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Towards the uncertainty quantification of a roll damping
model

Shawn Aram, David Taylor Model Basin (NSWCCD), shawn.aram.civ@us.navy.mil
Kenneth M. Weems, David Taylor Model Basin (NSWCCD), kenneth.m.weems?2.civ(@us.navy.mil
Vadim Belenky, David Taylor Model Basin (NSWCCD), vadim.belenky.civ@us.navy.mil

ABSTRACT

Predictions of ship motions with seakeeping simulation tools typically rely on roll damping models in order to
account for viscous effects that are not included in their potential flow solution of hydrodynamic forces.
Various models have been developed to represent the roll damping of surface ships, ranging from generic
models developed from systematic experimental studies to ship-specific models fitted to data from roll decay
model tests or high-fidelity computational fluid dynamic (CFD) simulations. The accuracy of these models
can greatly influence the predicted ship response, especially near the resonance conditions. It is therefore
highly desirable to quantify the uncertainty associated with the adopted reduced order models and identify
contributors to the modelling uncertainty. The present study seeks to develop a roll damping model for the
LAMP (Large Amplitude Motions Program) and SimpleCode seakeeping codes through a series of CFD
simulations with forced and free roll motions, quantify the uncertainty of the resulting roll damping model,
and then evaluate the influence of this uncertainty on the predicted responses. The coefficients of the
rolldamping model are obtained through an optimization procedure to minimize the difference between the
hydrodynamic forces calculated by CFD and LAMP or SimpleCode under forced roll motions.

Keywords: Roll Damping Model, Uncertainty Quantification, Computational Fluid Dynamics.

The present study seeks to develop roll damping
models for the LAMP (Large Amplitude Motions
Program, Shin et al., 2003) seakeeping code or

1. INTRODUCTION
Since full viscous flow solvers are still too

expensive for the practical evaluation of ship
responses over a range of irregular wave conditions,
such analyses typically rely on hybrid seakeeping
simulation tools incorporating roll damping models
in order to account for viscous effects that are not
included in their potential flow solution of
hydrodynamic forces (Reed and Beck, 2016).
Various models have been developed to represent
the roll damping of surface ships. These range from
generic models developed from systematic
experimental studies to ship-specific models fitted to
data from roll decay model tests or high-fidelity
computational fluid dynamics (CFD) simulations.
The accuracy of these models can greatly influence
the predicted ship roll response, especially near
resonant conditions. It is therefore highly desirable
to quantify the uncertainty associated with the
adopted reduced order models and identify
contributors to the modelling uncertainty.

SimpleCode reduced order seakeeping simulation
(Weems, et al., 2023) through a series of CFD
simulations with forced and free roll motions,
quantify the uncertainty of the resulting roll damping
model, and then evaluate the influence of this
uncertainty on the predicted responses. A
polynomial damping model is used with coefficients
obtained through an optimization procedure to
minimize the difference between the hydrodynamic
forces calculated by CFD and LAMP or SimpleCode
under prescribed roll motions.

2. CFD ANALYSIS OF ROLL MOTION

CFD simulations of free and forced roll motions
are performed for DTMB (David Taylor Model
Basin) Model 5613-1, which is the Tumblehome
configuration of the ONR (Office of Naval
Research) Topsides Series, commonly referred to as
ONRTH (Bishop et al., 2005). The CFD
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configuration (Figure 1) includes bilge Kkeels,
rudders, shafts and struts, but not propellers.

d |

Figure 1: Perspective view of ONRTH model 5613-1.

The period of the forced roll motions is set to the
natural roll period obtained from a six-degrees-of-
freedom (6-DOF) CFD simulations of free roll
motion (roll decay). The forced roll motion in this
study is 1-DOF motion that allows roll to follow a
prescribed sinusoidal path with an amplitude ranging
from 3° to 12°. The roll moment generated by hull,
bilge keels and rudders are calculated in the CFD
simulations and utilized for developing a roll
damping model in LAMP. CFD simulation of a 1-
DOF (free to roll) free roll motion is also performed.

Numerical methodology

Simcenter™  STAR-CCM+  software, a
commercial CFD simulation tool that is part of the
Siemens Xcelerator portfolio, is employed in this
study to model the free and forced roll motions of the
ONRTH hull. The software for marine
hydrodynamics applications has been utilized and
validated the predictions against model tests (Aram
and Wundrow, 2022; Aram and Park, 2022, Aram
and Mucha, 2023). The finite volume (FV) method
is adopted to solve the Navier-Stokes equations:

d
—f pdV+f pvdS =0 QD
ot J, s
d
—f pvdV+f p(vv) -ndS
ot J, B
=f T-nds @)
N

+f pbdV
v

where v is the fluid velocity vector, p is the fluid
density, n is the normal vector of S (area of the
surface of control volume V), T is the stress tensor
and b is a vector representing a force per unit mass.
The surface and volume integrals of convective and
diffusive fluxes in these equations are approximated
with the mid-point rule. Semi-Implicit Method for

Pressure Linked Equations (SIMPLE) algorithm
provides a segregated solution to the velocity-
pressure  coupling  problem.  Time-accurate
discretization of the equations is achieved by
adopting an implicit second-order three-level
scheme. Volume of Fluid (VOF) method with a
High-Resolution Interface Capturing (HRIC)
scheme in the software offers a sharp representation
of free surface. Overset grid method, which allows
for multiple grids within one computational
background domain to overlap arbitrarily, models
the ship motions. The k-w Shear Stress Transport
(SST) (Menter, 1994), a two-equation turbulence
model widely applied in the ship hydrodynamic
community under the Reynolds Averaged Navier-
Stokes (RANS) simulation approach, is employed in
this study.

Computational setup

A perspective view of the ONRTH model 5613-
1 geometry investigated in this study is in Figure 1.
The model is equipped with a skeg, bilge keels, twin
rudders, shafts and struts. Both the full scale and
model scale ship with the scaling factor of 49 are
examined in this study. Table 1 summarizes the
configuration  particulars ~ given  in  the
SIMMAN2020 website (https://simman2020.kr/), a
workshop on the verification and validation of ship
maneuvering simulation methods.

Table 1: Particulars for ONRTH model 5613-1.

Main Particulars Model Full
Scale Scale
Displacement, A (kg) 72.6 6.77e6
Waterline Length, L (m) 3.147 154
Waterline Beam, B (m) 0.384 18.8
Draft, T (m) 0.112 5.5
Wetted Surface Area, S (m?) 15 3602
LCB (m aft of FP) 1.625 79.6
VCG (m from keel) 0.156 7.65
Roll Radius of Gyration, kx/B 0.344 0.344
Pitch Radius of Gyration, kyy/L 0.246 0.246
Yaw Radius of Gyration, kz/L 0.246 0.246
Propeller Diameter, Dp (M) 0.1066 5.25
Propeller Shaft Angle (deg) 5 5

The grid resolution adopted in the study is based
on coarse grid applied to the same ship in the
previous study by Aram and Park (2022). A limited
grid sensitivity analysis was performed, where the
size of cells for the fine grid in all three principal
directions was half of the coarse grid (1/8 in cell
volume), and reported an independence of computed
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roll motion to the grid spacing under a 6-DOF free
roll decay test. The top and stern views are in Figure
2 of the computational grid with hexahedral-
dominant unstructured-grid topology and prism
layers for a boundary layer that forms on the solid
surface. Instead of resolving the boundary layer
region and as a practical approach to surface ship
hydrodynamic analysis, the first cell height on the
model surface is chosen to achieve the required
range suitable for activating the wall functions.
Local volume refinements are applied to generate
required grid resolutions in the large gradient
regions. The resulting number of volume cells are
8.8x10° and 27.7x10° for the model and full-scale
ship, respectively. Except for the outlet, which is set
to the zero-gradient boundary condition for velocity,
a Dirichlet condition with zero value for velocity is
applied to all computational boundaries of the
rectangular domain.

(a) Top view

Overset region

.

(b) Stern view
Figure 2: (a) Top and (b) stern views of computational grid.

Results and discussion

Forced roll motions with roll amplitudes a = 3°,
6°, 9° and 12° are modeled at a constant period and
the Froude number (Fr) of 0.0 and 0.2. The period of
the roll motions is equal to the natural period of the
model obtained from the roll decay CFD simulations
described in Aram and Park (2022). Figure 3 has the
roll decay period from a curve fit of an exponential
cosine function on the CFD motion for the initial roll
amplitudes of 6°, 9.3° and 12°. The period varies
(linearly) with the initial roll amplitude, which may
be related to the geometric nonlinearity. The average

of the natural period between 5° and 15° initial roll
amplitude (1.57 s) is for the forced roll motions in
this study.

o
[=]

w

o

@ T T T T T T T T T T
L1

™
@

Roll Periad, T (s)
e

y = a"exp(-bffcos(zT+ d) + e
n=bT42x)

wm
o

6 7 8 9 10 11 12 13 14 15
Rell Amplitude, a (deg)

Figure 3: ONRTH roll period from exponential cosine
function (Aram and Park, 2022).

Figure 4 depicts the contours of streamwise
vorticity on multiple planes along the ship length for
the 12° amplitude forced roll motion at Fr = 0.0
during the first half a cycle. The ship is in an upright
position at the start of the cycle. The evolution of the
vorticity with negative value formed in the previous
cycle at the tip of bilge keel and rudder is observed.
The vorticity goes through stretch, growth, and
detachment from these appendages along with
weakening and disappearance. The formation and
growth of the vorticity with an opposite sign
(positive in these snapshots) is also observed. The
subtle presence of a weak positive vorticity
wrapping around the negative tip vorticity formed in
the previous cycle is also noticeable in these
snapshots. The vorticity varies along the bilge keel
length with cores that are stronger and larger than
those generated by the rudder.

Figure 5 compares the streamwise vorticities
between various roll motion amplitudes at t = T/8 of
the cycle and Fr = 0.0. The size and extent of the
core vortices generated by the bilge keel and rudder
grow with the roll amplitude. The strength and extent
of the bilge keel vortices are greater than rudder
vortices.
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(@t=0

(b)t=T/8

©)t=T/4

(d)t=3T/8

e)t=T/2
Vorticity in Body-CSys[i] (/s)
-25 0 25
| |

Figure 4: Contours of streamwise vorticity on multiple
planes along length of model scale ONRTH under 12°
amplitude forced roll motion at Fr = 0.0.

(@a=3°

(b) a=6°

(c)a=9°

4

(d) a=12°

Vorticity in Body-CSys[i] (/s)
25 0 25

Figure 5: Contours of streamwise vorticity on multiple
planes along length of model scale ONRTH at t = T/8 under
forced roll motion at Fr =0.0.

Figure 6 plots the time histories of the roll
moments on the hull (bare hull, shafts, struts), port
bilge keel (index “P” is for port throughout this
paper), and port rudder of the model scale ONRTH
under forced roll motion at Fr = 0.0. The moments
on the starboard bilge keel and rudder have a 180°
phase shift with an opposite sign compared to the
moment on the port side. The peak moment is
greatest on the hull, while the rudder moment is
negligible. The amplitude of the roll moment
increases with the roll amplitude, and the peak roll
of the hull occurs near the maximum roll
acceleration with slight dependence to the roll
amplitude. However, the peak roll moment
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generated by the bilge keel and rudder occurs at a
different time partly due to the formation and
evolution of vortices at the tip of these appendages,
which influence the pressure distribution on their
surfaces, as depicted in Figure 4 and 5.

S aS

s —3deg —6deg —9deg 12 deg
time/T
(a) Hull roll moment

12 Fr=0.0

0.8
E
Z04
[-9
xI
ﬂ:lI 0
g 2 25 3 35 4 4.5 5

0.4

—3deg —6b6deg —9deg 12 deg
0.8
time/T
(b) Port bilge keel roll moment

0.15 Fr=0.0
EO
Z
[-9
2005 [ V
3
-3
><I
s

005 3 deg ~—6 deg —9 deg 12 deg

time/T

(c) Port rudder roll moment

Figure 6: Roll moment on (a) hull, (b) port bilge keel, (c) port
rudder of model scale ONRTH under forced roll motions at
Fr=0.0.

The pressure and frictional contributions to the
hull roll moment for the model scale ship at Fr = 0.0
are in Figure 7. The amplitudes of the pressure
moments are significantly greater than the frictional
moment for all roll amplitudes, in which the
frictional moment can be neglected. Both moment
components increase with the roll amplitude.

Fr=0.0

»
<>
q

D

5 —3 deg —6 deg ——9deg 12 deg
time/T

(a) Pressure

o
g

Fr=0.0
E0.0
2
2
37 s\ s oA
T
o002
—3 deg —6 deg —9 deg 12 deg
-0.04
time/T
(b) Friction

Figure 7: (a) Pressure and (b) frictional contribution to hull
roll moment of model scale ONRTH under forced roll
motions at Fr =0.0.

Figure 8 compares the streamwise vorticity
contours for Fr = 0.0 and 0.2 with 12° roll for the
model scale ship at T/8. The core vortices are further
from the bilge keel and slightly larger for Fr = 0.0.
The vorticity grows and extends as traveling along
the bilge keel at Fr = 0.2, partly due to the growth of
boundary layer on this appendage.

(b) Fr=0.2
Vorticity in Body-CSysli] (/s)
-25 a 25

| -

Figure 8: Contours of streamwise vorticity on multiple
planes along length of model scale ONRTH at t = T/8 under
12° forced roll motion at Fr = 0.0 and 0.2.
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The total roll moment is compared in Figure 9,
as well as contributions from hull, port bilge keel and
rudder between Fr = 0.0 and 0.2 for forced roll
motion of model scale ship with 12° roll amplitude.
Fr indicates slight influence on the amplitude and
phase of the hull roll moment. However, the
amplitude of bilge moment is reduced for ship with
forward speed, which is consistent with the
differences in the vortices in Figure 8. Significant
differences in the rudder moment observed between
the two speeds are mainly due to the hull wave
effects on the rudders for the ship at surge speed
condition. Despite the differences in the moment
generated by these appendages, the total roll moment
between two ship speeds is comparable, since the
hull is the dominant contributor to the total moment
for both speeds.

5

12 deg
25
£
£
S o0
I 2 25 3 35 ) a5 5
>
2,5
Fr=0.0 Fr=0.2
5
time/T
(a) Hull roll moment
L5 12 deg
1
E
£ 05
a
xl
ml 0
g 2 2.5 3 35 4 a5 5
0.5
Fr=0.0 Fr=0.2
-1
time/T
(c) Port bilge keel roll moment
02 12 deg
£ 01
£
n'I
g 0
€ 2 2.5 3 35 4 45 5
>
S-01
Fr=0.0 Fr=0.2
0.2
time/T

(c) Port rudder roll moment

12 deg

25
]

Z o0
x

s 2 2.5 3 3.5 4 4.5 5
-2.5
Fr=0.0 Fr=0.2
-5
time/T

(d) Ship roll moment

Figure 9: (a) Hull roll moment, (b) port bilge keel roll
moment, (c) port rudder roll moment, and (d) ship roll
moment on model scale ONRTH under 12° amplitude forced
roll motion for Fr=0.0 and Fr =0.2.

Figure 10 presents the scale effects on the roll
moment at Fr = 0.0 and 0.2 under forced roll motion
with 12° amplitude. The moment in this figure is
scaled by 1/2pV,2L3, where V, = L/T. The scale
effects are marginal for both Froude numbers. The
only noticeable difference is found in the frictional
component of the hull moment (not shown here).
However, due to the small magnitude of this
component compared to the total moment, the effect

is negligible.
.OE-
8.08-05 Fr=0.0,12 deg
4.0E-05
 0.0£+00
2 25 3 35 ¢ 45 5
-4.0E-05
MS —FS
-8.0E-05
time/T
(a) Fr=0.0
8.08-05 Fr=0.2,12 deg
4.0E-05
Z 0.0E+00
2 25 3 35 4 45 5
-4.0E-05
MS —FS
-8.0E-05
time/T
(b) Fr=0.2

Figure 10: Effect of scaling on total roll moment for (a) Fr =
0.0 and (b) Fr=0.2.

In addition to the forced motion cases, a 1-DoF
free rolling simulation was run at Fr = 0.0 with an
initial roll angle of 12°.  This simulation has
previously been validated against model test
performed at the lowa Institute of Hydraulic
Research (Aram and Park, 2022). In the present roll
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damping study, this case can be used for either fitting
the roll damping coefficients or evaluating the
responses of the seakeeping codes with computed
coefficients. Figure 11 compares the roll motion
response between model and full-scale simulations.
Similar to the forced motion, the scale effect is
negligible.

15 Initial roll angle = 12 deg

10

v

(=}
[N]
F=
{=2]
oo

10

Raoll (deg)
h o

-
o

MS FS
-15
time/T

Figure 11: Free roll response from 12° (roll decay) Fr = 0.0.

3. ROLL DAMPING MODEL

The general form of the roll moment model, that
will be fitted to the CFD data, has the following
form:

Mx(t) = —ay4¢(t) — 'bhqb(t)

— b3 h(0)|$ ()] 3

— b3, p()?
where ¢(t) and ¢(t) are the roll rate and roll
acceleration, respectively. Since this model includes
an acceleration term, it is not strictly a roll damping
model but would perhaps be better described as a roll
radiation force model. In classical seakeeping
theory, radiation forces are the hydrodynamic forces
associated with the ship’s motion. In this context,
a4 can be referred to as an added mass coefficient.
As the model in Equation (3) may well be used with
a hybrid code involving potential flow forces and
appendage models, it may be better to call this a
“supplemental moment model” or even a “moment
correction.” However, it will be called a damping
model in the present discussion.

In a traditional seakeeping analysis, these
coefficients would typically be estimated through
roll decay matching. The peaks of an experimental
or CFD roll decay time history would be extracted,
and used to compute the roll period and roll
decrement for each pair of successive peaks. The
analysis would be repeated for a numerical
simulation of the same roll decay test and the results
plotted over the experimental/CFD values. The
added mass coefficient a4, could then be adjusted to

match the roll period, while the damping coefficients
would be adjusted to match the roll decrements.
When plotted on a logarithmic scale, the linear
damping term b}, controls the height of the
decrement curve, the quadratic term bZ,controls the
slope of the decrement curve and the cubic term b3,
(when used) controls the curvature of the decrement
curve.

-@ CFD
- LAMP-2 with Estimated Coefficients

12.00
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Period
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10.5%1
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Mean Roll Amplitude (deg)

Figure 12: Roll period plot for ONRTH free roll decay run
at Fr=0.0.

Roll period and decrement plots are in Figure 12
and 13, respectively, for the ONRTH at 0 knots with
traditionally fitted linear and quadratic damping. A
significant decrease occurs in the roll period as the
roll amplitude decreases. This somewhat unusual
result is a product of the “tumblehome” nature of the
hull form (Figure 1).

-&- CFD
2000 - LAMP-2 with Estimated Coefficients
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Figure 13: Log roll decrement plot for ONRTH free roll
decay run at Fr=0.0.

In the present approach, regression will fit the
coefficients to the moments from the forced roll
CFD simulations. The exact roll moment that will be
fitted will depend on the intended use of the roll
moment model.

Modeling All Hydrodynamic Moments

With a simplified ordinary differential equation
(ODE) ship motion model or a simplified numerical
code such SimpleCode or LAMP-0 (’hydrostatics-
only”) option in LAMP, this model may be applied
for all of the roll forces except for the hydrostatic,
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incident wave (Froude-Krylov) and diffraction (if
modeled) forces. For such cases, the roll moment
that will be fitted will be the total moment from the
calm water CFD simulations subtracted by an
estimate of the nonlinear hydrostatic restoring
forces.

MxT(£) = Mx§EP (£) — Mxys(t) 4

In the present application, the restoring
moment Mxyg(t) is computed with the body-
nonlinear hydrostatic and Froude-Krylov moment
from a LAMP simulation by the same forced roll
motion as the CFD run. For these calm water cases,
this will be the hydrostatic restoring moment.

Figure 14 illustrates the calculation of the
hydrodynamic roll moment to be fitted for the Fr =
0.2 run (15 knots) with 12° forced roll. The red
curve is the total roll moment from the CFD
calculation, scaled to full scale (kN-m). The green
curve is the body-nonlinear hydrostatic moment
computed by LAMP. The blue curve is the
difference between these two and is the moment that
will be fitted in order to compute coefficients for use
with SimpleCode, LAMP-0, etc.

— CFD Total
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Figure 14: Fitted roll moment Fr = 0.2 (15 knots), 12° roll —
fitting all hydrodynamic forces.

In this type of force fitting, the calculation of the
subtracted restoring moment Mxys(t) does not
necessarily have to match the simulation code for the
damping model. For example, the hydrostatic
moments could be computed with LAMP even when
the roll damping model was to be employed with a
linear set of ODEs. However, the forces should
provide an accurate estimate of the non-linear
restoring. If they do not, the coefficients may be
attempting to fit a part of the nonlinear restoring,
which can be both large and non-linear, especially
for a hull like ONRTH.

Modeling Damping and Correction Moments

If the roll damping model is in a typical hybrid
seakeeping code that incorporates potential flow
wave-body hydrodynamics, appendage models, etc.,
the fitting procedure and roll wvelocity and
acceleration data will be the same but the moment
that is to be fitted will be different. In this case, the
fitted moment will be the total from the CFD
simulation subtracted by the total of the hybrid
seakeeping code except for the tunable damping
terms.

Mx TP () = Mxfg? (£) — (Maxro () .
- MxDamp (t)) ( )

In this situation, other elements of the hybrid
seakeeping code compute parts of the hydrodynamic
roll moment, such as potential-flow radiation forces,
while the model in Equation (3) computes additional
forces due to viscosity, appendage lift, etc. If the
hybrid code includes models for appendages, the
damping model can provide a correction or
adjustment to those models. In any event, the total
moments that need to be modeled by Equation (3)
would be expected to be smaller than in the “all
hydrodynamic force” fit. For this case, imperatively,
the subtracted forces are computed with the same
hybrid seakeeping code and options that will be used
with the computed coefficients.

For the present applications, the damping model
is to be set for calculations made with the LAMP’s
standard potential-flow hydrodynamics option
LAMP-2. The LAMP-2 simulation will incorporate
a body-nonlinear calculation of the hydrostatic
restoring forces, a body-linear solution of the wave-
body hydrodynamic interaction problem, and semi-
empirical models for the forces on the bilge keels
and rudders. The wave-body hydrodynamics
solution is computed by a 3-D panel method with
Rankine singularities distributed over the mean
wetted hull surface and a local portion of the mean
free surface. The pressure forces from the potential-
flow solution provide the added mass and damping
associated with the ship-generated wave field.

In order to get the (Mx7o:(t) — Mxpamp(t))
moments that will need to be subtracted for the data
fit, a series for forced motion simulations are set up
with all of the options and models (including
appendages) except that the supplemental damping
and added mass terms are turned off. The total roll
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moments from these LAMP simulations will be
subtracted from the CFD moments to get the roll
moments used in the coefficient fit.

This data setup is illustrated by Figure 15, which
has the CFD moment, the subtracted LAMP-2
moment and the resulting “supplemental” moment
that will need to be fitted. Comparing this result to
Figure 14, the fitted moment in this case is
considerably smaller than for the “all hydrodynamic
forces” fit.

— CFD Total
— LAMP-2 Total (no supplemental damping)
— Fitted Data

3.0e+7

2.0e+7 o y ~

1.0e+7 ﬁ/\ / /'/Y""-:\ [/ ‘\\ I/ ‘(\\
N NN\ /H\\\/}

sgeah J N

7Ny T\ T\ Y
-2.0e+7 \,[ [ “'J/ ; \ Y X
-3.0e+7
0.00 10.00 20.00 30.00 40.00 50.00

Time

Figure 15: Fitted roll moment 15 knots, 12° roll — fitting
viscous/correction moments.

However, not all seakeeping codes have a
supplemental added mass term or a cubic damping
term. In fact, most traditional roll damping tuning
only considered the linear and quadratic damping
terms (at best). The present approach will work
without these terms, but if the prediction has a
significant difference the added mass term, perhaps
due to a neglect of the appendage added masses, the
error in the fitting of the moment coefficients may be
large.

Additionally, the fit approach described here is
not restricted to sinusoidal forced motion. As long
the appropriate  Mxys(t) or  (Mxpe(t) —
Mxpamp(t)) forces can be computed for the
motions from the CFD cases, the fit can be done for
any free or forced motion case. If a hybrid code
computes the Mxpyg(t) or  (Mxpy(t) —
Mxpamp(t)) forces, it will be necessary to be able
to prescribe the motion time histories in the
corresponding hybrid code runs.

Regression Fit

The coefficients are computed through a
straightforward regression approach (e.g. Faraway,
2005) in which an over-determined system of linear
equations are set up as follows:

Xé=Y (6)
where ¢ is the vector of 4 added mass and damping
coefficients, Y is a vector of fitted moment values at
Nt times (response vector), and X is 4 X Nt matrix
of velocity and acceleration terms at those times
(matrix of predictors). ¢, ¥, and X are described in
Equations (7) through (9).

) )

/Mxﬁt(tl)
Y = Mxﬂ.t(fz) (8)

Mxﬁ;(tm)
( Bt b)) Pty ¢'>(t1)3\|
X=

d&) ¢t dt)|PE)|  P(E)? 9)

TR TR FYARTPYARY

This system can be solved with a least squares
approach:

XTx¢=X"Y (10)
Solving this system computes a set of coefficients

which minimizes the error ||B — Ax||3, where |||,
denotes the Euclidean norm.

Fit to the CFD Forced Motion Data

The CFD forced motion data were computed for
2 speeds (Fr = 0.0 and 0.2, which correspond to 0
and 15 knots full scale) and 4 roll amplitudes (3°, 6°,
9°and 12°). Inaddition, a 0 knot free roll decay case
is available. The amount of data needed for the
coefficient fit depends on the intended use of
damping model. To maximize the relevance of the
model, the fitted data should cover the range of
conditions expected in the simulations. To maximize
the accuracy (i.e. minimize the fit error) of the
model, the range might want to be restricted.

As the CFD data indicate a significant difference
in the moment values for the different speeds (Figure
9) and the damping model (Equation 3) does not
implicitly include speed dependence, to do separate
fits for the two speed might be best and use speed
dependent coefficients in the hybrid code
simulations. If speed dependent coefficients are not
supported in the simulation code or are impractical
in the analysis, data for all speeds should be fitted
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simultaneously, which may be more likely to
produce a larger error in certain conditions.

As an irregular sea analysis will cover a range of
roll angles in each simulation and the model includes
amplitude dependence through the non-linear terms,
the data from the different roll angle should be
combined in a single fit for each speed or all speeds
combined.

Table 2 lists the coefficients for several fits to the
“All Hydrodynamic Moments” data, with rows for
the separate and combined speed fits.

Table 2: Damping model coefficients fitted to all
hydrodynamic moments.

Add B44 1 | B44 2 | B44 3 Case(s) Fitted
2.91E+6 | 238265 | 370483 -35044 0 knots; all forced roll
2.44E+6 | 988012 71676 -2941 15 knots; all forced roll
2.68E+6 | 613139 | 221080 -18992 | all forced roll
2.67E+6 | 537761 | 244372 -20991 | all cases

The last line in Table 2 lists a fit, which includes
the 0-knot free decay CFD data as well as the forced
decay data. In this case, the extra data do not make
much difference, but free roll data should be
employed with care, as it is likely to include very
little data at larger roll velocities and accelerations
and much data at lower values. The nonlinearity in
the roll moment data will tend to be under
emphasized.

The values in Table 2 suggest that the damping
at 15 knots appears to be dominated by the linear
term while the nonlinear terms are relatively more
important in the 0-knot data. This may be due to the
effect of the shedding of the vorticity from the bilge
keels, which stays around the ship in the 0-speed
problem but is left behind in the forward speed
problem.

Visually, these fits can be checked by plotting
the fitted moment data versus the moments
calculated with the computed coefficients. Figure 16
has the fit check for the four 15-knot forced roll cases
with coefficients fitted to all of the 15-knot CFD
cases. The fit matches the phasing and magnitude of
the data well with a discrepancy evident only at the
largest peaks.

— Fitted Data
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Figure 16: Roll moment fit Check, 15 knots — fitting all

hydrodynamic forces from 15-knot forced roll data.
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The fit check for the 9° forced forces cases with
coefficients computed from CFD data at both speeds
is plotted in Figure 17. Since the damping model
does not implicitly include speed dependent terms
and the same coefficients are used for both speeds,
the moments from the coefficients are the same for
both speeds, so a single curve “Coefficient Fit” is
included for those results. The fitted data are not the
same for the two speeds, but the difference is not
large. This type of plot can provide a visual check
on the effectiveness of speed-dependent vs. speed-
independent coefficients.
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— Fitted Data - 15 knots

15647 — Coefficient Fit

A AN
SAVAVAVAVAY

—1.5e+6

>

10.00 20.00 30.00 40.00 50.00 60.00
Time

Figure 17: Roll moment fit check, 9° - fitting all
hydrodynamic forces from all forced roll data.

4. UNCERTAINTY QUANTIFICATION OF
ROLL DAMPING MODEL

In the plots above, the fit of the coefficient-based
force model will not be perfect, which will lead to
some uncertainty in the damping force model. It
would be highly beneficial to be able to quantify this
uncertainty, both as way to assess the accuracy of the
data fit and to provide a mechanism by which the
uncertainty in the model can be propagated though
the lower fidelity predictions in a multi-fidelity
analysis.

Confidence Interval of the Coefficients

The residuals of the fit are the difference
between the original data values and the values

10
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predicted with the computed coefficients. A vector
of the residuals at each time step can be readily
computed as:

g=Y-X¢ (11)
These residuals provide a measure of the error of

the coefficient fit and can compute a confidence
interval for each coefficients as:

clov = ¢; - QT o JXTXI;; (12)
c;"" = ¢; + QT o \JXTXI,; (13)

where o is the residual standard error that can be
computed as:

o= /Nt —p) (14)
where p is the number of predictors (4 in this case),
QT is the quantile of the Student-t distribution
corresponding to the desired probably level, such as
0.95, and XTXI is the unscaled covariance matrix:

XTXI = (X"x)™! (15)

These formulae can compute the uncertainty of
the coefficients as part of the regression fit. Table 3
lists the confidence intervals for the four coefficients
computed for the “all hydrodynamic moments”
problem with data from the 15-knot roll CFD
simulations in Figure 16. The probability level of
the confidence interval is 0.95. In this example, the
confidence interval is quite small, which coincides
with the close fit in the visual check.

Table 3: Confidence intervals for damping model
coefficients fitted to 15-knot forced roll CFD data - all
hydrodynamic moments.

Prob=0.95 Ad4 B44 1 | B44 2 | B44 3
Low end of Cl | 2.441E+6 | 963078 | 59412 | -4347
Estimate 2.447E+6 | 988012 | 71676 | -2941
High end of Cl | 2.453E+6 | 1012946 | 83940 | -1535

Prediction Interval for a Single Point Prediction

The confidence intervals of the individual
coefficients could readily be propagated through the
seakeeping simulations by repeating the simulations
with different combinations of the high and low-end
values. However, this approach has some
drawbacks. To know beforehand, which
combination of high and low values may lead to the
largest uncertainty, may be difficult. More
importantly, the dependency of the terms is not
considered.

A more effective approach would be to
implement a prediction interval for each evaluation
of the damping model. Such a prediction interval
can be evaluated as (e.g. Faraway, 2005):

Mx'%(t) = ¢ %(t) —

QT o1+ 2(t) - (XTXI - Z(t))
Mx™MIr(t) = ¢+ (t) +

QT o /1 + %(t) - (XTXI - %(t))

(16)

(17)

where x(t) is a vector of roll acceleration and
velocity terms:

iG]
N 1)
FO=1 5010 |
\ IGN /
This expression could be implemented in a

simulation code to allow a case to be run with “high”
or “low” damping.

(18)

A disadvantage of the prediction interval
approach is that it has to be implemented within the
simulation code, while an approach based on the
confidence intervals of the individual coefficients
can be used by simply modifying the code input.

Irregular Sea Roll Response with Uncertainty

In order to demonstrate the propagation of the
uncertainty of the roll damping model in the
seakeeping simulations, irregular sea simulations are
set up with damping model coefficients spanning
their confidence interval. The first example is a
LAMP-2 run for the ONRTH at 15 knots in a
quartering Sea State 6 (H3=5.0m, To=12.3s). As
this is a 3-DOF (heave-roll-pitch) LAMP-2 run
including potential-flow  hydrodynamics and
appendage models, the damping model coefficients
have been fitted to the damping and correction
moments as described in Equation (5). Table 4 lists
the computed coefficients with confidence intervals
for a probability of 0.95. These coefficients were
computed from the four 15-knot CFD forced motion
simulations.

Table 4: Confidence intervals for damping model

coefficients fitted to 15-knot forced roll CFD data — damping
and correction moments.

Prob = 0.95 Ad4 | B44 1 | BA4 2 | B44 3
Lowend of Cl | 426697 | 378966 | 89079 | -1913
Estimate 420590 | 354107 | 76851 | -3315

11
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[ High end of CI | 414482 | 329247 | 64624 | -4717 |

LAMP responses were predicted with the
estimated coefficient values and the values at the low
and high end of the confidence interval. The roll
response for ONRTH at 15 knots in quartering Sea
State 6 is in Figure 18. For this case, the effect of
the coefficient uncertainty is small, only ~ 0.1° at the
peak values. This is reasonable as the error in the
coefficient fit was not large and the roll motion for
this case, while not small, is not driven by resonance.
The principal encounter period here is about 15
seconds while the roll natural period is 10-11
seconds in Figure 12.
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Low end of Confidence Interval
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Figure 18: LAMP-2 roll response for ONRTH at 15 knots in

quartering Sea State 6 — effect of uncertainty in the damping
model coefficients.

This set of calculations is now repeated for the
same seaway but at 0 knots. At this speed, the
encounter period will be closer to the ship’s roll
natural period, so the roll response is expected to be
both larger and more sensitive to damping. Damping
model coefficients were computed from the four 0-
knot CFD forced motion simulations, and are with
confidence interval (probability of 0.95) in Table 5.
As the model fit for the 0-knot coefficients was not
a close as the 15-knot coefficients, the confidence
intervals are wider than the 15-knot results in Table
5.

Table 5: Confidence Intervals for Damping Model
Coefficients Fitted to 0-knot Forced Roll CFD Data -
Damping and Correction Moments

Prob = 0.95 Ad4 B44_1 B44 2 B44 3

Lowend of Cl | 5.88E+06 | 9.99E+08 | 4.64E+07 | -7.17E+09
Estimate 9.33E406 | 1.10E+09 | 4.72E+07 | -6.53E+09
High end of CI | 1.28E+07 | 1.20E+09 | 4.81E+07 | -5.89E+09

A portion of the roll response for these LAMP
simulations is in Figure 19. The roll response is
larger than for the 15-knot case, and the effect of the

uncertainty in the damping model coefficients is
more significant.

High end of Confidence Interval
Estimated Coefficients
Low end of Confidence Interval
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Figure 19: LAMP-2 roll response for ONRTH at 0 knots in
quartering Sea State 6 — effect of uncertainty in the damping
model coefficients.

The peak roll response with coefficients at the
high end of the confidence interval is 6 % lower than
with the estimated coefficients themselves, while the
peak roll response for coefficients from the low end
of the confidence interval is 25 % higher than with
the estimated coefficients.

As described above, a better way to include the
damping uncertainty in the seakeeping simulation
would be to implement the prediction interval from
Equations (16) and (17) for each damping moment
evaluation. This approach is preferable because it
accounts for the dependency between the terms of
the damping model but has the drawback that the
evaluation needs to be implemented in the
seakeeping code, rather than simply being a
modification of the code input.

5. COMPONENTS OF ROLL DAMPING

A significant advantage of the present set of
CFD roll motion simulations is that they include
separate values for the forces and moments due to
hull pressure, hull shear force, bilge keels, etc. This
decomposition of the forces and moments provides
insight into the contributions to the ship roll
moments and can build or refine force models for
hybrid seakeeping codes such as LAMP.

In the present study, this has led to a refinement
of the added mass term in LAMP’s bilge keel model,
and further work in this area is anticipated.
However, this work is outside of the scope of the
present paper.

12
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SUMMARY AND FUTURE WORK

A series of 1-DOF free and forced roll motion
CFD runs were performed for the ONRTH hull for
the purpose of developing roll damping models for
seakeeping predictions made with hybrid codes such
as LAMP and SimpleCode. The force motion CFD
simulations included two speeds (Fr = 0.0 and 0.2)
and 4 roll amplitudes (3°, 6°, 9° and 12°). The output
of the CFD simulations include forces and moments
due to hull pressure, hull shear force, bilge keels and
rudders.

The moments from these simulations computed
hull and speed specific coefficients for a roll
damping model including terms for linear added
mass and linear, quadratic and cubic damping. The
coefficients were computed by a least-squares
regression of the fitted roll moment vs. the
instantaneous roll rate and acceleration. For the use
of the damping model with a potential-flow based
seakeeping code like LAMP, the fitted roll moment
is the difference between the CFD moments and the
LAMP roll moments for the same motion history. In
this usage, the damping model is a supplemental or
correction model, which accounts for viscous forces
not included in the potential flow model as well as
deficiencies or approximations in the code’s
appendage force models.

For use with a reduced order seakeeping tool
such as SimpleCode, the fitted roll moment is the
total CFD moment minus a body-nonlinear
hydrostatic restoring moment. In this usage, the
damping model accounts for all of the hydrodynamic
forces due to ship roll motion.

With either usage, the residual of the regression
procedure, which is the difference between the fitted
moment and the moment predicted by the computed
coefficients, evaluates an uncertainty in the roll
damping model. This uncertainty is a “modeling
uncertainty” which quantifies the error in the
damping forces due to the simplifications in the form
of the damping model versus the complexity of the
actual flow. A confidence interval is computed from
the residual error for each coefficient in the damping
model, which can be propagated through production
level seakeeping simulations in order to evaluate the
effect of the uncertainty on the ship roll response.

The residual has also been utilized to compute a
prediction interval that can quantify the uncertainty

in each evaluation of the damping moment. While
more challenging to implement, this approach
provides a more robust evaluation of the uncertainty
as it includes the dependency between the terms in
the damping model.  The prediction interval
approach is currently being implemented in LAMP
and SimpleCode.

Several advantages exist in using forced roll
motion rather than free roll motion (roll decay) in the
CFD simulations to set up the roll damping models.
It simplifies the CFD simulations by eliminating the
need for a full dynamic solver. More importantly, it
allows a more balanced fit to large and small
amplitude roll motion. Roll decay runs typically
have very few large amplitude cycles and these may
be significantly affected by transient behavior in the
CFD simulation. Tuning of roll damping to free roll
data must take care not to over-emphasize the
damping at low velocities, which may have little
importance to large amplitude roll responses.

The decomposition of the moments in the
present CFD simulations also provides insight into
the contributions for the roll damping forces and are
well suited toward refining the appendage force
models in codes like LAMP. These results have
already refined the added mass term in LAMP’s
bilge keel force model and will continue to evaluate
and refine the appendage force models, especially at
zero speed.
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Effects of height of roll axis on pressure distribution on hull
caused by bilge-keels

Toru Katayama, Osaka Metropolitan University, katayama.marine@omu.ac.jp
Naofumi Yoshida, Osaka Metropolitan University, sa22743t(@st.omu.ac.jp

ABSTRACT

Recently, Ikeda’s method for roll damping is used for wide-breadth and shallow-draught vessels with low
KG. However, the estimated results may be overestimate, because the estimated bilge-keel roll damping by
Ikeda’s method does not sufficiently include the effects of shallow-draught and low KG. To improve Ikeda’s
method, Katayama et al. (2019, 2021, 2022) have investigated their effects on normal force component of
bilge-keel roll damping with and without free surface and proposes some modifications. However, it is
indicated that the estimated results by the Ikeda’s method including the modifications is not always enough by
comparing to the measured results, because the effects on hull pressure component of bilge-keel roll damping
is not taken account. In this study, the effects on hull pressure component of roll damping are investigated
numerically to improve Ikeda’s method. As the results, it is found that the larger B/2d at KG/d=1.0 (or
0G=0.0) makes larger difference of pressure distributions on hull surfaces around two bilge-keels, and it is
also cleared that the negative pressure coefficients Cp™ are affected by B/2d and becomes smaller than the
results of Ikeda’ method.

Keywords: Roll damping, Tkeda’s method, Bilge-keel component.

modifications have not always enough accuracy and

1. INTRODUCTION especially for low KG even if draught is not shallow.

The characteristics of roll motion are one of  One of reasons is supposed that the effects of Ho and

important factors for ship safety. However, it is  KG/d on hull pressure component of bilge-keel roll
difficult to estimate roll motion accurately by only damping is not considered yet.

potential theory because of significant viscous In this study, the effects of Ho at KG/d=1.0 (or

effects on roll damping. 0OG=0) on hull pressure component of bilge-keel roll
As one of estimation methods of the viscous  damping are investigated numerically to improve
effects on roll damping, Tkeda’s method (Ikeda et al., Ikeda’s method.
1978a, b) is well-known. However, it is pointed out
by Tanaka et al. (1981) that the method may
overestimate roll damping for vessels with shallow- 2. BILEGE-KEEL ROLL DAMPING
draught and low KG. COMPINENT OF IKEDA’S METHOD
To improve ITkeda’s method, Katayama et al.
(2019, 2020) investigate the effects of Ho (=B/2d:
half breadth to draught ratio) and KG/d on the
coefficient f which is a correction factor to take
account of the increment flow velocity at bilge on
hull and propose two new coefficients g(Ho) and
h(KG/d).  Moreover, Katayama et al. (2022) Bex =By +Bs, 1)
investigate the effects of free surface on drag
coefficient of bilge-keel Cp and propose new where By is normal force component due to normal
coefficient i(KG/d, Ho). However, the estimated force acting on bilge-keels and Bs is hull pressure
results by Ikeda’s method including the

2.1 Original method

In Ikeda’s method, bilge-keel component Bgk of
roll damping coefficient is composed of two
components

15
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component due to pressure on hull surface created by
bilge-keels.

Equivalent linear sectional normal force
component By is
’ 8 2 2
BNzgprw%bBKf Col, 2

where p[kg/m®] is density of fluid, r [m] is the
distance from roll axis G to hull surface attached on
bilge-keel, w [rad/s] is roll angular frequency and ¢a
[rad] is roll amplitude, bsx [m] is breath of bilge-keel
and I; [m] is the distance from roll axis G to the
normal vector to bilge-keel which through the point
where is on hull attached bilge-keel. Cp is drag
coefficient and f is the correction factor to take
account of increment of flow velocity caused by hull
form at the point on hull surface where bilge-keel is
attached, and they are determined by measured data
as follows

22.5
Cp, = .f+2'4 (4 <Kc< 20) (3)
C
f =1+0.3e 00 )

where ¢ is area coefficient of cross-section and Kc is
Keulegan-Carpenter number as follows

U 7rg,

K =
D bex

: Q)

where T [s] is period of the oscillation, Umax [M/s] is
amplitude of characteristic velocity and D [m] is
characteristic length. In the case of this study, T is
roll period, Umax is the velocity caused by rolling at
the point on hull surface where bilge-keel is attached
and D is twice of breadth of bilge-keel.

Equivalent linear sectional hull pressure
component B’s is
B! =ipr2a)¢ fzj C,-1dG (6)
S 37T a G P '

where G [m] is girth length along hull, I [m] is
moment lever, Cp is hull pressure coefficient and its
values for front and back face of bilge-keels are
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1.2
C, =
12-C,

Fig.1 shows two pressure distributions on hull
measured by lIkeda et al. (1978b). To simplify the
distribution as shown in Fig. 2, positive pressure
coefficient Cp* is empirically taken as 1.2 at front of
bilge-keels and O at water surface and keel. And
negative pressure coefficient Cp is 1.2 - Cp from the
relation of Cp = Cp* + Cp'. Length of the negative-
pressure So [m] is obtained as

(for C;)

(forC;) "

S ztr
So ol ZH 05, (8)
bBK BK
2 0 2 4o ot
a L
/./lr Model A measured
4] b, =0.009m G 1 8,= 0.199
_{/ c Az 0,= 0,295
/ [ 4

A

7 , :

PN N s, 0o g

\ N NS

/ = \‘\“Jr:_‘_%;f-\

-4

Fig. 1 : Pressure distributions on hull measured by Ikeda et
al. (1978b).
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B o

=
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negative
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\
(@]
3

negative pressure

Fig. 2 : Assumed pressure distribution on hull created by
bilge-keels by lkeda et al. (1978b).

2. 2 Effects of Ho and KG/d on f

Tanaka et al. (1981) point out that Ikeda’s
method overestimates the roll damping when the
method is applied to a ship with shallow-draught,
and the tendency is more significant as KG of the
ship is lower. Moreover, it is explained that the
reasons of the overestimation are that the
interactions of waves made by hull and bilge-keels
decrease wave making roll damping component and
the free surface effects decrease the size of shedded
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vortexes by bilge-keels and their roll damping
component.

Katayama et al. (2019, 2020) focus on the
correction factor f and investigate the effects of Ho
and KG/d on f by using CFD. And new coefficients
g and h to include the effects of Ho and KG/d at small
roll amplitude are proposed as

g =@+0.75 (for1.0<H,<45), (9)
0
h=0.44tanh (O.SOEJ +0.70
d (10)

(for1.0<H,<45and0.5< o <4.5)

where KG is the height of roll axis from keel line.

2. 3 Effects of free surface on Cp

Katayama et al. (2022) propose the coefficient i
to include the free surface effects on drag coefficient
of bilge-keel Cp.

i— a-(%)+b (For O.GS%s 27) (1)

a(H,)=0.1366H; —0.9164H, +1.557
b(H,)=-0.1391H¢ +0.7497H, - 0.2877 (12)
(for 1.0<H,<4.2)

2. 4 Effectiveness of modifications

Fig. 3 shows the comparisons among the
estimated bilge-keel roll damping coefficients by the
original Ikeda’s method, the modified method and
the measurement by Katayama et al. (2019). In this
figure, the modified method including the
coefficients g, h and i is better than the original
method. Fig. 4 shows the ratio of the bilge-keel roll
damping coefficients estimated by the modified
method to the measured results. From this figure,
the modified method overestimates Bgk at Ho < 3.0.
The reasons for this overestimation are supposed that
the modified method has not included enough the
effects of Ho and KG/d on hull pressure component
of bilge-keel roll damping yet.
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Fig. 3 Comparisons among estimated bilge-keel

components by the original Ikeda’s method, the modified
methods and measured results.
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Fig. 4 : Ratio of bilge-keel components estimated by the
modified Ikeda’s method to the measured results. Marks in
this figure is the same as shown in Fig. 3.
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3. EFFECTS OF HALF BREADTH TO
DRAUGHT RATIO

3.1 Subject model and set up of CFD

Table 1 shows the principle particulars of the
subject model. The model is similar to one of the
used models when Ikeda's original method was
developed (lkeda et al., 19783, b).

Fig. 5 shows the relations of KG/d and Ho
between the 2D-models and existing vessels in
recent years. Two dotted lines shows Ho =B/2d=1.23
and KG/d = 1.0 and the values relates to Ikeda's
subject ships when Ikeda’s method was developed.
In this study, to investigate the effects of Hy on the
hull pressure component indicated in the subsection
2.4, Ho is determined at KG/d = 1.0 (and OG=0.0).

Fig 6 is the calculation domains for 2D-model
without free surface. The boundary condition on the
hull surface is non-slip and that on the semicircle
dummy superstructure is free-slip.

Table 2 shows computational conditions of CFD
and Table 3 shows calculation conditions of forced
roll testin CFD. In the forced roll test, to remove the
Kc effects on vortex shedding from bilge-keels, Kc
is constant but roll amplitude is not constant.

Table 1 : Principle particulars of 2D-model.

breadth: B [m] 0.237
0.1185, 0.096, 0.072, 0.057,
KG [m] 0.042
KG/d (or OG) 1.0 (0.0)
Ho (=B/2d) 1.00, 1.23, 1.65, 2.08, 2.82

. - 0.981, 0.977, 0.969, 0.961,
sectional area coefficient o

0.947
bilge radius [m] 0.035
bekxtek [mxm] 0.01x0.001
KG/d
5| | @ fullload @ |
[ | o ballast PUTC I
— :EEED ‘;E aog _omomLo
T P o %% oo |
T ; ’c *EFI.:I ﬁ; 1% o 8@
g E% i OHo=1 .65
l. E.} » H OHO0=2.08
1 —t . HO=2.82 |
Hy=3.0
6 . | : %
0 2 4 H,

Fig. 5 : Relations of KG/d and Ho between the 2D-models and
existing vessels in recent years.

Overset region

Pressure outlet

Fig. 6 : Schematic view of calculation model without free
surface,

Table 2 : Computational conditions of CFD.

turbulent model SST k-0

time discretization second-order accuracy
minimum mesh size [m] 0.00125

minimum time step [s] 0.0002

Table 3 : Calculation conditions of forced roll test in CFD.

roll period [s] 1.0
Kcin Eg. (5) 6.283
total calculation cycles 8

3. 2 Hull pressure coefficient and measurement
points of pressure on hull

Pressure on hull surface P” is obtained as average
value at four different moments when roll angular
velocity is maximum to remove numerical noise.
Measuring points of P* on hull for different Ho at
OG=0 are shown in Fig. 7.

Hull pressure coefficient Cp is obtained as
following

*

2P
Co=—"—3. (13)
p(ré,0)
Hy=1.0 _KG=d=118.5mm
1 65
=1.23 ==
. Hy=12 KG=d=96mm 0
g Hy=1.65 KG=d =72mm 58
H,=2.08 KG=d=57mm
1 H,=2.82 KG=d =42mm 55
131 {53
| 2 ’
7 7
o ¢
18 48
19 ~ ’3}

33

Fig. 7: Measuring points of hull pressure and their number
for different Ho.
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3. 3 Calculated pressure distribution and velocity

In Fig. 8, the distributions of Cp for Ho= 1.23,
2.08 and 2.82 at OG=0 are shown. The horizontal
axis indicates the point number. At Ho=1.23 which
is the standard condition of Ikeda’s method, Cp* of
the fore and the aft bilge-keels are almost same, and
Cr of the fore and the aft bilge-keels are also almost
same. However, according to increase in Ho, the
difference of Cp" and Cr of the fore and the aft bilge-
keels are larger.

Fig. 9 shows the pressure coefficients Cp* and
Cpr 0on the measuring point number 18, 19, 47 and 48
where are at the root of bilge-keels for different Ho.
In this figure, at No. 18 and 19 (the root of the aft
bilge-keel), according to increase in Ho, Cp*
increases and Cp decreases. On the other hand, at
No. 48 and 49 (the root of the fore bilge-keel), both
Cr" and Cp™ decrease, according to increase in Ho.

Fig. 10 shows pressure and velocity around
bilge-keels for Hy=1.23, 2.08 and 2.82 at the moment
when roll angular velocity is maximum. At the aft
bilge-keel, according to increase in Ho, the size of
vortex shedded by bilge-keel becomes smaller. At
the fore bilge-keel, accoding to increase in Ho, the
vortex shedded by bilge-keel go farther from hull.

4 7C
iy
L
2 o
% %
0 e +%WM
10 < 20 30 0% 50 60 70
) A R point number
E
o S
-4 A OH0=1.23
# © AH0=2.08
-6 28 <& '
CF * HO=2.82

-8

Fig. 8 : Distributions of hull pressure coefficient Cp for
Ho=1.23, 2.08 and 2.82.
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Fig. 9 : Ce* and Cp at the points where is the root of front
and back of bilge-keels for different Ho.
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Fig. 10 : Pressure and velocity around bilge-keels for Ho
=1.23, 2.08 and 2.82 (upper: aft bilge-keel, lower: fore bilge-
keel). Red line shows the draught line.
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3.4 Effects of Ho on Cp* and Cp

Fig. 11 shows the ratios of four Cp at the root of
bilge-keels for different Ho to the Cp for Ho=1.23. In
this figure, according to increase in Ho, the ratio of
Cp* for the aft bilge-keel increases, the ratio of Cp*
for the fore bilge-keel decreases and the ratio of Cp
for the aft and the fore bilge-keels decrease.

Fig. 12 shows the ratio of the average Cp* and
Cr of for the aft and the fore bilge-keels for different
Ho to those for Ho=1.23. For example, the average
Ce" means the average value of Cp* of the fore bilge-
keel and Cp* of the aft bilge-keel. In this figure, the
ratio of the average Cp* is almost constant regardless
of Ho, on the other hand, the ratio of the average Cp
decreases.

From the results, Cp* and Cp™ are affected by Ho.
To improve the lkeda's method, it is requierd to
consider the effects of Ho on the four Cp or the two
average Cp.

25
| Cp/Cp. 0O CP-(No.18) O CP+(No.19)
, | max ® CP-(No.d7) @ CP+(No.48)
o
15 +
o i 0
05 1 ¢ -
[ ]
0.‘r.i.r.‘:....i.r.‘:....i-..fu!ﬂ:
0 0.5 1 1.5 2 2.5 3

Fig. 11 : Ratio of Ce at the root of bilge-keels to Cp for
Ho=1.23.
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Fig. 12 : Ratio of average Cp of both sides for each Ho to Cp
for Ho=1.23.
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4. CONCLUSIONS

In this study, the effects of half breadth to draght
ratio Ho on the pressure distribution on hull caused
by bilge-keels are investigated by using CFD to
improve lkeda’s method. The following conclusions
are obtained.

1) Accoding to increase in Ho, the difference of Cp*
and Cp of the fore and the aft bilge-keels are
larger. The Cp* at the root of the fore bilge-keel
decreases and that at the root of the aft bilge-keel
increases. On the other hand, the Cp™ at the root
of both bilge-keels decrease.

2) When Ho changes, The angle of flude inflow to

bilge-keel is changed and it affects magnitude of

the shedded vortexes by bilge-keels and their
directions.

The ratio of Cp at the root of bilge-keels for

different Ho to the Cp for Ho =1.23 which is

associated with the target ships which are used
when lkeda’s method was developed are
obtained. Accoding to increase in Ho, the ratio of

Cp* for the aft bilge-keel increases and that for the

fore bilge-keel decreases. The ratio of Cp™ for the

aft and the fore bilge-keels decrease.

The ratio of the average Cp* is almost constant

regardless of Ho, on the other hand, the ratio of

average Cp™ decreases.

To improve Ikeda’s method, it is required to

consider the effects of Ho on the four Cp or the

two average Ce.

3)

4)

5)
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ABSTRACT

In the previous study on short-term prediction of roll in beam sea, the results solved one-degree of non-linear
roll motion equation with MSC (Monte Carlo Simulation) are different from the measured results. The primary
difference of the results is that the simulated average roll period is shorter than the measured one. In the
simulation, the power spectrum of roll excitation moment in irregular waves for fully captive hull is used.
Therefore, it is supposed that the peak frequency of power spectrum is affected by sway significantly. The
wave excitation roll moment for partly captured hull are measured, and it is confirmed that the measured power
spectrum at high frequency range is smaller than one for fully captive hull.

Keywords: Short-term Prediction, Roll, Wave Excitation Moment, Non-Gaussian Distribution.

1. INRODUCTION

The current formula to determine the roll angle
for structural strength assessment in Class NK’s
Technical Rule and Guidance gives a value based
upon maximum roll amplitude at probability Q=108
on long term prediction of roll amplitude. The
probability Q is defined as the number of encounter
waves, which is roughly corresponding to 25years of
designed life of a ship divided by 10s of average
encounter wave period. The long-term prediction is
obtained from combining short-term prediction of
roll amplitude and a probability of occurrence of
short-term irregular sea in long term. And the short-
term prediction is the energy spectrum method based
on the principle of linear superposition, which uses
roll response function at small wave height and wave
spectrum  of  short-term  irregular  waves.
Additionally, non-linearity of roll is included as
some correction coefficients obtained from model
experiments and empirical knowledge at the time of
development. However, the type of vessels has
increased after the time of developed the
coefficients, and the coefficients are not always
suitable for the newest vessels.

Therefore, the fundamental revision is required,
which is not only revision of correction coefficients
to apply the present formula to all type vessels in
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recent years, but also proposal of rational new
method to be able to apply to the vessel which will
be further diversified in the future.

In our research group, short-term prediction of
roll in beam sea has been studying using the non-
linear roll motion equation. In the previous study, it
is found that the results by Monte Carlo simulation
(MCS) method for the non-linear equation differ
from the measured results. Its primary difference is
that the mean roll period obtained by MCS is
different form the measured one. One of reasons is
supposed that the power spectrum of excitation roll
moment used in MCS is different from one for roll
motion measurement, because the power spectrum is
measured by fully captive model test.

Then, in this study, the wave excitation roll
moment with the partly captured model whose sway
(and drift) is free is carried out and the results are
compared with the results by the fully captive model
test.

2. SUBJECT SHIP

Subject ship is typical large PCC in recent years.
Fig.1 shows the body plan of the model, and Table 1
shows its principal particulars. Height of the center
of gravity KG and natural roll period T, are obtained
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from an inclining test and a free roll decay test,
respectively.
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Fig. 1: Body plan of PCC model.

Table 1: Principal particulars of the model PCC.

scale 1/97.5
overall length: Loa[m] 2.054
breadth: B [m] 0.330
depth: D [m] 0.351
draught: d [m] 0.100
ship weight: W [N] 359.46
height of the center of gravity: KG [m] | 0.152
metacentric height GM [m] 0.0126
natural roll period: Tn [s] 1.96
position of bilge keels 5.5.3.4 - 5.5.5.6.
initial trim [m]: da— df 0
LCG [m] from midship ( + aft) 0.0615

3. WAVE EXCITATION ROLL MOMENT

Wave excitation roll moment acting on the
model in irregular beam waves are measured at the
towing tank of Osaka Metropolitan University.
Fig.2 shows the fully captive model test that the
model is mounted under a 3-component load cell.
Fig.3 shows the partly captured model test. The load
cell mounted on model is attached to the drifting
carriage through the device whose heave is free to
avoid large heave load.

: Load cell
Wave H
e = WL, o G\i .................... Y
= = J

My(+) }

v

Fig. 2: Schematic view of the wave excitation roll moment
measurement with fully captive model.
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Fig. 3: Schematic view of the wave excitation roll moment
measurement with partly captured model whose sway (and
drift) and heave are free.

Table 2 shows the condition of measurements.
The conditions are same as one for roll measurement
in previous study (Katayama et al, 2023). Here, two
significant wave heights which do not cause water
on deck in model tests are set. Irregular wave
spectrum is ISSC spectrum, sampling frequency of
measurement is 100 Hz. The number of encounter
waves is at least 200 waves each case. To avoid the
effects of reflected wave by the end of towing tank,
the time of one measurement is about 40 s and the
measurement for one wave spectrum is repeated 7
times at the spectrum with different phase
differences. The measured wave power spectrums
are shown in Fig.4.

Table 2: Wave condition in the tests.

Wave spectrum ISSC spectrum
Significant wave height: Hyz [m] 0.03, 0.06
Average wave period: T [s] 1.392

Figs.5, 6 show the power spectrum of wave
excitation roll moment by the fully captive model
test and the partly captured model test. The results
by the fully captive model test are the almost same
as the results in previous study (Katayama et al,
2023). However, the results by the partly captured
model test show higher peak than that by the fully
captive model test and its peak frequency is near the
peak frequency of the incident