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ABSTRACT

Based on the strip theory, we propose a hybrid method to accurately predict the sea loads of a
catamaran ship advancing in waves. Because the ship motion and sectional hydrodynamic coefficients
are the primary factors affecting the sea loads, their corresponding mathematical models are derived,
including the hydrodynaric interactions. With the corresponding forces on the ship hull, the sea loads
on the mid-point of the cross deck can be obtained by using the free-free beam concept. Either a standard
approach or a simplified approach normally solves such kinds of sea loads. However, instead of employing
those approaches, we propose another method called hybrid approach. Such approach not only considers
the different section shapes, but also includes the effects of pitch and yaw motions. Results obtained

by hybrid method are preferable to those from the other approaches.

Therefore, the hybrid approach

proposed here can be considered as a highly effective tool in analyzing the sea loads for a catamaran

ship 1n waves.
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. Introduction

The catamaran ship generally has a larger weather
deck, larger transverse stability and available flexible
space between two hulls than the monohull ship. The
catamaran ship is normally used for marine research
expeditions, ocean mining, passenger transport and
military purposes

Considering the catamaran ship’s structural de-
sign requires calculating the wave loads. The wave
loads include the vertical shear force, horizontal shear
force, transverse vertical bending moment, lateral
bending moment and vertical torsion moment. The
magnitude of the corresponding wave load is closely
related to the wave force and ship motions. Because
the transverse span of the catamaran ship is generally
large, damage usually occurs due to the wave action
if the design is inadequate. Therefore, much emphasis
for the wave loads of catamaran ship is placed on the
cross deck’s midspan which is different from that for
a monohull ship.

Standard approach (Kim, 1976; Reilly et al.,
1988) and simplified approach (Lee et al., 1973; Lee
and Curphey, 1977) are the conventional methods for
analyzing the wave loads. Instead of using the sectional
pressure distribution, Kim (1976) used the sectional
exciting force and hydrodynamic forces to calculate
wave loads. Reilly et al. (1988) calculated the cor-
responding wave loads by using the integration of the
sectional pressure. Lee er al. (1973) and Lee and
Curphey (1977) assumed that the catamaran ship’s
section shape is uniform and symmetric for fore and
aft. Therefore, the pitch motion and yaw motion are
neglected and the action force on each section will be
simplified. Consequently calculating the wave loads
becomes relatively simple.

The standard approach, which must consider all
regular procedures to calculate the wave loads, takes
much more time than the simplified approach. How-
ever, the simplified approach merely uses one sectional
shape to simulate the entire ship which will, subse-
quently lose the original characteristics of the ship and
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somehow become impractical. In this study, we pro-
pose a hybrid method which combines the merits of
the above approaches. By employing the proposing
hybrid method, enhanced results can be attained for the
transverse vertical bending moment and vertical tor-
sion moment. Besides, the calculation time is also quite
efficient.

The hydrodynamic coefficients used in this study
are based on previous methods (Fang, 1985, 1987,
1988; Kim et al., 1980). In those investigations, not
only are the even and odd potentials treated separately
but the hydrodynamic interactions are also considered.
Owing to the above considerations, calculationaccuracy
for the wave loads and motions are improved.

An ASR catamaran ship is selected here as the
calculation model. Also, the computer programs for
the standard approach and hybrid method are developed
to calculate the wave loads; those results are compared
with those of Lee et al. (1973) which are calculated
by simplified approach. The comparison reveals that
the results obtained by the hybrid method more closely
correlate with each other than those of the other two
methods. Moreover the three methods and correspond-
ing mathematical formulas are described in the subse-

TOP VIEW

Fig. 1. Coordinate system.

quent sections.

Il. Equations of Motions and
Hydrodynamic Forces

The fact that calculating of sea loads is closely
related to the ship’s motion and hydrodynamic forces,
necessitates that a mathematical model first be derived
for these two factors. Figure 1 shows that the inertia
and body coordinate systems are designated by O-XYZ
and o-xyz, respectively. The ship’s motion in response
to the regular waves is calculated by solving the fol-
lowing five linear coupled equations if the surge motion
is small and can be neglected:

6
m=2[—a)z(M+Am])—inmj+Cm]]é‘m:F] 1
where Apjs By and C,,; represent the added mass,
damping coefficient and restoring force, respectively;
&, denotes the motion response; F; is the exciting force;
M, denotes the ship mass; subscripts m and j represent
the mode of motion and direction of force, respectively;
and mode m, j=2, 3, 4, 5, 6 represent sway(7), heave
(£), roll(¢), pitch(y) and yaw()), respectively.

The sectional hydrodynamic forces, including the
effects due to heave, sway and roll motions, can be
calculated by solving two separated boundary value
problems, i.e., diffraction problem and radiation prob-
lem. The diffraction problem is related to the wave
exciting force while the radiation problem is related
to the added mass and damping coefficients. Because
the corresponding hydrodynamic coefficients have
already been developed, we neglect the complicated
procedures of derivation and the corresponding formu-
las can be found in previous literature (Kim, 1972; Yi,
1994).

Ill. Sea Loads

By considering only the linear theory, the sea
loads for a ship advancing in waves arise from the
following five components: (1) ship weight or ship
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Fig. 2. Sectional exciting force due to the unit wave amphtude.
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Fig. 5. Sectional hydrodynamic forces due to roll mode.

inertia force, (2) Froude-Krylov force due to incident
wave, (3) diffraction force, (4) hydrodynamic inertia
force, i.e., added mass, and damping force, and (5)
restoring force. Figures 2-5 present the corresponding
sectional hydrodynamic force, i.e., exciting force, added
mass and damping coefficient, due to different motion
modes.

Figure 2 presents the sectional exciting forces
per unit wave amplitude denoted by f. Where
superscripts o and e represent the odd and even func-
tions, respectively, while subscripts H and S
represent heave and sway modes, respectively. Also,
Figs. 3-5 show the added mass forces(n") and damping
forces(N) due to the heave(H), sway(S) and roll(R)
motions, respectively. The first subscript represents
the motion mode, while the second subscript denotes
the force mode’s direction. In those figures, all forces
are symmetrical except f5, 5, m" g5, Ngs, m" g, Nsg,
m"gs , Npsg which are anti-symmetrical. When calcu-
lating the motions, the anti-symmetrical forces are
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Fig. 6. The definition of sea loads for standard approach.

neglected because they cancel out each other. How-
ever, they can not be neglected when calculating the
sea loads.

Figure 6 shows the corresponding sea loads con-
sidered in the catamaran ship’s cross deck, i.e. vertical
shear force, horizontal shear force, transverse vertical
bending moment, yaw moment and torsion moment.
Next, three calculation methods for the sea loads stated
above are described as follows:

1. Standard Approach

The method is generally used to calculate sea
loads. Here, we consider the ship hull as a free-free
beam and take the free body diagram to calculate the
sea loads by force equilibrium. By using the free body
diagram in Fig. 6a, the formulas of the sectional sea
loads can be derived in the midspan point of the cross
deck located on the intersection of the longitudinal
neutral axis and z axis. Next, the sectional values along
the ship length can be integrated to obtain the sea loads
for the entire ship. The corresponding formulas are
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listed as below.
(1) Vertical shear force:
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(2)Horizontal shear force:
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(5) Yaw moment:
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9] %)
+1 f_h Koy dx 11+ [Ll WK o(x) dx 1%

IZ 12
+[f_jlxKRS(x)dx]§+[f_jlme(x)dx]‘g
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where
Kyp(x) = O*mipgg(x) + iONgp(x)
Kgp(x) = 0Pmgy(x) + ioNsy(x)
Kpefx) = ©Pmpe(x) + iONey (x)
Kss(x) = 02mgg(x) + ioNgg(x)
Kps(x) = 02mgg(x) + iONpg(x)
Kys(x) = 0%mig(x) + i0N;o(x)

The above sea loads are expressed by per unit
wave amplitude. Where y, is the horizontal distance
of the centroid of the half section; while ¥r is the
horizontal distance of the midpoint of water line of the
half section; m, is the half sectional mass; by is the
restoring force per unit displacement; €G=0G —z,
and z, is the vertical position of the half section
gravitational center; y, is the horizontal position of
the center of gravity for the half-side ship hull; 7 is
the vertical distance of the pressure center which
may be replaced by the center of buoyancy due to the
small amplitude; OS is the vertical distance between
waterline and longitudinal neutral axis of the cross
deck; and GS is the distance from the center of gravity
to the longitudinal neutral axis of the cross deck. The
torsion moment is taken about the axis parallel to y-
axis and passes through S point, i.e., the intersection
of the longitudinal neutral axis and the z-axis. Finally,
the yaw moment is the moment around the z-axis due
to the lateral force.

2. Simplified Approach

The simplified approach involves transferring the
original catamaran ship to another two-dimensional
ship with the original midship section and the same
displacement. Therefore, the ship length is changed
to an equivalent length to maintain the displacement
constant. Another assumption is that the wave is lim-
ited in beam wave.

BENDING MOMENT

Fig. 7. The definition of sea loads for simplified approach

Owing to the symmetry of the fore and aft parts
of the ship, only heave, roll and sway motions exist
in the beam wave. Calculating the sea loads can be
simplified by considering only the three modes of
motions. Figure 7 provides the definition of the sea
loads of the whole section (Lee et al., 1973, Lee and
Curphey, 1977). Previous literature describes the detail
procedures (Lee et al., 1973, Lee and Curphey, 1977)
and are, therefore, neglected here. By using the cor-
responding force diagrams in Figs. 3-5, the following
formulas for sea loads can be derived as,

(1) Vertical shear force:

Fy (0) 2 2,7 L
a = +(O°m,y, ) Qla+[0°mg, + iONgy) Ta

—542—



Sea Loads of Catamaran Ship in Waves

+[ @’y + iONgy — by oy, 1@/ a L, (7)

(2)Horizontal shear force:

B h@ ot i
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(3) Transverse vertical bending moment:

M, ” .
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9
where L, is the equivalent ship length.

Comparing the standard approach with the sim-
plified approach reveals that the latter makes the for-
mulas relatively simple and saves much computational
time. However, it can not calculate the torsion moment
and yaw moment because of the omission of the pitch
and yaw motions. Results obtained from the simplified
approach may also be worse than those of the standard
approach.

3. Hybrid Approach

Although the simplified approach is quite
simple, the ship configuration has been changed and
the wave direction is -also limited only in the beam
wave. It is therefore somewhat impractical and the
results have been proved to have some discrepancies.
Practically, the pitch and yaw motions exist and con-
tribute to the sea loads. The proposed hybrid approach
combines the merits of the standard and simplified
approaches. Because the hull body is floating in water,
the wave loads in the midpoint of the transverse deck
do not need to be calculated using the half free body
diagram as the standard approach stipulates. We can
consider the entire twin-hull free body diagram and
some symmetrical and asymmetrical forces can be
neglected as shown in the following formulas. Besides,
we consider the real section shapes along the ship
length and the five modes of motions including heave,
sway, roli, pitch and yaw are considered. Restated, we
simply add the effect of the pitch and yaw motions in
the simplified approach. Consequently, the correspond-
ing formulas can be written as

(1) Vertical shear force:,

FC_‘ 2 o L2 [
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(2) Horizontal shear force:
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(5) Yaw moment:

M, (2 ., &
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£
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_f

Results in this study indicate that the formulas
derived for the proposed hybrid approach are simpler
than those of the standard one. fi° and the hydrody-
namic forces and inertia forces due to heave and pitch
have been omitted in the Eqs. (10) and (13) if Egs. (2)
and (5) are compared. 9 and the hydrodynamic forces
and inertial forces due to sway, roll and yaw are omitted
in Egs. (11) and (14) if Eqgs. (3) and (6) are compared.
Comparing Eq. (12) with Eq. (4) reveals that £, £
and the hydrodynamic forces and the inertia forces due
to sway, roll and yaw are omitted. Comparing the
formulas for simplified approach with those of the
proposed hybrid approach indicates that the latter is
more rigorous.

Therefore, the hybrid approach obviously has the
merits of the other two.

V. Reéults and Discussion

Here, the ASR catamaran ship is selected as the
model when calculating the sea loads. Table 1 presents
the principal dimensions of the catamaran ship. Be-
cause the prediction accuracy of the ship motion affects
the results of sea loads, the motion prediction is first
investigated by comparing with the experimental re-
sults (Wahab et al., 1971).

Table 1. Principal Dimensions of ASR Catamaran Model

Model No. 5061
Displacement, long tons in S.W. (LT) 2794
Length (D.W.L.), L (M) 64
Beam (each hull) at Waterline, B M) 7.32
Beam (overall), B,, M) 26.21
Draft at Midship, T M) 5.49
Hull Separation (a1 11.58
Longitudinal Center of Gravity aft of F.P. M) 32.16
Vertical C.G., KG M) 6.4
Transverse Metacentric Height, GM M) 17.98
Radius of Gyration for Pitch ) 0.25L
Radius of Gyration for Roll M) 9.88
Vertical Distance of the Neutral Axis,

GS above the VCG (M) 6.1
Transverse Distance of the C.G. of the

Starboard Hull from G, y, (M) 8.99

Hull Separation/Beam 1.58
Model Scale Ratio 1/16.89
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Fig. 8. The heave motion of ASR catamaran ship in beam wave with
Fn=0.1.
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Fig. 9. The heave motion of ASR catamaran ship at p=120° with
Fn=0.31.
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Fig. 10. The pitch motion of ASR catamaran ship at p=120° with
Fn=0.31.

Figures 8-13 show the motions of ASR catamaran
ship at different speeds in different waves. The results
are expressed by nondimensional motion amplitude vs.
A/L. Figure 8 shows the heave motion in beam waves
with ship speed Fn=0.1. The agreements are quite
satisfactory. The results in Fig. 9 are the heave motion
at u=120° with ship speed Fn=0.31. Similarly the
results closely correspond to the experimental data.

—544 —



Sea Loads of Catamaran Ship in Waves

3.60

Separation!ﬁeum
320 1.58

Experiment (Wahab, et al, 1971) o
Present Method -
2.80

2.40

¢/av

2.00
1.60
1.20
0.80

0.40 o

T T T Y O SO A A T |
o]

000 |r]l|llTI]lll_[[lllT]l||T—|—|_r1||llll"|—l_|'l'lrrl_|_[|llll|
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5 5.0
A/L

Fig. 11. The roll motion of ASR catamaran ship in beam wave with
Fn=0.0. -
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Fig. 12. The roll motion of ASR catamaran ship in beam wave with
Fn=0.1.
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Fig. 13. The roll motion of ASR catamaran ship at u=120° with
Fn=0.31.

Figure 10 summarizes the results for pitch motion in
bow waves, while Figs. 11-13 show the roll motion
results for different wave headings. Generally, the
comparisons are quite good and thereby confirm the
following results for sea loads.

Here, the programs for the standard approach and
hybrid approach are developed to calculate the corre-
sponding sea loads. Results of Lee ef al. (1973) for
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Fig. 14. The vertical shear force on the mid-point of cross deck in
beam wave with Fn=0.0.
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Fig. 15. The vertical shear force on the mid-point of cross deck in
beam wave with Fn=0.253.

the simplified approach are adopted here. Also, Figs.
14-28 compare the three sets of theoretical results with
the experimental data (Wahab et al., 1971). Two ship
speeds (Fn=0.0, 0.253) and two wave headings (u=90°,
120° ) are also considered. The sea loads considered
are concentrated on the midpoint of the cross deck for
the ASR catamaran ship. Figures 14 and 15 show the
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Fig. 16. The vertical shear force on the mid-point of cross deck at
§=120° with Fn=0.253.
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Fig. 17. The horizontal shear force on the mid-point of cross deck
in beam wave with Fn=0.0.
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Fig. 18. The horizontal shear force on the mid-point of cross deck
at y=120° with Fn=0.0.
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Fig. 19. The horizontal shear force on the mid-point of cross deck
at u=120° with Fn=0.253.

vertical shear force in the midpoint of the deck of the
catamaran ship in beam waves. Results obtained from
standard approach and hybrid approach closely corre-
spond to the experimental data while those obtained
by the simplified one are lower (Fig. 14). If the speed
is included, i.e., Fig. 15, the results are similar to those
in Fig. 14. Figure 16 summarizes the results for u=120°
with speed effect. The theoretical results are generally

1.60 Separation/Beam
7 141 176" 1.58
1.40 Experiment (Wahsb, et al, 1971} © e
. (¢} Standard Approach -
Hybnd  Approach —
< 1.20 le) / Simphified prmch (Lee, et ol 1973) ———
= 4
~. 100 -
N p
= 080 —
060 —
0.40
0.20
600 IIlllllll|IIll|IllI|llIl||||||lll|||l||||lll’|l
00 05 10 15 20 25 30 35 40 45 5.0
A/L

Fig. 20. The transverse vertical bending moment on the mid-point
of cross deck in beam wave with Fn=0.0.
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Fig. 21. The transverse vertical bending moment on the mid-point
of cross deck in beam wave with Fn=0.253.
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Fig. 22. The transverse vertical bending moment on the mid-point
of cross deck at u=120° with Fn=0.0.

underestimated if the experimental data are compared.

Figures 17-19 show the horizontal shear forces in
the midpoint of the deck. For zero speed cases in Figs.
17 and 18, the theoretical results are still satisfactory
for both approaches. However, both theoretical results
are overestimated in the long waves if the speed is
considered as shown in Fig. 19.

Figures 20-23 display the results for the trans-
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Fig. 23. The transverse vertical bending moment on the mid-point
of cross deck at u=120° with Fn=0.253.

verse vertical bending moment in the midpoint of the
deck of the catamaran ship. For the beam wave case
with zero speed as shown in Fig. 20, the hybrid ap-
proach correlates with the experimental data better than
the standard approach whereas the simplified approach
is the worst one. With the speed effect in Fig. 21, the
hybrid approach and standard approach have a similar
trend; however, the hybrid one is slightly better than
the standard one if the experimental data are compared.
For u=120° with a zero speed in Fig. 22, both theo-
retical results closely correspond to the experimental
data. However, the standard approach is better than
the hybrid one around the peak values while it is better
for the hybrid approach in longer waves. Figure 23
presents the case with Fn=0.253. Although two theo-
retical approaches are generally overestimated in longer
waves, the hybrid approach is still better than the
standard one. 4

Figures 24 and 25 display the results for torsion
moment. From Fig. 24, i.e., beam waves, the hybrid
approach generally agrees with the experiment better
than the"standard one. For another wave heading, i.e.,
H=120°., both theoretical results are overestimated;
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Fig. 24. The torsion moment on the mid-point of cross deck in beam
wave with Fr=0.0.
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Fig. 25. The torsion moment on the mid-point of cross deck at
1=120° with Fn=0.253.
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Fig. 26. The yaw moment on the mid-point of cross deck in beam
wave with Fn=0.0.
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Fig. 27. The yaw moment on the mid-point of cross deck at u=120°
with Fn=0.0.

however, the hybrid approach is stil] better than the
standard one (Fig. 25). '

Figures 26-28 summarize the results for the yaw
moment. As indicated in those figures, the theoretical
predictions are generally satisfactory for both ap-
proaches.

The effect of the motions on the sea loads is quite
obvious, as indicated from a comparison of the cor-
responding results mentioned above particularly around
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Fig. 28. The yaw moment on the mid-point of cross deck at y=120°
with Fn=0.253.

the motions resonance, i.e., A/L=0.5-1.5.

V. Conclusion

Based on the two-dimensional strip theory, we
have proposed a mathematical model to calculate the
ship motions and sea loads. A series of analyses have
also been made for the different approaches and ex-
perimental data. Based on those results, we can con-
clude the following:

(1) The motion predictions for the ASR catamaran
ship in waves are generally satisfactory and
closely related to the sea loads, thereby confirm-
ing the validity of the present strip theory.

(2)General comparisons with the experimental
results indicate that the hybrid approach devel-
oped here is the preferable one in accurately
predicting the sea loads for a catamaran ship in
waves. The hybrid approach combines the
advantages of standard approach and simplified
approach, i.e., less computational time and more
accurate results.

(3) The sea loads in the midpoint of the cross deck
for the ASR catamaran can be accurately pre-
dicted for the zero speed in beam waves. Prac-
tically, the maximum sea loads for the catamaran
generally occur.in the zero speed condition in
beam waves. Therefore, the technique devel-
oped here can be -practically used for the cross
deck structural design of the catamaran ship.

(4)Some discrepancies still arise, particularly in

) bow waves. This may be owing to the three-
dimensional effect which is to be studied in our
near future work.
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Nomenclature

5]

: incident wave amplitude

: sectional a restoring force per unit displacement
: beam of monohull

: beam of twin hull

: Froude number (U/(gL)"?)
: acceleration of gravity

: ship length

: equivalent ship length

: ship speed

: wave length

: wave direction

: water density

: wave frequency

: encounter frequency

: displaced volume of ship
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