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condition). The findings show that a total resistance of free condition is higher than the
fixed condition, with the largest difference being 68.4% occurring at Fr 0.6. From the
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1. Introduction

The condition of trim and sinkage undoubtedly affects the resistance of a ship. Trim refers to the
longitudinal inclination of a ship, while sinkage refers to the vertical submersion of the ship's hull.
These two factors are closely related and can significantly impact the resistance experienced by a
ship as it moves through the water.

The trim and sinkage conditions of ships are affected by different factors such as hull type and
shape, speed, and loading conditions. For displacement hulls where they operate at low speed, trim
and sinkage are highly influenced by its loading condition. Meanwhile For semi-planing and planning
hulls where they operated at higher speed, trim and sinkage is affected besides being influenced by
loading conditions, they are also influenced by their speed [1].

Trim and sinkage can sometimes be advantageous and sometimes disadvantageous. Several
studies have been conducted to control the trim and sinkage conditions of a ship during operation
by adding appendages such as stern flap, stern wedge, or foil with the aim of obtaining minimum
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resistance [2-10]. Salas et al., [2] investigated the effect of stern flap on resistance of a semi-
displacement hull. The results showed that stern flaps can significantly reduce resistance and
increase maximum attainable speed. Ghassemi et al., [6] investigated the effect of a stern wedge on
the hydrodynamic performance of a chine-planing hull. The results showed that increasing the length
of the stern wedge reduces drag and trim of the hull. Suastika et al., [10] investigated the effects of
applying a stern foil on ship resistance. The study was conducted using CFD and verified with model
test data. A 40-meter Orela crew boat with a target top speed of 28 knots was considered. The results
show that at relatively low speeds, the application of a stern foil increases ship resistance by up to
13.9%, while at relatively high speeds, it decreases resistance by up to 10.0%. The Froude number
also plays a role in ship resistance, with the maximum value occurring at approximately 0.5. These
findings contribute to the existing literature on the application of stern foil as a resistance reduction
device.

The above review shows that low resistance can be obtained by controlling the trim and sinkage
at the appropriate condition. Based on those results, an idea to investigate a ship resistance with
completely no trim and sinkage (fixed condition) and a ship with natural motion with trim and sinkage
(free condition) is conducted. A numerical investigation by using Computational Fluid Dynamics (CFD)
is used and a typical semi-planing monohull is chosen in this study.

2. Methodology
2.1 Model Geometry and Investigation Configurations

The study employed a model of semi-planing monohull with about 2 meters length [11]. The
detail particulars and its hullform are shown in Table 1 and Figure 1.

Table 1

Semi-planing model particulars
Particulars Value
LOA 2.00m
LWL 1.87m
B 0.36m
H 0.32m
T 0.12m
Cb 0.46
Displacement (&) 35.9kg

Wetted Surface Area (S)  0.71 m?

(a) (b)

Fig. 1. Semi-planing monohull hullform (a) 3-Dimension (b) Body plan

In this study, the resistance of different two case conditions were investigated i.e. fixed conditions
(without considering trim and sinkage) and free conditions (with considering trim and sinkage). Six
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different speeds at Froude numbers, Fr, ranging from 0.2 to 0.7 with increments of 0.1 were
simulated.

2.2 Resistance Representation

The resistance was presented in the total resistance (R7) obtained from the simulation, friction
resistance (Rr) calculated based on Eq. (1) and Eq. (2), and residuary resistance (Rg) calculated based
on Eq. (3).

0.075

C, = — 2075
F'™ (logy Re—2)2

(2)
Rz = Rr — Ry (3)

where Ry is total resistance, pis water density, Vis ship speed, S is wetted surface area, Cp is friction
resistance coefficient, which is calculated from ITTC 1957 correlation line Eq. (2), and R, is Reynolds
number.

2.3 Numerical Investigation

In this study, a numerical investigation was conducted using ANSYS CFX, which is a commercial
CFD software that had been utilized by multiple authors for marine vehicle applications [12-17].

2.3.1 Governing equations and numerical modeling

A three-dimensional CFD model with a Reynolds-averaged Navier-Stokes (RANS) approach to
solve flow issues in the walls of ships. They employed the ANSYS-CFX program which was designed
specifically for this purpose and employs the constant viscous incompressible flow equation. The two
equations, averaged continuity, and momentum equations were used to express incompressible
flows in this study [18]. The equations for mass and momentum are presented as Eq. (4) and Eq. (5),
respectively.

24+ V.(pU) =0 (4)
00U L v (pUxU) = -Vp+V.7+S
— T V. (pUxU) =-Vp+V.7+ Sy (5)

where the stress tensor, T is related to the strain rate.

The governing equation of total energy is presented in the Eq. (6):
d(pheot)  Op _
———t+V.(pUhtot) =VAVT) +V(U.1)+ U.S) + Sg (6)

at 0

where h;,; is the total enthalpy.
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The expression +V(U.t) accounts for the work resulting from viscous stresses and is referred to as
the viscous work term. The term U.Sv represents the work resulting from external momentum
sources and is presently not taken into consideration.

Additionally, Reynolds-Averaged Navier-Stokes (RANS) was formulated as a modification of the
steady Navier-Stokes equations, incorporating both averaged and fluctuating variables. Anderson
categorizes the turbulence model based on RANS equations as a statistical turbulence model because
it relies on statistical averaging techniques in the derivation of the equations [19].

The SST model effectively formulates a versatile approach for various applications by integrating
the advantages of the k-w model with other relevant factors. To achieve this, it incorporates a
blending function called F1, which takes a value of one in the region immediately adjacent to the
solid surface and gradually decreases to zero as one moves further away from the wall into the flow
domain. This arrangement activates the k-w model near the wall and employs the k-€ model for the
rest of the flow. This approach enables the beneficial near-wall characteristics of the k-w model to
be utilized without the risk of introducing inaccuracies stemming from the model's sensitivity to free
stream conditions. The modelled equations for turbulent kinetic energy (k) and turbulence frequency
(w) are shown in Eq. (7) and Eq. (8).

k) | 20uwk) _ e o Bk

oc T ox, P B okt (. + opepie) ox) (7)
3(pw) | d(pujw) vy , 2, 0 9w _ 1 9k ow

at + ox; vtP ppw® + 0x; (1 + o) 0x; +2(1 F1)2,00'w2waxj 0x; (8)

Menter and Esch [20] documented its performance, while a recent NASA Technical Memorandum
by Bardina et al., ranked the SST model as the most precise model in its category [21].

In addition to these equations, the dynamic model also included equations of motion for the
body, which consider the motion and rotation of the body in six degrees of freedom (DOF). The
equation of motion for a rotating rigid body can be rewritten in body-fixed coordinates (about the
center of mass) as:

Ox0+10=m (9)
f((y_}’c:)z + (Z_ZG)Z)dm _f(x_xc)(y_}’G)dm —f(x—xG)(Z—ZG)dm
I= - f(x —x6)(y — yg)dm f((x —x6)* + (2 — z5)*)dm - f(y —y6)(z — zg)dm (10)
— J(x = x6)(z — zg)dm —J-ya)z—z5)dm  [((x —x5)* + (y —y5)P)dm

In the mass moment of inertia matrix shown in Eq. (9), the center of mass is given by (xs, ys,2:), and
is a differential element of mass. Eq. (10) represents the spatial coordinate form for the classical
Euler’s equation for the rigid body in body-fixed coordinates. Also, in Eqg. (11) is the total moment
from all the separate contributions including spring and other external moment:

m = Myero — kRotate (9 - 950) + Mgyt (11)

where my,,, is the aerodynamic torque, kg tq4te is the rotational spring constant and mg,; is all other
external torques acting on the body.

For wave generation, the Volume of Fluid (VoF) model has been used. In terms of simulations,
the waves generated by differentiating between water and air. This is accomplished by assigning a
numerical value of 1 to water and 0 to air, effectively establishing the free surface. The existence of
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waves is attributed to the fluctuating water fraction, which can range from 0 to 1, and has an impact
on the overall dynamics of the simulation. While the relationship between pressure and velocity field
has been achieved by using the Rhie-Chow algorithm.

In this study, a steady for fixed condition case and an unsteady for free condition case. Regarding
the convective term and the temporal terms, for fixed condition case, the convective term has been
discretized by using second order upwind, while the temporal term has not discretized since it used
an unsteady simulation. For free condition case, the convective term has been discretized by using
second order upwind, while the temporal term by using second order backward Euler.

2.3.2 Boundary condition

The size of the computational domain, as illustrated in Figure 2, was determined based on the
total length of the model, which was represented by the variable L. The inlet was positioned at one
and a half times the length of the model in front of the model. Similarly, the bottom boundary was
set at one and a half times the length of the model from waterline. The top boundary was set at one
time the length of the model from waterline. The sides boundaries were set one and a half times the
length of the model from center line. Whereas the outlet was located five times the length behind
the model.

Furthermore, two boundary conditions were used, one for fixed condition and another for free
condition body through the restriction of motion to heave and pitch. Generally, the specified
boundary conditions include the following: The top, side, and bottom walls were governed by the
free-slip condition. For free condition, the domain of motion and rotation was added. The domain is
shown in Figure 2.

Free surface :
Opening
Hullform Motion & Rotation

Domain

L
Outlet i
\——
1.5L
R T Inlet

Bottom

Fig. 2. Boundary conditions

The inlet was set with a flow velocity corresponding to the investigated speed, and at the outlet,
the static pressure was imposed as a function of the water-level height. Furthermore, the common
definition of the free surface was established by determining the volume-fraction function for water
and an equation for the initial water level height.
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2.3.3 Grid generation

In this study, the mesh was generated using Design Modeler. To discretize the computational
domain, both structured and unstructured meshes were employed. Given the complex geometric
characteristics of the hull, a triangular element mesh was created on its surface and further refined
the boundary layer using prism elements by expanding the surface mesh nodes. Near the hull,
hexahedral components were added to occupy the space, while in the distant field, hybrid mesh with
modelling was employed to oversee the effects of flow phenomena surrounding the model hull, it is
necessary to implement measures aimed at achieving a smoother flow. Both models employ identical
mesh types. In the fixed (Figure 3(a)) general meshing model, the gradient gradually diminishes as it
makes contact with the ship model. Whereas the free model (Figure 3(b)) employs a universal
meshing approach that is applied outside the sub-domain and gradually diminishes within the sub-
domain till it achieves the model.

(a) (b)
Fig. 3. Unstructured mesh with inflation (a) fixed (b) free

Selecting an appropriate mesh size was essential for the computational process, as a finer mesh
can yield credible results in ANSYS CFX, but it also substantially escalates computational expenses
and time requirements. To determine a mesh size, a grid independence study was conducted at Fr
0.2 as the same as in the previous study [11]. The results of grid independence study are shown in
Table 2 dan Figure 4.

Table 2

Grid independence study

No. Element numbers (NE) Cr

1 (Finest) 3,136,568 0.0111
2 1,402,364 0.0113
3 750,625 0.0122
4 365,564 0.0141
5 170,654 0.0157
6 80,569 0.0197
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Grid generation, especially around hull plays a very important role for obtaining accurate flow
phenomenon within the boundary layer which is represented by y+ value. In this study, the set up of
automatic wall function in ANSYS-CFX was chosen. This allows the software to evaluate y+ and adjust

the appropriate wall function.

2.3.4 Verification and validation study

In this study, verification was conducted only for grid convergence study. The study analyzed the
uncertainty of the simulation results which represented as Grid convergence index (GCl). The

resumed of its uncertainty analysis is presented on Table 3.

Table 3

The uncertainty analysis

Outcome Equation Value

Difference of estimation €21= Cr2-Cn1 0.0002
€32= C13 -Cn2 0.0009

Refinement ratio ri= (NE2/NE1)™3 = (NE3/NE2)3 1.3

Convergence ratio Ri=€21/€32 0.22

Order of accuracy p=In(g21/€32)/In(ri) 5.61

Extrapolated relative error e2-= €21/(rP-1) 0.000057
es= €32/(ri-1) 0.000406

Grid convergence index (GCl) GCl21=(Fs|e21|/ Cr1) x 100% 0.6%
GCls2= (Fs|e32|/ Cr2) x 100% 2.8%

From those analysis known that the convergence ratio (Ri) is about 0.22 which means that the
convergence condition is monotonic convergence (0 < Ri < 1). Therefore, a generalized Richardson
extrapolation is applied to estimate the errors and uncertainties. In this calculation, GCI was

calculated using safety factor (Fs) of about 1.25.
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3. Results and Discussions

The trim and sinkage results are presented in Table 4 and illustrated in Figure 5. It provides a clear
visual representation of the trim and sinkage characteristics of the semi-planing monohull model
under different flow conditions. These findings highlight the importance of considering the Froude
number when analyzing the behavior of such models, as it directly influences their trim and sinkage
characteristics.

The findings indicate that at low Froude number, for this case up to Fr 0.4, the model does not
exhibit trim. A similar trend also happens at study by Avci and Baris [22]. At Fr 0.5, the trim measured
97 mm by stern, indicating a slight inclination of the vessel. This bow inclination became more
pronounced at Fr 0.6, with a trim by stern of 103 mm. Finally, at Fr 0.7, the trim increased further to
108 mm. These findings suggest that as the flow velocity increases, the model undergoes a significant
change in its trim characteristics.

In addition to trim, the results indicate that the model did not experience any sinkage at low
Froude number, for this case up to Fr 0.3. However, at Fr 0.4, sinkage began to occur, measuring 4
mm. As the Fr increased to 0.5 and 0.6, the sinkage increased to 7 mm and 8 mm, respectively.
Interestingly, at Fr 0.7, the model experienced a rise of 4 mm, indicating a deviation from the sinkage
trend observed at lower Fr. This phenomenon also happens at study by Avci and Baris [22].

Table 4

Trim and sinkage

Fr Trim (mm)  Sinkage (mm)

0.2 0 0

0.3 0 0

0.4 0 4

0.5 97 7

0.6 103 8

0.7 108 -4
Fro.2 Fro.3
Fr0.4 Fr0.5

—_— ———

Fr0.6 Fr0.7

Fig. 5. Trim condition at Fr 0.2 to Fr 0.7

Meanwhile, in light of the aforementioned trim and sinkage conditions, it is observed that the
model generates the smallest total resistance, Ry, at 3.07 N. This minimal resistance is achieved at a
Fr 0.2. Conversely, the largest Rr 44.12 N is recorded at a Fr 0.7. Comparatively, when analyzing the
total resistance results of a ship model that remains fixed without experiencing trim and sinkage, it
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becomes apparent that the resistance values are greater by a range of 5.2% to 68.4%. This disparity
is clearly illustrated in Table 5 and Figure 6. This presentation highlights the significant impact of trim
and sinkage on the total resistance encountered by the model. By varying the Fr value, it is evident
that the resistance values fluctuate considerably, with the lowest resistance occurring at Fr 0.2 and
the highest at Fr 0.7.

Table 5

Total Resistance, Rt (N)

Fr Fixed Free Discrepancy (%)
0.2 3.1 3.1 0.0

0.3 7.3 7.3 0.0

0.4 14.3 15.0 5.2

0.5 26.3 38.8 47.6

0.6 24.7 41.6 68.4

0.7 30.6 44.1 44.1

To gain a comprehensive understanding of the factors contributing to this deviation, it is crucial
to analyze the calculations pertaining to friction resistance (Rf) and residuary resistance (Rr). These
two components collectively constitute the total resistance, Rr.

T T T M T T T T T T T
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Froude Number, Fr

Fig. 6. Total resistance comparison of free (trim-sinkage) and fixed (no
trim-sinkage) conditions

Friction resistance plays a crucial role in various fields, and its calculation is based on the
equations denoted as Eq. (1) and Eq. (2). One of the key factors that significantly influences friction
resistance is the wetted surface area, denoted as S. In most cases, when conditions are fixed, the
wetted surface area is assumed to remain constant. However, it is important to note that under
certain conditions, such as trim and sinkage, the wetted surface area can undergo changes. These
conditions, referred to as free conditions, can lead to variations in the wetted surface area. To better
understand the impact of these changes, a comparison between the wetted surface area under fixed
and free conditions is presented in Table 6. Upon analyzing Table 6, it becomes evident that the
highest difference in wetted surface area is observed at Fr 0.5, with a difference of 7.3%. This finding
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highlights the significance of considering the effect of free conditions on the wetted surface area
when calculating friction resistance.
The findings of the friction resistance calculation, R, are presented in Table 7 and Figure 7. Upon
reviewing Table 7, it becomes apparent that the most notable variation in friction resistance between
free and fixed conditions amounts to 7.13%, arising at Fr 0.5. This observation implies that the trim
and sinkage characteristics of the vessel do not exert a substantial influence on friction resistance.

Table 6
Wetted Surface Area, S (m?)
Fr Fixed Free Discrepancy (%)
0.2 0.712 0.712 0.0
0.3 0.712 0.712 0.0
0.4 0.712 0.714 0.3
0.5 0.712 0.764 7.3
0.6 0.712 0.759 6.6
0.7 0.712 0.715 0.4
Table 7
Friction Resistance, Rr (N)
Fr Fixed Free Discrepancy (%)
0.2 0.334 0.334 0.00
0.3 0.788 0.788 0.00
0.4 1.448 1.453 0.35
0.5 2.985 3.198 7.13
0.6 3.418 3.638 6.42
0.7 4.740 4.741 0.03
T T T T T T T
5.25
a
4.50 4
z
o 3751 .
q; O
Q 5|
S 3.00 o
®
3
o 2.25-
c
§e]
©
= 1.50 -
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©— Fixed Body
6]
0.00 T T T v T d T v T
0.2 0.3 0.4 0.5 06 07

Fig. 7. Friction resistance comparison of fixed and free conditions

Meanwhile, the results of residuary resistance reveal a notable discrepancy between fixed and free

Froude Number, Fr

conditions. The most substantial variation, amounting to approximately 78.41%, is observed at Fr 0.6, as
depicted in Table 8 and Figure 8. This discrepancy underscores the significant impact of trim and sinkage
conditions on residuary resistance. The alteration in trim and sinkage influences the generation of waves at
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both the bow and stern, consequently affecting the magnitude of wave-making resistance. Wave-making
resistance constitutes a crucial constituent of residuary resistance.

Table 8
Residuary Resistance, Rz (N)
Fr Fixed Free Discrepancy (%)
0.2 2.73 2.73 0.00
0.3 6.51 6.51 0.00
0.4 12.81 13.54 5.72
0.5 23.29 35.59 52.81
0.6 21.27 37.95 78.41
0.7 25.86 39.38 52.26
T v T T T v T T T T T
40 R
] =) ]
354 il 4
z ]
r 30 1 .
x | ]
§ 25 o] |
E ] S 1
7 20 o ]
[
g ]
& 154 B
g B
2 10 4
(O]
r o ]
51 g Free Body 7
1 ° o Fixed Body
0 i
T T T T T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7

Froude Number, Fr

Fig. 8. Residuary resistance comparison of fixed and free conditions

To demonstrate the significant impact of the wave generated by the model on resistance, Figure
9 presents a comparison between the wave contours generated under fixed and free conditions. The
figure showcases the different wave patterns at Fr 0.3 to Fr 0.7, with the fixed condition depicted in
the upper part and the free condition in the lower part.

Upon analyzing Figure 9, it becomes evident that the waves generated by the model under the
free condition are considerably larger when compared to both the fixed and keel conditions. This
observation holds true for all three Fr values. The contrasting wave contours depicted in Figure 9
provide compelling evidence for the influence of the model-generated waves on resistance. The
significant disparity between the wave patterns under fixed and free conditions suggests that the
presence of waves plays a crucial role in determining resistance levels. By presenting this visual
comparison, Figure 9 effectively conveys the notion that the wave generated by the model has a
substantial impact on resistance. The larger waves observed under the free condition indicate a
higher resistance.
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(e) (f)
Fig. 9. Wave contour of fixed and free conditions at different Froude numbers (a) Fr 0.2 (b) Fr 0.3 (c)
Fr0.4 (d) Fr0.5 (e) Fr 0.6 (f) Fr 0.7
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This phenomenon poses significant challenges for fast vessels, particularly when trim arises.
Consequently, it is crucial to conduct further research in order to mitigate the adverse effects
associated with trim, specifically for semi-planing monohulls. From the literature reviews [3-9], the
application of stern flaps or stern wedges have shown promising results in mitigating the adverse
effects of trim. The use of stern flaps and wedges helps to increase lift on the stern, which in turn
reduces the inclination of the hull and improves the total resistance.

4. Conclusions

The investigation of trim and sinkage effects on the resistance of a semi-planing monohull using
computational fluid dynamics shows quite satisfactory results. These results can depict the total
resistance generated by the model under real conditions (experiencing trim and sinkage) compared
to the assumption of the ship not undergoing dynamic movement (fixed). The simulation results
reveal that for this model, it experiences trim at a Froude number, Fr 0.5. The trim becomes more
significant as Fr increases. As for sinkage, the model already experiences sinkage at Fr 0.4 and
continues to increase with higher Fr. However, at Fr 0.7, the model no longer experiences sinkage
but instead rises.

As for the model experiencing trim and sinkage, it results in a higher total resistance compared
to the fixed condition, with the largest difference being 68.4% occurring at Fr 0.6. The investigation
results indicate that the factor influencing the magnitude of total resistance is the residuary
resistance, while the friction resistance is not significantly affected by trim and sinkage conditions
because, in this case, the changes in wetted surface area are not very significant. As for the factor
that influences the magnitude of residuary resistance, it is the wave formation generated by the
model experiencing trim and sinkage, which is greater compared to the fixed condition (even keel).

For further study, an investigation by conducting model experiments is suggested to validate the
numerical results. Also, an investigation for higher speed at the regime of fully planing is interested
to know whether the resistance is lower at this condition compared to fixed condition.
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