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While ship resistance prediction often prioritizes calm water conditions, this research
seeks to broaden the perspective by predicting ship resistance in calm waters
according to ITTC recommendations. Employing RANS equations with the k-
turbulence model, the study comprehensively predicts and simulates ship resistance
and seakeeping behavior. An improved approach employs the Volume of Fluid (VoF)
method to solve free surface dynamics, categorizing water and air as distinct phases
within Euler's multi-phase flow concept. The integration of Dynamic Fluid Body
Interaction (DFBI) is instrumental in predicting ship motion. Through a systematic
investigation involving six speeds, the study demonstrates a vigorous alignment

Keywords: between CFD predictions and empirical data, with an error range of 0.12%-2.96%,
Frigate; added resistance; axe-bow; affirming the CFD method's efficacy in enhancing ship design and operational
CFD; wave generation efficiency.

1. Introduction

The Energy Efficiency Operational Indicator (EEOI) was introduced by the International Maritime
Organization (IMO) in 2009 to monitor ship operational performance. EEOI allows for an assessment
of the operational energy efficiency of ships, which is expressed in CO2 emissions per unit of
transport work [1]. Reducing fuel consumption through slow steaming, and increasing or maintaining
propeller efficiency, are several ways to meet this requirement. This aspect can be related to ship
resistance, one of the main parameters used for calculations [2]. In order to fulfil this requirement,
it is essential to suppress the drag and propulsion performance of the ship on waves to predict the
minimum energy consumption level through experiments or numerical simulations.
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However, research on resistance in calm water conditions is still interesting, even though all ships
operate in wave conditions. Understanding the hydrodynamic performance of ships in actual sea
conditions is an essential aspect of determining ship performance. The wave condition induces the
ship movement significantly, which affects drag. The resistance of ships operating at sea is higher
than in calm water. The resulting increase in drag can compromise efficient propulsion and can
increase fuel consumption. The difference between these two drags arises from the ship's motion
and the wave drift forces in the waves. The addition of resistance can reach 15-30% of the total
resistance in still water [3].

Research on the added resistance of ships in wave conditions has been carried out for decades.
Although methods based on potential theory have been helpful in the realistic design phase, practical
results cannot be obtained under high wave conditions or excessive ship motion [4]. Research on
added resistance analysis is carried out using the CFD (Computational Fluid Dynamics) method to
overcome this limitation. As discussed by the International Towing Tank Conference (ITTC), advances
in numerical modelling methods and increased computational power have made it possible to carry
out utterly non-linear ship motion simulations using CFD, considering viscosity's effects. In addition,
research by Yang and Kim [5], Lee et al., [6], and van Rij et al., [7] showed that the focused waves
generated by the CFD program have the same accuracy as the waves generated experimentally and
analytically.

Advances in computing technology allow researchers to perform numerical tests. This method is
considered more manageable and more efficient than the experimental test. All kinds of problems in
real situations can be simulated and validated with experimental data. The CFD method has several
approaches to solving fluid flow problems, such as RANS (Reynolds Average Navier-Stokes), LES
(Large Eddy Simulation), and DNS (Direct Numerical Solution). The main disadvantage of LES and DNS
is that they require more computation memory [8,9]. Therefore, RANS is a solution that is widely
used in the shipping industry. Previous CFD studies on added resistance analysis using the RANS
method have been carried out. Chen et al., [10] analyzed the motion and added resistance to the
S175 container ship. Tezdogan et al., [11] conducted a fully nonlinear unsteady RANS simulation to
predict the added resistance of the full-scale KRISO Container Ship model. Yao et al., [12] analyzed
additional exercise and resistance for KVLCC2 in regular waves. These studies show promising results
for the use of the RANS method.

This study meticulously evaluates turbulent flow enveloping ship hulls, employing the potential
RANS solution. It is underpinned by rigorous model experiments at Istanbul Technical University's Ata
Nutku Towing Tank to validate and comprehensively assess total resistance. The study uses the
standard two-equation k-g turbulence model, navigating three stages: a focused initiation with
velocity components, followed by methodical scrutiny of pressure dynamics, culminating in
computation of turbulence magnitude via the adept overset grid finite volume discretization method.
Basically, the main objective is driven by the overarching aspiration to highlight the versatile
capabilities within Star CCM+ CFD codes, designed for ship hull design, meticulous analysis, and
reliability. Five grid systems (very coarse, coarse, medium, fine and very fine) were used, and the
solution of the medium grid was sufficient to study the general flow trends. This study is a starting
point for further experiments on additional resistance in waves.

2. Material and Method
2.1 Object of Research

This study uses a numerical simulation based on the finite volume method to predict motion and
resistance. The object of research is using a navy combatant frigate which is included in the category
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of semi-planning hull ships. This frigate is a 1:36 scale model with the model number M367 which has
been tested experimentally by Hakan et al., [8]. Figure 1 shows the 2-D geometry of the bare hull
model. The lines plan is a precision redesign obtained from Hakan et al., [8] research. Figure 2 is a 3D
model created using a Non-Uniform Rational B-spline Surface (NURBS), a mathematical computer
graphics model. Modelling is conducted by defining lines and surfaces. Figure 3 shows the
construction model of the M367 for experimental testing. In the resistance analysis, the wind's effect
is not considered. The Dynamic Fluid Body Interaction (DFBI) module serves to address the dynamic
movement of the vessel. This enables the solver to assess how the hull moves in response to fluid
forces and moments. It accommodates two degrees of freedom, allowing movement in both heave
and pitch directions. Details of the main sizes can be seen in Table 1.

Fig. 1. Lines plan model M367 Fig. 2. 3-D views model M 367

Fig. 3. Views of the M367 ship model

Table 1
Main dimension

- . Full scale [8] Model scale
Main size Unit 11 1:36
Length of waterline (LWL) m 139.07 3.866
Length of All (LOA) m 146.00 4.055
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
Wetted surface area (WSA) m? 2550.30 1.939
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2.2 Numerical Approach

The fluid flow equation consists of continuity and Navier—Stokes equations. More complex flows
can be handled numerically using CFDs such as the Finite Volume Method (FVM). The RANS
(Reynolds-Average Navier-Stroke) equation solves turbulent flow in ship hydrodynamics. The RANS
equation has been widely used to solve hydrodynamic problems with incompressible fluids [13]. The
Reynolds-Average Navier-Stokes equation, a method of problem-solving based on the principle of
conservation of mass and momentum, is used to complete the hydrodynamic simulation. Below is
the simplified RANS equation

au;

axi = O (1)
oui 9 1 9P , 0 o wu
at Ox; - p 0x; + 0x; (ZVSU uiuj) (2)

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

Si_zz(%J,%) (3)

J 2 \0x; 0x;

The last term on the right-hand side of Eq. (2) is denoted as the Reynolds stress tensor which is
given by

The Boussinesq (eddy-viscosity) hypothesis obtained with the k — & turbulence model is
expressed by

1p7Tij
=17 5
He 2 Sij ( )
k2
He = Cup— (6)

The turbulent kinetic energy k and the rate of dissipation of the turbulent energy ¢ are calculated
below

dpk | 9pUjk _ 9 Ke) Ok _
at + Ox;j - 0x;j + [(M + at) 0x;j + P = pe (7)

dpe | 9PUjE _ 9 ( &)E g _
at ' ox; _ax,-+['“+a£ ax; 5 (CexPie = Ceap) (8)

When the energy dissipation rate € and the kinetic energy k are combined, the turbulent viscosity
Ut may be determined. A near-wall function uses a realizable k- two-layer turbulence technique to
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describe the velocity profile near the wall Samuel et al., [14], verified hull planning using FVM. The
results reveal that CFD can help predict resistance, trim, and point of gravity elevation [14].

2.3 Computational Domain and Boundary Condition

Figure 4 is a towing tank dimension that Ozdemir used. In this study, the size of the computational
domain is shown in Table 2, and the boundary conditions are shown in Table 3, which refers to the
ITTC recommendations [15]. A 2.5 ship length (L) in front of the bow was set as the inlet, and 2.5L
behind the transom was designated as the outlet. The bottom was selected as 1.5L under the keel
and 1.5L from the deck for the top. The side boundary was set as 2L from the side of the hull, as
illustrated in Figure 5. Inlet velocity describes the inlet, bottom, side and top flow limits. A pressure
outlet was used for outlet boundaries that are placed far enough to ensure that the fluid flow can
develop fully so that flow reflection does not occur. The body surface (Hull) uses no-slip boundary
conditions. Taking advantage of the ship's symmetry, only half of the hull and the domains that enter
the longitudinal plane were considered in the CFD analysis.

Table 2
Computational Domain
Parameter Background Overset
Length (m) 2.5L from FP 0.3 from FP

2.5L from AP 0.3 from AP
Height (m) 1.5L from deck 1H from deck

1.5L from keel 1H from keel
Breadth (m) 2L from symmetry 1B from symmetry

Table 3

Boundary conditions

Surface Boundary conditions
Inlet Velocity Inlet
Bottom Velocity Inlet

Side Velocity Inlet

Top Velocity Inlet

Outlet Pressure Outlet
Symmetry Symmetry Plane
Body Wall (No Slip)

{I /
| 1 i~
r‘ e -
i M
8.00 I §
b BOTTOM

Fig. 4. Schematic view of Istanbul Technical Fig. 5. Computational domain and
University Ata Nutku Towing Tank boundary condition
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2.4 Meshing

Meshing in this study uses the overset mesh method. Overset mesh is a mesh method through
donor—acceptor cells. There are two geometries: background as receptor cells and overset as
acceptor cells [16]. Research conducted by Yulianti et al., [17] compared overset mesh, morphing
mesh and moving mesh methods. As a result, the Overset mesh method showed more accurate
results in experimental validation than other methods. But the overset mesh took a long time
because the two geometries interact.

Fig. 6. Mesh density at Background (a),
Overset (b), and Bow Section (c)

This study used a trimmed-type structured mesh with the anisotropic mesh method to focus on
the x, y, and z coordinates. Figure 6 shows the mesh concentration in a particular part, and the mesh
density significantly affects the simulation results.

833 30.7 53.0 75.3 97.7 120.0

Fig. 7. Wall function (y+) on barehull simulation at fn = 0.201

The wall function (y+) was used to bridge the area affected by the viscosity effect between the
wall and the turbulent region. y+ is a non-dimensional unit that is used to capture phenomena at the
boundary layer. In previous studies, Y+ values were used, ranging from 45-110 [8]. Meanwhile, ITTC
[15] recommends that Y+ values be 30 < y+ < 100. The calculation of y+ according to ITTC is shown in

Eqg. (9)

Y+ — (p H -Y) (9)
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where p is the fluid density, U is the friction velocity at the wall, y is the distance from the wall to the
first grid node, and p is the dynamic viscosity of the fluid. Figure 7 shows the y+ values for ships,
where the average y+ values are 50-100. The Volume of Fluid (VOF) method was used to simulate
changes in the free surface at the interface between the water and air phases. The time step (At)
used in the unsteady simulation must be small enough to complete the movement on the free
surface. Time-step is the period interval for each iteration calculation. The time step used for this
simulation is a function of the ship's speed (V) and the length of the waterline (L) recommended by
ITTC, which is shown in Eq. (10)

L
At ITTC = 0.005~0.01 - (10)
0.0125] T T T T
001F e © o * o ]
F o\ 4
75107 F H\H p
o [ ]
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L L 1 1 ]

1
0.1 0.15 0.2 0.25 0.3 0.35
Froude Number

Fig. 8. Time-step scenario

This study's determination of the time step depends on the Courant-Friedrichs-Lewy (CFL)
number. The CFL number shows the points the fluid particles pass in that interval. The faster the
ship's movement, the smaller the time step used. In this study, the time-step values were taken in
the range of 0.0075-0.009, which is visualized in Figure 8. To minimize inaccurate results, apart from
comparing with experimental data, it is important to do an independent mesh. It was conducted to
ensure that the analysis results stay the same as the mesh density increases [14]. In this simulation,
five mesh density conditions were obtained, which are presented in Table 4, and the total mesh is
shown in Table 5.

Table 4
Mesh density
Part name Very coarse Coarse Medium Fine Very fine
Bow 0.0020 L 0.0016 L 0.0014 L 0.0013 L 0.0012 L
Stern 0.0020 L 0.0016 L 0.0014 L 0.0013 L 0.0012 L
Free Surface 0.0078 L 0.0065 L 0.0057 L 0.0052 L 0.0049 L
Near Ship 0.0078 L 0.0065 L 0.0057 L 0.0052 L 0.0049 L
Hull 0.0039 L 0.0032 L 0.0025 L 0.0025 L 0.0025 L

Table 5

Total Mesh

Mesh quality Total mesh

Very Coarse 779556

Coarse 1227205

Medium 1755342

Fine 2233457

Very Fine 2519969
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3. Results and Discussion
3.1 Grid Independence Analysis

The mesh size has an essential influence on the computational calculation procedure. The smaller
the mesh size, the more accurate the results are, but it takes a long time because of the more
significant number of elements. Therefore, an independent mesh is needed to obtain the correct
number of elements with stable/dependent results [14].

10 T T L -0,17 ‘ T
ol i ] —0,175 E .
> of 5 ] -0,18 ;
< : ) :
g i1 #2 #3 p4 #5 St o '= ,
f . e G 2 £ #3 #4 #5
| £ |
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6 | 1 ‘
~0,195 ‘: l
st ] .
. " n L L 1 n Pl | L 1 n n 1 n ,0.2 el 1 :. PR 1
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-
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Fig. 9. Mesh independency for resistance (a), trim (b), and sinkage (c) at Fn = 0.201

In Figure 9, Mesh independence was carried out by comparing the simulated values of resistance,
pitch, and heave with the number of elements in calm water conditions. Increasing the number of
meshes the simulation results become more convergent. The green dotted line shows the
convergence limit. Where on grid #3, grid #4, and grid #5, the simulation results show value stability.
Compared to grid #4 and grid #5, which require a longer simulation time, the CFD simulation was
carried out using grid #3 with a total mesh of 1.75M.

The convergence of model data for resistance, trim, and sinkage values was evaluated over time.
In Fr 0.201, it shows that all data starts to converge when the physical time is 10 seconds. The
convergence of data over time is illustrated in Figure 10.
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Fig. 10. CFD convergence for total resistance, trim and sinkage on
bare hull model at Fr =0.201

3.2 Comparison Experiment VS Numerical Results

After determining the number of meshes, validation is carried out by comparing the value of the
form factor (1+k), the total resistance and the total resistance coefficient from the CFD simulation
results with the experimental results. Experiments were carried out at various speeds. (1+k) is the
form factor, where this value is determined from the resistance test. As the form factor approach
(1+k) assumes that the viscous resistance is proportional to the coefficient of frictional resistance for
a flat plate at the same Reynolds number, the form factor is determined by measuring the total
resistance at a low speed. But an accurate measurement of total resistance at very low speeds is
guestionable. Therefore, the resistance simulation was carried out from Fr 0.103, considered a low
speed, and the results are reasonable [18]. The total resistance coefficient was formulated based on
the ITTC shown in Eq. (11), while the form factor calculation can be seen in Eq. (12)

Cr=R;/05xpxWSAxVs? (11)
— i Cr
1+k= flrllr—r>10 (CF) (12)

RT is the total resistance, p is the fluid density, WSA is the wetted surface area, and Vs is the ship's
speed. The form factor was calculated using the Prohaska method [19], where the results of the form
factor calculation from CFD and experiments are shown in Table 6. The RANS calculation predicted a
lower form factor of 1.24% compared to the model test results. A comparison of the total resistance
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and coefficient between CFD and the experiment can be observed in Table 7. The simulation was
carried out at seven different speeds.

Table 6
The results of form factor
1+k Difference
Experiment 1.241
CFD 1.226 1.24%
Table 7
Comparison with experiment
Experiment [8] CFD
Fr Vs (m/s) Rr (N) Crx (10°) Rr (N) Crx (10°) Error (%)
0.103 0.634 1.988 4,928 1.970 4.884 0.89
0.127 0.784 2.947 4.773 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
0.215 1.325 7.845 4.452 7.804 4.541 0.53
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
30T T — | L L |
i 6
25+ 1
. o {5
a0l _— 1
-
g 151 13 é
Zor 15
[ RT (CFD) Barehull
51 - CT (D) Barchutl |1
—@— CT (Exp) Barehull
ol.l ‘0,11 5 012‘ ‘ 0,55 o3 ’0,3(%

Froude Number

Fig. 11. The comparison of total resistance and
total resistance coefficient between CFD and
Experiment

Figure 11 compares the total resistance and the total resistance coefficient between the CFD
model and experimental data in calm water conditions. The CFD simulation shows good results where
the total resistances at Fr 0.103 and Fr 0.127 have a smaller value of 0.89% and 1.35% of the
experiments. From Fr 0.168 to Fr 0.322, this value is greater than the experiment of 0.12% - 2.96%.
Figure 12 shows the calculated wave patterns from the model hull for four different speeds using
medium grids, where the bow and stern wave elevations can be clearly seen.
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(a) Fr0.168 (b) Fr0.201

(c) Fr0.264 (d) Fr0.322
Fig. 12. free surface visualization at CFD simulation for 4 different speeds, using medium
grids

Figure 13 shows the wave pattern around the bow resulting from CFD simulations and
photographs from the experiment result around the ship model at Fr 0.215. CFD simulations show
the formation of a thin sheet of water near the bow. Two scars are also visible in the photos during
the experiment. Also, according to the data, the CFD simulation shows relatively the same amount
of the resulting shoulder waves. Figure 14 shows the development of the simulated waveforms and
photos during the experiment behind the model at Fr 0.215. Transom separation can be clearly seen
in both CFD simulations and experiments.
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a\ad .

Fig. 13. Bow wave details for CFD solution (bottom) and experimental
photograph (top), Fr 0.215

Transom separation

Fig. 14. Wake created behind the model, CFD solution (bottom) and
experimental photograph (top), Fr 0.215

4. Conclusions

Computational Fluid Dynamics (CFD) is a widely utilized method for solving fluid dynamics
equations with high accuracy. This study showcases an impressive correspondence between
numerical simulations and experimental data, demonstrating an error range of 0.12% - 2.96%.
Leveraging select ITTC recommendations and grid independence studies, CFD proves instrumental in
accurately calculating total resistance across various speeds. Notably, congruence between CFD-
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generated and empirical wave patterns emerges, underscoring its utility in analyzing the behavior of
axe bow ships in regular wave conditions.
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