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The results of sensitivity studies are used to deduce guidelines for this type of CFD simulations.
Performance in terms of CPU time and strong parallel scalability are assessed, showing that the presented model is highly efficient for seakeeping simulations.

ABSTRACT
This work presents various seakeeping sensitivity
studies performed with a novel CFD model based
on solution and domain decomposition and the implicit treatment of free surface jump conditions via
the Ghost Fluid Method (GFM). Solution decomposition via Spectral Wave Explicit Navier–Stokes
Equations (SWENSE) allows us to efficiently simulate incident wave propagation, while domain decomposition via implicit relaxation zones prevents
undesirable wave reflection off far field boundaries.
The GFM discretises the pressure jump conditions,
yielding interface–corrected interpolation schemes,
which implicitly couple the two fluids at the free
surface. In order to capture the interface, implicitly
redistanced Level Set (LS) method derived from the
Phase Field (PF) equation is used, rendering additional explicit redistancing unnecessary. The combined model is implemented in foam-extend-3.2,
a community driven fork of the open source software OpenFOAM.
Validation of the model is performed by
simulating 5 head wave cases and 5 oblique wave
cases for the KRISO Container Ship (KCS), comparing the results with available experimental data
published at the Tokyo Workshop (2015). In order to verify the developed numerical framework,
numerous sensitivity studies are performed:

INTRODUCTION
Traditionally, seakeeping calculations are performed with potential flow models in frequency or
time domain. Although extremely efficient, such
computations do not have the ability to correctly
model the viscous part of the solution as well as
the highly non–linear free surface evolution.
With immense increase in computational
resources during past two decades, the CFD simulations are becoming extensively used for various transient marine hydrodynamic flows, including seakeeping simulations. For example, at the
Gothenburg 2010 Workshop (see Larsson et al.,
2013), only few submissions have been made for the
seakeeping of the KCS in head waves, while a dozen
of participants submitted the results for the Tokyo
2015 Workshop (see Larsson et al., 2015a,b) for the
same ship in head waves. Although the grid refinement studies have been requested for calm water resistance simulations at the Tokyo 2015 Workshop,
they have not been requested for seakeeping simulations, indicating that such simulations are still
computationally expensive for everyday industrial
use.
Numerous seakeeping studies have been
carried out with various CFD methods recently.
Orihara and Miyata (2003) validated and verified their model by studying the seakeeping of
the SR–108 container ship, while Carrica et al.
(2011) simulated the KCS container ship in head

• Time step resolution and hydro–mechanical
(fluid–flow/6 DOF) coupling uncertainty assessment for one test case;
• Grid uncertainty assessment for all test cases
(3 grids for each case);
• Periodic uncertainty assessment for all test
cases (at least 30 periods simulated for majority of cases).
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waves. The CFD seakeeping studies also included
a fast catamaran (see Castiglione et al., 2011)
and a trimaran (see Wu et al., 2011). Tezdogan
et al. (2015) performed KCS simulations in slow
steaming regime in head waves, indicating that
CFD simulations may be used to investigate realistic scenarios used to reduce the fuel consumption. The mentioned CFD seakeeping simulations
rarely include sensitivity studies related to temporal discretisation and hydro–mechanical (fluid–
flow/6 DOF) coupling, while the grid refinement
studies are often carried out for a representative
case. Furthermore, periodic convergence tests are
not reported, hence the number of periods that
needs to be simulated in order to achieve periodically steady state solution has not been thoroughly investigated. This paper attempts to address these sensitivities, while validating and verifying the present methodology for most common
seakeeping problems.
In general, the seakeeping of a ship may
be viewed as naval hydrodynamics problem which
depends on two sorts of parameters:

wave frequencies (wave lengths) and encounter angles using the same computational domain. Only
the design Froude number and Reynolds number
is considered, while the Brard number always remains high enough that the diffracted and radiated wave fields remain behind the ship. Within
linear potential flow models, the wave systems are
usually taken into account through analytical description with a Green function, which represents
the main numerical difficulty since it becomes extremely complex for general seakeeping situations.
Within the Navier–Stokes theory, the wave systems
are represented purely numerically. Such numerical representation of the wave systems in CFD obstructs efficient wave propagation often causing dissipation (loss of amplitude) and dispersion (phase
shift) errors. Hence, a simplification shall be made
in this paper as the same set of grids is going to
be used for all wave parameters, thus neglecting
the relation between geometrical and physical parameters. However, it is convenient to assess the
accuracy of the method using the same set of grids
for practical purposes since the grid generation process often takes a significant amount of time.
In the next section, the numerical approach is briefly discussed, followed by an outline
of verification procedures for uncertainty estimate.
Five head wave cases for the KCS ship are first considered, including periodic, time–step resolution,
number of hydro–mechanical (fluid–flow/6 DOF)
correctors and grid uncertainty assessment. A parallel scaling test is carried out for a representative
test case and the CPU times are discussed. Five
oblique wave cases are presented next, where the
periodic and grid uncertainty is calculated. The detailed results for some of the simulations have been
submitted to Tokyo Workshop (2015) (see Vukčević
and Jasak, 2015b,a): Finally, a conclusion is given
with a brief overview of plans for future work.

1. Geometrical parameters (i.e. size, shape and
quality of the computational grid),
2. Physical parameters (i.e. frequencies and amplitudes of the incident, diffracted and radiated wave systems, and ship speed).
In CFD, it is reasonable to assume that the geometrical parameters should be closely related to physical parameters to ensure proper wave propagation
in computational domain. Although the wave systems depend on many different physical quantities,
the following may be viewed as the most important:
• Incident wave height H,
• Fundamental wave frequency ω and consequently wave length λ,
√
• Froude number, Fn = U/ gLP P , where U is
the forward speed of the ship,
• Encounter frequency, ωe = ω(1 −
where χ is the encounter angle,

Uω
g

NUMERICAL APPROACH
The computational method based on recently developed solution and domain decomposition for
naval hydrodynamic flows (see Vukčević et al.,
2016a) is briefly outlined in this work. It relies
on SWENSE (see Ducrozet et al., 2014; Ferrant
et al., 2002) solution decomposition which facilitates incident wave transport, and implicit relaxation zones (see Jasak et al., 2015) that are used
to prevent wave reflection. The implicitly redistanced LS method based on signed distance function is used for interface capturing (see Sun and
Beckermann, 2007), while the GFM is used to en-

cos χ),

• Brard number, τ = U ωe /g,
• Reynolds number, Rn = U LP P /ν.
With constant g, ν and LP P , the six items depend
on four parameters: wave height H, wave frequency
ω, forward speed of the ship U and encounter angle χ. In this paper, we attempt to investigate
the possibility of simulating different wave heights,
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sure infinitesimally sharp free surface for density
and dynamic pressure.
Following the original SWENSE approach,
primitive variables are decomposed into incident
(potential) flow solution and perturbation solution (see Ferrant et al., 2002):
ξ = ξI + ξP ,

infinitesimally close to the free surface from
water and air side, respectively. Similarly, ρ−
and ρ+ are the constant air and water density,
respectively. g is the gravitational acceleration
and x is the free surface position vector.
• Dynamic pressure gradient jump condition:

(1)

1
1 −
p − + p+
= 0.
ρ− d
ρ d

where ξ is the unknown field, with index I denoting its potential flow incident part and index P
denoting the perturbation part. Such decomposition allows explicit incident flow treatment, solving for perturbation component only, where the
fully non–linear, two–phase, turbulent flow field
is obtained by summing incident and perturbation
components. Using ordinary second–order accurate
convection and time–derivative schemes for incident fields, incident wave propagation is facilitated
even on the coarser far–field grids.
Although the SWENSE approach efficiently introduces incident wave field in the CFD
solution, the perturbation component needs to be
damped in order to prevent wave reflection. The
wave reflection is prevented using implicit relaxation zones (see Jasak et al., 2015) positioned near
the far–field boundaries, which damp the perturbation part of the solution on a matrix level via
additional sink terms, thus leaving only the non–
reflecting incident flow field.
The LS method based on the signed distance function is highly suitable for SWENSE decomposition as the signed distance field is continuous and unbounded. The additional diffusion and
source terms in the transport equation force the
LS field to keep the signed distance profile during the transport (see Sun and Beckermann, 2007;
Vukčević et al., 2015). Hence, the additional redistancing using direct calculation or introduction of
the Eikonal redistancing equation is not necessary.
In order to obtain infinitesimally sharp
density and pressure jump conditions at the free
surface, the GFM is used based on the work
by Huang et al. (2007) (for additional details on
the GFM, see Fedkiw et al., 1999; Desjardins et al.,
2008; Bo and Grove, 2014). The following jump
conditions at the free surface are used to derive
interface–corrected interpolation schemes for cells
in the vicinity of the free surface:

It is important to note that the interface–
corrected interpolation schemes based on jump
conditions Eq. (2) and Eq. (3) produce a well–
posed and symmetric pressure equation, thus
preserving the symmetry property of the differential Laplacian operator.
Reader is referred to Vukčević (2016) for details
regarding the computational model, while the governing equations are briefly outlined here:
• Volumetric continuity equation:
∇·uP = Sc.e. ,

(4)

where uP is the perturbation velocity field
and Sc.e. represents explicit contribution arising from SWENSE decomposition, where index c.e. stands for the continuity equation.
The volumetric continuity equation is used to
formulate the dynamic pressure equation.
• Combined two–phase incompressible momentum equation:
∂uP
+ ∇· ((u − uM )uP ) − ∇· (νef f ∇uP )
∂t
1
= − ∇pd + Sm.e. , (5)
ρ
where u = uI + uP is the total velocity field
(perturbation + incident), while uM is the relative grid motion flux field arising from the
Space Conservation Law (see Demiridžić and
Perić, 1988) for moving grids. νef f is the effective kinematic viscosity allowing generic turbulence modelling (RANS or LES) and ρ is
the density field modelled with a sharp Heaviside function: yielding density of the water below the free surface and density of the
air above the free surface. Both density and
dynamic pressure pd have jumps across the
free surface which are taken into account via
GFM. Sm.e. is the explicit source term arising from SWENSE decomposition, comprising
time derivative, convection and diffusion terms
for the incident velocity field.

• Dynamic pressure jump condition:
+
−
+
p−
d − pd = −(ρ − ρ )g·x ,

(3)

(2)

where pd = p − ρg·x is the dynamic pressure,
and superscripts + and − denote field values
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• Implicitly redistanced LS equation:
∂ψP
+ ∇· ((c − uM )ψP ) − ∇· (b∇ψP )
∂t
√


2
ψ
=b
tanh √
+ Sl.s.e. ,

 2

incident fields, a blend of Crank–Nicholson and
Euler schemes is used. This combination proved
to be accurate in previous studies (see Vukčević
et al., 2016b). Convection terms for incident and
perturbation fields are discretised with linear and
linear upwind interpolation, respectively. All diffusion terms are discretised using linear interpolation with limited non–orthogonal correction in
over–relaxed form (see Jasak, 1996). Hence, a theoretical second–order spatial accuracy and a blend of
first– and second–order temporal accuracy should
be achieved.

(6)

where ψP is the perturbation LS field and
c is the convective flux field which together
with diffusion and source terms transports and
maintains the signed distance function (for additional details, see Vukčević et al., 2016a). b
is the diffusion coefficient and Sl.s.e. denotes
explicit source term in the LS equation arising
from the SWENSE decomposition, including
time derivative, convection and diffusion terms
for the incident LS field.

VERIFICATION PROCEDURES
In order to estimate numerical uncertainties associated with temporal resolution, number of
outer (hydro–mechanical) correctors per time–step
and grid refinement, guidelines by Roache (1997)
and Stern et al. (2001) are followed in this work.
With at least three solutions, corresponding to a
specified refinement ratio r, the discriminating ratio is first calculated:

For turbulence modelling, the two–equation k − ω
SST eddy–viscosity model (see Menter et al., 2003)
is used in this work.
Ship motion is calculated using Six–
Degrees–Of–Freedom (6 DOF) rigid body motion
equations (see Carrica et al., 2007), with rotations
in the quaternion form. 6 DOF motion is tightly
coupled with the fluid flow solution via forces and
moments acting on the body, prescribed velocity
of the body and grid motion fluxes. This represents a hydro–mechanical coupling in the present
model. In order to strongly resolve this coupling,
fluid flow and 6 DOF equations are solved multiple times within a time step. The 6 DOF equations
are solved first, providing updated grid fluxes and
velocity on the hull, moving the whole computational grid as the rigid body. The momentum equation is then solved, followed by multiple pressure–
correction steps in an embedded PISO loop. In
order to further resolve the hydro–mechanical coupling with a negligible computational overhead, the
6 DOF equations are also solved after each pressure correction step, yielding new velocity boundary condition for the next pressure equation. After
the last pressure correction step, interface capturing LS transport equation is solved, and the procedure is repeated multiple times.
Numerical discretisation is based on
second–order accurate polyhedral Finite Volume
(FV) method (see Jasak, 1996). Since the polyhedral FV method uses compact computational stencil, interface–corrected schemes obtained via GFM
are used only for cells in the immediate vicinity of
the free surface, while ordinary discretisation is employed for fully submerged or fully dry cells. Time
derivative terms for perturbation fields are discretised with implicit Euler scheme, while for explicit,

R=

Sf − Sm
f m
=
,
mc
Sm − Sc

(7)

where indices f , m and c denote fine, medium and
coarse grid solutions, respectively. In temporal resolution refinement study, f stands for the simulation with the smallest time step, while in the
hydro–mechanical coupling study, f denotes the
simulation with the highest number of outer iterations per time–step. Based on R, four different
convergence types may be observed (see Eca and
Hoekstra, 2014):
1. Monotone convergence for 0 < R < 1,
2. Oscillatory convergence for R < 0 and |R| < 1,
3. Monotone divergence for R > 1,
4. Oscillatory divergence for R < 0 and |R| > 1.
For monotone convergence, the achieved order of
accuracy may be determined using Richardson extrapolation:
p=

ln(f m /mc )
.
ln r

(8)

Using the achieved order of accuracy, the grid uncertainty for monotone convergence is obtained as:
U = Fs

4

|f m |
,
rp − 1

(9)

Table 1: Head wave KCS test case parameters (see
Tokyo Workshop, 2015).

where Fs = 1.5 is the safety factor used for all studies.
In case of oscillatory convergence, the uncertainty is calculated following Stern et al. (2001):
U = Fs 0.5|SU − SL | ,

LP P , m
Fn
λ, m
H, m

(10)

where SU and SL represent maximum (upper) and
minimum (lower) result among all solutions.
In case of monotone and oscillatory divergence, the uncertainty cannot be formally assessed.
However, following Simonsen et al. (2013), the uncertainty is estimated as the largest deviation multiplied with a safety factor:
U = Fs |SU − SL | .

C1

C2

3.949
0.062

5.164
0.078

C3
C4
6.0702
0.261
6.979 8.321
0.123 0.149

C5
11.840
0.196

The important assumption regarding
present decomposition model is that a reasonable
accuracy may be achieved using relatively coarse
grids, hence, three unstructured grids with approximately 600 000, 950 000 and 1 600 000 cells are used
for the grid refinement study, for each test case.
The grids consist of approximately 90% of hexahedral cells with 10% prismatic, tetrahedral and
general polyhedral cells. The maximum local non–
orthogonality for the three grids is 75 to 80 degrees.
In future, finer grids shall be used to further investigate grid uncertainties; they have not been used
in present study due to limited computational resources. Since the turbulence is modelled, the symmetry of the flow is assumed, where the grids model
only half of the domain with a symmetry plane in
the longitudinal direction.
At the far–field boundaries, including the
bottom boundary, perturbation velocity and LS
fields are set to zero, leaving incident potential flow.
The moving wall boundary condition obtained with
the solution of 6 DOF equations is used for perturbation velocity at the hull, while the incident velocity field is set to zero. For both incident and perturbation LS field, zero gradient boundary condition
is used at the hull. The perturbation velocity field
at the atmosphere is specified as a mixed boundary
condition: zero gradient for the outflow and fixed
value corresponding to adjacent cell–centred value
from the previous iteration for the inflow. The dynamic pressure field boundary condition is set to
zero gradient for all boundaries except for the atmosphere, where the fixed value boundary condition is specified. The symmetry boundary condition is used at the longitudinal symmetry plane.
The initial conditions for all perturbation fields and
dynamic pressure are zero, yielding undisturbed incident flow solution at the beginning of the simulation.
The sensitivity studies are organised as follows:

(11)

Periodic uncertainty is quantified by simulating a large number of encounter periods and
performing a moving window FFT (FFT for each
encounter period separately). This yields convergence of Fourier coefficients throughout successive
periods, which is observed to be oscillatory for all
measured items (see Figure 3). Hence, Eq. (10)
is used to assess the corresponding periodic uncertainty, where the maximum and minimum solutions, SU and SL are obtained within last 5 periods.
KCS HULL IN HEAD WAVES
The validation and verification of the model is performed for the KCS ship in regular head waves
at design Froude number. Experimental results
are publicly available at the Tokyo 2015 Workshop (reader is referred to Tokyo Workshop, 2015;
Larsson et al., 2015a,b, for details) for five head
wave cases: C1, C2, C3, C4 and C5; where C1
represents the shortest wave length and the smallest wave height, see Table 1. The model is towed
in free heave and pitch conditions, and the experimental measurements reported heave, pitch and
the total resistance coefficients. The experimental uncertainty has not been reported. (The reader
is referred to Tokyo Workshop, 2015, for details
regarding post processing procedures and convention). In the present work, the guidelines reported
in (Tokyo Workshop, 2015) were followed with an
addition of performing the Fourier transform for
each encounter period in order to assess convergence of harmonics trough encounter periods. The
final CFD result for mean value and first order
harmonic amplitude and phase of a given signal is
taken as the average value in last 5 periods, where
the periodic uncertainty is reported for all items.

1. The sensitivity of the simulation with time–
step size and the hydro–mechanical coupling
study is performed for test case C5, which
has the finest relative grid resolution (the
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highest number of cells per wave height and
wave length). The sensitivity studies are performed for the coarsest grid with approximately 600 000 cells. Periodic convergence
graphs are presented for both studies.

most affected by extremely low temporal resolution, which is expected. The temporal resolution
of 25 time steps per encounter period yields a time
step ∆t ≈ 7.5 · 10−2 s, whereas the temporal resolution of 800 time steps per encounter period corresponds to ∆t ≈ 2.3 · 10−3 s, where the encounter
period for the C5 case is approximately T ≈ 1.87
s. Hence, a difference between 800 and 25 time
steps per encounter period gives a 32× speed–up
with reasonable sacrifice in accuracy for first order
phase shifts and mean values, where the first or-

2. The grid refinement study is carried out for
each test case, comparing the results with the
experimental data and assessing the grid uncertainty.
3. The parallel scaling test has been carried out
for the C5 case on coarse grid and the parallel
efficiency is reported.

1

4. A performance test has been carried out by
simulating only four outer correctors with only
25 time steps per encounter period in order
to assess the trade–off between accuracy and
performance.

Mean, CFD
Mean, EXP
First order, CFD
First order, EXP

Dimensionless heave, z/ζ

0.5

Note that the zeroth order harmonic (i.e. mean
value) for all measured items is reported as twice
the mean value, following the post processing
guidelines given by Tokyo Workshop (2015) via
Fourier series transform.
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(a) Dimensionless heave amplitudes.
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Temporal Resolution Study

Mean, CFD
Mean, EXP
First order, CFD
First order, EXP

Dimensionless pitch, θ/(kζ)

0.75

The temporal resolution study is performed by simulating 25, 50, 100, 200, 400 and 800 time–steps
per encounter period for the C5 case on the coarse
grid (600 000 cells). Hence, the constant refinement
ratio r = 2 is used for this study. Simulations below 25 time–step per encounter period were unstable due to divergence of 6 DOF motion equations. For all simulations in the temporal resolution study, 6 outer (hydro–mechanical) correctors
have been used per time–step, while the pressure–
velocity coupling is resolved within an embedded
PISO loop with 4 pressure correction steps. This
yields 6·4 = 24 pressure equations per time step
and consequently 24 updates of the 6 DOF motion
equations in total, where the grid motion fluxes and
grid position are updated 6 times (in each outer
corrector step).
Figure 1 and Figure 2 present convergence of all measured items (heave, pitch and total resistance coefficient) with increasing number
of time steps per encounter period, where it can be
seen that all items converge with lower time step
size. It is important to note that first order amplitudes do not exhibit significant errors with substantial decrease of number of time steps per encounter period, whereas the first order phases are
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(b) Dimensionless pitch amplitudes.
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(c) Dimensionless resistance amplitudes.

Figure 1: Convergence of items with increasing
number of time steps per encounter period, C5 case,
coarse grid (600 000 cells). Part I.
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-60

(both monotone and oscillatory), respectively. All
uncertainties are generally less than 4%, except for
a few outliers which require further comments. The
mean value of pitch has high uncertainty of 43%
due to normalisation of uncertainty with the reference solution (n = 800), which has very small
value. This can be seen in Figure 1b where the
black line indicates that the mean value of pitch
quickly converges towards very small experimental
value. Another outlier is the first order phase of
the total resistance coefficient: achieving monotone
convergence with low order of accuracy of p ≈ 0.4,
thus resulting in high uncertainty. Here, the solutions with three time step values are not within
asymptotic range, hence Eq. (9) is inappropriate,
and the global convergence for this item is better
observed in Figure 2c. It is interesting to note that
out of 9 measured items, 5 items exhibit oscillatory
convergence (black colour), 2 items exhibit monotone convergence (blue colour), while the remaining
2 items exhibit divergence (red colour) with time
step refinement.
In order to quantify the periodic uncertainty for different temporal resolutions, a moving
window FFT is performed for all items. As an example, Figure 3a presents time–domain signal of
the resistance coefficient for different number of
time steps per encounter period. As discussed previously, the phase shift for lowest number of time
steps per encounter period is more pronounced,
while the first order amplitude is well predicted.
In order to investigate the periodic convergence in
detail, a corresponding moving window FFT plot is
shown in Figure 3b, where it can be observed that
the convergence throughout successive encounter
periods is oscillatory. Generally, the band of oscillatory convergence reduces with increasing n. However, even for n = 800 time steps per encounter
period, the maximum deviation of mean total resistance coefficient between encounter period 5 to
10 is approximately 9%, indicating that a significant number of encounter periods needs to be simulated in order to reach periodically steady state
solution. Furthermore, as the periodic uncertainty
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0
First order, CFD
First order, EXP

Pitch phase, γθ , °

-10

-20

-30

-40

100

200

300
400
500
600
Time steps per encounter period, n

700

800

(b) Dimensionless pitch phase.
First order, CFD
First order, EXP

0

T

Total resistance coefficient phases, γC , °

5

-5

-10

-15

-20

-25

100

200

300
400
500
600
Time steps per encounter period, n

700

800

(c) Dimensionless resistance phases.

Figure 2: Convergence of items with increasing
number of time steps per encounter period, C5 case,
coarse grid (600 000 cells). Part II.

der amplitudes may be estimated reasonably well.
This reasoning may be appealing for industrial applications since the trade–off between accuracy and
computational cost is often considered.
The corresponding temporal resolution uncertainties are calculated using three solutions with
the number of time steps per encounter period: n =
200, 400 and 800. The uncertainties are reported
in Table 2 in percentages, where items coloured
with black, blue and red colours denote oscillatory
convergence, monotone convergence and divergence

Table 2: Temporal resolution uncertainties, obtained with n = 200, 400 and 800 time steps per
encounter period.

Mean
Amplitude
Phase

7

Heave
Uζ , %
3.29
3.00
3.99

Pitch
Uθ , %
43.00
2.12
10.77

Resistance
UCT , %
1.81
2.13
31.45

Table 3: Periodic uncertainties for varying number
of time steps per encounter period, n.

50

3

Uζ1 , %
1.31
2.45
0.91
0.20
0.03
0.03

Uθ1 , %
0.45
0.58
0.19
0.06
0.02
0.01

UCT 0 , %
1.37
4.30
1.59
0.47
0.08
0.12

UCT 1 , %
0.51
0.79
0.20
0.06
0.02
0.04

UCT γ1 , %
19.8
64.2
1.99
0.46
0.26
0.15

Total resistance coefficient, CT · 10

n
25
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800
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for all items is calculated using Eq. (10) with values
from 5 successive periods, the convergence of periodic uncertainty is shown in Figure 3c. The graph
needs further comments: on the x axis, the last
period in uncertainty calculation i means that the
corresponding periodic uncertainty is calculated using values from (i − 5)th to ith encounter period.
Consequently, periodic uncertainty corresponding
to i is then viewed as the uncertainty which would
be obtained by simulating i encounter periods. As
shown in Figure 3c, the periodic uncertainty is generally high (4% < U < 8%) when simulating only
6 or 7 periods, while it is reduced to U < 2% by
simulating more than 10 periods. It can also be
observed that the increase of number of time steps
per encounter period n lowers the overall periodic
uncertainty to U  1% and ensures smoother convergence.
Periodic uncertainties are presented in
Table 3 for all simulations in the temporal resolution study. The first column represents number
of time steps per encounter period, while the second and third column represent periodic uncertainties of first order amplitudes of heave and pitch.
Fourth, fifth and sixth column represent total resistance coefficient periodic uncertainties: mean
value, first order amplitude and phase, respectively.
Table 3 indicates that relatively low periodic uncertainty (U < 5%) is obtained for all harmonic
amplitudes even for extremely low temporal resolution. Periodic uncertainties are further lowered for
all items when one uses finer temporal resolution,
where usually U < 1%. For the first order phase
of resistance, the periodic uncertainty is high for
n ≤ 50. It should be noted that overall low periodic uncertainties are the result of running at least
30 encounter periods, as can be seen in Figure 3c.
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(a) Time domain signals.
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(b) Moving window FFT plot.
10
n = 25
n = 50
n = 100
n = 200
n = 400
n = 800

Periodic uncertainty, U, %

8

6

4

2

0

5

10

20
15
Last period in uncertainty calculation, i

25

30

(c) Periodic uncertainty convergence throughout periods.

Figure 3: Convergence of the mean value of resistance coefficient for increasing numbers of time
steps per encounter period, n.

outer correctors corresponds with the number of
grid motion and relative flux updates within a single time step. Four pressure correction steps inside
the PISO loop are used, while the number of time
steps per encounter period is set to 400, since minor difference with 400 and 800 encounter periods
is observed in the temporal resolution study.
Figure 4 and Figure 5 present convergence
of heave, pitch and total resistance with increasing

Hydro–Mechanical Coupling Study
The hydro–mechanical coupling study is performed
by using n = 2, 4, 6 and 8 outer correctors per
time step for the same test case. The number of
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number of outer correctors per time step, n, where
all items are extremely insensitive to decreasing n.
Hence, accurate results may be obtained with only
2 outer correctors. This result is expected since the
6 DOF solution is strongly coupled with the pressure via velocity boundary condition at the hull,
which is still updated 8 times (2 outer correctors
+ 4 PISO correctors = 8 pressure equations with
updated hull velocity using 6 DOF motion equations). This effect shall be further investigated in
a separate publication currently being prepared by
the authors. Using 2 outer correctors instead of 8
yields a speed–up of 4× with extremely minor influence on overall accuracy.
The corresponding numerical uncertainties for the hydro–mechanical coupling study are
calculated using simulation results from n = 2, 4
and 8 outer correctors per time step, yielding a
constant refinement ratio of r = 2. The uncertainties are reported in Table 4 in percentages, where
the blue colour denotes monotone convergence and
the black colour denotes oscillatory convergence.
The uncertainties for all items are generally lower
than 1%, with few exceptions. For the same reason as discussed in the temporal resolution study,
the mean value of pitch has unrealistically high uncertainty (see Figure 4b). The relatively large uncertainty for the mean value of resistance is due to
the fact that low–order (p ≈ 0.45) monotone convergence has been achieved for this item, indicating
that the solutions are not within asymptotic range.
Insensitivity of the total resistance coefficient with
the increasing number of outer correctors can be
seen in Figure 4c. Compared to the temporal refinement study, all items exhibit convergence: 7
monotone and 2 oscillatory.
Figure 6a presents time domain signals of
the total resistance coefficient for all simulations in
the present study, where the time traces overlap,
once again indicating the insensitivity of the solution to the number of outer correctors. In order
to visualize periodic convergence in detail, moving
window FFT plot of the zeroth order total resistance coefficient is shown in Figure 6b. All signals
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Figure 4: Convergence of items with increasing
number of outer correctors per time step, C5 case,
coarse grid (600 000 cells). Part I.

exhibit oscillatory convergence as before, where the
band of oscillations is practically the same all simulations. Again, in order to minimise periodic uncertainty and reach periodically steady state solution, more than 10 encounter periods have to be
simulated. Periodic uncertainties for representative items are calculated using maximum and minimum values within last 5 encounter period and are
reported in Table 5, where all items have small periodic uncertainties, U  1%.
Comparing the uncertainty estimates

Table 4: Hydro–mechanical resolution uncertainties, obtained with n = 2, 4 and 8 outer correctors
per time step.
Heave
Uζ , %
2.37
0.12
0.19

Mean, CFD
Mean, EXP
First order, CFD
First order, EXP

Resistance
UCT , %
5.71
0.87
0.75
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-80

ber of outer correctors has no detrimental effect on
the quality of results, whereas the decrease in number of time steps per encounter period (increase of
the time step size) has relatively significant effect
on the mean value and first order phases of measured items.
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Grid refinement studies are carried out for all test
cases: C1, C2, C3, C4 and C5, using three unstructured grids with 600 000, 950 000 and 1 600 000
cells. The grid refinement ratio is calculated as:
r = ∆zc /∆zm ≈ ∆zm /∆zf = 1.262, where ∆z is
representative height of the cell in vertical direction
at the ship hull, while indices c, m and f denote
coarse, medium and fine grids. Although r = 1.262
is low for grid refinement studies, larger values of
r have not been investigated due to limited computational resources. 400 time steps per encounter
period and 6 outer correctors per time step are used
for all simulations in order to minimise the influence of temporal and hydro–mechanical coupling
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Table 5: Periodic uncertainties for varying number
of outer correctors per time step, n.
n
2
4
6
8

Uζ1 , %
0.04
0.06
0.03
0.03

Uθ1 , %
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0.11
0.08
0.04

UCT 1 , %
0.06
0.04
0.02
0.01

n=2
n=4
n=6
n=8

3

Figure 5: Convergence of items with increasing
number of outer correctors per time step, C5 case,
coarse grid (600 000 cells). Part II.
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Figure 6: Convergence of the mean value of resistance coefficient for increasing numbers of outer
correctors, n.

from the hydro–mechanical coupling study with
the results obtained from the temporal resolution
study, it can be concluded that the decrease of num-
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1

resolutions. The results are presented in Figure 7
and Figure 8 in terms of transfer functions for dimensionless mean values, dimensionless first order
amplitudes and first order phases in degrees, with
respect to dimensionless wave length: λ/LP P . The
grid uncertainties are calculated for all test cases
and measured items, and presented as error bars
in Figure 7 and Figure 8. All results are compared
with available experimental data, which did not include uncertainty estimates.
Mean value and first order amplitude of
heave are compared with experimental data in Figure 7a. The first order amplitude (solid red line)
compares well with experimental results (dashed
red line) for all wave lengths, where the error bars
and corresponding grid uncertainties are lower than
2%, except for the C2 case where the grid uncertainty is approximately 5%. The mean value
of heave, i.e. sinkage (solid black line) captures
the correct trend as obtained from experiments
(dashed black line), where the CFD results over–
predict the experimental values. The corresponding grid uncertainties are approximately 6% on average, except for the C2 case with uncertainty of
20% where the convergence with grid refinement is
not achieved.
Pitch motions are compared with experimental data in Figure 7b, where both the mean
value and first order compare well with experimental data. The largest discrepancy for the first order
is obtained for the C5 case, under–predicting the
experimental results by approximately 8%, which
might be related to large amplitude motions causing free surface to be located in coarser grid regions
at motion peaks. As can be seen from the error
bars, grid uncertainties are low.
Mean value and first order amplitude of
the total resistance coefficient are presented in Figure 7c. Mean value of the resistance closely follows the trend of experimental data, slightly over–
predicting the experimental measurements. The
grid uncertainties are approximately 10% for C1
and C2 cases, caused by divergence with grid refinement. For C3, C4 and C5 cases, oscillatory grid
convergence is achieved with uncertainty of approximately 1%. While the mean value of resistance
is slightly over–predicted compared to experimental data, the first order is slightly under–predicted.
The grid uncertainties are smaller than 1% for all
cases for the first order. Note that the first order
of resistance is not reported for the resonant C3
case due to difficulties in experimental settings (see
Tokyo Workshop, 2015).
First order heave phases are compared

Mean, CFD
Mean, EXP
First order, CFD
First order, EXP

Dimensionless heave, z/ζ

0.5

0

-0.5

-1
0.6

C1

C2
0.8

1

C3
C4
1.2
1.4
1.6
Dimensionless wave length, λ/LPP

C5
1.8

2

(a) Dimensionless heave transfer function.
1.2

1

Dimensionless pitch, θ/(kζ)

0.8
Mean, CFD
Mean, EXP
First order, CFD
First order, EXP

0.6

0.4

0.2

0

-0.2
0.6

C1

C2
0.8

1

C3
C4
1.2
1.4
1.6
Dimensionless wave length, λ/LPP

C5
1.8

2

(b) Dimensionless pitch transfer function.
30
Mean, CFD
First order, CFD
Mean, EXP
First order, EXP

Total resistance coefficient, CT · 10

3

25

20

15

10

5

0
0.6

C1

C2
0.8

1

C3
C4
1.2
1.4
1.6
Dimensionless wave length, λ/LPP

C5
1.8

2

(c) Total resistance coefficient transfer function.

Figure 7: Head waves KCS transfer function: comparison of CFD (with error bars) with experimental
measurements. Part I.

with experimental data in Figure 8a, where the results agree well with experimental measurements
for all wave lengths. Small error bars indicate small
grid uncertainties which are 0.9% on average.
Pitch phases are presented in Figure 8b,
comparing well with the experimental measurements for the whole range of wave lengths. The
grid uncertainties are generally smaller than 2%.
First order phases of the total resistance
coefficient are presented in Figure 8c. For 3 out
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200

ported in Table 6 for all test cases, where the black,
blue and red colours denote: oscillatory convergence, monotone convergence and divergence, respectively. 24 out of 45 items do not exhibit convergence with grid refinement (red items), although
their grid uncertainty calculated as the largest deviation multiplied with a safety factor (see Eq. (11))
is often below 10% of the fine grid solution. Very
large and unrealistic uncertainties (mean value of
pitch for the C3 case for example), often occur due
to normalisation with extremely small values as discussed previously. 16 out of 21 converging items
(black) exhibit oscillatory convergence with grid refinement, where the corresponding uncertainty is
often below few percent. 5 items exhibit monotone
convergence (blue), where the grid uncertainties are
less than 1%, except for the first order of resistance
for the C3 (resonant) case where U ≈ 11%. It
is also interesting to note that mean values have
slightly higher grid uncertainties compared to first
order amplitudes and phases for most items.
From Table 6, it can also be observed that
the converging items are clustered at longer wave
lengths and wave heights (cases C4 and C5). This is
expected since these cases have better relative grid
resolution (number of cells per wave height/length)
compared to other cases. Hence, in order to further
investigate grid convergence, finer grids should be
used for other cases. For example, using fine grid
(1 600 000) on the C1 case yields approximately
only 12 cells per wave height, which might not be
sufficient even with the present numerical model
where the incident wave field is explicit.
Periodic uncertainties are calculated for all
test cases and grids, where the same behaviour as
in Figure 3 for 400 time steps per encounter period
is observed for all items. To quantify, periodic uncertainties for the mean and first order amplitudes
of heave, pitch and total resistance are always less
than 2%, where majority of the items has extremely
low periodic uncertainty: U  1%. Again, such
low periodic uncertainty is achieved by simulating
30 encounter periods.
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Figure 8: Head waves KCS transfer function: comparison of CFD (with error bars) with experimental
measurements. Part II.

Parallel Scaling Test

of 4 (resonant C3 case excluded from experimental report) wave lengths, phases compare well with
experimental data. The largest error of approximately 35◦ is obtained for the C2 case, which
should be further investigated, since the corresponding grid uncertainty is only 4%. Grid uncertainties for other phases (C1, C4 and C5 cases)
are below 3%.
Detailed grid uncertainty results are re-

The present CFD algorithm relies on domain
decomposition strategy for parallelisation. The
strong parallel scaling test is performed on the
coarse grid for the C5 case, where 20 additional
time steps with minimum input/output operations
are performed after 30 encounter periods. Distributed memory computational cluster has 7 nodes
(56 cores): CPU–2x Intel Xeon E5-2637 v3 4–core,
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Table 6: Grid refinement uncertainties.

C2
C3
C4
C5

Pitch
Uθ , %
5.61
2.12
13.39
15.34
5.87
1.32
112.49
2.34
0.19
35.76
0.10
1.44
22.15
0.17
1.54

Resistance
UCT , %
8.97
3.20
1.37
10.34
0.03
4.24
1.33
10.86
7.88
1.17
0.21
2.36
0.68
0.46
2.63
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Figure 9: Parallel scaling efficiency, C5 case, coarse
grid (600 000 cells).

(12)

Performance Test

where t1 is the CPU time in serial execution, while
tN represents CPU time in parallel execution using N cores. The speed–up is reported in Table 7,
where it is increasing as expected with increasing
number of cores. It is interesting to note that the
run with 56 parallel processes still exhibits significant speed–up even though only 10 841 cells per
core are present. Furthermore, the parallel efficiency is calculated as:
ηp =

Speed–up
1.00
1.84
2.72
5.49
10.58
22.54
33.95

100

3.5GHz, 15MB L3 Cache, DDR4–2133, with InfiniBand communication. Simulations are performed
in parallel using up to 56 cores, Table 7, where the
average number of cells per core is presented. The
speed–up is calculated as:
t1
Sp =
,
tN

Cells per core
607 114
303 557
151 779
75 889
37 945
18 972
10 841

No. cores
1
2
4
8
16
32
56

Strong parallel scaling efficiency, ηp, %

C1

Mean
Amplitude
Phase
Mean
Amplitude
Phase
Mean
Amplitude
Phase
Mean
Amplitude
Phase
Mean
Amplitude
Phase

Heave
Uζ , %
6.18
14.12
0.18
20.85
5.07
2.24
3.51
1.91
0.48
4.15
0.19
1.07
12.47
0.64
0.72

Table 7: Parallel scaling test parameters and
achieved speed–up.

Temporal resolution study revealed the possibility of performing seakeeping simulations with relatively low number of time steps per encounter period, trading off CPU time with accuracy (mostly
regarding mean values and first order phases). The
hydro–mechanical and grid refinement studies revealed that the solution is fairly insensitive to the
number of outer correctors and number of cells.
Having this in mind, a performance test for the
C5 case on the coarse grid (600 000 cells) is carried
out with following settings:

(13)

• 56 cores are used,
and reported in Figure 9 in percentages. It can be
seen that the parallel efficiency abruptly decreases
when using more than 2 cores, staying in the range
from 60% to 70%. The reason for such an abrupt
decrease in efficiency may be related to the communication overhead compared to work done by
local processor when there is less than 150 000 cells
per core. Although the parallel scaling efficiency
of approximately 60% for 56 cores (where there are
approximately 10 000 cells per core) is satisfactory
for present applications, this needs to be further
investigated and optimised for High Performance
Computing (HPC) purposes.

• 25 time steps per encounter period are used for
temporal discretisation,
• 4 outer and 4 PISO correctors are used for
hydro–mechanical and pressure–velocity coupling, respectively,
• Input/output operations are minimised by
writing only time domain motion and force signals (not entire fields),
• 30 encounter periods are performed.
This test case represents the trade–off between accuracy (mostly because only 25 time steps per en-
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counter period are simulated) and performance.
This trade–off might be relevant for industrial applications regarding hull form optimisation with respect to the added resistance of a ship in early design phase. Total simulated time is 56.1828 seconds
(30 encounter periods of 1.87276 seconds), while
the total execution time is 1677.87 seconds (less
than 30 minutes). This yields approximately 30
seconds of CPU time for 1 second of real (simulated) time. Even if the temporal resolution is increased to 200 time steps per encounter period in
order to get accurate results as discussed in the
temporal resolution study, this would yield only 4
minutes of CPU time for 1 second of real time. Furthermore, with increased temporal resolution, one
may simulate a lower number of encounter periods to obtain the same level of periodic uncertainty
compared to lower temporal resolution.

the spring system has not been modelled in present
CFD simulations, where the ship has completely
constrained surge, sway and yaw, calculating heave,
roll and pitch motions only. The experimental
measurements did not include repeatability studies,
hence the corresponding experimental uncertainty
has not been assessed.
The computational grids are obtained by
mirroring the original grids used in the head wave
cases around the symmetry plane, producing three
grids with approximately 1 200 000, 1 900 000 and
3 200 000 cells. Same boundary and initial conditions are applied as in the head waves cases.

Grid Refinement Studies
The grid refinement studies are carried out for all
test cases: C1, C2, C3, C4 and C5, using a set
of three unstructured grids with the grid refinement ratio of r = 1.262. 7 outer correctors and
3 PISO correctors per time step are used, where
the 6 DOF motion is updated only after each outer
corrector. Hence, the 6 DOF is not updated after
each pressure correction step in order to obtain a
new estimate of the hull boundary velocity as this
procedure has only been recently developed: only
the head wave cases have been recalculated with
this strong–resolution procedure.
Number of time steps per encounter period (n∆t /Te ), number of simulated encounter periods (NTe ) and the CPU time per encounter period (tCP U /Te , in hours) are reported in Table 9.
For almost all simulations except for the fine grid
beam waves simulation (C3), a constant time step
of 0.004 seconds is used. As the encounter period increases from head to following waves, the
relative temporal resolution also increases from approximately 200 time steps per encounter period in
head waves to almost a 1 000 in following waves.
The third column in Table 9 reports the number
of simulated encounter periods, reducing towards
following waves due to limited computational resources. Nevertheless, more than 20 encounter periods are always simulated, ensuring low periodic
uncertainty. All simulations are performed in parallel using 56 cores, where the CPU time per encounter period is reported in the last column of
Table 9. The CPU time per encounter period for
head, bow and beam wave simulations is generally
less than an hour, whereas for the quartering and
following waves, the CPU time per encounter period reaches up to 4 hours. This is expected as
the encounter period is significantly higher and the
same time step is used for all encounter angles.

KCS HULL IN OBLIQUE WAVES
Further validation and verification of the present
numerical model is performed by considering the
KCS model in regular oblique waves at design
Froude number. Experimental results are publicly
available at the Tokyo 2015 Workshop (reader is referred to Case 2.11 in Tokyo Workshop, 2015; Larsson et al., 2015a,b, for all details) for five oblique
wave parameters listed in Table 8:
• C1: χ = 0◦ –head sea,
• C2: χ = 45◦ –bow sea,
• C3: χ = 90◦ –beam sea,
• C4: χ = 135◦ –quartering sea,
• C5: χ = 180◦ –following sea.
The model is LP P = 2.7 meters long, where the
wave length is equal to LP P and the wave height
is H = 0.045 meters. The model is towed in free
heave, pitch and roll conditions with a spring system, where the total resistance is reported along
with the three motions. Following recommendations given by Tokyo 2015 Workshop organisers,
Table 8: Oblique wave KCS test case parameters (see Tokyo Workshop, 2015).

LP P , m
Fn
λ, m
H, m
χ,◦

C1

C2

0

45

C3 C4
2.7
0.26
2.7
0.045
90 135

C5

180

14

Table 9: CPU times for oblique wave simulations.

C1
C2
C3
C4
C5

Coarse
Medium
Fine
Coarse
Medium
Fine
Coarse
Medium
Fine
Coarse
Medium
Fine
Coarse
Medium
Fine

n∆t /Te
N/A
199
199
225
225
225
202
202
329
610
610
610
944
944
944

NTe
N/A
37
31
72
57
60
60
60
49
41
45
29
45
21
22

to zero as the parametric roll does not occur
in this setting,

tCP U /Te , h
N/A
0.40
0.90
0.32
0.59
0.67
0.35
0.46
1.38
0.86
1.39
3.03
1.28
2.18
4.53

• The first order amplitude of roll in beam sea
is approximately the same as the first order
amplitude in following sea. Even with relatively high wave length to ship breadth ratio (λ/Bwl ≈ 7.14), we would expect that
larger roll amplitudes would be obtained compared to following waves, where the amplitude
should be very close to zero.
Having this in mind, the CFD results are consistent
since both the mean value and first order amplitude
of roll are very close to zero for head and following
waves. It should be noted that the roll motion was
not constrained during all simulations (including
head and following waves): it was calculated. Furthermore, the CFD results report larger roll amplitude for the beam waves compared to experimental
results, as expected. The first order amplitude of
roll in bow and quartering waves is under–predicted
compared to experimental data. The mean value of
roll is approximately two times smaller in CFD for
beam waves, while for the bow waves, the sign of
mean value is different, possibly related to a post
processing error. The mean value of roll in quartering waves is over–predicted by CFD compared to
experimental measurements. The grid uncertainty
for the mean value of roll in bow and quartering
waves is approximately 7% and 3%, respectively,
while for the beam waves the grid uncertainty is
very high: U ≈ 63%, caused by small measured
values. The grid uncertainty for the first order amplitude of roll in bow, beam and quartering waves
is small, approximately 2.5% on average, which can
be directly seen from error bars in Figure 10b.
CFD calculated pitch motions are compared to experimental data in Figure 10c. The
mean values of pitch as calculated in CFD have
opposite signs compared to experimental measurements, which we believe to be related to an error
in coordinate system orientation or post processing. Otherwise, magnitudes of mean values compare reasonably well with the experimental data
for all headings. The first order amplitude of pitch
closely follows the trend of experimental data. Calculated amplitudes slightly over–predict the experimental measurements in all wave headings except
quartering waves, where the experimental value is
under–predicted. Narrow error bars denote small
deviations with grid refinement for mean values of
pitch, with beam wave case being an outlier with
U ≈ 50%. The grid uncertainty for the first order
amplitude of pitch is lower than 2% for all cases,

The results are presented in Figure 10
in terms of transfer functions for varying wave encounter angle (ship heading). As in the head wave
cases, the grid uncertainties are calculated for all
test cases and all measured items (heave, roll, pitch
and total resistance) and are presented as error
bars. The results are compared with available experimental data, which did not include uncertainty
estimates. We stress that the zeroth order (mean
value) is reported as twice the actual mean value,
according to guidelines in (Tokyo Workshop, 2015).
Mean value and first order amplitude of
heave are presented in Figure 10a. The first order amplitude compares well with the experimental data for all wave directions, where the CFD results over–predict the measured heave amplitude
for head and bow waves. The mean value of
heave significantly deviates from the experimental
measurements for the beam and quartering waves,
which demands further investigation. The grid uncertainty for the mean value of heave is approximately 6% on average, except for the quartering
wave (C4) case with grid uncertainty of 27%. The
first order amplitude of heave has smaller grid uncertainties: less than 2% for all cases except for
the following waves, where the grid uncertainty is
approximately 18%. The large grid uncertainty for
this case is caused by the smallest measured absolute values (compared to heave amplitudes in other
cases).
Roll motions are compared with experimental measurements in Figure 10b, where it is
important to note few peculiarities regarding the
experimental roll measurements:
• The mean value of roll measured in head and
following waves is approximately 0.6◦ . Authors believe that this value should be closer
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except for the beam waves case with U ≈ 29%,
which is expected since extremely small pitch amplitude is obtained in beam waves.
Mean value and first order amplitude of
the total resistance coefficient are presented in Figure 10d. As for the roll motion, certain inconsistencies in the experimental data have been observed,
which are discussed below:
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• The mean value of the total resistance coefficient in beam sea (case C3) case is reported
to be 3.71, while the measured steady resistance coefficient with the same ship model and
the same Froude number (case C0, (see Tokyo
Workshop, 2015)) is 4.66. Hence, experimental measurements report approximately 20%
lower mean value of resistance in beam waves
compared to calm water simulation, which is
highly unlikely,
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(a) Dimensionless heave transfer function.
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• The first order amplitudes of the resistance coefficient are very small, probably due to the
spring system used in the experimental setting. This is demonstrated by comparing the
first order amplitude of the total resistance coefficient with respect to wave height divided
by ship length (H/LP P ). In Figure 11, circles
represent the results from head wave Case set
2.10, and the X denotes the head waves case
from the oblique wave Case set 2.11. The measured first order of total resistance coefficient
for the problematic item is approximately 0.1,
while for the same H/LP P ratio, the interpolated resistance coefficient should be approximately 5, yielding an order of magnitude difference. Note that the same Froude number
of 0.26 is used in Case sets 2.10 and 2.11 (see
Tokyo Workshop, 2015).
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(c) Dimensionless pitch transfer function.
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The mean value of the total resistance coefficient
calculated with CFD simulations follows the trend
of the experimental data, except for the already
mentioned beam wave case where the highest discrepancy may be observed. The mean resistance in
head and bow waves is well predicted and the CFD
trend of decreasing resistance coefficient from beam
to following waves seems reasonable and expected.
The first order amplitude of the total resistance
coefficient does not compare well with experimental data, as expected following our previous comments. The CFD results for first order amplitudes
are consistent since the smallest amplitude is obtained for the beam waves case, which is not the
case in experimental measurements. The grid uncertainty for the mean value of approximately 10%
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Figure 10: Oblique waves KCS transfer function:
comparison of CFD (with error bars) with experimental measurements.
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(a) Time domain signal: bow waves.

Figure 11: Discrepancy of the experimental resistance coefficient in head waves.
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on average is higher than the grid uncertainty for
the head waves cases. The first order amplitudes
of the total resistance coefficient have low grid uncertainty of less than 3%, with the exception of
beam waves case with U ≈ 58%. Large grid uncertainty for the beam waves case is expected since
an order of magnitude lower amplitude is measured
compared to other cases (specifically bow and quartering waves).
Periodic uncertainties are very low: less
than 1% for almost all mean and first order amplitudes of heave, roll, pitch and total resistance
coefficient. Such low periodic uncertainties are
achieved with a large number of simulated encounter periods for each test case, as shown in Table 9. This is further demonstrated in Figure 12,
where Figure 12a presents the roll signal in time
domain for the bow waves case on the fine grid,
while Figure 12b presents the convergence of mean
and first order amplitude of roll throughout successive encounter periods. Only the roll is presented
in details since this represent the most challenging
item for bow and quartering waves. From both the
time domain and the moving window FFT plot in
Figure 12, one can see that at least 25 encounter
periods needed to be simulated in order to reach
fully periodic solution. Also, Figure 12b reveals
a small drift in the mean value of roll of approximately 9 · 10−4 degrees per encounter period, which
may be related to accumulative numerical errors in
the integration of 6 DOF equations during such a
long simulation.
As the largest roll amplitudes are obtained for the quartering waves, the periodic convergence is examined in detail in Figure 12c and
Figure 12d. Compared to the bow waves case, the
periodically steady state solution is obtained with
fewer number of simulated encounter periods. This
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(b) Moving window FFT plot: bow waves.
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(c) Time domain signal: quartering waves
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(d) Moving window FFT plot: quartering waves

Figure 12: Periodic convergence of roll motion for
the bow and quartering waves case on fine grid.
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• 7 short simulations for the parallel scaling test,

is expected for following reasons:

• 1 performance test,

• The same time step has been used for both
bow and quartering waves, yielding 225 time
steps per encounter period for the bow waves
and 610 time steps per encounter period for
the quartering waves (see Table 9). As seen in
Figure 3b from the temporal resolution study,
the periodic convergence is improved when one
uses larger number of time steps per encounter
period (i.e. smaller time step),

• 15 simulations for all head wave cases,
• 15 simulations for all oblique wave cases,
assessing 4 types of uncertainties related to: time
step resolution, grid refinement, number of outer
correctors for hydro–mechanical coupling and periodic uncertainty.
The temporal resolution study revealed
that the simulation with only 25 time steps per
encounter period is stable. Compared to highly resolved temporal resolution using 800 time steps per
encounter period, first order harmonic amplitudes
of both motions and the total resistance may be
predicted reasonably well with significantly smaller
temporal resolution. The largest detrimental effect
when using low temporal resolution is observed for
the first order harmonic phases and mean values,
respectively. The periodic convergence is smoother
and the corresponding periodic uncertainty is lower
when using larger number of time steps per encounter period.
The hydro–mechanical coupling study has
shown that the final solution is extremely insensitive to number of outer correctors when one uses
the strong coupling strategy where the 6 DOF equations are solved after each pressure correction step
in order to provide updated velocity boundary condition at the hull. Hence, a speed–up of 4× is easily
obtained by simulating only 2 outer correctors instead of 8.
The strong parallel scaling test performed
up to 56 cores has shown that the significant speed–
up may be gained even for approximately 10 000
cells per core. However, the achieved parallel efficiency on 56 cores is approximately 60%, which
needs to be further investigated and optimised for
future HPC applications.
As a result of previous conclusions, a single
performance test has been carried out by simulating a coarse grid C5 head waves case on 56 cores,
with 25 time steps per encounter period and 4 outer
correctors. The simulation finished in half an hour
for 30 encounter periods, yielding approximately 30
second of CPU time for 1 second of real (simulated
time). This trade–off between accuracy and CPU
time may be important for industrial applications
regarding optimisation of hull shape with respect to
added resistance in waves, where large number of
cases needs to be simulated. As a reference, all 30
simulations considering head waves were performed
within 2 weeks on a 56 core cluster.

• The roll amplitudes are order of magnitude
larger compared with the bow waves case,
making them easier to resolve.
CONCLUSION AND FUTURE WORK
This paper presented an efficient numerical framework for naval hydrodynamics developed upon existing methodologies: solution decomposition via
SWENSE approach, domain decomposition via implicit relaxation zones, implicit treatment of the
free surface jump conditions via the GFM and
the implicitly redistanced LS method for interface
capturing. The work focused on sensitivity studies in order to validate and verify the numerical
model for specific seakeeping applications (design
Froude number and high Brard numbers) by considering the well–known KCS ship in regular head
and oblique waves.
Validation of the model is performed for 5
head wave cases and 5 oblique wave cases publicly
available at the Tokyo Workshop (2015). For all
head wave cases, mean values and first order harmonic amplitudes and phases of heave, pitch and
total resistance coefficients compare well with the
experimental data. For the oblique wave test cases,
the discrepancy between CFD and experimental results is larger, where authors believe that several
inconsistencies indicate some issues in the experimental setting. Unfortunately, repeatability studies for these particular experiments have not been
reported and consequently the experimental uncertainty has not been reported.
Instead of finding the perfect grid and/or
settings for each test case defined by the simulated wave system, we focused on various sensitivity
studies, performing 48 simulations in total:
• 6 simulations for the temporal resolution
study,
• 4 simulations for the hydro–mechanical coupling study,
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• For the present model, accurate results may
be expected with 200 time steps per encounter
periods and only 2 outer correctors, which is
directly related to the newly developed strong–
resolution strategy of fluid–flow and 6 DOF
equations,

Regarding periodic, temporal resolution,
hydro–mechanical coupling and grid uncertainties,
following observations can be made:
• Periodic uncertainties for all simulations are
generally an order of magnitude lower that
temporal resolution and grid uncertainties.
However, this is ensured only when one performs a significant number of encounter periods (at least more than 10),

• For head waves cases, accurate results may
be obtained by neglecting the relationship between investigated wave systems and geometrical parameters of the grid, thus indicating
that relatively coarse grids (reduced number
of cells per wave height/length) may be used.

• Uncertainties related to hydro–mechanical
coupling are also negligibly small compared to
temporal resolution and grid uncertainties,

Future work will include performing seakeeping
simulations using finer (above 10 000 000 cells),
wave system specific grids in order to more accurately estimate grid uncertainties. Furthermore,
seakeeping of a ship in head and oblique waves in
very low Froude and Brard numbers needs to be
thoroughly investigated and validated since we may
encounter problems related to turbulence modelling and possibly wave reflection. Finally, the inefficient parallel scaling shall be improved.
Interested reader is referred to our group’s
YouTube channel (Jasak et al., 2016) for animations of seakeeping simulations in head and oblique
waves.

• Grid and temporal resolution uncertainties are
generally of the same order of magnitude. The
corresponding uncertainties are very small for
first order amplitudes and phases (often below
few percent), while the grid uncertainties seem
to be higher (on average) for the mean values,
• Grid uncertainties for the oblique wave cases
are higher compared to the head wave cases,
which is expected since the complexity of
the cases is higher due to free roll motion.
Large roll amplitudes cause the free surface to
be located outside the grid refinement region
around the calm free surface, possibly introducing additional numerical errors.
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Finally, periodic convergence of roll in bow and
quartering waves has been investigated in detail,
where it has been shown that at least 20 encounter
periods need to be simulated in order to lower the
periodic uncertainty down to a negligible level.
Detailed studies performed in this work allow us to draw following conclusions regarding seakeeping simulations in head and oblique waves at
design Froude number and high Brard numbers:
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