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1 INTRODUCTION
Assessing the motion response of a vessel is a crucial component of the ship design process. The

heave and pitch motions and subsequent accelerations are critical for assessing the inertial loads at
key locations and have bearing on the dynamic structural loading and proper prediction of slamming
probabilities and impact.

Computational methods employing the potential flow theory, formulate the problem either in the
time-domain or the frequency domain. Although frequency domain codes have proven to be fairly
accurate, robust and computationally fast, they are inherently restricted by the assumption of small
wave amplitude because of the linear formulation. Time-domain based methods on the other hand
have a major advantage in being able to model different degrees of nonlinearity, as reviewed in [1]. The
sophistication level of these so called “blended method” codes can be chosen based on the particular
problem being solved, the required accuracy level and available computational resources. Validation
studies ([2], [3]) have shown increased accuracy in forward speed and capability in handling large
motions when compared with linear frequency domain methods.

This paper presents the application of an efficient time-domain “blended-method” formulation
to predict the ship motions of a vessel under forward speed. Computations are done specifically
for vertical plane motions in head seas in order to compare with experimental data. The computer
program is based on the body-exact time-domain strip theory developed by [4], which was extended
to predict maneuvering in waves ([5]). Over the years, the physics models have been continuously
updated to improve the predictions ([6], [7]). The strip theory approach allows for faster computational
times when compared to fully three-dimensional methods. The free surface boundary conditions are
transferred to a “representative surface” as explained in the section below. The body boundary
condition is applied below the intersection surface of the incident wave and the exact body position at
each time step. Accounting for the changing wetted surface ensures that the nonlinear radiation and
diffraction wave loads are also captured in addition to the nonlinear Froude-Krylov and hydrostatic
loads. Computations have been performed for the KCS and KVLCC2, representing two different
modern hull forms. The results have been compared with available experiments and predictions from
other numerical methods.

2 MATHEMATICAL FORMULATION

The fluid flow for the wave body problem is considered inviscid, irrotational, incompressible and
unsteady. Since most ocean going vessels are relatively slender, a strip theory formulation is adopted,
where the three-dimensional problem is solved as a series of individual two-dimensional problems.

The strip wise two-dimensional potential φ = φ(y, z, t;x) satisfies the Laplace equation at each
frame such that ∇2φ(y, z, t;x) = 0. Three different coordinate frames are used as shown in Figure
1. An inertial Earth fixed frame with origin at Oe is used to keep track of the vessel translational
motions and the Euler angles. The boundary value problem is formulated in a hydrodynamic frame
that translates and rotates in the horizontal plane with the body. A body fixed frame is used to solve
the equations of motion. The hydrodynamic frame follows the ship such that its origin Oh is always
in a vertical line with the origin of the body fixed frame, Ob.



Figure 1: Schematic showing the details at a station. The free surface boundary conditions are
transferred to the representative surface given by zh = ζR(t). The origins of the three frames are
denoted by O. (Schematic shows vessel in general non-head sea condition)

In the present formulation, the free surface boundary conditions are applied on a “representative
surface”, indicated by (line) O-O’ in Figure 1 given by zh = ζR(t). Here, ζR(t) is a representative
free-surface at each station, given by ζR(t) = ηI(xh = xstation, yh = 0, t). Here, ηI , xstation, and yh
represent the incident wave elevation, longitudinal location of a station and the y coordinate yh in
the hydrodynamic frame (yh = 0 indicates intersection of incident wave with z axis of hydrodynamic
frame), respectively. The quasi-linear kinematic and dynamic free surface boundary conditions written
in the moving hydrodynamic frame, applied on the zh = ζR(t) plane (line in 2-D) are as follows
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Here δ
δt refers to the time derivative taken by following a free surface node. The terms η and xh

represent the free surface wave elevation measured from the calm water surface, and the longitudinal
position of the station in the hydrodynamic frame, respectively. Additional terms are picked up
to account for the horizontal (vm) and vertical (ζ̇R(t)) movement of the free surface nodes wrt the
hydrodynamic frame. The moving node velocity vm accounts for the lateral movement of each free
surface node. This is necessary in a body-exact formulation. The last term in the equations (1) and
(2) are the damping terms that are added to generate artificial damping at the beach to satisfy the
far-field condition at the edge of the domain. Details for the numerical beach can be found in [8].

The body boundary condition can thus be written in terms of its individual components for the
diffraction (φD) and radiation (φR) potentials,

∇φD ·N = −∇φI ·N on SB(t) (3)

∇φR ·N = ṽ ·N on SB(t) (4)

The velocity ṽ used in Equation (4) is the velocity of a point on the body surface after removing the
time-varying mean velocity components in the horizontal plane. Therefore, the velocity ṽ is evaluated
as ṽ = v − vavg, where v represents the complete velocity of a node with respect to the earth
fixed frame and includes the rotational velocity components, and vavg denotes the time-varying mean
velocity components in surge, sway and due to rotation in yaw, given by (uavg − yΨ̇avg, vavg + xΨ̇avg,
0). The variables uavg, vavg and Ψ̇avg denote the average surge, sway and yaw velocities, respectively.
The averaging is done over an encounter wave period.

The mixed boundary value problem (Equations 1 - 4) is solved for the perturbation potentials
φR and φD and their derivatives. In the present work, a source distribution technique is used. De-



Main Particular KCS KVLCC2

Type Containership V LCC
L 230 m 320 m
B 32.18 m 58 m
T 10.8 m 20.8 m
CB 0.65 0.81
Fn 0.33 0.142

Table 1: Main Particulars of Analyzed Vessels (Full Scale)

singularised sources are placed above the free surface nodes and constant strength panels are used on
the body.

The pressure at any point on the hull surface is calculated using Bernoulli’s equation as shown
below
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represents the temporal derivative of the perturbation potential with respect to the earth

fixed frame. A direct formulation is used to set up a BVP for this term, often called the “acceleration
potential”. Details of this formulation can be found in [8]. The pressure is integrated over the hull
surface to obtain the hydrostatic and external hydrodynamic forces and moments acting on the hull at
a given instant in time. In the present study, all forces are computed by integrating the corresponding
pressure components on the intersection surface of the exact body position and the incident wave
surface. The body accelerations are computed by solving a fully nonlinear 6-DOF equations of motion
solver. A 4th order Adams-Bashforth-Moulton predictor-corrector scheme is used to time-step the
equations of motion and solve for the evolution of the free surface.

3 RESULTS AND DISCUSSION
The simulations were set up and performed for two modern hull forms shown in Table 1. The KCS

represents a high speed containership, and the KVLCC2 a slow speed large crude carrier. Based on
convergence studies, a time step size of Te/100 is used, Te being the encounter period. On average, a
total of 50 body panels are used for a full station. The free surface extends to 4 wavelengths on each
side of the body, including 2 for the numerical beach, and the simulations are run for 15 encounter
periods to obtain steady state solutions. The origin of the body frame is at the intersection of the
calm water plane and the center-plane at the midship.

The response amplitude operators in head seas were extracted using an FFT of the force time
history over the last two encounter wave periods. The comparisons with available experiments and
other codes are shown in Figures 2 and 3. The predictions compare very favourably compared to the
experiments with a general tendency to slightly over-estimate heave and show excellent agreement
for pitch. The experimental data for the KCS was obtained from [9], and for the KVLCC2 from
[10] (experiment 1) and CEHIPAR [11] (corresponding to experiment 2). Better agreement is seen
for the KCS in heave and pitch compared to the linear frequency domain code MDLHydroD ([12]).
For the KVLCC2, the 3D Rankine source based BEM ([11]) shows better agreement for heave at
larger wavelengths, whereas the present body-exact computations are able to better capture the pitch
motions throughout the frequency range.
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Figure 2: Vertical Plane Motions of KCS in Head Seas.
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Figure 3: Vertical Plane Motions of KVLCC2 in Head Seas
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