597 12.608 4,733 2.96
0.322 1.980 19.650 4.982 19.674 4.988 0.12
20¢ 16 20 E + Barchull
C s L 2 1B3010
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Fig. 12 Comparison of total resistance and total
resistance coefficient between CFD and Experiment
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Fig. 13 Comparison of barehull surface elevation at
Fn 0.168 with previous research

The following is the result of the comparison of the
total resistance of the boat and the coefficient of the ship's
resistance, where the calculation is based on six-speed
conditions, as shown in Table 7

Figure 12 compares the total resistance and the
coefficient of total resistance between the CFD model and
experimental data. Table 7 shows that the total resistance
at Fn 0.103 and Fn 0.127 has a smaller value of 0.89% and
1.35% from the experiment. While at Fn 0.168 to Fn
0.322, the value is greater than the experiment by 0.12% -
2.96%. The differences between CFD and experiments
can occur because fluid phenomena are difficult to predict
without errors. This study can be seen in previous studies
(Samuel et al., 2019, 2022).
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Froude Number

Fig. 14 Inverted bow total resistance (Rt) analysis
resul

Table 8 Total resistance reduction

Fn 0.201 Fn 0.264
Model Rt Reduction Rr (N) Reduction
(N) (%) (%)
Barehull | 6.943 - 12.608 -
1IB3010 6.619 4.66 12.259 2.77
IB3015 6.766 2.55 12.376 1.84
1B4010 6.641 4.36 12.434 1.38
1B4015 6.810 1.92 12.544 0.51
1B5010 6.664 4.03 12.476 1.05
IB5015 6.716 3.28 12.460 1.17

Figure 13 shows the comparison of surface elevation
to the previous CFD studies. Simulation is taken on Fn =
0.168 barehull model. There are some differences between
the current results and the results of previous researchers,
which could be due to differences in the mesh and the
numerical approach used.

3.2 Analysis Results on Inverted Bow

The total resistance of the ship consists of the sum of
frictional resistance (Rg), wave-making resistance (Rw),
and viscous-pressure resistance (Rve). The analysis results
of each resistance component are shown in the following
figure.

The optimal ship speed is at Fn 0.201 and Fn 0.264.
After the application of an inverted bow, there is a
reduction in total resistance. Table 8 shows that the
IB3010 model has the optimum reduction at these two
speeds. At Fn 0.201, it decreased by 4.66%, and at Fn
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Table 9 Total resistance reduction at Fn 0.168

Fn 0.168
Model Rr (N) Reduction (%)
Barehull 4,947 -
IB3010 4.636 6.30
IB3015 4.789 3.19
1B4010 4.696 5.08
IB4015 4.795 3.08
IB5010 4.744 4.10
IB5015 4.795 282

Table 10 Ratio reduction of resistance component at

Fn 0.168
IB Difference | Proportion
Barehull 3010 (N) (%)
Rt (N) 4.947 4.636 0.311 100
Rr (N) 3.586 3.553 0.033 10.62
Rw (N) 0.572 0.435 0.137 44.05
Rve (N) | 0.789 0.648 0.141 45.33
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Fig. 15 Inverted bow frictional resistance (RF)

analysis result

0.264, it decreased by 2.77%. However, when viewed as a
whole simulation, the most significant reduction in total
resistance occurs at IB3010 Fn 0.168 with a value of
6.30%, where the proportion of all resistance components
is listed in the following table.

Furthermore, Table 10 illustrates the proportions of
each resistance component. These proportions are derived
from the largest reduction in total resistance observed at
Fn 0.168 as shown in Table 9. The analysis of the
reduction ratio showed that frictional resistance
components decreased by 10.62%, wave resistance by
44.05%, and viscous-pressure resistance by 45.33%.

The friction resistance (RF) component is shown in
Fig. 15. The analysis result shows that its value has not
changed significantly. However, when explicitly viewed,
the most significant increase occurred in IB5020 Fn 0.264
with a value of 2.62%. While in the overall simulation, the
frictional resistance increased from 0.01% to 2.62%.
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Based on Fig. 16, it can be seen that the wave
resistance does not change significantly at the speed of Fn
0.103 and Fn 0.127 because low-speed waves have yet to
form. Differences begin to form at Fn 0.168 and above.
With an inverted bow, wave resistance has been reduced.
The highest reduction occurred in IB5015 Fn 0.264,
shown in Table 11, with a value difference of 0.255 N or
9.55% from the barehull model.

Figure 17 is the result of viscous-pressure resistance.
It was found that the optimal reduction was at Fn 0.322.
As shown in Table 12, the most significant decrease
occurred in 1B3010, with a value of 17.06%. In
comparison, the highest increase was in 1B5020, with a
value of 21.36%.
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Fig. 16 Inverted bow wave-making resistance (Rw)
analysis resul.

Table 11 Wave-making resistance reduction

Model Fn 0.264
Rw (N) Reduction (%)
Barehull 2.667 -
1B3010 2.631 1.34
IB3015 2.501 6.24
1B3020 2.698 1.17
1B4010 2.711 1.63
1B4015 2.566 3.78
1B4020 2.813 5.49
1B5010 2.615 1.96
1B5015 2412 9.55
1B5020 2.631 1.35
— e ]
;/,' #— Bl € | -
R |
83l o s CaN|E o
; S ||::<‘:\:: L H é [
5ol i \a/\* ;
2 1 l ] E ®
_—¥ £
w | e ¥ M £ e
g 0 e 1
I 0.1 ' (),.IS . (L‘Z . (J..15‘ ():3 l;.}i T ‘(),;3 ().‘3
Froude Number

Fig. 17 Inverted bow viscous-pressure resistance (Rvp)
analysis result
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Table 12 Viscous-pressure resistance at Fn 0.322

Fn 0.322
Model -
Rve (N) Difference (%)
Barehull 2.547 -
IB3010 2.113 17.06
IB3015 2.273 10.76
1B3020 2.827 10.99
1B4010 2.263 11.16
1B4015 2.540 0.30
1B4020 2.947 15.69
IB5010 2.424 4.85
IB5015 2.600 2.05
1B5020 3.091 21.36
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Fig. 18 Inverted bow trim analysis result
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Fig. 19 Inverted bow sinkage analysis result

Figure 18 shows the trim comparison of the inverted
bow model. The simulation results found that the trim
angle increased with the ship's speed. The results also
show that the inverted bow can reduce trim by up to 0.16
degrees. All inverted bow models also have lower trim
than barehull models, possibly due to the addition of bow
length. As for the sinkage results shown in Fig. 19, it was
found that the inverted bow and barehull models did not
experience significant changes. The most negligible
difference is 4.25 x 10-3 m in 1B4020 at Fn 0.168, while
the biggest is 6.45 x 10-2 m in 1B4010 at Fn 0.322.
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Fig. 20 Pressure distribution in the fore part
of the model at Fn = 0.322

The pressure distribution on the hull did not change
significantly. The main changes in the bow area, as in Fig.
20, are taken in each model at Fn 0.322. The
observations show that the greater the stem angle and flare
bow, the higher the pressure.
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Fig. 22 Pressure changes on 1B3010, 1B4015,
and 1B5020 at Fn 0.322

Figure 21 shows the location of the pressure changes
observation at the trim level location (draft = 0.14m) and
1/2 trim level (draft = 0.07m). Fig. 22 describes the
pressure changes along the hull at two observation
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locations. The results showed increased and decreased
pressure on the forebody inverted bow model. In the mid-
area, there is no significant change in pressure. As for the
aft-body section, there is a pressure drop for the inverted
bow model. Furthermore, as shown in Fig. 22, the greater
the combination of stem angle and flare bow causes the
pressure to change at the forebody area is highest.

Figure 23 illustrates wave cuts taken at three
locations Y/B=1, Y/B=2, and Y/B=3 on barehull and
IB5015, where the data was taken at Fn 0.264. Figure 24
shows the surface elevation graph on the waterline along
hull and center plane. It shows that the surface elevation
in the IB5015 bow area is higher than barehull. Figure 25
shows the surface elevation graph at Y/B = 1. In the
zoomed image, the IB5015 model produces waves created
slightly faster than barehull due to the inverted bow.

Meanwhile, in the area behind the stern, there is a
clear difference between the barehull and inverted bow
models. The surface elevation of the barehull model is
higher than the inverted bow model. This is due to
differences in trim on the ship's transom, where the
barehull model has a more extensive trim than the inverted
bow model, so the water projection in the stern area is
higher than in the inverted bow model.
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Fig. 24 Surface elevation at waterline along
hull and center plane



S. Samuel et al. / JAFM, Vol. 17, No. 1, pp. 136-147, 2024.

T T
0.03 - Vi1 1
0.02 Bow
0.01 ~ 3%

[0 £ s

S op— S AYAY: 3 —

= et A NS i -f‘ : ar
0.01 - ‘.‘;‘} 1 4
0.02 : ceneee o Y/B=1 Barehull (Fn 0.264) | -

) | s=—ff YiB=1IB5015 (Fn 0.264)
“0.03f . . L f | ]
-2 -15 -1 -0.5 0 0.5 1 1.5
X/LPP
’.":—"'“"‘t\_
& L
. "
)
Y
;&
s
Jl’
."I
:”
o.."
)
;.I
3

Fig. 25 Wave cuts at Y/B = 1 for barehull and 1B5015

4. CONCLUSION

Based on the research that has been done, the
validation results of the barehull total resistance show
good results. The difference between the experiment and
CFD ranges from 0.12% - 2.96%. This demonstrates the
highly accurate use of Simcenter Star-CCM+ for
simulating ship resistance analysis, proving that the CFD
approach is superior to time-consuming experimental
tests. Furthermore, the ship's resistance analysis is carried
out by dividing it into three components, friction
resistance, wave-making resistance, and viscous-pressure
resistance.

The results of the analysis indicate that implementing
an inverted bow design has a limited impact on friction
resistance, with a difference of less than 2.62% observed
between the barehull and inverted bow models. However,
for wave resistance (RW), the inverted bow design led to
a significant reduction. The most notable reduction
occurred in IB5015 at Fn 0.264, resulting in a reduction of
wave resistance by 9.55%. Additionally, for viscous-
pressure resistance (RVP), the highest reduction was
observed in 1B3010 at Fn 0.322, with a reduction of
17.06%.

Regarding the total resistance (RT), the application of
an inverted bow generally resulted in a reduction of total
resistance of up to 6.30%. This reduction was most
prominent in the case of 1B3010 at Fn 0.168. The
breakdown of the reduction ratio showed that friction
resistance components were reduced by 10.62%, wave
resistance by 44.05%, and viscous-pressure resistance by
45.33%. Notably, wave and viscous-pressure resistance
played a dominant role in the overall reduction of total
resistance. Consequently, the application of an inverted
bow design can effectively optimize wave resistance and
viscous pressure components, contributing to the
enhancement of ship performance.
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