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Abstract

Resistance prediction of ships using computational fluid dynamics has gained popularity over the years because of its high
accuracy and low cost. This paper conducts numerical estimations of the ship resistance and motion of a Japan bulk carrier model
using SHIP_ Motion, a Reynolds-averaged Navier—Stokes (RaNS)-based solver, and HydroSTAR, a commercial potential flow
(PF)-based solver. The RaNS solver uses an overset-structured mesh and discretizes the flow field using the finite volume
method, while the PF-based solver applies the three-dimensional panel method. In the calm water test, the total drag coefficient,
sinkage, and trim were predicted using the RaNS solver following mesh dependency analysis, and the results were compared with
the available experimental data. Next, calm water resistance was investigated for a range of Froude numbers. The added
resistance in short-wave cases was simulated using both RaNS and PF solvers, and the results were compared. The PF solver
showed better agreement with the RaNS solver for predicting motion responses than for predicting added resistance. While the
added resistance results could not be directly validated because of the absence of experimental data, considering the previous
accuracy of the RaNS solver in added resistance prediction and general added resistance profile of similar hull forms (bulk
carriers), the prediction results could be concluded to be reliable.

Keywords Computational ship hydrodynamics - Japan bulk carrier - RaNS simulation - Potential flow simulation - Total drag
resistance - Added resistance

1 Introduction
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» Calm water simulations are performed for a JBC model at different
Froude numbers using a RaNS solver, after verification and validation

Present-day challenges in the shipping and shipbuilding in-
dustry include minimization of energy consumption, assur-
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* Added resistance simulations are performed using both a RaNS- and PF-
based solver

* The results provide initial reference data for future studies of the JBC
model
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ance of maximum protection for the marine environment,
and maximization of the efficiency and economy of maritime
operations while preserving safety and comfort. Ship de-
signers give importance to performance predictions to main-
tain their competitive edge over other companies. Ship offi-
cers desire fast and safe ships with good and reliable perfor-
mance in actual sea conditions, ship owners consider maxi-
mum profit when selecting operating conditions, and passen-
gers, in general, search for inexpensive transportation while
maintaining environmental standards. Thus, ship design has
become increasingly complex, and this growing complexity
of modern ships has made the use of computational fluid dy-
namics (CFD) in the design and evaluation phase an increas-
ingly attractive endeavor. CFD and other potential flow (PF)-
based solvers offer a low cost and relatively easy alternative to
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traditional design evaluation methods and facilitates better and
more efficient vessel designs.

Seakeeping and maneuverability predictions in the de-
sign phase are not new to the shipping industry.
According to reports presented at the 20th—24th IITC
and Gothenburg conference proceedings, after decades
of development in the 1970s and 1980s, a full Reynolds
stress turbulence model was first introduced in the Tokyo
1994 workshop with impressive results. To further facili-
tate CFD developments, three new ship models, namely,
KRISO Container Ship (KCS), KRISO Very Large Crude
Carrier (KVLCC), and David Taylor Model Basin
(DTMB) 5415, were introduced with experimental results
for validation at the Gothenburg 2000 workshop (Larsson
et al. 2003). Self-propulsion systems including CFD
models were also presented in this workshop. The
Gothenburg 2010 workshop (Larsson et al. 2011)
discussed global and local flow variables, grid-dependen-
cy, and turbulence modeling. The Tokyo 2015 workshop
provided ship resistance data with and without a rudder
and propeller.

Soon after reports of successful flow field simulation and
calm water resistance prediction were published, attention fo-
cused on added resistance prediction. Many computational
results for ship motions using Reynolds-averaged Navier—
Stokes (RaNS) methods have been produced in the last few
years. Orihara and Miyata (2003) used a code called Wisdam-
X that solved an overlapping grid system using the finite vol-
ume method (FVM) to solve ship motions in regular head
waves and evaluated the added resistance of a series of differ-
ent bow-forms for a medium-speed tanker. Deng et al. (2010),
Moctar et al. (2010), and Sadat-Hosseini et al. (2010) present-
ed added resistance prediction results for KVLCC2 in head
waves in the Gothenburg 2010 workshop for wavelength ra-
tios of 0.6, 1.1, and 1.6. Deng et al. (2010) simulated cases
using the ISISCFD RaNS solver, Moctar et al. (2010) used
open FOAM and Comet RaNS codes, and Sadat-Hosseini
et al. (2010) used CFDShip-lowa. Kim et al. (2013) validated
added resistance cases for KVLCC2 using a RaNS code called
WAVIS, which was developed by KRISO. A detailed study of
both steady and unsteady ship motions was also conducted by
Simonsen et al. (2013), who compared experimental results
for KCS with CFD predictions gained using CFDShip-lowa
and the commercial code Star-CCM+. Islam and Akimoto
(2015) and Islam et al. (2017) used an in-house code
SHIP Motion and a commercial PF code to perform calm
water and added resistance simulation of the KVLCC2
model. Kim et al. (2017) also performed a comparative study
for the KVLCC2 model using Star-CCM+ and a PF solver.
Shen et al. (2015) modified the open source CFD solver,
OpenFOAM, to incorporate overset grid and performed
maneuvering simulation for the appended hull. Sigmund and
el Moctar (2018) used COMET and modified OpenFOAM
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solver to perform added resistance simulations for four differ-
ent hull types.

Parallel to the development of different RaNS solvers, PF-
based solvers have also been investigated by several re-
searchers. Since PF solvers cannot realize viscous effects, they
are not generally used for predicting calm water resistance.
Thus, PF-based solvers are mostly applied to added resistance
prediction.

Maruo (1957) was the first to develop a formula to calcu-
late added resistance based on the conservation principle of
energy and momentum. Later, Gerritsma and Beukelman
(1972) proposed the radiated energy method, where ship mo-
tion was derived from strip theory. Fuji and Takahashi (1975)
expanded Maruo’s formula by considering added resistance in
short waves. Faltinsen et al. (1980) developed a direct pres-
sure integration method that calculated the added resistance by
pressure integration over the instantaneous position of the
wetted surface. Journee (2001) applied a linear strip theory—
based solver together with Gerritsma and Beukelman’s radi-
ated energy method and showed that added resistance is
under-predicted for short waves as the three-dimensional
(3D) bow wave diffraction is dominant but not taken into
account by strip theory. Kashiwagi (2009) modified Maruo’s
approach using enhanced unified theory and produced a meth-
od that is capable of considering 3D and forward speed ef-
fects, both of which are usually ignored in strip theory; this
method, however, shows limitations when considering short-
wave conditions. Kim and Kim (2011) adopted the Rankine
panel method in the time domain for numerical calculations of
added resistance. The results of this work revealed that the
application of different linearization schemes produces differ-
ent accuracy results for different conditions; however, overall,
the results were satisfying and in good agreement with exper-
imental data. The Rankine panel method was re-validated by
Seo et al. (2014) for both container and tanker ship. Soding
et al. (2014) also performed the Rankine panel method—based
simulations for a Wigley hull, a tanker, and a container vessel.

Although CFD and numerical methods have been used in
hydrodynamic studies for several decades now, confidence in
their results remains low. Most of the available publications on
RaNS and PF methods are based on verification and valida-
tion studies, and new findings gained using CFD results are
doubted without confirmation by experimental results.
However, experimental studies are also not devoid of uncer-
tainties. Today, numerical simulations are mature enough to
provide qualitative, if not quantitative, assessments of ship
hydrodynamics. This paper attempts to provide a qualitative
assessment of the resistance and motion of the Japan bulk
carrier (JBC) in both calm waters and waves using CFD.
The ship model was introduced in the Tokyo 2015 workshop,
but very limited experimental data for this model are available.
The results of this work could serve as an initial reference for
other studies on the model.
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2 Computational Method

2.1 Mathematical Model of the RaNS Solver

The mathematical model of the RaNS solver used,
SHIP Motion, has been elaborately discussed by Kim et al.
(2015), Orihara (2005), and Akimoto and Miyata (2002) in
their respective works. Thus, only a brief overview of the
solver is provided in this paper.

Governing equations are the three-dimensional, time-de-
pendent, incompressible RaNS equation, and the continuity
equation for fluid velocity and pressure. Two sets of the
Cartesian coordinate systems, body-fixed and earth-fixed,
are used. Spatial discretization is conducted via the FVM.
Third-order upwind differencing is used for advection, while
discretization in space is conducted via the second-order cen-
tral difference scheme. Physical values are defined in a stag-
gered manner, that is, the pressure is defined at the cell or
volume center and the velocity quantities are defined at face
centers.

Free surface capturing is accomplished via the marker den-
sity method, in which the third-order upwind scheme performs
space differentiation and the second-order explicit Adams—
Bashforth method achieves time differentiation. The kinemat-
ic condition in free surface for mass conservation is treated
using the density-function method. Two types of turbulence
models are incorporated, namely, the zero-equation Baldwin—
Lomax model and the dynamic sub-grid scale model.
Although the zero-equation turbulence model cannot generate
a detailed turbulent flow field, it is sufficient to capture the
exchange of energy due to turbulence stress. The lower-order
model significantly reduces resource requirements during the
simulation. The wall function is used to reduce mesh depen-
dency during the capture of boundary layer properties. Thus, a
non-dimensional wall distance (y+) value higher than 1 could
be applied. In the presented simulations, the highest mesh
resolution contains a y+ value less than 1 only for the first cell
near the hull surface; the cell size gradually increases from the
next layer of cells.

A marker and cell-type pressure solution algorithm is
employed. The pressure is obtained by solving the Poisson
equations using the successive overrelaxation method, and
velocity components are gained by correcting the velocity
predictor with the implicitly evaluated pressure. In the over-
lapping grid system, the inner domain moves according to the
floating body’s equation of motion, while the outer domain
represents a free surface. Grid points located at the overlap-
ping region exchange information through interpolation to
update both domains at every time step. Parallel processing
in the solver is conducted by the shared memory model of
OpenMP.

In this research, an overset-structured single-block mesh
system is used. A coarse rectangular outer mesh with high

(a) Inner mesh domain
(front and bottom
views)

(b) Outer mesh domain
(top and front views)

(c) Combined mesh domains (isometric view)

Fig. 1T Mesh arrangement used for the simulations

resolution around the free surface is used to capture the free
surface deformation, and the fine O—H type inner mesh around
the hull surface is used to capture the flow properties around
the hull surface. For both domains, the orientation of the X-
axis is from bow to stern, the Y-axis is positive toward the
starboard, and the Z-axis is upward-positive. Figure 1 shows
the fine inner mesh (a), the coarse outer mesh (b), and their
combined arrangement (c).

2.2 Mathematical Model of the Potential Flow-Based
Solver

The PF-based solver used here, HydroSTAR, is a commercial
solver developed by BUREAU VERITAS, France. The solver
has been under development since 1991 and provides a com-
plete solution of first-order low-frequency wave loads for
floating bodies with or without forward speed in deep water
and in finite water depths. The theoretical detail of the code
has been elaborately explained by Chen (2004) and Chen and

Table 1 Specifications of the bulk carrier ship model, JBC

Specification JBC ship (full scale)

Length between perpendicular L, (m) 280.0
Breadth B (m) 45.0
Depth D (m) 25.0
Draft T (m) 16.5
Wetted surface area S (m?) 19556.1
Displacement volume vV (m®) 178 369.9
LCB from mid-ship (fwd+) Lcg (m) 7.133
K,, K, (m) 025L,,
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Fig. 2 Side view and body planes of the JBC model

Rezende (2009). A brief overview of the solver is provided
below, following Chen’s papers.

HydroSTAR follows an earth- and body-fixed, i.e., sign
rule, i.e., the Z-axis is upward-positive and X is positive in
the direction of flow propagation. The solver follows the
Laplace equation, c,ofy + cpfz =0, i.e., fluid is inviscid and
irrotational, and the radiation potential in the Yand Z direction
is zero. The linear free surface boundary condition is given by
Wk +g5¥5zapf = 0,when Z = 0. The bottom boundary
condition, V@R — 0, when Z — — oo, and the radiation condi-
tion at infinity, ‘i;f—;R—i“Ez
dependent fluid motion is considered to be simple harmonic,
and the velocity potential is given by:

©f = 0, when |r|—o0. The time-

& = Re|p(x,y,z)e '] (1)

p= —iw{(% + 7)o+ (sto,-)} (2)
o 7ig<a cosh [k(Z + h)] ik (xcosa+ysina)

o= 0 coshkh < ®)

In the above equations, ¢ is the potential; its subscript
defines the direction and its superscript defines the type of
potential. In addition, w is the frequency of incoming incident
waves, g is a gravitational constant, o, is the incident wave
potential, ¢ is the diffraction wave potential, (, is the incident
wave amplitude, and « is the wave heading angle.

The integral equation of the first-order problem is derived
by using the Green function:

1
@_/(xay7z) :Rﬂgj(gv 7, C)G(xvya 7€, 7, C)dS (4)

where (&, ), ) refers to a point on surface S and o(&, 7, Q)
represents an unknown source distribution. The finite-depth
Green function is decomposed into the deep-water Green
function and two regular functions representing the influence

of the seabed. The regular functions are evaluated accurately
and approximated by Chebyshev polynomials of three
variables.

To construct the solver, in the momentum equation, a fic-
titious force depending on the fluid velocity is introduced to
represent the energy dissipation of various sources without
modifying the inviscid and irrotational properties. Thus, a
damping term with the same parameter is present in the clas-
sical boundary condition over the free surface. By applying
the perturbation procedure, the boundary value problems of
the first and second order are then developed.

The first-order wave exciting forces and oscillatory forces
created by the dynamic pressure acting on the rigid body is
obtained by:

Fre ™ = —ipwefi“’j{gow%}nkds (5)
.6

Fy=—pufe ™ ¥ [/@[”kds (6)
=1

where Fj, represents the A-th component of wave exciting
forces and F; represents the k-th component of force caused
by the motion in the j-th direction. Here, like j, k also repre-
sents the degree of freedom of motion. The added mass and
damping coefficients are respectively represented by:

ay = —pRe[ [ oma] (7)
by = —puo.m[ [ o s (8)

Finally, the equation of motion in the frequency domain is
represented by:

il (Myy + ag)X, + bk, + CX, = Fyok = 1,23,....60 = 1,2.3,...6 (9)
J=

where Mj; is the inertia matrix in the k direction due to j
motion, c¢ is the hydrostatic restoring force coefficient matrix,
Xj is the vector containing three translational and rotational
oscillations about the coordinate axes in the j direction, and Fj
is the wave exciting force in the & direction.

To deal with irregular frequencies, a mathematical model is
used. First, the locations of irregular frequencies are deter-
mined by eigenfrequencies, after which these frequencies are
eliminated using the extended integral equation method.

Table 2 Mesh configurations

used in the calm water Mesh Dimension of the inner domain Dimension of the outer domain Total mesh
simulations
1 J K 1 J K
Mesh 1 198 27 111 192 45 63 1137726
Mesh 2 142 20 78 192 45 63 765 840
Mesh 3 107 15 55 192 45 63 632595
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Table 3 Grid-dependency

analysis for calm water Item Total drag coefficient C, (e-3)  Sinkage (m)  Trim (°)
simulations based on the GCI
method Fr number 0.1420 0.1420 0.1420
Output values @, (mesh 1) 4.3400 —0.0930 -0.1200
O, (mesh 2) 4.1200 —-0.1100 —0.1440
05 (mesh 3) 43100 —-0.1150 -0.1500
Refinement ratio a1 = holhy 1.3900 1.3900 1.3900
33 = h3/hy 1.3600 1.3600 1.3600
Difference of estimation e =0,—-0; —0.2200 -0.0170 —0.0240
€,=05—0, 0.1900 —-0.0050 —=0.0060
Convergence €37/€1 —0.8636 0.2941 0.2500
Order of accuracy 0.4300 3.3800 3.8500
Extrapolated values 1720 5.7863 —0.0847 -0.1106
17300 2.7759 -0.1073 -0.1414
Approximate relative error —0.0507 0.1828 0.2000
0.0461 0.0455 0.0417
Extrapolated relative error o —0.2499 0.0982 0.0850
€ ext 0.4842 0.0255 0.0187
Grid convergence index (GCI) GCP e —0.4165 0.1118 0.0979
GCP% 0.4078 0.0311 0.0230

2.3 Ship Model

The ship model simulated in this research is the JBC, a capesize
bulk carrier jointly introduced by the National Maritime
Research Institute (NMRI), Yokohama National University,
and the Shipbuilding Research Centre of Japan for the Tokyo
2015 workshop (2015). Table 1 provides details of the JBC
model, and Fig. 2 shows its side view and body plan.

2.4 Computational Resource

The use of the OpenMP memory-sharing model in the RaNS
solver limits its applicability to multi-cores of only one node,
not a cluster of nodes. Each simulation in this paper was per-
formed in a single node composed of an Intel(R) Corei7 CPU
with eight cores, clock speed of 2.27 GHz, and 8 GB of phys-
ical memory. The standard non-dimensional time step used
was 1.5x 107 and, to simulate each non-dimensional time

for added resistance, the required physical time was about
80 min per case. All simulations were run up to eight non-
dimensional times to achieve stable oscillatory motion.

For the PF-based code, a computer with the same configu-
ration described above was used. However, the time required
to run the frequency domain—based simulation was much
smaller than that required by the RaNS solver. The PF solver
took roughly 10 min to run each frequency step, with the total
simulation time being roughly 6 h.

3 Results
3.1 Calm Water Resistance Prediction by RaNS Solver
Calm water resistance prediction involves estimation of the

drag force of a ship moving forward in calm water. The ship
resistance is the sum of the frictional resistance and pressure

Table 4 Calm water simulation

results for three different Total drag resistance Sinkage (% L,,,) Trim (°)
configurations (<107
Mesh CFD EFD  Deviation CFD EFD Deviation CFD EFD Deviation
(%) (%) (%)
Mesh 1 434 429 1.16 -0.093 -0.086 —38.14 -0.12 -0.180 33.33
Mesh2 412 429 3.96 —0.11 -0.086 —27.9 -0.144 —-0.180 20
Mesh3 431 429 —0.466 -0.115 -0.086 —33.7 -0.15 -0.180 16.67
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Table 5 Calm water simulation

results of the JBC model at Froude number, Fr  Reynolds Number, Rz (x10%)  Total drag resistance,  Sinkage (% L,,)  Trim (°)

different Froude and Reynolds C, (1073

numbers
0.1010 531 4.64 —0.047 —0.057
0.1194 6.27 444 —0.066 —0.081
0.1377 7.23 442 —0.091 —0.113
0.1423 7.46 434 —0.093 —-0.120
0.1469 7.72 427 —0.103 —-0.130
0.1515 7.96 4.27 —0.111 —0.140

resistance. Frictional resistance arises from the hull surface
friction, and pressure resistance comes from the resistance
produced by waves and the viscous pressure resistance en-
countered by the ship during forward motion.

For grid-dependency analysis in calm water resistance pre-
diction, three mesh resolutions for the inner mesh are tested.
The mesh resolutions applied are shown in Table 2. For proper
result prediction, viscous and pressure force near the hull sur-
face are captured. Thus, mesh distribution was performed to
provide a high resolution near the hull surface area and grad-
ually enlarge the cell size near the domain boundaries.

Grid uncertainty analysis was performed following the pro-
cedure proposed by Celik et al. (2008). The results are report-
ed in Table 3. During uncertainty analysis, the grid resolution
in the X, Y, and Z direction, i.e., the entire inner domain, was
considered. According to the findings, whereas the resistance
prediction shows oscillatory convergence, both sinkage and
trim show monotonous convergence. Thus, both sinkage and
trim show low levels of uncertainty with low values of grid
convergence index (GCI). By contrast, the GCI for resistance
prediction is relatively high, likely because refinement was
limited to the inner domain and not performed in the outer
domain as well. Furthermore, the coarse mesh resolution
may have been too low, causing poor solution of the flow field
and over-estimation of the pressure. Nevertheless, this study
does not show divergence, which indicates that monotonous
convergence may be achieved by excluding the last coarse
mesh and using a high mesh resolution as the fine mesh.

Next, for validation, the results of calm water simulation
for the JBC model were compared with experimental data, as
shown in Table 4. The experimental data were taken from the
NMRI and presented in the Tokyo 2015 workshop (2015).

Fig. 3 Pressure distribution on the JBC hull surface and on the free water
surface during calm water motion at a Froude number 0.142
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According to the results, mesh 1, which features the highest
resolution among the meshes applied, predicted the total resis-
tance with good accuracy. The sinkage predictions are also
accurate, and, although the deviation found is approximately
8%, the actual difference is only a few millimeters, which is
practically insignificant. Unfortunately, the trim results show
relatively poor agreement with the experimental data; however,
improvements are obtained with decreasing mesh resolution.
This exception in validation is likely due to the assumption of
the CFD solver that the vertical center of gravity (KG) is at draft
level (0.0 m); in the experiment, KG is actually —0.011 m.
Although the difference in KG is small, it clearly influences
the trim results. While the assumption of the solver was incor-
rect, considering the time and resources required for re-running
the simulation cases, it was avoided. Besides, the difference in
KG position is too small to influence other results.

While the total resistance prediction results for mesh 3
show better predictions compared with those for mesh 1, this
finding is probably caused by over-estimation of the pressure
force near the hull due to excessively large mesh spacings.
Overset meshing also complicates the exchange of informa-
tion in the overset region if the mesh spacing in the inner grid
is larger than the spacing in the outer grid. Considering the
uncertainty level predicted from the uncertainty study and the
deviation of simulation results from the experimental ones,
both total drag prediction and sinkage results are validated.
However, the trim results could not be validated since the
predicted uncertainty (GCI) is lower than the deviation of
the result.

After validation, the fine mesh resolution (mesh 1) and the
same simulation settings were used with varying Froude and
Reynolds numbers to predict the ship resistance and motion at
different operational conditions. The results are shown in
Table 5.

In case of ship motion through calm water, maximum re-
sistance is observed at the bow and stern of the ship. This
scenario is demonstrated by Fig. 3, which shows the pressure
distribution on the ship hull and free water surface. Since the
blunt bow propels through the water ahead, a negative pres-
sure region is created just behind the bow front. Relatively
high pressures are also observed in the stern section due to
the partly submerged transom stern and vortex separation.
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Table 6 Conditions and mesh
configurations for simulation of

the JBC in head waves

Specification JBC
Froude number 0.142
Reynolds number 7.46 % 10°
Wave amplitude, A/L 0.005

Degrees of freedom

Number of grid points (1; X n; X n;) inner/outer

Computational domain size inner (half domain)/outer (half

domain)

Minimum grid spacing in longitudinal direction (innetr/outer)
Minimum grid spacing in radial/lateral direction (inner/outer)

Minimum grid spacing in girth-wise/vertical direction

(inner/outer)

2DOF (heave and pitch)
198 x 27 x 111/192 x 45 x 63
1.8 L,,*0.35L,, (R)/3.8L,,

rp

0.0012/0.0187
0.0008/0.0198
0.0008/0.00068

1L, %1

3.2 Added Resistance Prediction by RaNS Solver

Added resistance mainly originates from the forces en-
countered by a ship as it makes its way through waves.
This resistance component is created by the loss of energy
to the radiated waves caused by ship motion and the dif-
fraction of incident waves on the ship hull. However, the
energy distribution between these two components de-
pends on the ratio of incident wavelength to ship length
(ML). For wavelengths up to half the ship length, the
main contributor to resistance is the reflection of incident
waves at the bow. In case the wavelength is around L, the
ship motion accounts for the principal resistance. The res-
onance point for wave-induced ship motion also occurs
within this wavelength. Long waves, i.e., A/L >2.0, result
in minor ship motion; thus, the added resistance is low
and approaches zero with increasing wavelength. The
second-order effects of the wave—body interaction create
an average drift force that manifests as resistance during
the ship’s forward motion. During added resistance calcu-
lations, sufficient mesh resolutions are required at the bow
and stern to properly capture radiated waves and at the
entire hull form near the water line to capture incident
waves. Employing the appropriate resolution and dimen-
sion of the outer mesh is also important to capture the
wave elevation and spread with reasonable accuracy.

For this paper, only short-wavelength cases were pre-
dicted, since large ships, such as the JBC, are rarely ex-
posed to wavelengths beyond 0.8 L in their regular voy-
age routes, (Fuji and Takahashi 1975; Kim et al. 2013).
Thus, the wavelengths covered in this paper should be
sufficient to predict the ship’s encountered resistance in
case of the regular voyage. Since no experimental data for
added resistance for the JBC are available at the moment,
a direct validation study was not possible. However, the
solver, SHIP Motion, has previously been validated by
several researchers for added resistance prediction in dif-
ferent hull models (Islam 2015; Orihara 2005; Ock 2014).
Islam and Akimoto (2015) validated the solver for added
resistance predictions for KVLCC2, which features a hull
form very similar to that of the JBC. To ensure reliability,
the same mesh resolution and distribution processes used
by Islam and Akimoto (2015) for KVLCC2 simulation
were applied to the JBC. Thus, the predicted results for
the JBC can be assumed to be within reasonable accuracy.

All simulations were performed in symmetric conditions,
i.e., half of the hull (port side hull) was simulated and only
heave and pitch motion were set free (two degrees of free-
dom). The hull form contained an extended deck in the inner
mesh to avoid the Green water problem. To convert simulation
results to non-dimensional values, the following conversions
were used.

Table 7 Head wave simulation

results for the JBC model using Wave Length, ML Wave amplitude, A/L Added resistance coefficient ~ Heave RAO Pitch RAO
SHIP_Motion

03 0.005 1.90 0.004 0.001

04 0.005 247 0.012 0.001

0.5 0.005 2.81 0.010 0.013

0.6 0.005 2.87 0.046 0.021

0.7 0.005 2.87 0.062 0.002

0.9 0.005 3.75 0.080 0.160

1.1 0.005 7.46 0.800 0.654

2 0.005 1.84 0.480 1.132

@ Springer



Journal of Marine Science and Application

278
Fig. 4 Pressure distribution (unit 4500e-01
scale) on the hull surface of the l
JBC at a wavelength of 0.6 L,, : 0225
and amplitude of 0.005 L,,, in 0
head waves
-0.225
0.006 Wave length for 180° ~4.500¢-1
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Time
Added resistance coefficient:
2
1 L
Caw = FrP x ——— <%) x Af (10)
(A/ LPP)

where Fris the Froude number, B is the ship’s width, and Afis
the difference between the non-dimensional wave drag force
and the calm water drag force.

Heave response amplitude operator (RAO):

‘I,

o /LPP

where z is the heave amplitude, L,,, is the ship length between
perpendiculars, and A is the incoming wave amplitude.
Pitch RAO:

z (1)

0 0 x X\/Lyy,

Ak~ (A/L,) x 360 (12

where 0 is the pitch amplitude, L, is the ship length between
perpendiculars, A is the incoming wave amplitude, and A is
the wavelength.

The mesh configuration and simulation conditions for head
wave cases for the JBC are described in Table 6, and the added
resistance simulation results are shown in Table 7.

As can be seen in Table 7, the added resistance is directly
related to the motion of the ship. As the heave and pitch
motions increase, the added resistance also increases. As the
wavelength approaches the ship length, the ship motion

Fig. 5 Panel-generated hull surface of the JBC
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increases rapidly and the added resistance increases. Thus,
when selecting voyage routes for such ships, seas with low
wavelengths are preferred.

To further illustrate the results, pressure distributions on the
hull surface during encounters with waves of length 0.6 L,,
and amplitude 0.005 L,,, are shown in Fig. 4. The figure also
shows wave profiles on the bow front at each step shown. The
ship’s blunt bow front encounters maximum pressure when
encountering head waves. The submerged transom stern also
encounters relatively high pressure, followed by flow separa-
tion, which is difficult to simulate in the PF method. Thus,
high turbulence is observed after the stern section.

3.3 Added Resistance Prediction of the PF-Based
Solver

In PF solvers, added resistance is predicted by calculating the
wave diffraction and radiation caused by ship motion. Since
PF solvers simulate non-viscous flow, turbulence is complete-
ly ignored, and predictions are made on the basis of linear
flow theory. The simulations are also performed mostly in
the frequency domain.

For the running simulation in HydroSTAR, a 3D panel
mesh was generated around the hull geometry using
HydroSTAR mesh generation tool, HSMSH. The tool uses
the body plan of the ship and information about the types
of the fore and aft parts of the ship to generate a panel
mesh. HydroSTAR reads the hull form using X, ¥, and Z
coordinates. The hull form is divided into several sections
in the longitudinal direction, and then each longitudinal
section is divided into several vertical or radial sections.
In the dataset, each longitudinal section is represented by
its X coordinate and the radial sections are represented by ¥
and Z coordinates. After HydroSTAR reads the hull form,
HSMSH generates the panel mesh following the defined
number of panels.

The number of panels used for the presented simulation
cases was 300 x 50, i.e., 300 sections in the longitudinal di-
rection and 50 sections in the radial direction. According to
Pelaez et al. (2000), to achieve a panel size—independent
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Fig. 6 Added resistance coefficients predicted for the JBC using SHIP
Motion and HydroSTAR

solution, the panel size in the wave propagation direction
should be less than 20% of the shortest wavelength used in
the simulations. Furthermore, according to DNV, the diagonal
length of individual panels should be 1/6th of the shortest
wavelength for proper convergence. The number of panels
used for the simulations is well within the stated limits.
Figure 5 shows the hull surface with panels. Although the
figure also shows control of the surface for second-order drift
load calculations, the calculation results of this load are not
presented here.

HydroSTAR performs simulations in the frequency do-
main. Thus, the conversion must be applied to enable com-
parison of the results with those of SHIP_Motion. The equa-
tion used for conversion is as follows:

(13)

where )\ is the wavelength, w is the frequency, and g is the
gravitational acceleration.

The equation used to convert the added resistance into the
added resistance coefficient C,,,, is:

where R, is the predicted added resistance, p is the water
density, A is the wave amplitude, B is the ship’s breadth, and
L,,, is the length between perpendiculars.

The simulation results of added resistance prediction using
PF solver, together with a comparison with RaNS simulation
results, are shown in Fig. 6. Since the results only show the
first-order resistance prediction, the accuracy of the prediction
is quite limited. The PF results also show unexpected drops in
resistance at certain wavelengths, which is generally not ob-
served in the RaNS simulations and EFD data. This finding
may be explained by the presence of irregular frequencies in
the simulation and the linear assumptions used in PF solvers.
However, if the third-order polynomial line of the
HydroSTAR results is considered, the agreement between
the two solvers is quite reasonable up to 0.7 L,,. In general,
PF solvers are more promising in generating the overall added
resistance curve than other solvers; however, the former fails
to predict the resistance with adequate accuracy in short-
wavelength regions (Sadat-Hosseini et al. 2013) mainly be-
cause, in short-wavelength cases, the ship’s interaction with
the incident waves is of primary importance, which creates a
mostly non-linear response. Thus, the linear assumption in PF
solvers limits their accuracy in short-wavelength regions.
However, the anomaly of the results obtained at relatively
large wavelengths may be attributed to ignorance of second-
order wave structure interactions.

In general, PF-based solvers are considered more reliable
in predicting motion rather than added resistance in short
waves. The heave and pitch RAO prediction results obtained
by HydroSTAR, together with the RaNS simulation results,
are shown in Fig. 7.

The RAO results basically agree well with each other.
The heave RAO results of the PF and RaNS solvers agree
very well with each other for most of the presented wave-
lengths, except near the resonance area. The pitch RAO
results calculated by both solvers show a very similar

Cow = _ Raw (14)  trend with slight deviations in values. The observed dis-
2 . . .
pgA?? / crepancies may be attributed to the different KG values
L,
w used by the RaNS and PF solvers. Overall, the results
i i 1.4 0.9
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from both the methods agree well enough to establish
reliability of the simulated results.

4 Conclusion

This paper presents simulation results for the JBC model in
both calm water and head waves. First, RaNS simulation was
performed for calm water, and the results were compared with
the experimental data. Next, simulations were performed for a
range of Froude numbers. Finally, head wave simulation re-
sults were generated using the RaNS and PF solvers for short
waves.

The calm water RaNS simulation, which was run with a
mesh resolution of 1.1 million, shows a deviation of only
1.16% in comparison with the experimental data for total re-
sistance prediction. The sinkage shows a deviation of 8.14%.
However, the actual deviation is limited to only a few milli-
meters. The trim results show a deviation of 33%, likely be-
cause of the difference in KG values between the experimental
and simulation settings.

The head wave simulations, which were run using the
RaNS- and PF-based solvers, were used to predict C,,,, and
heave and pitch RAOs. Considering the previous validation
results for added resistance prediction using the RaNS solver
with similar hull forms, the results of C,,, for the JBC may be
considered to be accurate within 10%. According to Shigunov
et al. (2018), a deviation of 15% in resistance prediction can
affect the propulsion prediction by 5%. Thus, a 10% uncer-
tainty is within the acceptable range. Furthermore, the agree-
ment in results between the two solvers (within the regular
operational range) ensures that the presented results have suf-
ficient reliability.

Overall, the presented results may be concluded to be reli-
able enough to be considered initial reference data for further
studies using the JBC model. This study also reveals that the
concepts of CFD in ship hydrodynamics have reached suffi-
cient maturity to produce reliable insights into the general
characteristics of a hull form in an economical and efficient
manner.
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