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ABSTRACT -

The analvticalrnrediction of catamaran motions in head
eeas and hydroydnamic loads in heam seas is.desc:ibed.
Correlation between the predicted and_the model excere_
mental results is presented and discussed.

.The anaiytical prediction ie found satisfactory
except.for'some:discregancies tesulting from the
inadequate accOUnt for‘viScous effects'and the three-

.dimensicnal hydrodynamic effects.

I. INTRODUCTION

A large useful deck area7is one of the obvioué>advantages'aseociated
with catamarans. If this large deck area is to be effectively
utiiiied,'it must behave as a'etable'platform."Thus,.the advahtages
associated with catamaran huli forms may not be fully realized unless
they have good seaworthinesshchafacteristicS'Which can compensate for
the incyeaeed frictional resistance due to the increased wetted hull
surface and the added atructural prbblems reSulting from the cross-
deck structure:between the two hulls.‘

It is a formidable challenge for naval architects to design
unconventional hull forms when so littie‘deéigning data is avaiiable,,
The challenge becomes even more formidable when they have to produce a
hull form which not only malntains the expected advantages but also

minimizes the‘penaltles 1nherently assoc1ated with the new hull forﬁt‘




Under such circumstances, the first step to be taken would be to
conduct proper research to develop necessary data for catamaran designers.
As part of the research efforts at NSRDC in the catamaran area, theofetical
and experimental investigations in motion and sea loads of catamarans have
been made. The results obtained from these iﬁvestigations will be presented
in this paper.

An analytical method of predicting monohull motion in five-degrees-of-
freedom and the sea loads on the ship was developed by Salvesen,-Tuck and
Faltinsen [l].l Based upon a similér approach an analytical method of
predicting tﬁe coupled heave and pitch motions of catamarans in head seas
has been developed [2, 3]. An effort is being madé to extend this method
to predict all degrees of freedom of motion.

Also, an analytical method of predicting the bending moment, and
vertical shear force on the cross-deck structure when stationary catamarans
are subjected to beam seas has been developed. Since the head and following
waves usually induce iargest heave and pitch motion which ié most critical
from the standpoint of cross-deck impact,. and the beam waves acting on
a stationary catamaran are regarded as most critical from a hydrodynamic load

consideration, the énalytical prediction methods presently developed for

‘the head and beam seas can be utilized to investigate the worst conditions

for motion and hydrodynamic loads on catamarans.

The number in the parenthesis indicates the references listed on page 34.




The correlation between the theoretical values with the model results

'_ is found to be reasonably good’ except for some discrepancies which at

~ present are believed to be caused by viscous effectland by threefdimensional
‘hydrodynamic'effect‘induced'by forward-speedr ,

| A hrief‘description of the features ofVmotions and hydrodynamic:loads
normally associatedvWith catamarans is givenfin Section.ll;( Section III
describes the theoretical background for developing the prediction method for
the coupled heave and pitch motion. Section IV presents a comparison of the
results -obtained from theory and experiment. Section v presents the develop—
ment . of the hydrodynamic load prediction and aicompariSOniof theoretical>

loading results vith model egperimental‘results;

II. FEATURES ASSOCIATED WITH THE MOTION AND THE HYDROYDNAMIC LOADS OF

' CAIAMARANS .

While,an dncreasein the overall beams in catamarans increases roll
stability,-this results"in‘a decrease of the‘natural roll‘period and
tends to make.catanarans jerkier than monohull ships. Furthermore,'the
- decrease in the natural period tends to br1ng the natural periods for
roll and pitch closer to each other. Thls could” cause simultaneOus
excitation of large roll and pitch motionsvand mahe eitremely uncomfortahle
riding for the crevws. | |

‘The existence 6f the croSs-déck7structure'presents the problem'of wave
impact ofi the bottom of the cross-dech structure when the relative motlon
between the wave and the Shlp becomes large._ From the viewpoint ofﬂthe riding
comfort of the crew,.it is desirable to have small.motion'With respect

to the calm water level. However, from the viewpoint of avoiding the



hydrodynamic impact of the cross deck, a good wave-contouriné motion would be
desirable.

In this respect, the height of the cross-deck bottom from the calm
water level.becomes one of the important dimensions in a catamaran design.

A lower cross-deck height has advantages in terms of certain catamaran
functions such as recovefy and drilling operations. It also increases

the roll stability by shifting the center of gravity downward which
increases the roll restoring moment. Since a considerable amount of the
bending moment on the cross deck may be contributed by the net horizontal
hydrodynamic forces acting on each hull, lowering of the cross deck would
result in a decrease in the bending moment due to a decrease in the moment
arm.

On the other hand, the risk of subjecting the deck to impact increases
by reducing the deck height. The impact of the cross deck can cause not
only structural damage but also damage to onboard instrumentations due
to the severe structural vibrations set off by the slam impact.

Another important dimension associated with catamarans is the separation
distance between the two hulls. This dimenaion has direct influence on thé
roll stability and motion. However, according to the experimental results
.of ASR and CVA catamaran models,within the separation distance between the
inner hulls at the wgterline of 70 to 140 percent of the beam of one hull,
the effect of the separation disfance on the heave and pitch motion and on the

hydrodynamic loads on the cross deck does not seem to be appreciable.




Although they are mnot investigated.iﬁ'therpresenf work, the térsion
moments on the cross dgck contributed by the'diffe:ential hydfodynamic

loads in pitch and yaw.modes‘are also important factors in catamaran designs.

III. FORMULATION OF MOTION AND DECK SLAMMING

The excitation_of'motion of ship in regularfanes,is treated somewhat
analogous to the forced oscillation of a simple mass=dashpot-spring system.
The equation of motion of such a syStem in one-degree of freedom can be

written as

ME + BE + CE.= F_ cosot @)

where gE(t) = Eo cos(wt + o) is the displacement of the body with 56 and
o denoting the amplitude and phase of the ﬁotion and a-dotuindiCating.the
time derivative, M is the mass, B the damping coefficient, C the spring
consta'nt,.Fo the ampitude of the excifiﬁg force, and w angular frequency
of oscillation. |

| '1f we assume that a ship is excitgd by'incoming sinusoidal waves with ,
the encoﬁncefing fréequency w and that‘the'ship is allowed only to move in 
the heave mode, then the'gxpression given in Equation (1) could be interpreted
as follows: E(t) represents the heave motion, M the sum 6f bodf mass and. |
the so called added mass, B the coeffiéient propoitidhallto the average rate
of energy -dissipated for the generation of outgoing waves by the heavé motion,.
C‘corresponas to the buoyant restoring force in toms per inch;of‘immeréion, and |

Fo is the amplitude of thevwave-exciting force in the vertical direction.




Whenrwe aiiow the.hody to respond to the wave excitationrin s§ix-
degrees%of—freedom, coUpling ambng -different modés of motion takes
placer Thus, if ‘'we let Ei(t)ffor i=1, Z,L{f.6 represent'thé.motion of
the ship in surge,.sw;yé.heave; roll, pitch and sway, respectively, |
then a generai form of the equations of motion'in six—degrees-of-freedom.
can be represented in the form_of o

3= -i_
for i =1, 2, ..., 6.
Whe,r.¢=,-‘i*4:i.:L is the mass. or mass moment of inertia, 15 is the added mass or
moment of inertia,v 14 the wave-maklng damping, Cij the restoring
constants, Fy the wave-exciting force or moment, and B \the phase angle
with reSpegt to the wave motlon above the center of mass of the body.
| The motions, E for i = i; 2,....; 6, are referred to a coordinate

system, Oxyz, which represents the mean position of the catamaran as

shown in Figure l. The 0xy plane coincldes w1th the calm water surface,

and when the catamaran is in its mean position,. the Oxz plan coincides with

the vertical plane of symmetry of - the catamaran. The Oz axis is directed

upward and passes ‘through- the center of mass, the.Oxax;s is directed toward

'the bow and the Qy axis is directed toward the port Thus,

El is the

d1splacement of the- catamaran ‘from its mean pos1tion aléeng the x-axis, -

gz.is the displacementyalongqthe y-axis,.ES,iS-the p1tch.ang1e;about the .

y-axis and so forth:

S ™ (ii+Aj)§j+B jgj+c & °F cos(ut + 8,) . .;.(2)




The important underlying assumption in the defivation of Eqﬁaﬁion (2)
is the liﬁear response 6f.ﬁhe ship inlgqplitude‘andlfrequéncy to the amplitude
and frequency of the exciting wéve. This means ;hat'when the amplitﬁde of the
incoming wave is doubled, the amplitude qf ship motion'is also doubled,
and thelfreéuency of the wave and that of the sh#p motiops are idehtical.

Since most of the ships have pdrt—and—starboégd symmetry, within
the liﬁear‘fesponse theory, the vertiéal—plane mot;oné and the horizontal—
plane motions can be assumed té be decoupled. This means that the surge-
heave-pitch motion can be decoupled'from'ﬁhé sway-=roll-yaw motion. Forl
ships having a slender hull form, we can further assume that the surge
motion can be decoupled from the heave-pitch motion.

In this paper, we shall consider only the motion.in'Héadéseas which
is.mASt critical as far as the slamming of the'c;oss-deck bsttom is |
concerned. |

The equations of motion for a coupled heave and pitéh motion can

be written immediately from (2) as

(M + A33) £3 + BygEy +.Cy4E, - (3a)
+ A3—5-£ 5 + 3355‘5 + 03555 = F3 cos-_(m: + 83)
(I5 + Agg)Es + BogEo + Coofe - (3b)
* Agglg + Bogly + CgqEg= Fs cos(ut + 8)

where I5 i1s the mass moment of inertia about the y-axis. The restoring

coefficients are given by




Cy3 = peA,

Cy5 = pBA Xp

33

Cyg = p&(I, - ¥BG)

where A.w is the load waterplane area, Iw the area moment of inertia of the
waterplane about the y-axis, XF the x coordinate of the cénter of floatation,
¥ the displaced volume, and BG the vertical distance between the center of
mass and the center of buoyancy. |

Under the assumption of a linear response relationship, the solutions

for the heave and pitch displacements from the mean position of the catamaran

can be expressed by

53(t) 530 cos(wt + a3)

gs(t) 550 cos(wt + as)

The amplitudes of heave and pitch motioms, 530 and 550, and the phase .
angles, aq and @5, are to be found by solving tﬁe Equations (3a) and (3b).
Each equation can be decomposed with respect to coswt and sinwt and, thus-
the four unknowns can be obtained from the four simultanebus equations.

The main difficulty, however, lies in obtaining the hydrodynamic
coefficients, Aij’ Bij and Fi for i,j = 3 and 5. These hydrodynamic coeff;cients

are obtained by a strip approximation. This means that at any transverse




section of the catamaran, the hydrodynamic effect-on that section: is
obtained as 1if the longitudinal variation were negligible. After. obtaining
the hydrodynamic coefficients per unit length at each transverse section
along the length of the ship in the &bove manner, these quantities are
integrated to obtain the total hydrodynamic coefficients; In the
evaluation of the sectional hydrodynamiccoefficients, the transverse
hydrodynamic interaction between the two hulls is taken into account.

" Once the heave and pitch motions-are'known for a'given speed and
wavelength (or wave frequency), we can apply.these reSultslto irregular
- seas by the principle of linear superposition introduced by St. Denis and
Pierson [5]. If we let 5 be. the response amplitude. operator (RAO) which

is defined by

. E ‘
£y = s » L1=3and5
where A is the-wave amplitude and 1if we let‘S(mo) denote the.Pierson-Mosdeitz

[6] sea-energy spectrum which is given by

4
S = Lo 2%
o -5 - ' : (4)
. w _
o
where 'mo >=: wave frequency
Cl = O;0d81’g; g = gravitational acceleration
C2 = 33, 56/ (significant ‘wave height in feet);

The dimension of S(m ) is [L T] and the scallng unit is governed by that

used for the grav1tational acceleration, g




Then, the statistical averages of the amplitude of the motion and of

the amplitude of the velocity of the ship can be given, respectively, by

i} (72 11/2
Ep = Gy [ joai (0 )S () du ] (5a)
. 7 =2 2 1/2
g, = ¢ [ jozi (@ )w “S(u )du ] (5b)
where i = 3o0or5
n = 1/2, 1/3, or 1/10
C1/2 = 1.253 : mean average
C1/3 = 2.0 : 1/3 highest average
Cl/lO = 2.546 : 1/10 highest average

Hydrodynamic Impact of Cross-Deck Bottom

In the case of bow slamming of ﬁonohull ships, not only the relative
bow displacement but also the relative velocity with respect to the free
surface should exceed certain limits to induce slamming. fhe limit for
the relative velocity to cause slamming is often called the threshold
velocity. The phenomenon which causes hydrodynamic impact on the catamaran
cross-deck is somewhat different from the slamming of a ship bow. Ochi
and Bonilla-Norat [7] have shown that the impact pressure resulting from
the reentry of a ship fore body into waves is significantly different from

that resulting from dropping of the fore body into the water surface.

10




The cross-~deck impact would be.more closely related to the latter case,

- For the case of the catamaran cross- deck, the presence of two side walls

would seal off the escape of water when contact with the free surface is
made. - Thus, the cross- deck bottom may be more vulnerable to a hydrodynamic‘
impact than the bottom of ship bow when free surface contact 1s made.
In order to predict the hydrodynamic impact. of the bottom of the
catamaran ‘cross deck we, need to know the relative vertical displacement

between the cross deck ‘and the free surface beneath the. deck The worst

‘condition for a deck impact would arise when the vertical motions of the

cross deck and. the free surface are 180 degrees out of phase, and the
amplitudes of their motions are large.

.The vertical displacement of a point on the cross-deck bottom at the
distance x from the longitudinal center of gravity is the ‘sum of the heave
displacement and the product of the pitch angle and the moment arm x. That'
is, if we denote the maximum vertical displacement of that point by Z which

is caused by a train of regular head waves, we have.

2,00 = g0 - xgy(e)

where the minus sign is due to our definition of pitch being pos1tive when

_the bow is down. . Then the vertical displacement,-ZR, of the point from the

wave surface can be obtained by
Zg(x) = Z (x) - g(x)

where 7(x) denotes the wave elevation from the calm.water level, If the

absolute magnitude of Z_ (x) exceeds the clearance, 6, between the calm

water level and the cross—-deck bottom i.e., lZ f > C » Water contact with

the deck bottom can be expected.

11




The worst sea condition to induce sever cross deck impacts would be
periodic waves such as a swelled sea having a period close to the natural
period of the ship. Thus, the above analysis for regular waves would vield an
overprediction of occurrence of deck impact for most irregular sea conditions.
The analysis, however, can be easily extended to irregular seas if we assume
a truncated Rayleigh's probability distribution for deck impact as normally
done in the case of monohull ships [8]. The number of impact of the cross deck
located at x distance from the center of gravity during N hours in a seaway

can be obtained by

E | C 2
N, = - ’ P exp ( 2Ed)

where
s 2
E, = [2_ . (w3 x)]17S(w )dw = Variance of relative
d J; RO ° ° vertical displacement
o«
E = J' (wZ_ (w_3 x)]ZS(w Ydw = Variance of relative
v o RO™o °© o vertical velocity

In the above Equations S(wo) is the Pierson-Moskowitz spectrum as given in

Equation (4), ERO the ratio of the relative vertical displacement of the deck to

the wave amplitude, and Co the clearance of the cross-deck bottom from

the mean water level.

12




IV. COMPARISON OF’THEORETICAL'RESULTS WITH_MOﬁEL,ExPERIMENTAL RESULTS
The experimentai.Qerificatioh'Vas carried out by first-conducting
e#periments with two dimensional twiﬁ hulls to detefmine their heave
added mass and damping céefficients. This verification is imﬁoftant
since the strip evaluation of the hydrodynemic c0efficieﬁts is besed on .
" & two-dimensional flow assumpfion for each crosa section. The tﬁpé, |
diﬁénsionéi.experiment was then foilowed by experiments with en early
ASR catamafaﬁ design to,defermine its coefficients in the éoupled
‘heave‘and‘pitch equgtioﬁs of motioﬁ. The verifiéation'was then fol-
1owéd by meking a compariSon”of the prediéted regﬁlar;ﬁave_motions with
expefimeﬁtally obtained results for various catemaran hull forms.

Two-Dimensiongl Exgeriments

'Cylindrical-tjpe models, éach'cohsisfing of two wooden hulls.T.S
feét"in'lengtﬁ; were tested to determine their heaVe-addéd?mass and
d&mpiné coéfficients [9]. Thé.tﬁin—hﬁll éonfigurafions fhat ﬁere‘tésted
consisted of»semiéifcles, rectangles;-isosceleé trianglés and right'-"
triangles.'- |

In order to apprdach the desifed two-diméhsionalvcase, a piece of
one-half inch plywood (3 X 7.5 ft) was attaéhed-vérfiga;1y am gaéh end of
the ‘twin-hull configurations. This also served as rigid cbupling'between
the hulls. To minimize oscillation of thése end boards and to improve
‘rigidity, the boards were reinforced with aluminum angles on the outside
‘a8 shown in Figure 2. Also shown inithis figuré is thé_complété-model
setup with the X-frame used to aﬁtadh'the model to the oscillation. The
models were then osciliatéd vertically and the forces encountered were

measured. These forces were then analyzed to determine the added,mass

13




and damping coefficients. Thig was done over a range of frequencies
with linearity checks for the amplitude of oscillation carried out
in the midfrequency range.
Two-Dimensional Results

Results will only be presented here for two of the ceses investigated.
However, they were selected to represent the extremes in correlation. The
figures are presented with the experimentally determined resultes compared
to the theoretically predicted values. Figure 3 shows the added mass and
damping coefficients for the twin semicircular cylinders for b/a = 1.5
where b is the separation distance between the centerplane of the two
hulls and that of one hull,and a is the half beam of one hull. The agree-
meﬁt seen here between theory and experiment is good, however, the damping
does show some disagreement in the low frequency range. Figure 4 gives
the added‘mass and demping coefficients for the twin right triangles for
b/a = 4. Here larger discrepancies can be seen in the agreement‘between
the experimental and theoretical results in the low frequency range; however,
the agreement still remains good over the remainder of tﬁe frequency range
tested.
Three-Dimensional Experiments

The results of several catamaran model experiments were used in.the
validation of the computed predictions. The most extensive work was carried
out using a model of an early design of the ASR catamaran mothership intended
to service the Deep Sea Rescue Vehicle.. Data from other catamaran experiments

were also used; however, only those from the large CVA MODCAT which is of

14




SWATH éonfiguration will be ﬁresented here to show the range 6f corfelation'_
th#t was found;. The main cﬁaracteristics of‘thESe designs are given in
Table 1 and the body flans are given in Figure 5:

| The -experiments using the ASR mbdel were conducted as (1) forced
éscillation'tests to obtain the added mass and demping coefficients.

(2) restrained model tests to obtain thé waveéexciting force and momént
and (3) model motion tests ihvwaves to obtain the héave and pitch motions.

_ The forced-oscillation experiments were conduéted with a 12.4 foot model
(deéignated 5061) of the early ASR design...This'model consisted of two |
rigid wooden hulls with as&mmetric forebodies and s&mmefric afterbodieé
rigidly coupled by four wooden cross beems.

‘Thelhodel was first forced to ﬁeave éinusoidally at the free surface
of the water in the seme manner as described for tﬁe two-dimensiénal
models. The model was then forced to pitch sihysoidaliy. This was
€CComp1ished by restraining the'model—at fhe.LCG, éovthat it ?ﬁs free to.
pivot about a point éoincident with the LCG and-the design watgrline,'
and forcing it sinusoidally at the stern. These experiments were carried 
out over a range of ffequencies and at various forward speeds with linearity
checks with several amplitudes of oscillafion‘perfOrmed over the mid—frequency
range. |

The regular ‘wave exciting forces and mqments were determined by
restraining the moéel at the free surface and measuring the forcesviﬁposed
~ as the waves'péssed. These tests were conducted at various forward speéds
in'reguiar ﬁead waves ranging in weavelength to ship length ratio from 0.9
to 2.0 with a predominant wave steepness ra£io (wave height/wave length)

~of dbout 1/50.

15




The'motion‘dafa for the ASR‘were obtained by‘attaching‘the Sélff
propelled model,_floeting At its design.waterline, to the carriage-by
‘means of the Center's motion ueesuring apparatus. 'This apparatus allows
thelmocel.to respond in all six modes and uegsurés these responses by
means offlinear potentiometers.. Theee self—propelled model experiments
vere carried'outref Froude numbers of Oglo.lbk, 0.311, and,o.hlh; in |
wavelength to ship length ratios of 0.5 to 3.5 ln the Center's Maneuveriné
~end Seakeeping Basin.

The MODCAT motion data were obtained using a 17.0 foot model (5266)

de31gned to represent a large CVA MODCAT catamaran [20]. These experlments

_were carried out with the’ model:self-propelled and free to move in all six

modes. The only couplings between the model and fhe carriage Vere'the'
cables to the electronic measurement deviceS‘aud those'needed for model
power and control together with the flexlble tethering lines requlred to
.‘accelerate and decelerate the model. During the time data were taken,
all connections were slack and did not affect the model motions. ?hese
experiments.were carried out at Froude-numbers of 0, 0.153, and 0.306 in
wavelength to ship length ratios of 0.40 to 4.90 in the same facility as

the ASR.

' Three—Dlmen51onal Results

For the ASR, the comparlsons of the coefficients in the coupled heave
and pitch_equations of motion are givenpin Figures 6 through_a. Here the
-results for one Froude number, i. €.y F nl= 0. 126 were seleCted, however,
they are fairly representatlve of the overall results.l The results are
,plouted against the nondimensional frequency, w lL/g, In geueral; there

is fair to good agreement with some ekceptions.ueually au higher Froude

16
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numbers . 'Figufévé shows the:héaVe added mass and damping. 'Here the -
agreement is good witﬁ the exception of ‘the iovér predicted minimum seen
in the damping. In Figure 7 it may be seen‘that for the pitch added
moment of inertia #ﬁd damping,_the‘resulﬁé compare similar to the heave
"vcoeffiéient. However, in the fegion of the minimum in tﬁé added moment
of inertia there appears to be more nonlineafity vith'oscillaﬁion amplitude
~than is,seén in the héave coefficients. Table 2 coméarés.the exﬁerimentally
determined values for the,restoring,cqefficients with those predicted
analytically. Here again better egreement is seen in the heave |
coefficient than invpitch} The cross'coupiing terms show generally

similaf trends as seen above. The heave exciting forcé and pitch exciting
momént parameters are éhown inuFigure 8. The'comparison Seen here in tﬁe
heave excifing force is quite good, however, the'analytically predicted
pitch exciting moment grossly overéredicts the values determined experimentally.
The phasgé fér'the.forces and moments are not inserted here; however, fhe
_agreement is quife good. - |

| The'validatién of‘the motion predictions "ig given in Figures 9 and

10. The heave and pitch results for the ASR are given in Figure 9 for

a Froude number of 0.104. The agreement between the experimentally defermined
ValueS'and.thdse predicted analytically is good for this sﬁeedﬁ - It is seen
in othef results for higher Froude numbers that the analytical procedure
begins to overpredict peak Valies. The results for the large CVA MODCAT are
presented in Figure 10 for a Froudé number of 0.153. Here the analyticaily
predicted values compare well over most of the range except for a grossly
overpredicfed.résonanCe. The zéro-speed resuits-showed good &agreement

while the higher speed showed an ovefpredicté& resonance.
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The discrepancies observed in the compearison of the theoretical values
with the experimental results are understood to stem largely from the short-
comings of the‘theor&’in the evaluation of the damping coefficients. Two
'factors'contributing'to this might be .the neglect‘of‘the wiscous
effects and of the three-dimensicnal hydrodynamic effects.

When the damping mechanism of ship motion is mainly contributed
'by the wave-making effect the viscous damping mey not have noticeable
effect on ship motion. However when the relative magnitude of the v1scous‘
damping is ne longer negligible compared to the wave-making damping, e.8.

& heaving SWATH ‘the computed ship motion based on the wave—making damping
alone would he.inaccurate; especially at the vieinity of the resonant

: (.
frequencies;

The strip approximation of the hydrodynamic‘coefficients 1srbasedson
the two-dimensional flow assumption at each cross section. That is;
when a catamaran undergoes heave motion in calm water without forward
speed, the hydrodynamic.force acting upon & cross section of the catamaran_
. is assumed to be unaffected}by the presence of the neighboringvare and aft
crOss'sections.' One'of the possible shortcomings_of_this assumption in~the
-case‘of-catamarans is an overestimation of hydrodynamic interactions
between the two hulls.' With-the two—dimensional flow assumption at each
cross section, the waves generated by motion should propagate outward in
the plane of the cross section. Thus, between the space of
two hulls, the waves created by each hull would propagate opp051te to
each other and actively 1nteract. In reality, when the catamaran has &
forward speed the prOpagation of the waves created by the motion of

each hull would not be in the same plane of the cross section but would




be swept backward. This would soméhow reduce the:hydrodynémic

interaétion effect which is obtained by theitwo-dimensional theory.

V.'STRUCTURAL LOADING ON CATAMARANS IN BEAM.WAVES

.ATherbending‘moment, vertical Shear force,‘and horizontal sﬁear
fo;ce acting on thercross-beam structﬁre'of a catamaran ﬁifh 2ero
ufo£ward speed in regular and irregular beaﬁ waves will be of intereét ;
in this anaiysis.. |

Thé mathematical model presented here applies for catamarans of
either a conventional hull shape or_small-waterplane-area—t#in hulls.
(SWATH). It is assumed that the hulls are symmetric about the vertical
center plene and also posses & sufficient degree of longitudinal :
symmetry such that only sway, heave, and roll modes of motion are
excited by the incident béam waves.. |

With»nOppitchipg_or yawing motion, the three-dimensional motion and
loading problem has been simplified to one of finding the motion and load-
ing of an équivaleht two-dimensional body. The equivalent two-dimensional
-huil_formvis generated from the midship Sectién df'tﬁe catamaran in question.
The midship section is then taken to be ﬁniform err an eQuivalent length
suéh that the aétual‘displacement of the -ship is obtained.

A midship cross section of a conventional catamaran is‘showﬁ in
Figure 1ll. A coordinate system Qfé is fixed at the intersection of the
centerline of the ship section and tﬁe mean water éurface and & plane
sinusoidal wave with amplitﬁde, A, is progressing in the positive y

direction. The beam, B, draft, T , and separation distance, b, of
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' the hulls ere shown ih Figure 11. The height of the neutral sxis of the
cross-bean structure above the mean‘water surface‘isiindicated by_ho.
The vector;E:is.the unit surface normal on'the submerged portion of the
hulls with}components n2 and n3 in.the‘y and z.axes, respectively.
Positife sway,.gz,and‘heave, 53,are small displacements of the ship )
from the.equilibrium position in the positive y and z directions,'
respectively; and a positive roll ,Eﬁ,is theﬁangular displacementcfrom i
equilibrium in a counterclockwise direction.L
The conventions for bending moment and shearing forces acting
on the cross—beam structure are indicated in Figure 12, The -~
bending moment is the moment. which tends to roll the hulls relative to .
'each'other or equivalently to sag or hog the cross-beam. Positive
bending moment is defined as ‘the moment which'tends tovroll.the right-
hull in & counterclockw1se direction or the left hull in a clockwise directlon.
Positive bending would result from the action of a p051t1ve vertical and .
p031t1ve horizontal force acting on the right hull or a pos1t1ve vertical
force;and‘negative horizontal force acting on the left hull (see Figure“l2a).
Vertical and hOriZOntal'sheaniare respectively the forces which tend to
heave and sway the hulls - relative ‘to each other. Positive vertical shear
is defined as the force which tends to heave the right hull upward or
the left hull downward, and would result from the action of a positive
. vertical force on the‘right hull or‘a:negativewvertiCalhforce on the left
hull (see Figure 125).- Positivethrizontal-shear is definedtas the force
which tends to sway the right hull to the right or thelleft hull tO'the
left,land-would result‘from.the action of a positive horizontal force on the

right hull or a negative horizontal force on the left hull.(bee Figure 15¢).
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Theory
. As the incident beam wave propagates past the body, &8 pressure

distribution is established over the hulls which tends to excite

.motlon in sway, heave, and roll, and produces structural 1oad1ng at

points on the sectlon. As motion is excited additional‘forces'and 1qads

due to the motion itself are generated, and if we assume that the

»hydrodynémic pressure distribution, wave exciting erces, motion, and loads

- are all linear in amplitude and frequency with respect to the incident

sinusoidal wave, a linear analysis in the frequency domain cah be pursued.
The motion of the catamarén section can be determined by the solution

of the equetions of motion given below.

Heave: (M'+A'33)53+B'33£3+C‘33E3 5~F'3 cos(mt%B'3) _ (7a)
Swey:  (M'+A! 22')‘52#3'?2_52*"2h5!f3'2h5h = F', cos (ut+8')) (o)
Roll: (I' h+Ahh)£h+B hh5h+c gh+A h252+3 h252 F), cos (wt+g')) (Te)

Where M is the mass of the section and the definition of the hydrodynamic
coefficients A'iJ; B'id;-and F' and the phase angles B' -for i, 3 = 2 ,3,4
are given as in Equation (2) except that the primes denote two-dimen-

sional quantities,»I'h is the mass moment of inertia in roll, C' = 2pgX

33 7
(demihull beam), and C',) = Mg GM.
Once. the moﬁion is known, the loading may be computed. .In general the

struétﬁral loading may be resolved into the following contributing effects.
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1. Incident‘wave;,this component of the structural loads arises

| from the pressure distribution of the undisturbed incident wave over the

body, wvhen the body is restrained from moving and is assumed not to-

disturb the incident wave. ThlB assumption is commonly called the

Froude—Kryloy hypothesis. .

2. Diffraction; this component accounts for the scattering of the

incident wave by the presence of the body. When summed with the incident‘

wave effect the two contributions provide the structural loading on a
body section which is restrained from mov1ng

3. Motion;ﬂasxmentioned-previously‘when'the-body undergoes motion,
additional-loads due to the motion itself are established. These are -

a result of the mass—acceleration, buoyant ‘restoring, and hydrodynamic

(added mess and wave—making dampim'r) effe‘cts.

Structural Loading

In order to find the loading st the midpoint of the cross-beam, a

stenderd approach of structural analysis would be to cut the body section -

at the point where the loading is to be determined and consider all of
the forces and moments (both inertial and hydrodynamic) acting on the

free end. If the. portion of the section to the right of the cut is

taken to be the free end as in Figure l3a, “the moment and shears are given :

by the mass—acceleration effects at the free end minus an. 1ntegra1 of the

22 : '

PSR




pressure over the submerged portion of the free end in & sense which
provides the moment or force in a given direction.

The 1oading at y=0 and z=h°‘is.then given by

Bending Moment: M =M -J’ plny+n.(h -z)]d1l . (8)
I R ¥ "2 :
Horizontgl Shear: v, =V, - fR pn,dl | (9)
Vertical Shear: =v._- | - S (10
ertic ea .V3‘ V3I }R pn3d1 (10)

where MI’ V2I, and V3I are mass-acceleration effects of the free -end

portion and in general depend on all modes of motion, p is the hydrodynamic
pressure, and R denotes integration over the submerged portion of the
demihull on the riéht. The same'loading quantities must also 5e obtained
if the left hull is teken to the freé end and all forces and moments
acting on the 1ef£ hull are considered as in Figure 13b.

Th§ equality at these two approaches suggests a third equivalent
method in which the effeéts from both the right and left huils are added

together‘With & sign consistent with the loading conventions as shown in

_Figure 13a and 13b and the resulting quantity divided by two [11]. The

advantage of this approach is thet the equations for the loading may be
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written for the full body section, énd when the loads are then evaluated -
at the midspaln of the cross-beam, u'.sel‘ may be made of the s’yrﬁmetié and anti-
symmetric natufe of the maés—acceleratidn effects and éressﬁre distribution.’
Wwith respect to the centerline tovgreatly simplify‘the loading-analyéis.

' This cah be seen as félioﬁs. If the body isrrestrainéd from moving,
8 positive.vertiCal férce'écting‘on_the right hull tends to prodﬁce |
a positive béﬁding moment. and positive vertical sheﬁr (see Figure-13a),
but the same positive vertical force acting on the ieft hull produces
a positive ﬁénding‘moment énd a hegativé shear (see Figure 13b). The
sumﬁatiqn:of the bending ahd'veftical shear frcm'each_pull gives twide

the bending moment but no vertical shear. It mey then be concluded that

a vertical'fbfce on»the'body which is pymmetric with respect to the centerline

wiil produce a'bending moment but no vertical shear and a vertical force
whiCh_isvantiSymmefric with respecf to the centerliﬁe wili prbduce no bendiﬁg'
momentrbut a‘vertical shear. It is interesting to note such # symmetric and
a;itis‘yr‘nme’tric :vertic‘a.l-‘force arrengement has Jjust the op;;osite effect on ‘body
ﬁoticn. Thet is, ah even vertical force produces heaxe'bﬁt no rOLl, aﬁd

‘an 6dd vertical forée‘prbduces roll but no heavé.

An analagous argument can be nade for the case of horizontal forces

égting on each hull. An antisymmetric horizontal force produces both a bending

mpment'andihorizonfal shear but no roll or sway motion (see Figure 13c).
A symmetric horizontal force produces no bending.or horizontal shear but. does

tend to produce roll and sway.
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The'maas-accelaration components at the miaspanvalso indicate a Simiiaf
symmetrlc and antlsymmetrlc nature in their contrlbutlon to 1oad1nz. If the
catamaran section 1t artlflcally forced to oscillate in sway, heave, and roll in
vacuum, only heav1ng can produce bendlng, only rollina can vnroduce vnrticall
shear, and no mass acceleratlon component affects the horizontel shear.

Once the loadings at the midsection of the cross beam are known,
then the loading at any section abova the waterline can ba found. This
is done by subtfacting the contribution made by the maés inertiea of the
portion of the structure member between the midsection and the aection
in qnestion from the alrcady known 1oadings‘at the midaection of the
cross beam. .

Exprcssions-for_the structural ioading at the mid-beam mey ncw.be
rewritten in the following form where mass-acceleration and the

hydrodynamic pressure components are evaluated over the full body

section.
Bending Moment: M =1/2M'§Es-1/2 f _plngly|#ny(h ~2)senly)Ja1l  (11)
' : - R+L S
Horizontal Shear: V2 = -1/2 J’p[n sgn(y)]dl ' ' (12)
| T R : -
Vertical Shear: v —-1/2M'y§ -1/2 _[ pn sgn(y)dl (13)
: 3 b R+l S -

where M is the mass of the full body section, ¥ is the y coordinate of
the center of mass of one hull, 53 and €y » afe‘reSPectively the
:heavevand roll'accelérations, sgn(y) denotes sign of y, and R+L denotes

integration over the submerged pcrtion of the right and left hulls.
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It is 1nterest1ng to note that given any arbitrary pressure dlstribution,
only the symmetric part of pressure with respect to y=0 can contribute to the'

bending moment and horlzontal shear at the midspan,-and_only the antlsymmetric

'part cen contrlbute to the vertlcal shear.

In order to evaluate the loading it remains to determine the

~ pressure. distribution on the body section and the motion response.

The pressure as mentioned previously, in general hes components due to

the incident and diffracted'waves, and motion, including aedded mass,

. demping, and restoring effects. The pressure can be determined'frqm

potential flow theory, and the swey, heave, and roll motion OBtained
by solution of the equations of motion es given in Equation (7).

In summary, the~mathematical model predicts that the incident and
diffracted wave effects contribute to all 1oad quantities,.however,
bending moment end horizontal shear are affected only by heaving motion,
and the vertical shear is affected only by sway and roll'motion. This
prediction‘to some degree is indicated by the experimental data, and
will beceXamined more-closexy'as the results are discussed. .

As a final CQmmentlon the methematical model, it should be said
that the two-dimensional model provides loading-and motion results
wh1ch aré in very reasonsble agreement with experimental results. The
two—dimen51onalization admittedly 1ntroduces errors 1nto the calculation,
particularly resulting in frequency shifts-0£ the loading and motion
,peéks. The error is expected to be larger for the conventional shaped
catamarans whose hulls deviate more from a two-dimen51onal form than _
do the SWATH ships.'_The effect of.the two—dimensional epproximation will

be indicated as the loading results are exemined.
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Results and Discussion

The regular wave results for bending moment and vertical shear based
upon the theoret1cal model Just described have been computed and compared.
to experimental data for two conventional shaped catamarans, ASR and CVA,
and one-SWATH ship, MODCAT The geometric information on these models
is given in Table 2 and their body plans in Figure 5. By using the
transfer functions obtained in regular waves together with the Pierson-.
‘Moskowitz sea spectrum, the statistical bending and vertical shear
amplitudes.have also been computed as a function of significant wave
height. . |

In the following, thebdiscussion on the results will be made for
each model:

ASR Catemaran

The results shown in Figure 1k are the predicted and experimental

amp11tudes of the bend1ng moment, vertical shear force heave motion,

. and roll motion for: the ASR as a function of the ratio of the:

wavelength to overall beam (X/B ). The amplitude for bendlng moment

has been nondimen51ona11zed by the total ship displacement times the

wave amplitude (A2A), the shear force by the total ship dlsplacement t1mes.
the wave amplitude divided by the ship length (AEA/L), the heave motion

by wave amp11tude (A), and roll motion by the wave slope (KA = 2nA/A)

As mentioned prev1ously, three—d1men31onal theoretical results were
obtained by mult1plying the two-dimensional results for the midship section
by an equivalent ship length. Experimental results are from ASR model
tests performed by Wahab, et al., [4] for a hull separation distance(between

the inner hulls)to beam ratio of 1.U1.
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It is seen that in hothrshape'and magnitude the experimental and .
theoretical results ere in re1ative1y good agreement. It is known
that the apparent frequency shift of the mcment and shear. responses
and the sharply peaked nature of the‘heave and roll responses &are due
to the two-dimensional approximation.

It is ofjéome‘interest to. examine the separate effects whichhthev
incident and diffracted wave and*body‘motion have onvthe loading -

quantities. In Figures 17a and i7b'thevbending moment and vertical shear

are plotted showing the vaerious cemponent effects. The broken line o

curves represent the loading due to the‘undisturbed incident waves;
The dotted curves show the sum of the effects‘contributed by the
undisturbed incident waves and the diffracted waves and represent the
restrained hody loading. The solid line curves show the addition of
motion effects to the restra1ned body case and are-simply~a—rep1ot of.
Figures 1lia and 1Mb. It is apparént from Figures 17a and 1To that
the magnitude of the bending moment and vertical shear peaks'
are largely affected by both diffraction and motion effects. It is
also clear-that all of the components affect hoth the shape and

| magnitude of the 1oading responses to a significant extent and that
any attempt to approximate the problem by neglecting either diffraction
or motion effects would not appear to be Justified.

It was mentioned in the presentation of the theory that if the i
1oad1ng is computed at the middle of the cross-beamn structure heaving

should affect only the bending moment and ro111ng only the vertical shear.

This effect is not particularly apparent from the experimentai daete for -
conventional shaped catamarans, since the roll and heafe-resonances

dre approximately at the same frequency. This point, however, will be
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clearly indicated for the example of a SWATH ship where the roll and

heave resonances are widely separated in frequency.

\ : _CVA Catamaran

The CVA is a conventional catamaran of large beam and shallow draft.
Experimental and theoretical values for the loads and motion in regular
beam seas-are'plotted in Figure 15. The resolution of the bending
moment and vertice; shear into component effects are also shown in
Figures 1Tc and 17d. All quantities have been nondimensionalized in a
manner similar to the ASR results. Expefimental results were'dbtained
by the second author on & CVA model with the design hull spacing.

‘ Generally good agreement between theoretical and experimental
values is indicated. -A'f:equency shift in the pesk values of bending
moment and vertical shear.due to the two'dimensionalization is alsq‘
noted. The important effects of diffraction and motion to the loading
calculation is indicated in Figures 1Tc and 17d.

MODCAT '

An example of the loading and metion of a SWATH ship was obtained
for the MODCAT model 5266. The loading and motion responses in regular-
beam waves are shown in Figufe 16. Resolution of the bending moment
component effects is also shown in Figure 18. All.nondimensionalizetiOns
are accomplished invﬁhe manner described previously.

Excellent agreement between tneoretical and experimentel results fer
the bending mement'is shown. in Figure 16a. Figure 18 shows that the
'large peak in the'bending moment.is'almost totally a‘?esult of wave dif=
fraction effect54 Both experimentalvand theoretical data indicate the

very large roll resonance at long wavelengths as shown in Fignre 164,

however, - this roll rescnance does not appear to be reflected at all in




ﬁhe bepding momepﬁ. This confirms the éontention made éarlier_that‘the
"roll shduld not affect‘the bending momgnt'at-fhe‘midpéint of the cross-beam:.
Figure 18 Showé the re;atively small iﬁfluénce that heaving moticn hés on
the bending momehtﬂ'

Very péor agreement in the vertieal shear fof the MODCAT shape is
shown in Figﬁré 16Db. Thié poor agreement is almost cretainly due to
fhe-@ifficulty.which:haé'bégn encountefed in theoretically predicting
the’daéping coefficient for the SW}TH shpaes and to & léssef extent
for cOnventiQnal catamaran forms. 1In the present mathematical moagls
for motion the.dampipg is modified on the basis of the e#perimenfal
results of,motioﬁ;l Sﬁéh a modificétion in the roll damping was made
to obtaine the goqd'agreeﬁent.shgwn for roll motion in.Figure lé&;' -
however, an aﬁalogous'modificatién'for thé ioading is_not as sfraight—
forWard:gnd consequently has nét yét.been épplied to the §ertical shear
computation. This defect is consideréd to bé‘ﬁhe mgin cause for the
© poor agreemént,

As g‘figal éomment on the regﬁlarfWave 1oading results, it ‘is
interesting to CGmpafe the bending moments for ﬁhe fhree catamarans.

The CVA shows a:noﬁdiﬁensional pe;k ben@ing moment significantly sheller
than the other two shiés. Because the CVA is a shallow draft ship,.=

this éhows that éflargg part of tﬁé'bénding moment is contribﬁted by the
;horiéontal préssﬁre force acting with a given vertical mémént arm. This |
. suggeéts that an important criterion fér minimizing the bending.mqmentv

of the cross-beam,_wouid be to reduce the draft and/Or-reduég the height of

the cross-beesm ebove the waterline. -

30




s AT

Loading in Irregular Beam Séas
Under similar assumptions made ih the prediction of motion in
- irregular seas [5) the statistical amplitudes for bending moment and

vertical shear are given as follows:

- 2 ‘
E = .j [R(w) ] S(w) du.
. 0 '
where R(w) is the amplitude response of bending moment or shear force

to & wave of unit amplitude and frequency, w. In nondimensional form R(w)
is simply the regular wave-loéding résponses cbteained previously. S(q)
is the Pierson-Moskowitz Sea strectrum as defined by Equation (L),

Statistical amplitude$ of loading are then defined as:

Slgnlflpant’ _ : Cl/3 - =2 E
. ' =1.253 E
Average . | 01/2 ?3
~ One=Tenth Highest - Cl/lO = 2.546 E

The significant amplitude of the bending moment and vertical shear force
is plottéd as.d.functioﬁ bf significént wéﬁe,heightafor the ASR, CVA, and
MOﬁCAT‘in'Figure 19. -

.‘ Bending moment has‘ﬂéen:nondimensionalizéd with reSpect-to the displace-
ment of one hull>times the distance from the éataméran cente%line to thé
centerline of Qﬁe hull (Alb) and the shear has been nondimensionalized

with respect to_the-displacement»of'one hull (Al).
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 SUMMARY

1. Correlation]of analytical predictions of heave and.pitch'motion:in

head seas and hydrod&namic loads on the cross deck in bean seas have
,,been made@' o |

2. The analytical prediction of the motion is satisfactory except near

the resonant encountering 'freq,uencies.‘ Here the mamitude of the

‘motion amnlitudes is overestimated and increases with the forward. speed

The pehnomenon s particularlv so for SWATH configurations. The analytical

' prediction of the hydrodynamic loads. on the cross deck induced by beam waves

| is found satisfactory, despite the two-dimensional analy51s adopted in.
this work, except for the vertical shear of" SWATH configuration.

3. The discrepancles observed. in the correlation are considered to be
caused by an 1nadequacy of the theory in accounting for v1scous effects
and three—dimen51onal hydrodynamic interaction effects between the two
hulls especially for high speeds.

4. Two distinct'dimensiOns associated with catamarans are the separation

distance between the two demihulls end the croSs-deck height»above the

waterline uxcept for roll motion, the effect of the separatlon distance -

on motion and wave—induced loads seems not so significant when the
separation distance'between the inner hulls is within 70 to 1LO percent

of the demihull beam. The crossadeCk height has direct effect On'the'

cross~deck slamming &nd the bending moment on the cross-deck. It appears '

from the present ana1y31s that an increase in the deck height 1ncreases

+the bending moment but obviously decreases,the cnance of the Slamming.
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5. From the hydrédynahic 1éad analysis; it is obyious that the énalysis
based on the static pressuré over the hull surfacé or on the éo éalled
Froude-Krylov approach is inadequate to provide accurate resuits.

This means that the effect of the wave difffaction-by the Body and

the effect of motion should be taken into account in the'énalysis.‘
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Figure 2 = Two-dimensional model setup for testing
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Table 1 — Particuiar dimensions

Particular ASR CVA MODCAT
NSRDC Model Number | 5061 5,228 5266
Beam (Each Hull) in Feet |  24.0 95.8 30.42
at the Waterllne o o C
Draft in' Feet (Station 10) 18.0 - 366 685
Length in Feot at the 2100 820.0 8500
Waterline . o o
Displacement of Each HuII 1386 47,400 | 50,500
in Long Tons {s:w.) (s.w.) 1 (sw)
Hull Spacing in Feet 38.0 : 141.2 ' _ 207.0 :
Longitudinal Center of 105.6 4190 4200
Gravity Aft of F. P. in
Feet . )
Longitudinal Radius of 0.233L 023t | o 2s|. -
Gyration in Feet _
Block Coefficlent' 055 |. 059 |  o964|
 Scale Ratio 16.89 54.67 | 500
Dnameter in Feet - = =
Vertical Height of 230 615 - | 682
Neutral Axis from :
Mean Waterline:in
Feet -
TABLE 2
Comparlson of restormg coefflcnents for ASR
Coefflclent Expenmental Computed
| Cgy 14.3 15.6
Css 0.499 0.508
Cas 0.511 0.508
G:5‘5 ) 0.7397 . 1‘0'853

41 .




Added Mass

Damping

DA A CEE LT ST,

05}—— o
g
3
3
&
g 0—
£
=05 ——
Amplitude
3 Q 0.125 in.
E‘xp.eriment O 0.250 in.
-
l@ v 0375 in..
x 21— ‘
2 Theory_—
=
k-
- @
3
2
a 1}—
0 [u)

__Nondi_me,nsibnél Frequency (w+/L/g)

Figure 6 — Heave added mass and damping coefficients versus
nondimensional frequency for the ASR
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Figure 10 — Nondimensional heave and pitch amplitudes versus
wave length to ship length ratio for the MODCAT
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