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ABSTRACT

With the trend of increasing dimensions of large ships, especially for the
ultra large container ship, the hydroelasticity of ship in waves become
more and more important. The hydroelastic responses, such as springing
and whipping, happen more frequently even in sea states that were not
regarded as severe before. It is of great importance to estimate the wave
and vibration induced loads of ships accurately. In the present work, a
fluid-structure interaction (FSI) method is developed based on CFD-
FEM method to predict the hydroelastic response of a 20000TEU
container ship in waves. Fluid field is solved by RANS method with
OpenFOAM. Structural vibration is represented by Timoshenko beam
model and solved by Newmark-beta method. The springing response of
container ships in different regular waves are calculated. The predicted
results, including ship motions, vertical bending moment, are compared
with the experimental results. and the present CFD-FEM solver is proved
to be reliable in predicting hydroelastic response for ultra large container
ship in waves.
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INTRODUCTION

With the trend of increasing dimensions of large ships, particularly ultra
large container ships with their length reaching approximately 400m,

the ships become more flexible. The hydroelastic responses, such as
springing and whipping, happen more frequently even in sea states that
were not regarded as severe before. In recent years, a few critical ship
accidents due to fatigue cracks and structure failure caused by
hydroelastic responses took place unexpectedly. Two severe accidents
involving large container ships occurred: MSC NAPOLI in 2007 and
MOL COMFORT in 2013 (Hirdaris et al., 2023), as shown in Fig. 1.
Both vessels were reported to have failed in a hogging condition due to
the collapse of the hull girder. These accidents have drawn attention from
the governmental organization (IMO), classification association (IACS)
and international technical committees, such as ITTC and ISSC. Now, a
joint work group between ISSC and ITTC is also carrying out research
on this important issue of springing and whipping responses of ultra large
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container ship.

Fig. 1. MSC NAPOLI Accidents and MOL COMFORT Accidents
Because the mechanism of hydroelastic response is not clear at present,
the traditional wave load theory which regards ship girder as rigid body
can not accurately predict the hydroelastic response of ship. At present,
many literatures have proposed that hydroelastic response has influence
on fatigue strength, but no specific laws have been given. At present, the
industry has paid much attention to the fatigue damage of structures
caused by hydroelastic response, but this problem has not been taken into
account in current ship codes. Therefore, the prediction of high-
frequency fatigue damage caused by hydroelastic response accounts for
the proportion of total fatigue damage and will be of great significance
to the revision of wave load design formula in civil ship fatigue rules.In
order to simulate the hydroelastic vibration of large ships and forecast
the wave loads on ships accurately, it is more and more important to
study the fluid-solid coupling of ship-sea structures.

There are many published papers on the theory of hydroelastic response
prediction, such as Goodman (1970) and Hoffman (1976). Faltinsen
(1982) carried out a detailed study on the elastic-vibration effect by
simplifying the ship into a two-joint bending beam. Watanabe et al.
(1999) used various non-linear programs to calculate the vertical bending
moment of a container ship and made a comparison of the results. The
results show that the results of linear prediction with different programs
are more consistent in states with lower wave heights, but the results are
quite different in states with higher wave heights because the impact of
elastic vibration in states with higher wave heights on the vertical
bending moment is greater. Different procedures have different ways of
considering the elasticity of ships.

Malenica et al. (2006) applied a simplified beam model to the horizontal



bending and torsion and proposed a set of methods for predicting the two
aspects of ships. This method can be used in the initial design stage of
ships. The results of a barge example were analyzed by using the
simplified beam model and the three-dimensional finite element model.

It was found that the simplified beam model can get more accurate results.

Kim et al. (2008) carried out research and Analysis on wave-induced
vibration of ships under zero-speed inclined wave condition. The
structure was solved by combining finite element model of beam and
three-dimensional boundary element method. It differs from the previous
constant panel method in that the pressure on each panel is no longer a
fixed value but is related to the rate of change in the shape of the panel.
In this way, the ship flutter in time domain and linear wave-induced
vibration in frequency domain can be simulated.

Lakshmynarayanana et al. (2019, 2020) based on the combination of
STAR-CCM+ and Abaqus, carry out the numerical simulation of two-
way fluid-structure interaction for the elastic barge and S175 container
ship. The Timoshenko beam model was adopted to establish the
kinematic constraint relationship between the deformation of the beam
joint and the deformation of the grid node on the hull surface, so as to
realize the bending of the elastic hull. The numerical results were in good
agreement with the experiment data. Jiao et al. (2021) proposed a CFD-
FEA two-way coupling method for predicting the response of ships in
regular waves. By comparing the results with experimental results, it is
considered that the two-way coupling method can accurately simulate
the green water loads and whipping and springing responses of the hull
in waves. Show et al. (2022) presented a BEM-FEM method by
combining a time-domain green function with Timoshenko beam
structural dynamics. They predicted three container ships’ responses in
waves and results were validated by comparisons against a range of
available experimental data.

To sum up, CFD-FEM approach is now becoming more and more
popular in predicting ship slamming problems when encountering severe
sea conditions. In the present work, a CFD-FEM solver is developed
based on OpenFOAM to predict the hydroelastic responses of a 20000
TEU container ship at different wavelengths.

NUMERICAL METHOD
Governing Equations of Fluid
The flow is assumed to be incompressible, unsteady and viscous. The

governing equation is Reynolds averaged Navier-Stokes equation which
is presented as follows.
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where u(i=1,2,3) is the velocity component in the direction of the three
axes of x, y, and z; x(i=1,2,3) is the coordinate component in the direction
of the three axes of X, y, and z. p is the pressure of the fluid; p is the
density of the fluid; v is the kinematic viscosity coefficient of the fluid;
t is the time.

In order to accurately capture the free surface when containership sailing
in marine, this work use the volume of fluid (VOF) method to control the
numerical spread. The equations can be expressed as:
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where p is the fluid density, a is the volume fraction and 0<a<l. The
volume fraction o can be expressed as:

0 air
1 water

At the same time, the fluid density p and the coefficient of dynamic
viscosity Leff can also be expressed by a.

4)
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where the piand i represent the density and dynamic viscosity of water,
the pg and g represent the density and dynamic viscosity of air.

Governing Equations of Structure

The Euler-Bernoulli beam model is used for structural solution. The
structural dynamics control equation is:

[M]IX]+[CIX] + [K]X] = [F] @)

Where [M] is the structural mass matrix, [C] is the structural damping
matrix, [K] is the structural stiffness matrix, [F] is the equivalent nodal
force matrix, and [x] is the node displacement matrix.

The structural dynamics equations were solved by using Newmark-3
Methods. The displacement of the (i+1)th node can be calculated from
the displacement, velocity and acceleration of the ith node.
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Where $ = 0.25 and & = 0.5. For the Newmark-f method,  and & can be
varied to achieve the best stability and accuracy. When 6>0.5 and
$>0.25(0.5+9), the integral format is unconditionally stable. When 3 =
0.25 and 8 = 0.5, this method can give the most satisfactory accuracy.

Coupling Method

The computational domain of the fluid-structure coupling problem
includes the fluid domain and the solid domain. There is a common
boundary between the two computing domains. For the interaction
between incompressible fluid and elastic structure, the pressure acting on
the structure surface from the flow field is generally used as the variable
to solve the structural field, and the structural displacement is used as the
variable to update and solve the flow field. Specifically, in the fluid
mesh, the mesh on the hull surface will be divided into several groups
along the direction of the ship, and these groups will correspond to the
elements of the beam one-to-one, and the force of the corresponding
beam element can be obtained by integrating the force of the fluid mesh
in each group.



In the present study, the hydrodynamic forces and 6DoF motions are first
calculated using in-house CFD solver naoe-FOAM-SJTU (Wang et al.,
2019). Then the forces are applied to the hull girder as distributed forces
on the Euler-Bernoulli beam model to calculate the structural response.
So far, only weak coupling is used for the prediction of fluid structure
interaction.

NUMERICAL COMPUTATION

Geometry Model
The geometry model of the containership is shown in Fig. 2, and the

figure containership’s principal dimensions in model scale are provided
in Table 1.

Fig. 2. Geometry model of containership

Table 1. Main particulars of containership

Particulars Symbols and units Value
Length l?etween L (m) 7316
perpendiculars
Total width B (m) 1.196
Fore Draft T1 (m) 0.310
Aft Draft T2 (m) 0.341
Depth D (m) 0.46
Displacement V (ton) 2.161
Test Conditions and Numerical Settings
The conditions in this work are shown in Table 2.
Table 2. Test conditions
Conditions Symbols and units Value
Velocity U (m/s) 0.8451
Wave-length AL 0.8091.01.11.2
Wave height H (m) 0.102
Wave direction X (deg) 180

Because the container ship is symmetrical about the middle longitudinal
section, the numerical calculation domain used in this work is the semi-
ship calculation domain, which can greatly reduce the calculation cost
and time. The preprocessing tools blockMesh and snappyHexMesh in
OpenFOAM are used to generate mesh, blockMesh is used to generate
background meshes, and snappyHexMesh is used to generate meshes
around ship hull, refine locally, and add boundary layers. The
computational domain size and grid information are shown in Fig. 3 and
Fig. 4, respectively. Boundary conditions are shown in Table 3.
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Fig. 3. Computational domain

Fig. 4. Mesh distribution

In structural calculation, 100 elements are set up for hull girder. Fig. 5
shows the element division of hull girder. 10 segments are set in the
experiment, and each segment was divided into 10 units in the numerical
simulation, so as to set parameters such as cross-section area of hull
girder to ensure identical with variable-section beam in experiment.



Fig. 5. Structure element distribution

Table 3. Boundary conditions

Boundary Boundary conditions
Inlet Velocity inlet

Top Non-slip condition
Symmetry Side Non-slip condition
Hull Non-slip wall condition
Outlet Pressure outlet

Simulation Results and Discussions

Since regular head wave conditions are considered, only pitch and heave
motions are released in the present numerical simulations. At the initial
moment, the container ship is kept in a positive floating state, and the
speed of the ship is replaced by the incoming speed of the water. Fig. 6
shows the situation of the ship's bow entering and leaving the water
surface when A/L=1. It can be seen that the free surface is broken and
splashed at the time of the bow entering the water surface, but there is no
green water in this condition.

Fig. 6. Time instance of coupled CFD simulations showing bow
emerging in and out of the water surface.

RAO value is calculated by averaging the peak to peak value of the last
six stable periodic time signals, according to the A/L draw response
diagram. The comparisons of the pitch and heave of the container ship
simulated by CFD with the experiment results are shown in the Fig. 7
and Fig. 8. The experiment results are from towing tank measurements
from China Ship Scientific Research Center (CSSRC).

The pitch motion amplitude of the container ship is related to the A/L.
When the wavelength and the length of the ship become closer, the
amplitude of pitch becomes smaller. The heave motion of container ships
will increase with the increase of wavelength. The errors of pitch and
heave motions of container ships between the CFD and the experiment
results are 7.4% and 3.8% respectively. The numerical results are in good
agreement with the test results, which shows that the use of this solver

2315

can predict the heave and heave motions of container ships in waves well.

0.7 0.8 0.9 10 12

ML

11

=8=EXPERIMENT A CFD-FEM

Fig. 7. Heave RAO plotted against A/L for the simulations and the
measurements.
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Fig. 8. Pitch RAO plotted against A/L for the simulations and the
measurements.

The following Fig. 9 contains the amplitude response operator (RAO) of
the bending moment value in the midship with different wavelength
length ratio. It can be seen that when the A/L=0.9, the vertical bending
moment amplitude at the midship position is the largest in CFD-FEM.
When ML increases or decreases from 0.9, the vertical bending moment
in the midship will gradually decrease. It is because when the length of
the wave is close to the length of ship, the ship-wave matching resonance
will occur and the bending of the hull is the most serious. Mid-vertical
bending and mid-arch bending will occur in the wave. At this time, the
vertical bending moment in the ship is the largest. When the difference
between A and L gradually increases, the deformation in the middle of
the hull girder will be correspondingly reduced and the vertical bending
moment in the ship will also be correspondingly reduced. However, in
the results of numerical simulation, the maximum value of the vertical
bending moment in the ship appears in the condition of A/L=0.9. In
experiment result, the vertical bending moment becomes the largest in
the condition of A/L=1. It can also be seen from Fig. 9 that in the
numerical simulation, the variation of the vertical bending moment in the
ship with the ratio of A/L is significantly greater than the experiment
results. The maximum error between the numerical simulation results
and the experiment results can be up to 20.5%. Since the ship model is a
large container ship, its hull girder is flexible. Therefore, the deformation
of the hull will have a greater impact on the fluid field around the ship
and the calculation of the vertical bending moment of the ship. Therefore,
one-way coupling approach may lead to the discrepancies between the
numerical simulation results and the experiment results.
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Fig. 9. VBM in amidship RAO plotted against A/ L for the simulations
and the measurements.

Fig.10 shows the results obtained from coupling analysis time history of
total VBM in midship with A/ L=1. It can be seen that in a wave period,
the vertical bending moment of the ship has three peaks, which is
different from the phenomenon that there is only one peak in a wave
period in the history of the bending moment of the rigid ship, which
indicates that the elasticity of the hull has a great impact on the response
of the hull. Use band filter to extract A/L=1 wave frequency (first
harmonic) and high frequency component (closer to 2-node wet
frequency), as shown in the Fig.11, where 1_LF represents low-
frequency component, 1_HF stands for high frequency component. It can
be seen that the low-frequency component is the main component, which
is mainly caused by the rigid motion of the hull, while the high-frequency
component is about 13.6%, which is mainly caused by the vibration of
the hull beam.
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Fig. 10. Time history of VBM amidships computed when A/L=1
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Fig. 11. Time history of frequency components in VBM amidships
extracted using a band-pass filter when A/L=1.

CONCLUSION

Based on the in-house CFD-FEM solver, this paper simulates the
responses of a 20000 TEU container ship in head seas condition. The
simulation results are compared with the experimental results. Specific
conclusions are as follows:

(@) Through numerical simulation based on the in-house CFD-FEM
solver, the heave and pitch motions in different wavelengths are
compared with the experiment results. It is found that the numerical
simulation results are in good agreement with the experiment data. The
agreement between the two results shows that this CFD-FEM solver can
be used to predict the motion of large container ships in waves and
provide data support for the design process of container ships.

(b) Based on the numerical simulation by our internal CFD-FEM solver
in one-way coupling, the magnitude of the vertical bending moment in
the mid of container ship and its variation trend with A/L are close to the
experiment values, which indicates that the CFD-FEM solver can be
used to predict the extreme value of the vertical bending moment in the
container ship.

The present work only considers the head sea conditions, future work
will conduct oblique wave conditions and study the wave direction
influences on the hydroelastic performance. The two-way coupling
method will also be studied to better predict the vertical bending moment.
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