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ABSTRACT

Accurate predictions of the behavior of ships in steep regular waves or in a natural seaway
must take into account nonlinear wave responses, especially for roll motions, section
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moments, and hull vibration excitation. In contrast to CFD methods, here fully nonlinear

seakeeping simulations are presented based on potential flow with empirical corrections.
This reduces the computing effort by several orders of magnitude. Comparisons with other
calculations and model experiments for benchmark cases show that the accuracy of the
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present method is not worse than that of the best other computations and model
experiments. After about ten years of development, the method appears mature for routine
applications. The source code of the program is available from the author if an adequate

gift is donated to the Médecins Sans Frontieres.

1. Introduction

The behaviour of ships in a heavy seaway is predicted
with various objectives. To name only the most impor-
tant ones: The loads in hull cross sections are required
for dimensioning the hull’s longitudinal members like
shell, deck and longitudinals. Accelerations are
responsible for losses of deck containers and sea-sick-
ness of passengers. Severe roll motions may also cause
container losses, cargo damage and injuries of passen-
gers and crew or even capsizing. Wave-induced drift
forces often cause speed losses and may contribute
to the inability of a ship to avoid stranding in heavy
wind and seaway directed onshore.

To predict seakeeping of ships, strip methods (Kor-
vin-Kroukovski and Jacobs, 1957, Bertram et al,
2006), Green function methods (Papanikolaou and
Schellin, 1992, El Moctar et al., 2021), Rankine panel
methods (Bertram, 1990, El Moctar et al., 2021) and
CFD methods (Ferziger and Peric, 2008, El Moctar
et al., 2021) are used; the former 3 either as frequency-
domain methods (dealing with ships in regular waves
followed by a statistical analysis for natural waves) or
as simulations (modelling the motions over time),
whereas in CFD, simulations are used nearly exclusively.
Frequency-domain methods cannot deal accurately with
responses depending nonlinearly on wave height; thus
high accuracy of predictions requires simulations.

The method described here is aimed to predict ship
motions and other wave responses with the same
(high) accuracy as CFD methods also in steep waves

or seaway where nonlinear responses are important,
however with a computational effort which is smaller
than in CFD methods by orders of magnitude. On a
present-day standard PC, simulating a time interval
T takes, typically, less than 10T, thus allowing
extended simulations. This is attained by using a Ran-
kine source method, which simulates the water flow
around the ship as a potential flow. Contrary to CFD
methods, viscous forces and flow separations (e.g. at
stern, rudder, bilge keels) cannot be modelled in detail
by potential methods. However, because these details
are not dominant in seakeeping, they are modelled
in the present method by empirical approximations.
The present method satisfies the nonlinear boundary
conditions of the flow potential on the body surface
and on the water surface both at their actual positions.
Compared to methods which take into account non-
linear effects only for the body boundary condition
(Hachmann, 1986, van Walree et al., 2020), satisfying
also the nonlinear free surface conditions involves
additional difficulties, but appears important for the
accuracy of results (El Moctar et al., 2021, chapter 15).
A key to solving these difficulties was using the concept
of the acceleration potential (Bandyk and Beck, 2011).

2. Computational method for a rigid hull

The method for rigid hulls is described in detail in
Soding (2020), El Moctar et al. (2021); thus, only an
overview is given here.
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The flow potential is determined by a panel
method, here in the ‘patch method’ variant (S6ding,
1993). On the body, the panel grid is generated once
only before starting the simulation, separately for
hull, possibly deck and superstructures (if these may
become submerged during the simulation), and
transom (Figure 1). Transom panels are assumed dry
(skipped) or wet (taken into account) depending on
the transom Froude number based on the actual
flow speed at the transom and on its depth of the
immersion (Mola et al., 2017). To apply a body-fixed
panel mesh reduces the numerical effort of the simu-
lation and improves the robustness of the method. It
implies that there are partly immersed panels. The
pressure force and moment on these panels are deter-
mined using only the submerged part. Further, the
influence of partly submerged panels on the flow
potential is reduced according to the ratio « of sub-
merged to total panel area. This is accomplished by
multiplying the coefficient on the main diagonal of
the equation system for source strengths, which corre-
sponds to that panel, by the factor 1/ca.

If non-smooth body parts like superstructures, con-
tainers etc. become submerged, potential flow cannot
resolve the massive flow separation at these obstacles,
especially in case of substantial forward speed. Thus
the accuracy of results will suffer, but the simulation
can proceed also in these cases.

In most (even linear) panel methods, second
derivatives of the flow potential at the hull surface
are required. These may cause accuracy problems
because typical panel methods converge for small
panel size to correct first, but not to correct second
derivatives of the potential. In the present method,
however, second derivatives of the potential are
required only for the incident waves (where they can
be computed accurately), not for the flow disturbance
by the body, because the latter is formulated as follow-
ing the body motions, an idea taken from Hachmann
(1991).

The wave field around the body consists of

(1) An incident regular wave, or a stationary incident
natural seaway

(2) Waves generated by the mean forward speed of
the ship (below called steady waves)

(3) Radiation waves generated by the oscillatory ship
motions

(4) Diffraction waves consisting of reflections of inci-
dent waves at the ship hull and waves transmitted
under the hull to its lee side

The nonlinear interactions between these contri-
butions are taken into account. In the following,
waves listed under 2 to 4 will collectively be called dis-
turbance waves.

Rankine sources for modelling the water flow
around the ship require a panel mesh also on the
water surface. The alternative of using Green func-
tions which satisfy also the linearized free-surface con-
dition is not used here because it can satisfy neither the
interaction with the steady flow around the ship in
case of forward speed, nor the nonlinear free-surface
boundary conditions. High accuracy requires that
the free surface panel mesh may not be extended
into the ship hull; instead, it must be generated around
the actual waterline, and it must reach up to a suitable
distance from the body. The radiation condition
(steady waves not in front of the body; only outgoing
radiation and diffraction waves) is satisfied best in a
structured panel mesh. Because the waterline shape
may change severely, for example, if a transom
changes from immersed to emerged, the free-surface
panel mesh is generated anew at the beginning of
each time step. Within each time step, the mesh is
deformed, keeping its topology. The Runge-Kutta
4th order method is applied for time integration; it
implies four sub-steps per time step.

Reflections of disturbance waves at the outer
boundary of the free-surface panel mesh must be
avoided. This is alleviated by computing only the dis-
turbance waves numerically by means of the panel
method, and by damping them, assuming higher or
lower atmospheric pressure where the water surface
is moving (in a coordinate system moving with the
horizontal ship velocity) upward or downward,
respectively. The applied damping factor is small at
the waterline and increases gradually farther off
from the body.

Excitations by regular waves or a natural seaway are
determined, however, without any damping. Non-
linear regular waves are determined using Fenton’s
method (Fenton,2018). It uses a Fourier development
of the stream function of the wave flow and a modified
Newton method for solving numerically a nonlinear
equation system for the Fourier coeflicients and
some other quantities. The equations of this system
follow from continuity and the nonlinear boundary
conditions at the water surface. Deep or shallow
water may be prescribed.

To simulate the ship in a natural seaway, a linear
superposition of regular (elementary) waves of differ-
ent frequency and direction (the latter only in case of
short-crested seaway) is used. Because short waves
have not much influence on ship motions and loads,
the wave spectrum is approximated only up to a maxi-
mum frequency of 2.5 times the peak frequency. For
the same reason, a high-order approximation of the
natural seaway (e.g. Ducrozet et al., 2016) is held to
be unnecessary here. However, the most important
nonlinear effects in a seaway are taken into account
approximately by evaluating the wave flow potential
of the elementary waves, as well as its partial



SHIP TECHNOLOGY RESEARCH e 3

R S e e 2% (O D I (R I O O O R R S
i [« | @ | eape |

Figure 1. Example of a panel mesh of the 6500 TEU containership in regular head waves of 8 m height. Point sources are indicated
as dots. Colors on hull panels code the dynamic pressure, contour lines show the disturbance waves. Slight differences between
port and starboard waves are caused by minor programming details involving the order of panels.

derivatives, at the actual point of interest, for example,
at the actual, not the mean water surface. However,
this requires special precautions. Without these,
short elementary waves would become overly steep
on the wave crests of the total seaway, and would
nearly vanish in its wave troughs, due to the factor
exp( — kz) (for z increasing downwards), which, for
short waves (large wave number k = 27/\, where A
is the wave length), may be >>1 on a wave crest,
or nearly 0 in a wave trough.

In the relevant literature (e.g. El Moctar et al., 2021,
chapter 4), several methods are described to better
approximate the nonlinear seaway. In the present pro-
gramme, to determine wave flow quantities at a point
X, at first the ’orbital motion centre’ X, is determined,
at which the fluid particle would come to rest if the
seaway were fading out. The interesting flow proper-
ties are then determined as a sum over all elementary
waves. For each elementary wave e, flow quantities are
then evaluated at a point X, between X and xj, where
X, — xo takes account of all waves with wave number
k > k,, but excluding those with k < k,.

To satisfy the radiation condition for the steady
waves, Dawson’s method (Dawson,1977) is used:
Derivatives of the disturbance wave potential in the
direction of the steady flow at a point P are determined
numerically using 4 points at and in front of P. The
coefficients of the formula are determined from
approximating the potential by a 4th-order poly-
nomial lacking the 3rd-order term.

The flow potential of the incident wave or seaway is
known primarily at the surface of the incident waves

and must be continued to the surface of the combined
incident and disturbance waves. This may cause
instabilities of the procedure to satisfy the nonlinear
free-surface conditions. Means to avoid this are
described in S6ding (2020).

A look to the waterline of a ship with reasonable
forward speed shows that there is no smooth, sharp
water surface. Therefore, in the present method the
surface height and the flow features at the waterline
are determined not from the body and/or free-surface
boundary conditions, but are extrapolated from the
next two grid points aside. Correspondingly, decreas-
ing the free-surface panel sizes too much, especially in
case of high Froude numbers, will result in too steep
disturbance waves, causing divergence and stopping
the simulation.

Modern cargo ships have, typically, strongly flaring
or nearly flat section shapes above the propeller and
rudder. This may cause a dove-tail shaped or even dis-
continuous waterline at the stern, resulting in a rugged
free-surface panel mesh. To avoid this, the least-
squares method is applied in each time step to
approximate the waterline in the stern region of
such ships by a straight line.

The boundary condition at the water surface con-
tains terms involving the partial time derivative of
the flow potential. To determine the latter from
finite differences between successive time steps
would be inaccurate because the panel mesh may
change even topologically. Therefore, the time deriva-
tives are determined directly from time derivatives of
the boundary conditions (Bandyk and Beck,2011).
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However, interpolation of flow quantities between
different panel meshes at the end of one time step
and the beginning of the next one is still necessary
for the water surface height and the disturbance flow
potential there.

In every time sub-step, eight linear equation sys-
tems are solved for the source strengths belonging to
each panel. One system follows from the boundary
conditions of the flow potential, six follow from the
time derivatives of the body boundary conditions for
unit accelerations of the body in its six degrees of free-
dom (these are used to determine the added mass
matrix of the body), and one for the time derivative
of that part of the flow potential which does not
depend on the body accelerations. Because these
eight linear equation systems have the same coefficient
matrix, their solution does not require substantially
more computer time than solving a single equation
system.

To use the added mass matrix for the time inte-
gration of the body motions improves substantially
its stability and accuracy and allows relatively large
time steps (S6ding,2001). Typically 25 to 35 time
steps per wave encounter period are used in the
Runge-Kutta time integration, which determines the
following time functions:

Average potential on each free-surface panel

Free-surface height at panel corners

Three components of translation of the ship’s centre of
gravity and of its translation speed

Three Euler angles and three components of the angu-
lar velocity of ship rotation

The transverse ‘lift’ force generated by the hull and
the rudder (in midship position) in case of a drift angle
or oblique waves cannot be determined directly by a
source-generated potential flow. Instead, it is esti-
mated by a formula following from slender-body the-
ory (Brix,1993).

In the following, only straight-ahead courses are
simulated. The ship should then keep, on a longer
time scale, the prescribed speed, course angle and
track while allowing wave-induced ship motions in
all degrees of freedom. This is accomplished, like in
many model experiments, by applying external longi-
tudinal and transverse forces and a yaw moment.
Their size is determined by a PID controller depend-
ing on the deviation of ship position and heading
from the intended values.

To avoid excessive pressure and surface defor-
mation at the start of a simulation, the ship is acceler-
ated from zero speed to the intended average speed,
using an acceleration decreasing linearly to zero
within a given time interval.

3. Hull vibrations

Loads in transverse ship sections may be substantially
influenced by wave-induced hull vibrations. Therefore
the programme was extended to take account of global
hull vibrations, in which the ship’s cross sections
translate and rotate, but do not deform.

Typically, the lowest eigenfrequency of hull
vibrations is 5-10 times larger than the encounter fre-
quency of the most relevant head waves. To treat these
vibrations like the rigid-body motions by integrating
their motion equations numerically would require
five to ten times smaller time steps even if only the low-
est vibration mode is taken into account. To avoid this
increase in computing time, only the vibration exci-
tation is treated nonlinearly, while hull vibrations fol-
lowing from that excitation are determined using a
linear method. This is possible because global hull
vibrations have amplitudes which are, even in large
ships, typically less than 5% of the exciting wave ampli-
tude. Further, the nonlinear vibration excitation can be
determined for the rigid hull without knowing its
vibrations. This allows to determine the vibrations
using time steps which are not substantially smaller
then required to simulate motions of the rigid hull.

A modal analysis of global hull deformations is per-
formed by a separate program [S6ding 2009] before
starting the simulation. In the examples described
later, the hull was modelled simply as a Timoshenko
beam, taking into account only vertical bending and
shear deformation. According to various full-scale
measurements, for example, Mathisen et al. (2009),
these vertical, symmetric vibrations contribute much
more to the vibration amplitudes than coupled hori-
zontal/torsional and longitudinal vibrations. Six
modes of lowest eigenfrequency were taken into
account. They have two to seven nodes (zero points
of the oscillatory mode shape).

Determining the mode frequencies and mode
shapes in still water before starting the simulation
avoids to increase the required computing time com-
pared to rigid-body simulations; however, this
neglects the change of eigenfrequencies (and slight
changes of the mode shapes) caused by the added
mass, which depends on the submergence especially
of both ship ends. At the moment, there is no proof
that this has only small influence on the loads in
hull cross sections, but it is estimated as plausible.

The following data are determined for the selected
number of modes and transferred to the simulation
programme:

Mode eigenfrequency Q and damping. The latter is
estimated only from full-scale measurements in
similar ships.

Mode shapes described by the translation and rotation
of cross sections at a number of longitudinal



positions. Between these, the mode shape is
interpolated.

Additional loads caused by the modal vibration at
those cross sections where shear force and bending
moment are of interest, separately for unit modal
deformation and unit acceleration (Damping
forces are much smaller and are neglected here).

Vibratory translations lj(x, t) of the ship’s cross
sections at the ship-fixed longitudinal position x are
approximated as

]
Ulx, t) = ZvJ-(t)a‘(x), (1)

j=1

where i(x) is the translational mode shape, and J is the
number of modes taken into account. As the different
modes are uncoupled by definition, each mode is con-
sidered separately. Therefore, the index j is omitted in
the following. The time function v(t) follows from the
motion equation

kv(t) + dv(t) + mi(t) = f(¢). (2)

Modal stiffness k, damping d and mass m follow
from the modal analysis and are approximated as
constant during the simulation. Only the mode exci-
tation f(#) and the vibration v(t) following from it
must be determined during the simulation. The exci-
tation is

() = j G0 dx. 3)

L

Here g is the external pressure load per unit length
in x direction together with the d’Alembert mass
load produced by the rigid-body accelerations.

At the beginning (designated by index 1) of each
Runge-Kutta time step of length At, the quantities
vy, v and ¥; are known as results of the previous
time step. At time At/2 later, the excitation f, is
determined as the average result of Equation (3)
for the second and third Runge-Kutta sub-steps;
and at the end of the time step, f; is determined
for the first sub-step of the next time step. From
these quantities, v3, 73 and ¥; at the end of the
time step shall be determined, together with inter-
mediate results v,, 7, and ¥, at the middle of the
time step.

From Equation (2) follows:

kv, + dv, + m, Ifz; (4)

kV3 + d‘V3 + mi>3 :f3. (5)

The vibration acceleration ¥(t) is approximated as a
second-order polynomial having the values ¥, ¥,

SHIP TECHNOLOGY RESEARCH e 5

and V5 at times #;, t; + At/2 and t; + At, respectively:
t—t

V(t) =V + (=3 + 40, — i>3)—At + (29,
. L (t=n)
—4vy + 2V3) ————. 6
2+ 273) B (6)
Integrating this equation gives
t—t;
V(t) = 1'/1 +j V(tl + ’T)d’T
0
=+t —t) + (=30 + 40,
N i
— V3)Ttl + (21/1 — 41/2
(=)’
+2 7
3) 30 7)
Another integration results in
t—t
V(t) =" +j i/(tl + T)dT
0
t—t)
=V1+f’1(t—f1)+i}1( )
conp
. N G
+ (=301 + 49, — 3) 6At1
, , . (E—n)
+ 2V — 4V, +2v .
( 1 2 3) 12(At)2

From Equation (7), the following two equations result
for t = t; + At/2 and t = t; 4+ At, respectively:

) ) . .. A
vy =1 4+ (5v) + 8V, — V3)ﬂ; 9

. . ; .. A
V3 =11 + (I +4V2+V3)?- (10)

Correspondingly, Equation (8) results in the relations

At . .. (AD?
V2=V1+V17+(7V1+6V2—V3)%; (11)
At)?
vs = v + 1At + () + 2{/2)( 6) . (12)

Equations (11), (9) and (4) are combined to eliminate
v, and v,; correspondingly, v; and 73 are eliminated
from a combination of Equation (12), (10) and (5).
This results in a linear equation system of only 2
equations:

m+k(At)*/164+dAt/3 —k(A1)*/96—dAt/24 \ (2
k(At)*/3+2dAt/3 m+dAt/6 i
f3 —k(Vl +V1At+ 1)1 (At)2/6) — d(V] +V1At/6)
(13)

B (fz —k(vy + 11 At/2+ 70, (A1)? /96) — d(in +5i>1At/24)>

This system is solved for ¥, and ¥;. Equations (12) and
(10) are then used to determine v; and 73, which become
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the values v; and ¥, for the next time step. And if
required, v, and ¥, can be determined from Equations
(11) and (9).

This procedure turns out to be slightly unstable if
the non-dimensional vibration damping

_d
T 2mQ

is zero or small, where ) = \/k/m is the mode eigen-
frequency. Therefore, a small additional damping is
added. Its non-dimensional parameter D, is deter-
mined from the condition that the integration is
stable, but near to the stability limit if the physical
damping D is zero. The necessary additional damping
depends on QAft; it is approximated here as

(14)

D, = exp(—3.1 — 0.81 - Max(3 — QAt, 0)*). (15)

Figure 2 illustrates this function.

For a typical case (large containership in a regular
head wave with wave length A = 0.53L,), this results
in D, values according to Table 1. In no case higher
additional damping than 4.5% is required. In the
usually more important cases of longer waves, D, is
even smaller than according to the above table.
Thus, this integration scheme can be used for time
steps exceeding one half of the shortest modal period
without becoming unstable or giving unreasonable
results.

4. Details of the following simulations

The number of Runge-Kutta time steps (each com-
prising four flow evaluations) was, usually, about 35
per wave encounter period. The number of panels
on both sides of the ship hull varied between about
1900 and 4000, of which, typically, 55-60% are partly
or fully submerged on average. The smaller number of
body panels was shown to be sufficient even in the
shortest waves tested. If large roll angles occur,

\
3.0

lo D
g10 a

-1.5

Omega Delta t
0 1 2 3 4

-1.0

Figure 2. Additional non-dimensional damping D, depending
on time step At and mode eigenfrequency Q.

Table 1. Additional non-dimensional damping D, for six
vertical vibration modes of a containership.

Mode 1 2 3 4 5 6
Q[rad/s] 270 5.12 7.62 10.13 12.42 14.89
QAt 0.59 113 1.68 2.23 2.73 3.28
Dq 0.04% 0.26%  1.09% 2.78% 4.25% 4.50%

additional panels are arranged on the ship’s deck,
and for low or zero ship speed also on the transom.

The typical panel size on the free surface was wave
length (significant wave length in case of natural sea-
way) divided by 30-40, but not less than 5.5% of the
ship length. This results in about 1200 free-surface
panels in longer waves, and up to about 5000 in
short waves.

Computing times are, typically, 7-10 times the
simulated time span for large ships in full scale on a
modern PC containing 10 real and 10 virtual pro-
cessors. The programme is written in Fortran 95
with parallelization using OpenMP and linear algebra
operations using LAPACK.

In the following, results for the three containerships
of Table 2 will be presented.

Coordinates used in the following are x (positive
forward), y (positive to starboard) and z (positive
downward).

5. Verification for rigid ship hulls in regular
head waves

Figures 3 and 4 show wave responses depending on
wave frequency for the 10,000 TEU containership.
Results of model experiments in regular waves of 3
m height by [Hong 2013] (A) are compared with
results computed by [Oberhagemann 2016] using the
RANSE commercial programme COMET (s), with
the linear panel method GLRankine (Séding et al.,
2012; curves), and with the present method designated
as SIS (Ship In a Seaway) (o and ). Generally, the
motions determined by all these methods coincide
quite well. An exception is the heave motion at low
frequencies, where the linear programme GLRankine
gives higher values than all other methods. In this fre-
quency region, the heave motion is quite sensitive
because in this frequency range is the heave resonance,
where mass and restoring forces cancel, and also the
Froude-Krilow excitation is largely cancelled by the
diffraction force. Tests with different panel meshes
for the GLRankine method show that the finite size
of the panels is not responsible for this difference.

Table 2. Main particulars of the three containerships used as
test cases.

Lyplm]  Blm] Tm] A[m?] xglm]  rgy[m]
10000 TEU  321.0 484 1500 142158 —9.00 77.22
6500 TEU 286.3 403 1326 92952  —6.89  68.88
DTC 355.0 510 1450 173467 —3.43 8877
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Figure 3. Nondimensional heave and pitch motion amplitudes at the centre of gravity G in periodical head waves of 3 m (asterisks:
0.2 m) height. 10,000 TEU containership at speed 20 kn. SIS: results of the present method.

More important is the finite wave height of 3 m,
whereas GLRankine computes for a wave height tend-
ing to zero. The influence of this difference is illus-
trated by the circle (for 3 m) and asterisk (for 0.2 m
wave height) symbols. The non-dimensional heave
and pitch motions tend to 1 for low frequency, but
this is not clearly visible in Figure 3 because the lowest
frequency w = 0.35 rad/s shown in these figures is not
small enough.

In Figure 4 the non-dimensional vertical bending
moment at midship section is given, again as a func-
tion of wave frequency. Also here, differences between
the different methods for 3m wave amplitude are quite
small, whereas differences between 3m and vanishing
wave amplitude are much larger.

In Figure 5, the dependence of the nondimensional
responses on wave height is shown for a wide range of
wave heights for a single wave length 310 m. The line
to the point for 9 m wave height is broken because, in
that condition, the ship’s deck is partly submerged.

The following figures refer to the 6500 TEU con-
tainership. Figure 6 gives nondimensional linear

0.025 ‘ "
My/(rho g B L"2 Aw)
. |4
ol ©
0.02 A
o o
T T
0.015 > 5
0.01 *
GLRankine, coarse mesh °l .
.___ GLRankine, fine mesh X
o program SIS .
0.005 * SIS, wave height 0.2m
’ = COMET, Oberhagemann N__—*
A Exp.S.Y.Hong
0 omega [rad/s]
0.35 0.4 0.45 0.5 0.55 0.6 0.65

Figure 4. Nondimensional vertical midship bending moment
amplitude. p means fluid density, g gravity acceleration, L ship
length between perperdiculars, and A, waterline area. Other
details like in Figure 3.

transfer functions of surge, heave and pitch motions
at the centre of gravity G, while Figure 7 shows trans-
fer functions of the vertical shear force at L;,/4 and
3L, /4 before the aft perpendicular, and of the vertical
bending moment M, at midship section. Simulations
using the present method were performed in waves
of 1 m height using larger and smaller control forces
(larger, smaller circles). Here, the results are sensitive
to the size of the control force for heave and pitch at
speed 15 knots near the wave frequency 0.5 rad/s. As
before, the high sensitivity is caused by heave and
pitch motion resonance and nearly cancelling of
Froude-Krilow and diffraction excitation force. The
substantial differences of the shear force shown in
Figure 7 for higher frequencies between, on the one

0.7 | ; ,
kh\%tampl. / wave ampl. ‘
e—program SIS
¢program GLRankine
0.6 ‘
) __l——e
——
0.5 wave height [m]
0 2 4 6 8 10
07 . T T T
pitch ampl. / (k * wave ampl.)
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-— o o
\0— ——— e
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0 2 4 6 8 10
0.024 ; ; ‘
My/(rho g B L2 wave ampl.)
0.022 -
I o
/—’
0.02 // wave height [m]
oY 2 4 6 8 10

Figure 5. Dependence of nondimensional responses on wave
height for wave length 310 m. Other details like in Figure 3.
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Figure 6. Transfer functions of surge, heave and pitch motion of the 6500 TEU containership at G in head waves for speed 5 (left)
and 15 (right) knots. Curves: Results of programme GLRankine (S6ding et al., 2012); dots: results of model experiments by MOERI;
circles: present method for larger and smaller control forces (larger, smaller circles).

hand, results of model experiments and present simu-
lations, and, on the other hand, the linear panel
method and the RANSE calculations, deserve further
investigation. The same holds for the vertical bending
moment transfer functions at high wave frequencies:

They appear substantially larger than the results of
the other methods, which is in contrast to results for
higher wave amplitudes (Figure 8).

Whereas Figures 6 and 7 show results for small
wave amplitude, Figure 8 gives results in steep waves
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Figure 7. Non-dimensional shear force F,/pgl p,BA at stations in the after- and fore-body, and bending moment My/(ngi,pBA)
(A = wave amplitude) at midship section. Asterisks for RANS calculations (von Graefe et al., 2014). Other details like in Figure 6.

of 7m (left) and 10m (right) wave height. Here non-
linear effects, especially differences between the absol-
ute value of positive and negative responses, are
important. Because these differences are much larger
for loads than for motions, here nonlinear section
loads are presented. Details of the response evaluation
can be important. Because of their relevance for
dimensioning the ship structure, non-dimensional

values of the maximum and minimum loads within
an encounter period (averaged over a few encounter
periods) minus the corresponding load without
waves, but with forward speed are presented. Various
alternative evaluations are possible but appear less rel-
evant, for example, to use the Fourier coefficients of
the load’s time track at the encounter frequency, or
to subtract from the extreme values the average load
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Figure 8. Maximum and minimum non-dimensional shear force f,/(pgL ,,8A) and bending moment My/(ngi,pBA). 6500 TEU con-
tainership sailing with five knots in regular head waves of 7 m (left) and 10 m (right) height. Curves: linear programme GLRankine;
dots: model experiments by MOERI; asterisks: RANS calculations (S6ding et al., 2012); circles: present method.

in still water without speed ahead, or the average load
in the wave.

Finally, Figure 9 gives results for another container-
ship, the Duisburg Text Case (DTC), in steep head
waves. The figure presents heave and pitch motions
and the added resistance coeflicient
Car = R/ (pg(3B? /L pp), where {, is wave amplitude.
Results of model experiments are compared with those
of RANSE calculations [Sigmund and el Moctar 2018]
and of the present method for a coarser and a finer
body panel mesh. The wave steepness 2{, /A decreased
from 4.5% for A/L,, = 0.44 gradually to 1.43% for
A/Ly, = 2.50. The close coincidence of results by

different methods for the same wave conditions
demonstrates an exceptional accuracy of both the
model experiments and the nonlinear calculations.

6. Verification for a rigid ship hull in regular
quartering waves

Accurate simulations in quartering waves cause more
difficulties than simulations in head or following
waves. Reasons for this are:

e Roll eigenperiods are large compared to the eigen-
periods of the other degrees of freedom due to the
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Figure 9. Nondimensional heave and pitch motion and added resistance coefficient of the DTC containership in steep head waves
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small roll restoring moment. Thus roll motions are Contrary to the roll motion, measured and
sensitive, for example, for control forces in the  computed linear and nonlinear results agree quite
simulations, or for steering control or spring forces ~ well for the other five kinds of motions. Corre-

in model experiments. sponding results are found for loads: Torsional
e Roll restoring is highly variable in waves; it may =~ moments, which are small, sensitive and strongly
even become negative on a wave crest. influenced by roll motions, show large differences
e Viscous effects are more important for roll, sway between measurements and calculations, whereas
and yaw motions than for heave and pitch. bending moments and shear forces agree well, as
is shown for the horizontal bending moment in

Figure 11.

Correspondingly, large differences between
measured and computed motions are found for roll
motions in long waves (small wave frequency; Figure
10). A small metacentric height GM of only 1.14 m
was assumed in experiments (1.8 cm in model scale)
and computations. Thus roll motions may have been ~ This chapter gives results of the present method for
influenced by the soft springs used in the experiments  the 10,000 TEU ship (Oberhagemann,2016), assuming

7. Results for an elastic hull in in regular
head waves

to keep the model on course. an elastic hull modelled as a Timoshenko beam. Six
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Figure 10. Linear motion transfer functions of the 6500 TEU containership at G in quartering waves (u = 60°) at speed 5 kn. «:
experimental results by MOERI; curves: linear panel method GLRankine; circles: present method.
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Figure 11. Linear transfer functions of the nondimensional moments M/(ng2 BA) (upper figures torsional, lower horizontal
bending moment) at three sections. Other details like in Figure 10.

vertical vibration modes were determined for the hull
in still water before starting the simulations. Figure 12
shows time tracks of motions and loads in the midship
section. An initial interval is substituted by a straight
lines to avoid excessive transient values. Results refer
to the ship sailing with 10 knots in regular head
waves of 310 m length and 8 m height. In this con-
dition, the wave encounter frequency is 1/5 of the low-
est vibration eigenfrequency; thus the 5th order wave
excitation is in resonance with the 2-node bending
mode. Whereas the centre of gravity motion is not
influenced by the vibrations (as it must be), the mid-
ship section loads show a superposition of oscillations

surge

N A AMA

with the wave encounter frequency and the 2-node
vibration eigenfrequency.

Figure 13 shows the same for the time functions v
in Equation (1) of the lower vibration modes, which
correspond to vertical vibrations of the hull structure.
Substantial vibrations are excited for the lowest
vibration mode because of the above-mentioned res-
onance condition. The next higher mode oscillates
nearly alone with the wave encounter frequency, and
the 4-node mode factor shows only a small constant
value caused by the still-water bending moment,
except for initial vibrations, which occur because the
initial hull deformation is assumed as zero.

Anm@f\w
/\\ vem/cg forl\l\

Figure 12. Time function of motions (left) and midship section loads (right) of the elastic 10,000 TEU containership at G in regular

head waves of 310 m length and 8 m height. Speed 10 knots.
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Figure 13. Time function of mode vibrations. Other details like
in Figure 12.

Figure 14 shows computed vertical bending
moments at midship section in the same ship, again at
10 knots speed in regular head waves, but here for
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Figure 15. Minimum and maximum midship bending
moments like in Figure 14. Additional results for wave heights
7/8 (small circles) and 9/8 (large circles) times Min(8 m, wave
length/30).

waves of various lengths A and a wave height of 8m,
but (in short waves) not more than A/30. The average
hogging moment of, roughly, 5 GNm is caused mainly
by the still water moment, slightly modified by the steady
and the oscillating waves. The broken lines give the aver-
age value + the moment amplitude averaged over a few
encounter cycles; the amplitudes result from a Fourier
analysis at the wave encounter frequency. The lower
and upper continuous lines connect other results of
the same simulations: the maximum and minimum
moments during an encounter period, again averaged
over a few encounter periods. The curves show spikes
where the encounter period is near 4 or 5 times the 2-
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Figure 16. Exceedance rate of extreme nondimensional midship bending moments My/(prLf,pHs/Z) for the 10,000 TEU contain-
ership sailing with 10 knots speed in a long-crested head sea of JONSWAP spectrum (peak enhancement factor 3.3) of zero-
upcrossing period T, = 11.5s and significant wave height H; = 6.5 m. Left side rigid, right side elastic hull. Circles: present

method; dots: comparable results of Oberhagemann (2016).
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Figure 17. Example time track of midship bending moment. Ship and wave conditions as for Figure 16.

node eigenfrequency (see the scale at the bottom of the
figure). These spikes are caused by the 4th or 5th,
respectively, order of the vibration excitation.

To further demonstrate the effect of hull elasticity,
the circles are results simulated for the rigid hull:
small circles give average value + amplitude, larger cir-
cles minimum, average and maximum values during
an encounter period. The results show:

o For arigid hull, the moment varies so smoothly that
there is nearly no difference between extreme values
and average value + Fourier amplitude for the
encounter frequency.

e Average values t Fourier amplitudes for the
encounter frequency are practically identical for
the rigid and the elastic hull.

e Averaged over the relevant frequencies, both maxi-
mum moments and moment ranges, which cause
fatigue damage of the structure, are substantially
larger in the elastic than in the rigid hull.

Normally the exciting regular waves are computed
including nonlinear effects by using Fenton’s method
up to order 20. Alternatively, linear Airy waves were
used in simulations for the elastic hull. For all frequen-
cies, the results were nearly identical, showing that
higher order effects (especially vibration excitations)
are nearly alone caused by nonlinear responses of
the hull, not by the nonlinearity of the waves.

From perturbation theory one would expect that
the 5th order excitation amplitude, and in case of
linear damping also the vibration amplitude at 5th
order resonance, would increase with the 5th
power of the wave amplitude. This was tested by
using 7m and 9m wave amplitude instead of the
8m used in Figure 14. Figure 15 shows the result:
Near to the 5th order resonance frequency the differ-
ence between extreme and average non-dimensional
moment is, approximately, proportional to the
wave amplitude raised to the power of 1.4 in sagging,
and 1.2 in hogging. Reasons for the deviation from
perturbation theory are:

o Atthe 5th order resonance, a large part of the bend-
ing moment is caused not by the vibration, but by
oscillations with the wave encounter frequency.

o Perturbation theory is valid only in the limit of low
wave amplitude.

Figure 15 shows further that, for frequencies near
the 4th order resonance, the difference between
extreme and average bending moment is proportional
to the wave amplitude raised to the power of about 1.6
both in hogging and sagging.

8. Results in natural seaway

It was tried to compare simulations in a natural sea-
way using the present method with results published
by other authors. However, results for a time interval
which allows a meaningful statistical evaluation are
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Figure 18. 10 000TEU containership in short-crested JONSWAP
head seaway H; = 7m, T; = 12s. Time tracks of midship section
force and moment shifted horizontally depending on peak wave
length over free surface panel length = 30, 25, 20, 15, 12.



Ml
il I,

|1

e

L

L
W .

e

nnv i '

\"y’“
N ' ‘”»

SHIP TECHNOLOGY RESEARCH (&) 15

" /c'a'o

3

2-node elgenform

|

3-node eigenform

Figure 19. Ship and waves like in Figure 18. Time tracks of modal vibrations shifted horizontally depending on peak encounter

period over Runge—Kutta time step = 39, 33, 28, 22, 19, 16, 12.

scarce, because such simulations (of >= 30 minutes
duration) take very much computer time when using
the usual CFD methods. Results by Oberhagemann
(2016) were found most suitable for a comparison,
especially his simulations of the elastic hull of the 10
000TEU containership in a head long-crested JONS-
WAP (peak enhancement factor 3.3) seaway of zero-
upcrossing period T, = 11.5s and significant wave
height H; = 8.5 m. However, it turned out that, in
this condition at the prescribed speed of 10 knots,
the ship’s deck was repeatedly flooded. In this con-
dition the present method fails because the waterline
becomes rugged; the method tolerates deck flooding
only in case of large heel angles. To avoid deck flood-
ing, H; had to be reduced to 6.5 m. The result is shown
in Figure 16 for the rigid (left) and for the elastic ship
hull (right). Between each pair of successive upcross-
ing events of the mean value of the midship vertical
bending moment, only the minimum and the maxi-
mum moment were plotted as small circles. The ordi-
nates give the exceedance rate found in a simulation of
30 min duration.

The dots in Figure 16 show roughly corresponding
results of [Oberhagemann 2016], however for
H; = 8.5m. The non-dimensional bending moments
would be independent from wave height in case of lin-
ear responses. However, nonlinear effects cause an
increase of the nondimensional bending moment
with wave height in case of no deck submergence (see
Figure 5), and a decline in case of substantial deck
flooding. Further, differences of evaluation contribute
to the large differences between dots and circles:

e The dots in the left diagram were computed not for
the rigid hull, but result from the low-pass filtered
response of the elastic hull.

e (Oberhagemann,2016) determined extreme values
between upcrossings of the average value by the
low-pass filtered time tracks, both for the left and
the right diagram.

For the simulation used to construct the right dia-
gram of Figure 16, Figure 17 shows part of the time
track of the midship vertical bending moment of the
elastic hull. It contains a mixture of whipping (sud-
denly excited) and springing (continuously excited)
hull ~ vibrations  (higher-frequency  oscillations)
between intervals of nearly no vibrations.

Simulations in a natural seaway are well suited to
investigate the effect of various numerical par-
ameters on the results, simultaneously for elemen-
tary waves of various frequency and directions. As
examples, Figure 18 demonstrates the effect of the
free-surface panel size on section force and moment,
and Figure 19 the effect of the time step size on
modal vibrations.

9. Conclusions

A method to simulate nonlinear ship motions and
loads in steep waves is presented. Compared to the
usually applied RANSE methods, it needs less comput-
ing effort by orders of magnitude. This is accom-
plished by using a fully nonlinear potential method
to determine fluid force and moment. Compared to
RANSE methods, the disadvantage is that the method
fails if substantial parts of the deck become submerged
while the heel angle is small. In that case, the struc-
tured panel mesh on the free surface contains extre-
mely distorted panels, which are nearly parallel to
body panels on the deck. Both facts lead to instability
of the method.
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The present method has been developed during
about a decade and is now mature, giving accurate
results both in regular waves and presumably (because
good comparison data are lacking) also in natural sea-
ways, both for rigid and elastic ship hulls.

The source code of the method is available from the
author if an adequate gift is donated to the Médecins
Sans Frontiéres.
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