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This is the continuation of our research on development of a fully nonlinear, dynamically consistent, numerical ship motion
model (DiSSEL). In this study we will report our results in predicting ship motions in unsteady maneuvering in calm water.
During the unsteady maneuvering, both the rudder angle, and ship forward speed vary with time. Therefore, not only surge,
sway, and yaw motions occur, but roll, pitch and heave motions will also occur even in calm water as heel, trim, and sinkage,
respectively. When the rudder angles and ship forward speed vary rapidly with time, the six degrees-of-freedom ship motions
and their interactions become strong. To accurately predict the six degrees-of-freedom ship motions in unsteady maneuvering,
a universal method for arbitrary ship hull requires physics-based fully-nonlinear models for ship motion and for rudder forces
and moments. The numerical simulations will be benchmarked by experimental data of the Pre-Contract DDG51 design and an
Experimental Hull Form. The benchmarking shows a good agreement between numerical simulations by the enhancement DiSSEL
and experimental data. No empirical parameterization is used, except for the influence of the propeller slipstream on the rudder,

which is included using a flow acceleration factor.

1. Introduction

To predict ship motions in unsteady state maneuvering in
calm water, due to both the time-varying angle and ship
forward speed, all six degrees-of- freedom ship motions must
be considered. Particulary, when the rudder angles and ship
forward speed vary rapidly with time, the six degrees-of-
freedom of ship motions and interactions between different
modes of motion, as well as between rudder and ship body,
become strong. A fully nonlinear method to predict the six-
degree freedom of ship motions is need.

With the increase in computer capabilities and the devel-
opment of advanced computation flow prediction methods,
the use of numerical methods to predict the steering
capabilities of ships has become possible. For example, Lin
et al. [1] and Lin and Kuang [2] predicted ship motions in
steady turning circles in calm water and seawater by a fully
nonlinear hybrid flow ship motion model. Chau [3] and El
Moctar [4] used viscous flow methods to predict the rudder
flow and Lee [5], Tamashima et al. [6], Han et al. [7], Kinnas

et al. [8], and Hacket et al. [9] used potential flow panel
methods to compute the rudder force and moment. Notably,
Kinnas et al. [8] used a finite element boundary condition
to improve the panel method. Recently, Hochbaum et al.
summarized the researches on predicting ship motions
when ship maneuvering in 25th ITTC conference [10].
Many of them are focused on maneuvering in calm water,
especially those unsteady maneuvering. These works have
significantly improved the physical understanding of rudder
forces and moments. However, as Soding [11] pointed out,
those potential flow methods did not take into account
viscosity, turbulence, and flow separation. Viscous flow
methods for prediction of a ship’s steering capabilities still
remain technically difficult and computationally expensive.
Therefore, in spite of the limitations of potential flow, most
practical flow problems are still solved either by experimental
data or by potential flow calculations [11].

The current numerical prediction ability cannot satisfy
the ship industry’s development needs. Most prediction
methods are still focused on using observed or empirical
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FIGURE 1: Input data for case 1 are shown in (a) and (b). (a) Rudder angle from data in test 163, (b) ship speed from data in test 163.
Benchmark simulations for case 1 are shown in (c) and (d). (c) Comparison of ship tracks between simulation and experimental data in test
163, (d) Comparison of roll and pitch motions between simulations and data in test163.

forces and moments on the rudder for steady or unsteady
turning circles. The ship motions often focus on surge,
sway, and yaw motions which are calculated by empirical
formulations. For example, Altosloe et al. [12], Kimoto et al.
[13], and Katayama et al. [14, 15] are popular in ship
industry because these methods are accurate even for a
planing craft in calm water.

Even though these methods are accurate, they are not
appropriate for new and unconventional ships, for which
empirical data are not available. Therefore, in [1, 2], a
physics-based method was described for the prediction of
forces and moments on the rudder for steady turning
in calm water and in seaway. When this new method
is coupled with a nonlinear six degrees-of-freedom ship
motion model (Digital, Self-consistent Ship Experimental
Laboratory, we may simply call DiSSEL), the associated
surge, sway, and yaw can be accurately predicted. The goal in
this study is continue developing a fully nonlinear coupled
computational system to accurately predict the ship motion
for an unsteady maneuvering ship. Even in calm water, due
to the time-varying ship forward speed and rudder angle,
the six degrees-of-freedom ship motions as well as their

interactions (between different modes of ship motion as well
as between the rudder and ship body) all become significant.
Therefore, such simulations require a physics-based, fully
nonlinear method.

As an example of a fully nonlinear method, the waterline
should be defined by local free surface elevation (ship waves
and their interactions); the ship position is determined by
the six degrees-of-freedom ship motion; the ship motions
are determined by the force and moment on the wetted
surfaces of the ship hull and of the rudders, and the force
and moment are determined by ship and rudder positions,
and so forth. Unfortunately, as a propeller model has not
yet been implemented in DiSSEL, the influence of the
propeller slipstream on the rudder is included empirically
by modifying the effective inflow velocity into the rudder to
account for the acceleration of the flow by the propeller.

In the following section, a coupled, fully nonlinear
rudder force with fully nonlinear ship motion model is pre-
sented. Section 3 benchmarks the numerical simulation with
experimental data for two ship hulls: Pre-Contract DDG-51
(Model 5514) and Experimental Hull Form. Conclusions are
provided in Section 4.
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FIGURE 2: Data input for case 2 are shown in (a) and (b). (a) Rudder angle from data in test 166, (b) ship speed from data in test 166.
Benchmark simulations for case 2 are shown in (c) and (d). (c¢) Comparison of ship track between simulation and experimental data in test
166. (d) Comparison of roll and pitch motions between simulations and data in test 166.

2. A Fully Nonlinear Prediction
System of Steering Capabilities
and Ship Motion Model

DiSSEL is a hybrid-flow ship motion model in time domain:
the surface waves are described by velocity potential, but the
fluid viscous effect is included in the form of wave breaking
and separation effects (Lin et al. [1], and Lin and Kuang
[2, 16]). Inclusion of the viscous, separation effect makes
DiSSEL satistying the Kutta condition at a trailing edge, and
velocity stagnation points (V = 0), thus allowing accurate
evaluation of the lift force (Lin et al. [1]; Lin and Kuang [2]).
This hybrid-flow approach builds a solid foundation of our
effort to expand the model for ship maneuvering in a seaway.

The fully nonlinear prediction system includes two
components. The first component is prediction of rudder
forces and moments and the second component is the
DiSSEL ship motion model. Before describing the two
components, we will overview the method to accurately
predict flow separation affect in potential flow theory which
was proposed by Lin and Kuang [16].

2.1. “Blocking Theory” in Potential Flow. Landau and Lifshitz
[17] pointed out that flow passing an object causes its

total pressure to change. However, according to potential
flow theory, its total pressure does not change. To correctly
calculate the net pressure on the rudder is the key issue for
accurately predicting the steering capability. Lin and Kuang
[16] proposed a “blocking theory” and suggested total lost
pressure due to the separation on the object can be obtained
by integrating the pressure over “the affect area” in potential
flow. The “affect area” may be referred to as blocking area or
separated area. When flow passes an object, without viscosity
and turbulence, the pressure is P(). When viscosity and
turbulence are present, the pressure P(;) will change to Py,
on the object surface, and P(;, < P(,). This is the separation
effect. If Ar is the surface area of the object, then the total
hydrodynamic force on the object is

J nP('S)ds, (1)
Ar

where n is normal vector of the object. For a potential flow,
P(;) is calculated instead of P(;. In order to obtain the total
pressure accurately, one can reduce the object surface area
from Ar to Ar—Ae. Then the total hydrodynamic force on
the object will be:

J nPyds = J nP(,ds; (2)
Ar—Ae Ar
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FiGure 3: Data input for case 3 are shown in (a) and (b). (a) Rudder angle from data in test 172b, (b) ship speed from data in test 172b.
Benchmark simulations for case 3 are shown in (c) and (d). (c¢) Comparison of ship track between simulation and experimental data in test
172b. (d) Comparison of roll and pitch motions between simulations and data in test 172b.

Ae is affected area, and it is a function of object rotational
motion angles, wave frequency, nature frequency, and wait-
ing function of wave amplitudes. In the calm water, Ae is
only a function of object rotational motion angles and nature
frequency.

The separation effect that causes the total hydrodynamic
force reduction in the object can be obtained in potential
flow:

Fseparation—effect = _JJ nP(s) ds. (3)
Ae
The separation effect on the moment in the object is
rseparation—effect = _JJA r X np(s)ds, (4)
€

where r is rotating arm vector of the object. The “blocking
theory” has been well tested with experimental data [16];
it can accurately estimate the bilge keels roll damping, T-
foil pitch and roll damping, and lift force for steady turning
circles. More details in Lin and Kuang [16].

2.2. Prediction Forces and Moment on Rudder. The effective
force and moment on the rudders in the ship coordinate
system can be expressed as

Frudder = JJ 0, Prydder (s)ds
Ao—Age

= Fixs + FyYs + F.zs + Feoriolis>
Tiudder = IJA r X N, Prydger (s)ds + (X — X¢) X Feoriolis
0—Aoe

= r;Xs + FQYS + rgzs + (X - XC) X Feoriolis>

(5)

where Ay is total surface area of rudder and Aq. is the “affect
area” of rudder. The rudder angle, §, varies with time as
specified by the input data, and Q; is the angular velocity
of rudder in ship coordinate. F,z; is vertical lift forces on the
rudders and r is rotating arm vector, X;,Ys, Zs are the three
components of unit vectors in the ship-fixed coordinate, x¢
is the position vector of the center of the circle tangent to
the point x on the ship trajectory, and n, is rudder surface
normal vector. Prydder(s) is a pressure on the wetted surfaces
of the rudder; Fiudder is force on the rudder, and Feoriolis 1S
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FIGURE 4: The data input for case 4 are shown in (a) and (b). (a) Rudder angle from data in test 173, (b) ship speed from data in test 173.
The benchmark simulations for case 4 are shown in (¢) and (d). (¢) Comparison of ship track between simulations and data in test 173. (d)
Comparison of roll and pitch motions between simulations and data in test 173.

the effective Coriolis force due to the rudder angle, §, which
varies in the ship coordinate system and equals

Q
FCoriolis:J p[205Xv3+05><(05><x)+%Xx]ds, (6)
Ay

The effective inflow velocity into the rudder is derived from
both the ship forward speed and the accelerated flow in
the propeller slipstream. DiSSEL does not have a propeller
model, so the velocity into the rudder including the influence
of the propeller is empirically defined as

u, = 1.6u;. (7)

u; is given ship speed vector. The 1.6y, approximation is a
reasonable estimate for naval vessels with Froude numbers
between 0.2 and 0.4 for propellers designed for that speed
(based on Dr. Young Shen suggestion, 2008). For other
types of vessels, the acceleration of the flow by the propeller
may be different. In these cases the effective inflow velocity
into the rudder should be computed from conservation of
momentum based on a user-specified propeller diameter and
thrust coefficient.

The yaw moment about the ship center of gravity pro-
duced by the rudder is obtained by the appropriate moment
arm, rs,

1"; = J(J‘A()*AOC(T’:SXS) X <n}’YS)Prudder(S)dS, (8)

where 3 = x, — x,, and n,, n,, n, are the three components
of normal vector of rudder surface.

To calculate the forces and moments on the rudders,
DiSSEL uses a body exact integration by finite element/finite
difference method. After the forces and moments on the
rudder are obtained, they are added to the translational and
rotational motion equations of the rigid body ship motion
in DiSSEL. The calculation of the translation and rotational
motion of the ship are discussed in the following section.

2.3. DiSSEL Ship Motion Model. DiSSEL includes two sub-
models. The first sub-model is to simulate the ship-wave
interaction, which computes the flow around the ship
including the influence of the free water surface, the pressure
distribution on the ship hull, and the hydrodynamic forces
on the ship. The second sub-model is the rigid body motion
component, which uses the forces computed by the ship-
wave interaction sub-model to predict the six degrees-of-
freedom motions of the ship by solving the equations of
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FIGURE 5: The data input for case 5 are shown in (a) and (b). (a) Rudder angle from data in test 429, (b) ship speed from data in test 429.
Benchmark simulations for case 5 are shown in (c) and (d). (c¢) Comparison of ship track between simulation and experimental data in test
429. (d) Comparison of roll and pitch motions between simulation and experimental data in test 429.

motion in the time domain. The rudder force and moment
are included as separate forces and moments in the rigid
body motion sub-model of the code.

To calculate the forces and moments on the ship hull
and all appendages, DiSSEL uses a body exact integration
by finite element/finite difference method. In each time
step, the waterline based on the ship position and free
surface of elevation is defined. Three coordinate systems
are used: earth-fixed reference frame, upright ship-fixed
reference frame, and ship-fixed coordinate system. Except for
the ship track in earth coordinate and incident waves in ship
reference frame, all the simulations are in the ship coordinate
system. The ship reference frame is defined with its origin
on the mean free surface and moves with total horizontal
translational velocities.

For the far field, DiSSEL employs the pseudo-spectral
method. At each time step, through the ship boundary
condition, rigid body motion model gives the ship motion
information to the ship-wave interaction model, and the
ship-wave interaction model calculated pressure passes back
to the rigid body motion model. The finite element/finite dif-
ference method exchanges the information with the pseudo-
spectral through the collocation points of the pseudo-
spectral method. Pseudo-spectral modes and collocation

points use a Fast Fourier Transform to exchange information.
This method is very accurate and efficient. The convergence
speed is NlogN instead of N?, where N is the number of
unknown variables; the details are described in Lin et al. [18].
In the current work, u; is ship forward speed and from input
data, and v, is translational velocity of the ship center of
gravity (vy, is horizontal component vector of translational
velocity) and computed by the program at each time step.

Another notice should be made on the definitions of
the reference frames used in DiSSEL. In Lin and Kuang
[1], two additional reference frames are introduced: the
ship reference frame (SRF) and the model reference frame
(MREF). The latter is defined to be the reference frame moving
horizontally with the ship mass center, but with the origin
on the mean free surface. When a ship maneuvers in seaway,
its track direction can change. But MRF does not change
its orientation. Therefore, the rotational effect from this
direction change needs to be accounted for correctly. For
details of the reference frames, we refer the reader to Lin and
Kuang [1].

2.3.1. Ship Wave Interaction Model. The ship-wave interac-
tion sub-model is computed in a fluid domain of depth H,
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FIGURE 6: The data input for case 6 are shown in (a) and (b). (a) Rudder angle from data in test 440, (b) ship speed from data in test 440.
The benchmarking simulations are shown in (c) and (d). (c) Comparison of ship track between simulation and experimental data in test
440. (d) Comparison of roll and pitch motion between simulation and experimental data in test440.

width D, and length L. Except for the free surface and ocean
bottom boundaries, all other boundaries are open, which
allows fluid to come in and out through these faces. Such
boundaries not only allow the use of a small computational
domain, but also increase accuracy.

The fluid is assumed as incompressible,

2
Vig=Vig+ ygp =0

for —-H=<z=<n, 9)
where ¢ is velocity potential, 4 is free surface elevation, and
H is water depth.

The dynamic and kinematic boundary conditions at the
free surface, z = 1, are

a—¢+<1V(p+us+vh>V(p+gz
ot 2 (10)
B o(u; +vy) ek 2. _
+ ) + o X Wi =0,
0 0
a + (Vhﬂ) - (th0+us+vh) - (11)

ot 0z’

where v, is ship response translational motions and vy, is its
horizontal component (surge and sway), p is the pressure,
p is the fluid density, v is the kinematic viscosity, here
representing the wave breaking effects, and x* is the position
vector of a point in space. For a purely potential flow, the
viscous dissipation in (10) vanishes. The above equations
are solved with the impenetrable boundary conditions at the
bottom, z = —H,

?TZ =0, (12)
at the ship hull:
n- (Vo+u) =0, (13)
at a point x, on the ship hull surface:
ut=u5+vC+Q><<xp—xC), (14)

where x;, is the location of a point, p, on the ship surface and
X (x¢, Ye» 2c) 1s the center of gravity in ship-fixed coordinate
system. The ship boundary condition is:
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Figure 7: The data input for case 7 are shown in (a) and (b). (a) Rudder angle from data in test 437, (b) ship speed from data in test
437 Benchmark simulations for case 7 are shown in (c) and (d). (¢) Comparison of roll and pitch motion between the simulation and
experimental data in test 437. (d) Comparison of roll and pitch motions between simulation and experimental data in test 437.

2.3.2. Rigid Body Motion Model. In this section, the basic
equations of motions for the rigid ship hull are presented.
Both the motions and the forces are defined in the ship
reference frame with the origin at the ship center of gravity.
Positive x, is towards the bow, positive y; is to port, and
positive z; is upwards. The origin is at the center of gravity
of the ship. Therefore, in the DiSSEL [19] rigid body motion
model, the ship translational motion is expressed in MRF by

dv,

mship?{ + DiransVe = Fship + Frudders (15)

where mgpp is total ship mass, Fg,ip includes the buoyancy
restoring forces, thip, and the hydrodynamic pressure forces,
F‘:hip, on the ship hull, and Dy, is the dissipation of
translation motion due to wave breaking. The surge, sway,
and heave can be obtained in (15).

The rigid body rotation is governed by the Liouville
Equation defined in the ship reference frame:

dQ
I-—+Qx (I . Q) + Drotatﬂ = 1—‘ship + l-‘rudder + I‘c(l))

dt
(16)

where I is the mass moments inertia vector about the ship
center of gravity, I(; ;) is the moments of inertia about the ship
center of gravity in ith direction,  is rotational response
angular velocity vector (roll, pitch, and yaw). L'y, is the
moment on the ship, and it includes the buoyancy restoring

moment, I‘fhip, and the hydrodynamic pressure moment,

I“:hip, on the ship hull and roll moment T), due to the
direction of ship speed change, and Dy is the dissipation
of rotational motion due to the wave breaking and bilge
keels. The ship forces thip and moment T} are calculated
by integrating the pressure and pressure multiplied by the
lever arm over the ship wetted surface in the normal vector
coordinate, respectively. The details are in [18-20].
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An additional roll moment acts on the ship as a result of
its turning motion. This additional roll moment about the
ship center of gravity can be computed as

(us + dX,/dt)* + (dXo/dt)?
I‘c(l) = MghipT1 R ds
(us + dX,/dt)* + (dXo/dt)?

~ ﬂ MshipT1 ds,
. Vs + dXo/dt) + (dXo/de)>/(d0*/dt)

_ H mipri (s + dX,/de)? + (dXo/de) (d6%/dt)ds,
(17)

where X; and X, are the ship moving distances due to surge
and sway motions, respectively. R is turning radius and the
roll moment arm is

r = [(xp —xc) xn] - X, (18)

where x,, is the location point of ship surface. Roll, pitch and
yaw moments can be obtained by (16) and (17). The drift
angle, f3, is the angle in the horizontal plane between ship’s
latitude and the ship’s longitudinal axis. The drift angle is
computed:

= tan-1 "2
B = tan o (19)

The “total heading angle,” 6*, is
0* =6;+ 8, (20)

where 0 is rotational angle vector of the ship and 6; is a
rotational angle of the ship in ith direction. The track of the
ship in the earth-fixed coordinate system is defined as

Xtrack = XtrackX T Vtracky> (21)

where X,¥,Z are the vectors in the earth-fixed coordinate
system, and the track is computed at each time step with the
following equation:

Xtrack (istep) = Xtrack(istep—1) T Xl(istep)

ax
+ |:<us(istep) + 71_1) Cos (63(istep)>

dx; .
- W Sin (63(istep)> ] dt(istep) >
(22)
ytrack(istep) = ytrack(istep,l) + XZ(istep)

axi\ .
+ |:<us(istep) + 71_1) sln(03'(istep))

aX
+7: Ccos (63(istep)) ] dt(istep)-

3. Benchmarking

In [1], we have benchmarked the predicted surge and sway
forces, and yaw moment, as well as the forces derived from
the surge, sway, and yaw motions with experimental data
of Pre-Contract DDG51 for steady turning circles in calm
water. In the steady turning circles in calm water, only the

surge, sway, yaw, and heel motions are significant. However,
for unsteady maneuvering cases, even in calm water, all
six degrees-of-freedom motions are significant. Therefore,
in this study we will focus on the comparison of the
predicted ship motions (surge, sway, yaw, roll, and pitch
motions) with experimental data. Heave motion will not
be shown because heave was not measured experimentally.
The coupled computational system presented in this study
is fully nonlinear. The six degrees-of-freedom ship motions
interact with each other. If the benchmarking shows that the
predicted five degrees-of-freedom ship motions (excepting
heave motion) agree well with the experimental data,
then the predicted heave motion will also agree with the
experimental data because the heave motion is strongly
linked to pitch motion. The benchmark comparison includes
the Pre-Contract DDG51 and the Experimental Hull Form.
The ship characteristics of Pre-Contract DDG51 have been
described in [1], the Experimental Hull Form is a proprietary
hull form, and we are unable to discuss its characteristics. In
the following comparisons, four cases for each ship hull are
randomly chosen. The time series of rudder angle and ship
forward speed are the input data to the simulation and are
shown in the figures as (a) and (b), respectively, of each case.
The comparison for the ship track, roll and pitch motions
between the simulations results and data are shown in the
figures as (c) and (d), respectively, for each case.

3.1. Pre-Contract DDG51. In this subsection, we compare
the simulation results with experimental data for DDG5I.
The input data is time series of rudder angle and ship forward
speed and output is six degrees-of-freedom ship motions.
We have benchmarked all test cases, but in the following, we
randomly choose four cases to show (Figures 1, 2, 3, and 4).
All four cases showed that the simulation of ship motions
(surge, sway, roll, pitch, and yaw motions) has very good
agreement with experimental data for Pre-Contract DDG51.
The good agreement in surge, sway, and yaw can be observed
in the ship track. There is not any heave motion data in these
tests; therefore, we cannot benchmark the heave motion of
simulations. However, six degrees-of-freedom motions are
interacting each other, especially pitch and heave, if five
degree-of-freedom ship motions are accurately predicted,
then the heave motion should be accurately predicted as well.

3.2. Experimental Hull Form. In order to test the universal
fully-nonlinear prediction capabilities, we will compare
simulated and experimental ship motion data for a different
ship hull. To study the different ship hull, we have not
changed any parameters in the computational system, except
the ship and rudder characteristic (ship mass, ship length,
ship profile, rudder area, etc), and time series of rudder
angle and ship forward speed. For experimental hull form,
we randomly choose four cases as showed in Figures 5, 6, 7,
and 8. The measured ship speeds for both the Pre-Contract
DDG51 and the Experimental Hull Form were obtained
by differentiating the x-y track time history with respect
to time. The ship speeds obtained for the Pre-Contract
DDG51 showed some higher frequency fluctuations, which
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FiGURE 8: The data input for case 8 are shown in (a) and (b). (a) Rudder angle from data in test 439, (b) ship speed from data in test 439.
Benchmark simulations for case 8 are shown in (c) and (d). (¢c) Comparison of ship track between simulation and experimental data in test
439. (d) Comparison of roll and pitch motion between simulation and experimental data in test 439.

may be real or a result of measurement errors in the tracker.
For the Pre-Contract DDG51, the original unfiltered speed
data were used. However, the measured ship speeds for
the Experimental Hull Form showed larger and unrealistic
fluctuations; for example, many large speeds are far over
maximum ship speed. Therefore, in this section, we make
some corrections to the measured ship speed, by taking the
running average of the speed over a period of 60 seconds.

The comparison of ship motions between numerical
simulations and experimental data for the experimental hull
form are as good as those for Pre-Contract DDG51 in all
the cases, because the new method is self-consistent and
the numerical solutions satisfy the original equations and
boundary conditions.

4. Conclusion

A physics-based and self consistent, fully-nonlinear compu-
tational system for predicting ship steering capabilities as
well as the six degrees-of-freedom ship motions has been
presented. The six degrees-of-freedom ship motions and
their interactions are calculated from the original equations
and boundary conditions; no other empirical parameters are
involved, except an empirical function that is used for the

influence of the propeller slipstream on the rudder, which
is included using a flow acceleration factor. The numerical
simulations of ship motions (heave motions are not shown
because there is no experimental data) for two entirely
different ship hulls by the new method agree reasonably well
with the experimental data when ships unsteadily maneuver
in calm water.
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