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ABSTRACT

In the paper, a prediction method for the nonlinear wave loads of a ship advancing in oblique waves
with infinite water depth is proposed. Because of the good development in the hydrodynamics. the
corresponding hydrodynamic coefficients and forces on ships can be well estimated. With this good basis,
the authors consider the ship as a free-free beam and use the simple beam theory to estimate the
corresponding sea loads along the ship hull, i.e., the wave bending moment, shear force and torsion moment
at any ship section. Based on the well developed linear theory, an analytical model of the nonlinear wave
loads for a ship in large oblique waves is further constructed. Time domain analyses, including the instant
grid generation technique (IGGT), for the corresponding sea loads are performed. Furthermore, to avoid
the numerical drift phenomena 1n the sway and yaw mode motions, the Artificial Restoring Force
Technique(ARFT) and Digital Filter Technique(DFT) are applied to solve five coupled equations of motion.
A series of analyses is performed in this paper, and some valuable suggestions are also submitted The
calculation procedures developed here may be considered as an efficient analytical tool for researchers
to predict the ship motions and wave induced loads.
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l. Introduction

Dynamic wave load prediction is very important
for the structural analysis of a ship moving in waves.
Before the tool for dynamic analysis was well devel-
oped, the naval architect usually used the ship’s effec-
tive power performance in calm water and the ship’s
maximum bending moment in the static “One-over-
twenty” wave as the main design criteria. However,
after the ship hydrodynamics are carefully studied, the
dynamic wave loads can then be widely applied for the
ship design.

Since Korvin-Kroukovsky (1955) first used the
strip theory to calculate the heave and pitch motion of
a ship in head waves, the strip theory has been widely
applied to analyze ship motion and wave loads. Jacobs
(1958) was first to calculate the vertical shear force
and the vertical bending moment on a ship using the
theory developed by Korvin-Kroukovsky (1955).
Although the original strip theory (Korvin-Kroukovsky,
1955) was based on “physical intuition,” it was proved
to be one of the most significant contributions in the
field of seakeeping. Later, Gerritsma and Beukelman
(1967) proposed a modified strip theory, in which
computations of the sectional added mass and damping

coefficients were improved by using the close-fit
methods. Tasai and Takaki (1969) derived another new
strip theory for predicting heave and pitch motions,
which have identical forward-speed terms satisfying
the Timman and Newman symmetry relationships.
Salvesen et al. (1970) used a new potential theory to
solve the ship motions and sea loads in regular waves,
and its validity was proven through comparison with
experimental data (Wahab, 1967). Using the same
diffraction theory and different hydrodynamic force
formulas, i.e., the Haskind-Newman relationship ap-
proach, Wahab and Vink (1975) derived another method
to calculate sea loads and verified it using previous
experimental data (Wahab, 1967). Kim et al. (1980)
developed another strip method to estimate ship mo-
tions, hydrodynamic pressure distribution and sea loads
by using a different diffraction theory, in which the
diffraction force is calculated directly by satisfying the
diffraction boundary condition on a hull surface.
Because the linear mathematical model of Kim et al.
(1980) has been proven to be very useful in many
aspects of seakeeping, the authors (Fang and Liao,
1996) used this method to calculate the corresponding
wave loads in the frequency domain, in which some
corrections were made in the original formulas for
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horizontal shear force, horizontal bending moment and
torsion moment. Comparisons with experimental data
and other theories were also made, and the agreement
is generally satisfactory.

However, the theories with the small amplitude
assumption stated above are inadequate if large waves
are considered. Recently, the nonlinear effects of large
waves on ship motions and wave loads have been
extensively studied by some authors, e.g., Ohtsubo et
al. (1985) and Fujino and Yoon (1986). It would be
more practical to use the large wave amplitude concept
to predict the wave loads. B¢rresen and Tellsgard
(1980) used time domain simulation to analyze non-
linear ship motions and wave loads in longitudinal
waves, but oblique wave cases were not considered.
Fang et al. (1993) developed a well technique to simu-
late motion and water shipping for a ship advancing
in longitudinal waves, and it was also applied to SWATH
ship motion analysis in longitudinal waves (Fang and
Her, 1995). Both results were well confirmed by
experimental data. Therefore, this technique was ex-
tended to analyze ship motions in oblique waves by
Chen (1994). In the present study, by combining the
ship motion prediction model in oblique waves
(Chen,1994) with formulas for wave loads (Fang and
Liao,1996), the authors develop a time simulation

technique for predicting nonlinear wave loads on a ship’

advancing in oblique waves. To reduce the calculation
time, the instant grid generation technique (Chen, 1994)
is applied to calculate the corresponding hydrodynamic
coefficients in the time domain. An artificial restoring
force technique and a digital filter technique are also
included to avoid the numerical drifting phenomena.
The general corresponding mathematical formulas are
described as in the following sections.

Il.Equations of Motions in Time
Domain

Before dealing with the equations of motions,
some assumptions about the flow must be made. The
flow is assumed to be incompressible, inviscid and
irrotational. The water depth is assumed to be infinite,
and the ship is advancing in regular waves with con-
stant speed.

Because the nonlinear effects of the large ampli-
tude are considered here, all the related hydrodynamic
coefficients become time dependent. Then, by neglect-
ing the effect of the surge mode, the five modes of
motions are all coupled, and the equations of motions
must be written as follows.

(1)Heave mode ({):

M+ Meft)r N gft)o Bort)o+ My )i N, O

+ By dOW + My @) + Ny (O + B O + M 01
+ N OF + B 0% + My + N o6 + B o)
=Re {F{t)}+ RAD) ; 1)
(2)Pitch mode (y):
MpOF + N fOF +B g 00 + Ly + M o SO
£ N OV + By O+ My )+ N 07 + BN
+ MopOF + N O + By O + My 0)6 + N 5, 0)0
+ By ()¢ =Re {F(t)} + R0 ; 2)
(3)Sway mode (n):
M@ +N gy OF + B 05 + M @)+ N O
+ By OV + (M + Myy(O)7) + N1 + BT
+ MO + N O + By O + M0 + Ny
+ By (9 =Re {F(0}; 3
(4) Yaw mode (y):
(Mo 00+ NfOF + B, 0 + M. 00+ N, (O
+ B0+ M0 + N (07 + BN
Uy + Moy + N, (0 + B, 0
+My0f + N9 + By =Re (F,0}; (4
(5)Roll mode (¢):
M0 +N gy OF + B p(6) + M )i+ N,y (O
+ B OV + MO + Ny O + B 1O + My 07
+ N1 + BoOX + (M + Myf0)h + Nyy(0)$
+ Byy()¢ =Re {Fy(1)}, )]
where M", N and B represent the added mass, damping
coefficient and restoring force, respectively. The first
subscript represents the mode of motions and the second
one represents the direction of force. F is the exciting
force. M is the ship mass.
The corresponding hydrodynamic coefficients are

varied with time, and the treatment of these coefficients
can be found by referring to Fang et al. (1993) or
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referred to Chen (1994). The former used the least-
square-fit method and the latter used the instant grid
generation technique (IGGT). Because the technique
used by Fang et al. (1993) is labor-consuming for
oblique waves, we adapt the IGGT (Chen, 1994) in the
present study, The corresponding hydrodynamic co-
efficients will be automatically calculated based on the
different hull shape at each time step.

I1l. Wave Loads in the Time Domain

Generally, the wave loads for a ship advancing
in waves are due to the following five components: (1)
the ship weight or ship inertia force, (2) the Froude-
Krylov force due to incident waves, (3) the diffraction
force, (4) the hydrodynamic inertia force, i.e., added
mass, and damping force, and (5) the restoring
force.

Regarding the ship as a free-free beam, we can
use the simple beam theory in material mechanics to
calculate the corresponding sectional sea loads along
the ship’s hull length. The ship is in motion, and the
dynamic equilibrium method, i.e., the D’Alembert
principle, can be used to calculate the corresponding
sea loads at any ship section. The corresponding sea
loads, including the vertical shear force (F,), vertical
bending moment (M,), horizontal shear force (F}), hori-
zontal bending moment (M;) and torsion moment (My),
are shown in Fig. 1.

The resultant sectional force and moment due to
the vertical motion, horizontal motion and roll motion
in large waves are shown in the following formulas.

(1) Sectional vertical force:

Kdx, 1)

=K 0, )= {(m, 0, )+ Mg(c , D) + Ny . D)

Y _F,
My
- X
S

MT

Fig. 1. A diagram for the definitions of sea loads.

+Rdx . 1)

= (=m0~ XMyl D)= XN s , O}
= (Mg , ) + Ny, 77}

— Mgy , O + xNgyc , )

— {(m(x s DZ (X, 1) + Mggy(x, D)G+ N, D@} ;
(6)

(2) Sectional horizontal force:
Ky(x, 1)
=K gt , )= Myl , D + Ny x , 1))
— (M, Y= xNys & . D)
= {m, &, 1)+ Mgl , )i + Ngg (e, 1))
— {Gem, (x , 1)+ XM gg(x , ) + xN s , D}

— {n, & , D Z 0 1)+ Migslx , 1)+ Nis (¢, DB}
N

(3) Sectional roll moment:
Ky(x, 1)
= K g0 )= {0, D Zoy(x , 1)+ Myggloc , DY
+N g, D)
— {Exm & D Z @ ) XMl D)
—xN gr(x , Y/}
— {0, . D Z 6, 1)+ Mgl . )i + Neglx . 137}
— (@M, &, DZ 0, 1)+ xMglx , D)+ XN (&, D}

— {05 s D)+ Mgl , 1) + Ng &, D9} —R ol , 1)0,
®)

where

m,(x,t)=instantaneous sectional mass;

Z.y(x,t)=the vertical distance between the instan-
taneous centroid and the center of grav-
ity; “+” means that the centroid is below
the center of gravity;

Z.(x,t)=the horizontal distance between the in-

stantaneous centroid and the center of
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TR

gravity; “+” means that the centroid is to
the right of the center of gravity;
xm,(x,t) y=instantaneous sectional vertical iner-
tial force due to pitch;
xm,(x,t)¥=instantaneous sectional horizontal in-
ertial force due to yaw;
mo(x,t)Zcx(x,t)¢= instantaneous sectional horizon-
tal inertial force due to roll;
mo(x,t)ch(x,t)¢= instantaneous sectional vertical
inertial force due to roll;
mo(x,t)Zcx(x,t)(f— x{)=instantaneous sectional
horizontal inertial force
due to roll;
mo(x,6)Zey(x,H)(T1 + X}) =instantaneous sectional
vertical inertial force due
to roll;
I,(x,t)¢ =moment inertia force due to roll;
R;(x,t): instantaneous restoring force per unit
heave;
Ry(x,t)= instantaneous restoring moment per unit
roll;
Ky.(x,t)=instantaneous heave exciting force;
K (x,t)=instantaneous sway exciting force;
Kg.(x,H)=instantaneous roll exciting moment.

In order to evaluate the sea loads on an arbitrary
section at x=xg, fore or aft from the longitudinal center: "
of gravity, we assume another variable x in x=&+xo,
where xo>0 for a fore section. Then, integrating the
above three equations from x; to bow, we can obtain
the wave loads at any section xq as follows.

(1) Vertical shear force:

Fyx,?)
Ly
- f K& x,,1)dé
Ly Ly Ly
- f KudE+x, . ) dE~ {( j mdE+ f Miyd® (- x, )}
Ly Ly
- N9 ¢ x99+ | Ridé
Ly Ly L,
~ (= | &modt~ | EMpdirs (- | Nuydd v

Ly Ly
—{(f Mayyd® (17+xo;z>,+(j Ngyd® @ +x,0)

Ly S Ly
~{- f EM i d £ + (— f EN G d O
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(2) Vertical bending moment:

My(x , 1)

=—T§K§(§+xa ,0dé

=_T§KH8@+% .9 dé—{(—Tﬁmodé—TéMéﬁdf)é
Ly L,

+(= | Ngadly - | Er o

—xa{(]z ém,d&+ T §M;;Hd§)i//+ (T ENgpd Oy}

Ly

Ly
-] mpat+ |

o

Ly

EM )y d &5+ ( f EN,yyd o)

L, Ly
~ (- | Mo+ (- | Vst

L, Ly

x5, | MG+ (- | evswatin

Ly Ly
~{- f EMGadi+ (- | ENszad)

L, L,
—(- f ém,Z, dE- f EM oy d

Ly
(- f ENud £} (10)

(3) Horizontal shear force:

Fi(x,1)

Ly
=J-K,,(§+xo,t)d§

Ly Ly
= f KSe(é"' Xo 5 t) dé_ {(f M[fl’sdé) (Z‘—Xoiif)
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Ly
+<j NyysdE) & —x, 1)

Ly L,
~(- f EMysd &+ (~ | ENysd&y)

Ly Ly
—{(f m,dE+ f Mgsd&) (i +x,.7)
Ly
+( f Nsd® @+ x,)}
Ly Ly Ly
—{(j Em, dE + f &wssd@;mj EN s dE) )

L L L
- {(szozcvdé + JzM;Sdé)q) + (JZNRSdé)q)} N
] o o an

(4)Horizontal bending moment:

M,

Ly
=f§K,7(§+xo,t)d~f
Ly
- f &K Exx, ) dE
L, L,
—{(f EMysd S +(| Nysd D)
Ly )
—x,{(- f EM s d O + (— f EN s d S0}
Ly Ly
—(- f EM,d O+ (— f EN, . dEW}
L, Ly L,
—{(f m,dé+ | &wssd@m(j EN s d )

Ly Ly Ly
—xo{(f Em dE+ f éMssd@;z+(f EN s d By}

L; L2 . L2
- (| Emags f EM o d Ey + f ENdEy)

Ly Ly Ly
(| mzoab+ | M+ (| Npsadi:
2 b ° 12)

(5) Torsion moment:

Mi(x, 1)

L
=f1<¢(§+x,,,z)d§
Loy L‘2
=f Kp,E+x,, 0)dE- {(J m,Z_dE
L, L, .
+ | Mipd Gx, 00+ (| N G, 00
L, L
—(- f Em,Z, A&~ f EM e d O
Ly
+ (‘f ENrd W)
Ly Ly
- {(f mchydé + f M.;,Rdé) ( 77 + XOZ)
Ly
+( f Ngd) (7 +x,)}
Ly Ly Ly
(| m 2o+ | EMpali+ (| ENgpad)

L, L, Ly L,
(| 148+ M+ (| Ny~ (| R0,
0 0 0 0 a3

In the above integration, the underwater shape is
different at any instant time; therefore, every coeffi-
cient in the equation is a function of the time or shape
position. L, indicates the distance between the section
of interest and the fore end of the hull.

IV. Methods for Avoiding Numerical
Drift

Some numerical drifting phenomena will occur in
the sway and yaw modes when we solve the five coupled
equations. To show how to avoid this, two methods
are used here:(1) the Artificial Restoring Force Tech-
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Fig. 2. Time histories of ship motions without using AFRT or DFT
(u=60°, A/L=1.0, H/A=1/30, Fr=0.15).

nique, ARFT; (2) the Digital Filter Technique, DFT.
1. Artificial Restoring Force Technique (ARFT)

The method is to add an artificial restoring force
and moment in the sway and yaw equations. The
artificial force is related to the encounter frequency and
the ship mass. The formula is

k=(nw)*M, 14)
where o is the encounter frequency, M is the ship mass
for the sway or the moment of inertia for yaw, and n
is the coefficient to be determined.

2. Digital Filter Technique (DFT)

Because the general solution for the frequency
causing the drift phenomena is zero and the required
particular solution is equivalent to the encounter fre-
quency, we only need to eliminate those frequencies
which are lower than the required encounter frequency
in the integration procedure. Therefore, the function

of the filter used in the signal processing is applied in
the present numerical calculation.

Generally, there are two kinds of digital filters:
(1) the FIR (Finite Impulse Response) filter and (2) the
IIR (Infinite Impulse Response) filter. In order to make
the phase constant and avoid wave distortion, we adopt
the FIR filter. In addition, the higher order filter must
be used to obtain a sensitive truncation amplitude.
Using the FIR filter, the signal processing can be
expressed as

N
PY= 2 @)+ {PY;- ¥ 1y (15)

where N is the number of filters, A(7) is the coefficient
of the filter, and {p}; represents the output signal at
step j. The coefficient of the filter can be calculated
using

iy =—H0—

k() + i§l 2k(i)

if i=1~N/2

i = h(§ - », if i=N/2+1~N (16)
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Fig. 3. Time histories of wave loads without using AFRT or DFT
(u=60°, A/L=1.0, H/A=1/30, Fr=0.15).
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Fig. 5. Time histories of nondimensional ship motions (u=30°, A/

L=1.0, H/A=1/20, Fr=0.15).

20> k@)=L
i %0 = k()= %7: sin Qi) OR

fs

where f. is the truncation frequency, and f; is the sampl-
ing frequency. wp(i) is Blackman window function and
can be expressed as

wy(i) = 0.42 + 0.5 cos ( 1\% "1) +0.08 cos ( 1\‘}’1 il) .(18)

Assume that the value at step j is known; then the value
at the next step j+1 can be calculated using the fol-
lowing procedure:

(1) Take the displacement and velocity at step (j—
N/2+1) as the initial value and proceed with time
integration for N steps to obtain the displacement
and velocity at each step j.

(2) Apply the low pass filter to the N+1 numbers of

020
I T
L B the calculated values for the N+1 displacements
. . o . o and velocities, and then subtract the value ob-
Fig. 4. Time histories of wave loads using AFRT with different ined f ’ N/2) i d D £ h
artificial restoring coefficients (u=90°, A/L=1.0, H/A=1/30, tained from step ( ) ) in procedure (1) from the
Fr=0.0). output value obtained here.
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Fig. 6. Time histories of nondimensional wave loads (u=30°, A/
L=1.0, H/A=1/20, Fr=0.15).
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(3) Substitute the value obtained in procedure (2) 0002 —, Torsion Moment
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Figures 2 and 3 show the results of the ship Y parr 0
motions and wave loads in oblique waves without 005 ———— l , R
using ARFT or DFT. We can see that the numerical 800 1200 1600 ( 20,00
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drifting phenomena occurred in sway and yaw mo-
Fig. 8. Time histories of nondimensional wave loads (u=60°, A/

L=1.0, H/A=1/30, Fr=0.15).
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Fig. 7. Time histories of nondimensional ship motions (u=60°, A/ Fig. 9. Time histories of nondimensional ship motions (#=120°, A/
L=1.0, H/A=1/30, Fr=0.15). L=1.0, H/A=1/30, Fr=0 05).
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Fig. 10. Time histories of nondimensional wave loads (u=120°, A/
L=1.0, H/A=1/30, Fr=0.05).

tions, which led to unstable results in the wave
loads simulation. Therefore, techniques such as
ARFT or DFT must be applied to avoid the drifting
phenomena. Figure 4 shows the application of ARFT
to the beam wave case. The results are indeed
quite stable. Although the results for the horizontal
mode vary with different artificial restoring coeffi-
cients, there is almost no influence on the vertical
modes. Because the artificial restoring force was an
external force that caused discontinuity when we drew
the diagrams for the shear force and bending moment
along the ship’s length, we then used DFT.

Figures 5 and 6 show the results of the time
simulation for the ship motions and wave loads at
p=30° with Fr=0.15, A/L=1.0 and H/A=1/20 (u is the
wave direction, A is the wave length, and H is the wave
height). From both figures, we can see the results
are fairly stable. Generally, the result for each time
history is not symmetric with respect to the zero level,
which is a general phenomena in large amplitude
analysis. In particular, the roll motion mode oscillates
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-ii‘ig. 11. Time histories of nondimensional wave loads (1#=30°, A/
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Fig. 12. Time histories of nondimensional wave load (u=30°, A
L=1.0, H/A=1/20, At=T/60, N=30, Fr=0.15).
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Fig. 14. Time histories of nondimensional wave loads (u=30°, A/
L=1.0, H/A=1/20, A=T/60, N=90, Fr=0.15).

below the zero level, which means that the ship
oscillates in an inclined status to the port side. Simi-
larly, the results for pu=60° with H/A=1/30 are shown
in Figs. 7 and 8 and are also stable without the drifting
phenomena. This proves that DFT is really workable
for the above two cases. There are some differences
between the two cases, but they are not large. The
results for the oblique bow wave cases, u=120°, are
shown in Figs. 9 and 10. Again, the results are also
quite stable because of the application of DFT. In
Fig. 9, the roll motion oscillates above the zero level,
which means the ship oscillates in an inclined status
to the starboard side. This situation occurs because
the wave comes from the port side while it comes
from the starboard side for u=60° as shown in Fig. 7.
These results in Figs. 7 and 9 confirmed with the
physical phenomena. Comparing the sea load results
for these different wave directions, we find that the sea
loads for a bow wave are generally larger than those
for a stern wave. Furthermore, a special phenomena
appears in Fig. 10, which shows two significant peaks
in one wave period for all the wave loads except for
the torsion moment. This interesting phenomena may
be due to the phase difference and the coupling effects
of the motions.

In the above calculations using DFT, we had to
first decide on the time interval (Af) and on the number
of filters (N). A series of tests was conducted by Fang
et al. (1996). Figures 11-14 show some examples of
the results of the numerical tests with different numbers
of filters and time intervals. In the figures, the results
appear to become unstable when the number of filters
increases. Therefore, from the systematic analysis
(Fang et al., 1996), we suggest that the time interval
should be 1/60 of the wave period (7), and that the
suitable filter number is 30, which was applied in Figs.
3-10.

VI. Summary

A calculating method for the nonlinear sea loads
for a ship advancing in waves has been developed in
the paper. The method produces results which, in
general, can be used by naval architects in ship design.
From the above analysis, some conclusions can be
drawn as follows:

(1) The ARFT method can be used to retrieve the
numerical drifting error in a ship motion but will
cause an artificial external force on the ship,
making sea load prediction impractical. Hence,
the ARFT method may be suitable for prediction
of motions but not for prediction of sea loads.

(2) The DFT method not only can avoid the numeri-
cal drifting phenomena in ship motion, but
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also makes sea load prediction more practical.
However, the time interval (Ar) and the number
of filters (N) must be selected carefully to
make the results stable. The suggested values
are 1/60 of the wave period (7) and N=30.
However, these suggestions are only suitable for
infinite water depth as in the present study. If
the water depth is finite, the results may be
different.

(3) The results calculated in the time domain show
that the nonlinear effect is significant when the
wave amplitude increases and can not be ne-
glected.

(4) A technique for predicting sea loads under large
wave amplitude has been developed in the paper;
however, we still need corresponding experi-
mental data to further confirm its validity.
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