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NOTATION

A Amplitude of incident wave

A 1 Projected surface area of a pair of the i th  fin

Waterp lane area of ship

Added mass coefficients in the ith mode due to th e motion in the kth mode

a0 Viscous lift coefficient

a~1(x )  Sectional added mass in the i th mode

Heave added mass of a pa ir of the ith fins

Bm ( X )  Maximum breadth of a cross section of one hull

B~ Damping coefficient in the ith mode due to the motion in the kth mode

b (x )  Horizontal distance between the midpoint of the bea m of two hulls and the
midpoint of the beam of one hull of a cross section

h 21 Transverse distance from the x-axis to the midspan of the ith fin

b .1( x )  Sectional damping in the i th mode

CD Cross-flow drag coefficient

Cross-flow drag coe fficient of the ith fin

CIk Restoring coefficient in the ith mode due to the motion in the ith mode

CL~~j Lift-curve slope per radian of the ith fin

d (x )  Draft of a cross section

d 1 ( x )  Depth of the maximum breadth point of a cross section

d2 (x )  1/2 d (x )

F1
(e) Wave-exciting force (or moment) in the ith mode

F 1 ~ K) Froude- Krylov wave-ex citing surge force

g Gravitati on acceleration

Mass moment of inertia about the ith mode axis for i = 4, 5, 6

Im~ Imaginary part of complex function associated with j

L~ Waterplane area moment of inert ia about the ith mode axis for i = 4, 5
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j = Imaginary unit

K 0 = Incident wave number (~ ,0
2 /g)

x-coordinate of the quarter-chord point of the ith fin

M Mass of ship

M~ Waterplane area moment about the pitch axis

Mass of a pair of the ith fin

N Un it  normal vector on the immersed contour in a cross section plane

Three dimensional unit normal Vector pointing into the bod y surface

( n 1 .  ‘~2 • n 3 ) Components of n in (x , y, z) directions

(n 4. n 5. n6 ) Components of R n in (x , y, z) directions where R is the position vector

Oxyz Right-handed cartesia n coordinate system (see p. S for definition)

Re~ Real part of complex function the imaginary part of which is associated with j

SI w0 ) Sea-energy spectrum

U Forward velocity of ship

~4x )  y-component of relative fluid velocity with respect to body at the one-half
Ip(s) drJt point on the port (starboard) side of hull at a cross section

~‘lo I Y 1p I + I ” j~~I

~(x )  z-corr’ponent of relative fluid velocity with respect to body at the maximum
I p(s) breadth point of the port (starboard) side of hull at a cross section

Z 10 I Z 1p l + I Z 1~~I

z-component of relativ e fluid velocity with respect to a fin on the port
(so) (starboard ) side

~(x) z-component of relative fluid velocity with respect to the bod y in roll motion
rp(s ) at the maximum breadth point of the port (starboard ) side of hull at a cross

section

~ro rp I +
~~~~ rs I

~~~(R) z-component of relative fluid velocity with respect to a fin on the port
(so) (starboard) side due to roll motion in waves

a Trim angle
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Phase angle of the ith mode motion with respect to the wave crest above the
center of gravity of ship

Heading angle of incident wave with respect to the x-axis (~3 = 0 is the
following wave and a = ir is the head wave)

Complex ampli tude of inci dent waves

~V (H) 
Complex ampli tude of verti cal (horizontal) velocity of fluid induced by
incident wave

ii Yaw angle

X Length of incident wave

~~~~ ~~) ‘
~Disp lacement (velocity, acceleration) of ship in the ith mode from its mean
position : i = I for surge . 2 for sway, 3 for heave , 4 for roll , 5 for pitch , and
6 for yaw

Complex amplitude of 
~~~
, i.e.

2 
= Real part of ~~~ e

J(~
)t ), 

~~~ 
= + 

~ ~is
10 

Response ampli tude operator of the ith-mode displacement
A—

p Density of water

Ø(x . y. z . t) Velocity potential function which represents the fluid disturbance due to
wave and body motions

01(x , y, z , t) Complex velocity potential for incident wave

ØD (X , y, z , t )  Complex velocity potentia l for diffracted wave

Comple x velocity potential for forced oscillation in the ith mode

0.,’ Two-dimensional complex velocity potential for forced oscillation in the ith
mode

w Wave-encountering frequency ( w0 — K0 U cos 
~~)

Incident wave frequency in rad ians/second

vii
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A BSTRACT

Linear equations of motion with the  hydro dynamic
coefficients approximated by strip method are used to obtain
the motion of small-waterp lane-area . twin-hul l  (SWATH) ships
in regular and irregular waves . The couplings among diff erent
modes of motion are separated into three independent groups ,
surge , heave-pitch and sway-roll-yaw . ar.d the  resulting eq uations
of motions are treated in the frequency domain.

The hydrodynamic coefficients of predominantly nonviscous
nature , added mass and wavemaking damping . are obtained by
strip theory. The effects of wave diffraction , viscous damping,
and stationary stabilizing fins are included in the equations of
motion within the frame work of the linear frequency response
of a body to waves. The assumption involved in the evaluation
of various hydrodynamic coefficients in the equation of motion
are specified.

The validity of the theoretical prediction of motion is
checked by correlating with the exist ing model experimental
results , and the relevant discussions are made. In general , the
theoretical prediction is found satisfactory except the case of
near zero-encounter frequency which can occur when a ship
cruises with certain speed in stern-quartering waves. A future
effort for improvement of the theoretical prediction of SWATH
ship motion in stern-quartering waves is recommended.

ADMINISTRATIVE INFORMATION

This study was sponsored by the Naval Sea Systems Command as part of the High-
Performance Vehicle Hydrodynamic Program of the Ship Performance Department , David W.
Taylor Naval Ship Research and Development Center (DTNSRDC) . Funding was provided
under Task Area SF 43421 202 , Task 18247 , Work Unit 1 507-200.

INTRODUCTION

A small-waterplane-area , twin-hull (SWATH) ship consists of submerged twin hulls , an
above-water hull , and connecting struts. Figure 1 is schematic of a typical SWATH
configuration.
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[he concept of the SWATH evolved t hrough many years and its development is well
docu ment ed. ~~ One of t h e  major adv antages  of the  SWATH conc ept lies in its improved
seakeep ing qua l i ty  compared to a monoh u l l  ship of equiva lent  displacement . The improve-
ment is cont r ibuted  main ly  by the  larger natural  per iods of heave and pitch modes due to the
small wat erp l an e area and by the smaller wave-exc it ing forces a nd moments due to the  semi-
su b mer sibk c n !  gurit ion . 4 The larger r i a t ! J T l ~ periods red~~c the  l ikel ihood t h a t  r eson ant
nlot i uf ls  wi l l  he ex ci ted in moderate seio. . and  the  smaller wave-excit ing forces and moments
not on ly  reduce the  motion but  also provide a greater po~s i h i l i t v  for controlli ng its effects
through the use of fins.

The overall assessment of a new hul l  concept versus exist ing ships is highly complicated
an d defi n i te l y beyond the  scope of the present work. The aim here is to provide an analy t ica l
tool which can he uti li zed to assess certai n aspects of the seakeep ing qua l i t i e s  of SWATH ships
and which may later be used to design specific hul l  forms.

Several ana ly t i ca l  methods have been developed in vario us parts  of the world i~ t h e past
tess years for predicting the motions of monohulls.  Most of them use the so-called strip
the ory to evaluate  the hy drodyna m ic coefficients  associated wi th  motion of ships. The strip
theory is based on the assumption of two-dimensiona li ty of fluid motion surrounding a croSs
sectio n of a shi p. A typical  app licat ion of the strip theory is well described in Salvesen et al. 5

Equat ions of motion and strip theory simi lar to those used in the cited reference 5 are
emp loyed here. However , the prescnt work requires a considerabl e number  of additional
hydrodynamic  coefficients which are normall y abse nt in the  equations of motion for mono-
hul l  ships. Three dist inct  considerations should he included in the hydrodynami c coefficients
for SWATH ships:

I . Hyd r odyna mic in te r acti ons between t h e t wo hul ls.

2. The viscous damping effects. This  cann ot he negl ected because for SWATH ships it is of
the same order of magnitude as waverna king damping.  As expected for a l ight ly damped

Lang, T.G. and D.T. Higdon, “S3 Sem i-Submerged Ship Concept and Dynamic Character i sti cs ,” AIAA /
SNAME IUS N Advanced Marine Vehicles Meeting . Annapolis . Mary land (Ju l 1 72 ) .
A complete listing of reference s is given on pages 78—80.

2 Leopold . R. et al., “The Low Water Plane Mult i - h ull Princip les . Stat u s , and Plaas .” AIAA I SNAME / USN
Advanced Marine Vehicles Meeting. Annapo .., Maryland (J ul  1Q 7 2) .

3Hawkins , S. and 1. Sarchin , “The Small Waterp l ane-Area Twin Hull (SWATh-I) Program — A Status Report.”
A1AA /SNAME Advanced Marine Vehicles Meeting. San Diego , California (Jul  1974).

4 Mot ora . S. and 1. Koyama , “Wave ’Exci tat ionless Shi p Forms .” 6th Na ’, ’~! Hydro dynamic Symposium ,
Washington . D.C.: proceeding s published by the Office of Naval Research . pp. 383.4 11 (1966) .

5Salvesen , N. et al., “Shi p Motio n and Sea Loads ,” Trans. SNAME, Vol. 78 pp. 250-287 (1970).
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system , neglect of viscous damping effects would yield unrealistically large motion ampli tudes
at  the resonant frequencies.

3. Effect  of stabilizing fins. A SWATH can become unstable in the vertical p lane at and

beyond a certain speed because of the small waterplane area. This is mainly  caused by a
destabilizing pitch moment , often referred to as the Munk  moment , which is proportional to
the -  square of the forward velocity of the body. Hence , s tabi l izing fins are necessary to
augment the s tab i l i ty  of the ship. The stabilizing fins can also provide much needed damping

efte c t s  to the motion of a SWATH through the hydrodynamic lift generated by an angle of
att : i ~ k which results from the combination of the forward motion and the vertical motion of
the fins. In order to satisfactorily compute the motions , the hydrodynamic effects contr ibuted
by the fins should he included in the equations of motion.

A theoretical prediction of motion and sea loads of twin-hull  ships has been presented by
P’en and Lee. 6 Si n ce tha t  t im e. signif icant improvements has been achieved in the prediction
of SWATH ship motions. These mainly involve ( I )  a more adequate representation of ~he
visc ous dam ping in the equations of motion and (2 )  capability to predict the motion of a

SWATH with s tat ionary ,  horizontal fins.
The present report provides a detailed description of the theoretical analysis of the

motion of SWATH ships in waves and the incorporation of tha t description into computer
programs.7 The first section of the report describes the equations of motion, their solutions.
and the stat is t ical  averages of motion in irregular waves. The second section presents the
derivation of the hydrodynamic coefficients. The third presents a correlation of theoretical
results wi th  model experimental  results and pertinent discussions of these results.

Although comparisons of computed and measured values of the hydrodynamic coefficients

and the motion suggest that  the present moi ion prediction method is in general satisfactory .

it is felt that  f u r t h e r  investigations should be pursued on such aspects as viscous damping

effects , fin-body hydrodynamic interactions under a free surface , and prediction of motion in
stern-quartering seas.

6Pien . P.C . and C.M. Lee . “Motion and Resistance of a Low-Waterp lane Catamaran ,” 9th Naval H ydrodynamic
Symposium , Paris , France , proceedings published by the Office of Nava l Research , pp. 463-545 ( 1972).

7 McCreig ht , K.K. and C.M. Lee, “Ma nua l for Mono-Hull or Twin-Hull Ship Motion Prediction Comput er
Ptogram ,” DTNSRDC Report SPD-686-02 (1976).
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EQUATIONS OF MOTION AND SOLUTIONS

The formulation of the equations of motion will be limited to linear rig id body dynamic

responses of the body to harmonic exciting forces or moments. The exci t ing forces and
moments  are assumed to be solely contributed by free-surfac e waves : to just ify the linear
response of the  body. the wave slopes are assumed to be small.  The ocea n in which the ship
is underwa y is in f in i t e ly  deep and has no appreciable currents or winds whic h would invalida te
the li near response assumption. With such an ocean environment , it can he sa fely assumed

that  the ship can mainta in  a constant mean speed and a straight mean course. The submerged
portion of the ship hull is assumed to be suff icient l y slender that  the ra te of lengthwise
variat ion of the hydrodynamic pressures is small compared to the  rate of the variation in the
girthwis e direction in a cross section of the ship.

The reference frame for which the equatio ns of motion ace to he formulated is a right-
handed Cartesia n coordinate system Oxyz which transl ates on the mean path of the ship with
the ship speed. The origin is located on the undisturbed free surface , and the Oxy plane
coincides wi th  this surface. When the ship is at its mean posit ion . the Oxz-p lane contains the
longitudinal  p lane of symmetry of the ship, the positive Ox-axis is directed toward the bow.
and the positive Oz-axis is directed vertically upward. Figure 1 shows the coordinate system.

In genera l . the linearly coupled motion of a ship can he expressed in the form

( M ~ + A lk ) 
~k + BIk ~k + 

~ ik ~k I = F1
( e )  ~-jwt ( I )

Here i is I for surge . 2 for sway. 3 for heave. 4 for roll . S for pitc h .  and 6 for yaw: 
~k is the

linear or angular disp lacement of the ship from its mean position in the kth mode. and
are respectively the acceleration and velocity. M ik is the mass matr ix . A lk is the added inertia.
B~k is the damping. Cik is the restoring or spring constant . F1

(e )  is the complex amplitude of
the wave-exciting force , j is the imaginary uni t  associated only with a harmonic-time function .
and ~ is the wave-encounter frequency. The expression added mass (or inertia ) which will he
fr equently employed in this report refers to the hydrodynamic coefficient associated with the
acceleration of the body so that the product of the two provid es a hy drodynamic  equivalent
of the inertia force or moment of the body. To be compat ible  wi th  the  complex expression
on the right-hand side of Equation ( I  . the motion displacements Ek are assumed to he
complex funct io ns given by

~k t t ) ~~~ko ~~~~ ~~~kc + j ~~ks ) e i~~
t ( 2 )

S 
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where E k .  and 
~ks are rea l functions and it is understood that whenever a product involved

with e i~’~ appears , only the rea l part of the product would be recognized , i.e.,

~k ( t ) = E kC cos(~
)t

~~~kS si n (
~.)t

The surg e mode is assumed to be decoupled from the rest of the modes , and , furthermore ,
t he added mass, damping,  and diffracted wave force in the x-d irection are assumed to be neglig i-
bly small. Thus , the equation of surge motion can be expressed by

M 
~l = F 1

t~~~ e J~
)t ( 3 )

w here

M = M 11, i = l , 2 . 3

is t he ma ss -‘f the body and appendages , if any. Substitution of Equati on (2 )  into (3 )  yields

F (F~~)
1 (4)

where is the Froude-Krylov par t of the surge wave-exciting force.
Al though simp lifing assumptions were made to arrive at Equation (3), their validity may

not he justified. Model experiments in stern-quartering and following waves have indicated
that  larg e surge motion in the order of the wave orbital motion can be induced simultaneously
with larg e trim. It is quite plausible that  coupling between the surg e and pitch modes is not
neg ligible when a SWATH ship undergoes larg e surge motion since the vertical center of gravity
N located far above the main hull axis. This need to develop a more consistent hydrodynamic
theory for SWATH ships in following waves is well recognized , but no such attempt will be
made in this report.

The symmetry of the hull with respect to the longitudinal centerplane of a twin hull
leads to decoupling of the vertical-plane modes fro m the horizontal-plane modes. Thus , the
equations of motion can be divided into the following two groups:

Heave and pitch eq uations:

( M+A 33
)~ 3 + B 33~3 +C 33~3 +A 35~5 + B 35~ 5 +C 35 E5 =F 3

(e) e—j (~t

(5)
( I c + A 55 ) 

~~ 
+ B55~ 5 + + A 53~ 3 + B53~ 3 + C53~ 3 = F5

(e) e~~
(
~
)t

where l~ ( M 55 ) is t he  mass moment of inertia about the 
y-axis.6
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Sway, roll , and yaw equa t ions;

( M + A 22 ) E ,  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

( 1 4 + A 44 )~~4 + B 44~4 + C 44~4 + (A 42 - Mz 0 )~~2 + B 42~ 2 + A 46~6 + B 46~6 = F 4
(e) e-;(~

)t

( 1 6 + A66 )~~6 + B66~6 + A62~ 2 + B62~ 1 + A 64~4 + B64~4 = Fge) e~~~t (6)

where 14 and 16 are respectively the mass moment of inertia about the x- and z-axes , and z0
is the z-coordinate of the center of gravity of the ship.

The restoring coefficients contributed by the inhe rent buoyancy effect are easily
obtained by

C33 ~~p g A ~,

C35 C53 pgM ~
(7)

C44 p g ç4 — M g B G

C55 — M g BG

where p density of water

g = gravi tational acceleration
A~ 

= waterplane area

M
~ 

= waterplane area moment about the y-axis
l~~4 and = moment of inertia of the waterplan e area about the x-axis and the y-axis .

respectively
= vertical distance between the center of buoyancy and the center of gravity

when the ship is at its mean positio n

As will be seen later , there are additional contributions to the restoring coefficients fro m the

stabilizing fins.
Since Equations (5 and (6) are linear , the solutions of 

~k are expected to be harmonic

functions of time; hence the equations can be expressed as complex algebraic equations:

A 1 X 1 B 1

A2 X2 = B 2
where

7
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3o x2 = k401
LE5oJ

B l = [F3 J  B2 =[F4(e]

[_~ 2 ( M +A 33 )+c 33 -j w B33 -w 2 A 35 +C35 -j w B35
A 1 1

[_w 2 A s3 + C 53 _ i~ .~B53 —o) 2 (15 + A 55 ) + C 55 — j w B 55

-w2 ( M + A 22 ) -j ~~B22 -~~
2 (A 24 -Mz 0 ) - j~~B24 -w2 A 26 - j~~ B26

A2 -‘w2 (A 42 — Mz 0 ) — j ~~B42 ~~ 2 (t 4 + A44 ) +  C44 — j ~~B44 
_~~2 A46 — j ~~B46

-w2 A62 - j~~B62 -~~
2 A64 — j ~~B64 —w 2 (16 + A 66 ) -j ~~B66

An inversion of the matrices provides the amplitudes of the motion by

~k~~~~ko H~~ kc +
~ ks ] ( 8)

and the phase angles with respect to the wave crest above the coordinate origin by

ak = tan “~ks~~kc 1 (9)

for k 2. 3, 4, 5, 6.
The velocity and acceleration of the motion are obtained by simply multiplying the complex

amplitudes of the displacements by —jw and —w 2 , respectively. The surge amplitude j~ and

phase a 1 can be obtained similarly from Equatio n (4).

The complex amplit udes of the absolute and relat ive vertical motion of a point (x , y, z)

on the shi p are given for the absolute vertical motion by

( 10)

and for the relative motion by

‘ V Sv ~o

8
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where 
~~~~ 

is the complex ampli tude of the incoming wave given by

~ O = A C
J K o~~~

C0 Y s e
~~~~ ( 12 )

Here A is the wave ampl i tude , K0 the wave number  define d by K0 = 2ir/X w0
2 /g, X the wave-

le ngth. 
~~ 

the wave fr equency, and ~ the wave heading angle with respect to the x-axis in
the counterclockwise direction from the x- axis  ( 0 deg represents the wave heading from the
stern to the bow). Strickly speaking, Equat ion  ( I I )  is an approximation since we have
neglected deformations of the wave elevation along the body caused by the diffracti on of
waves h~ the body surfa ce and by the waves generat ed by the  body motion.

The comp lex ampl i tude  of absolute transv erse mot ion of a point on the ship is given by

~ H ~~~~~~~~~~~~~~~ ( 1 3 )

In the foregoing, the fr equency-response of the variou s motion ampl i tudes  and phases
were given. The complex ampli tudes of any motion quan t i t y  divided by the ampli tude of the
waves are often called transfe r functions or frequency-response functions. In principle, the
t ime history of the system response to any  random signal can be obtained for a linear system
by a convolution integral of the product of the signal and the inverse Fourier transform of the
transfer function. A correct approach to ship motion in the t ime domain , howeve r, is not
so straightforward as described in the foregoing: this has been pointed out by Cummins . 8

As is well recognized , a unique representation of the time history of sea waves is impossible;
hence representation of sea waves has been made through energy spectra from which various
statistical average s of the wave conditions can be obtained.

St. Denis and Pierson 9 were the first to introduce an appli cation of sea energ y spectra in
conjunction with the transfe r funct ion to obtain various statistica l averages of ship responses.
Since then , statistical averages have been used almost as a standard tool for the investigation
of ship motion in irregular waves. The major underlying assumptions for the concept are that
the relationship between the wave excitation and ship response is linea r , that wave and ship
motion are stationary and normal random processes with zero mean , and that  the spectral
density functions of waves and ship motion are narrow banded. If a sea-energ y spectral
density function which has the dimensional uni ts of I L 2TI is denoted by S(~~~), the variance
of a motion quan t i ty ,  say, 

~k ’ can be obtained by

• 
8Cummins , W .E., “The Impulse Response Function and Ship Motions ,” Schiffstcch nik , Vol. 9, pp. 101-109

(l962 ) : reprinted as DTM B Report 166 1.
9St . Denis , M. and W .J. Pier son , “On the Motion of Ships in Confused Sea s,” Trans. SNAME , Vol. 61 .

• pp. 2 80-357 ( 1953).

9
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E =f(ik/ A ) 2 S(~~~0 ) d ~~,0

As can he seen in the nex t section , the wave-exciting forces Fk
(e) , k I , . ..  6, are linearly

pro portional to the incom ing wave ampli tude ; hence if the wave amplitude is taken as a un i t
value , the resulting motion amplitu des obtained from the solutions of the eq uations of motion
are already factored by the wave ampli tude.  In the following, all transfe r functions are under-
stood to be normalize d by the wave ampli tude unless otherwise specified. Thus , Equation ( 13 )
will he writ ten as

E = ~ [lt k )2 S(w Q ) dw O ( l 4 )

where 
~~ 

~2 is often called the response ampli tude operator (RAO ) .
Of the few mathematical expressions for sea spectra , the most frequently used by ship

motion investigators are the so-called Pierson-Moskowitz spectrum 10 and the Bretschneider
spectrum. t More recently the trend is to use actually measured sea spectra in order to
examine the motion of a ship in a wide variety of sea conditions . 12 For example . Miles 13

has provided a stratified sample of 323 sea spectra based on mea surements obtained at Station
India in the North Atlant ic .  Proper weighting factors for the frequency of occurrence for each
of the spectra given in Miles ’3 can be determined from the useful wave statistics compiled by
Hoghen and Lumb. ’4 It follows , then , that the probability can be determined that a ship
operating in the North At lant ic  will exceed certain seaworthiness characteristics , e.g., vertica l
acceleration , slamming and deck wetness per hour , etc. Since these predic tions are made
under the assumption of the Rayleigh pro bability distribution function, it is tacitly assumed
that  distribution of the motion ampli tudes follows the Rayleigh function and this may not he
quite true in some cases.

tOpierson, W J. and L Moskowitz , “A Proposed Spectra l Form for Full y Developed Wind Seas, Based on the
Similarity Theory of S.A. Kit a igarodskii ,” J. Geophys. Res., Vol. 69, No. 24 , pp. 5181-5190 (1964).

~ Bret schneider , C. L., “Wave Variability a nd Wave Spectra for Wind-Generated Gravit y Waves.” Beach
Erosio n Board , U.S. Army Corps of Engineers TM 118 (1959) .

2 Hadler , J.B. et aI., “Ocea n Catamaran Seakeep ing Design, Based on the Experience of USNS HAYES,”
Trans. SNA ME . Vol. 82, pp. 126-161 (1974).

t3 Miles , M., “Wave Spectra Estimated from a Stratified Sample of 323 North Atlantic Wave Records,”
Na t ional Research Counci l, Division of Mechanica l Eng ineering Report LTR-SH- 118 (1971).

14 Hogben , N. and F.E. Lumb, “Ocea n Wave Statistics ,” H.M. Stationery Office , London (1967).
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The var iance for the velocity and the acceleration of the kth mode motion can be easily
obtained by

E~ =f(~~ E k )2 Sk~0 d~~0

( 15 )

Ea =j ~~~~~k )2 S(c~0 ) dw 0

B( .th the Pierson-Moskowitz spectrum and the Brets chneider spectrum can be expresse d
in the form

ClS(c~0 ) = ~~~j  e x p ( — C 2 /w 0
4 ) ( 16 )

whe re

0.78 — Pierson-Moskow itz
C1 = 487.06H 2

S 
— Bretschneider

0

in which H~ is the significant waveheight in metres , T0 is the modal period in seconds , and

3. 1 2/H 5
2 — Pie rson-Moskowi tz

C2 =
1 948. 24/T0

2 — Bretschneider

In the application of these empirical formulas , caution is necessary in taking the integ ra l
limit to infinity since , as can be seen from Equation ( 16) ,  w’~ S(w 0 ) — ~ ~~~~ as w — ~ oo; hence
the integr al behaves like a logarithmic function with an inf ini te  argument e.g.. since the RAO
of relative vertical motion approaches unity as w0 goes to inf ini ty .  the spectrum of the
acceleration of relative motion at high frequencies would behave like 11w 0. Since
Equation ( 16)  is an empirical formula based on the recorded ocean waves which u sually yield
uncertain data at high frequencies because of the filtering process , the high-frequency end of
the formula is not reliable as Pierso n points out (see pages 86-89 of ’ Reference I 5) . Thus, for
the prediction of motion of ships with lengths greater than 30 m . the high frequency limit in
the integr ation should be replaced by something like 3.0 rad/sec which corresponds to about

• a 6-m gravity wavelength in deep water.

15Pierso n , W.J ., “The Theory and App lications of Ocean Wave Measuring Systems at and below the Sea Surfaces ,
• on ~he Land from Aircraft , and from Space Craft ,” NASA Contractor s Report NASA CR-2646 (1976).
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Various often used statistical averages can be expressed in the form

Average Amplitude C~/~~ ( 1 7)

Here E0 is the variance of a particular motion amplitude. C=  1.253 provides the average,
C = 2.0 provides the one-third highest average or significant average and C = 2.546 provides
the one-tenth highest average.

From the Rayleigh law of probability distribution , the probable number of slams
sustained per n sec by the mai n hull bottom or the cross-deck bottom of a SWATH ship at a
given location can be given by

NS~~~~A e x
p
~~~~

0 T )  ( 18)

The superscript (R )  denotes the relativ e motion of the location of interest , C0 is the vertical
distance from the calm waterline to either the main hull bottom or the cross-deck bottom in

the same dimensional unit  used for~~
’
~~~~ , and V1 is the t hreshold velocity that incites

slamming. The value of VT can diffe r from case to case and should be given in the same

dimensional unit  as ~~~~~~~ In many cases the values of V1 are unknown , and if V1 is set

to zero , Equation ( 18) then gives either the number of hull bottom emergences or water
contacts of the cross-deck bottom per n sec. If we set V1 = 0 and take C0 to be the deck

height. then Equation ( 1  8) provides the probable number of occurrences of deck wetness per

n sec.
For a design or operational criterion , it is also of interest to know the probable extreme

value a ship may encounter in given sea environments. Ochi 16 has shown that the extreme

value in amplitude expected in n observations ‘1n can be expressed by

~~~~~~~~~~~~~~~~~~ ~/~#)~p~
for small 6

where T is the time in hours during which an extreme sea environment may persist , and 6 is
given a value of 0.01 if the design goal calls for a 99-percent assurance that the extreme

amplitude 
~~~~ 

will not be exceeded. For 6 = ~ ~n represents the “most probable extreme

value ” in amplitude. For a large number of observation s, the probability that the extreme

value will exceed ‘y~ is 63.2 percent.

t6 Ochi , M.K., “On Pt ediction of Extreme Values ,” J. Ship Res., Vol. 1 7 , No. 1, pp. 29.37 (1973).
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EVALUATION OF HYDRODYNAMIC COEFFICIENTS

The hydrodynamic coefficients in the equations of motion will be divided into  three
groups. The first consists of those coefficients which can be obtaine d under the assumption
of potential  flow , the second consists of those coefficients mainly  associated with the viscous
natur e of the f luid ,  and the third is associated with the hydrodynamic lif t  generated by the
stat ionary fins.

Fhe derivation of these coefficients involves application of vario us assumptions and
approximations , and rigorous justifications are lacking for some of the m. This section attempts
to describe as well as possible the underlying assumptions involved in deriving each coefficient.
There are still unsolved problems to he looked into before more satishi ctory just i f icat ions can
he offered for deriving some of the coeff icients , especially those in the second and thir d groups.

COEFFICIENTS OBTAINED UNDER POTENTIAL-FLOW ASSUMPTION

The added mass coefficients ~~~ the damping coefficients contr ibuted by the motion-
generated outgoing waves ~~ and the wave-exciting forces F~e) for i . = 1. 2. 3, 4. 5, 6 belong

to this group. The basic solution is obtained under an assumption of two-dimensional
potential flow at each cross section of the ship. The boundary-value problem is solved for the
velocity potentia l functions for inf in i te ly  long, semisubmerged . horizontal twin cylinders
having cross sections identica l to the cross section of a SWATH undergoing heave , sway, or
roll oscillation. This is done by the method of source distribution which is described in detail
by Lee et al. 17 for heave oscillation ; an extension of the method was made later for sway and
roll oscillations. The validity of the two-dimensional solution was checked and comparisons
between the theoretical and experimental results presented ’7 for rectangular , circular , and
triangular twin cylinders.

Application of the source distribution method to oscillating twin cylinders results in two

distinct singular solutions at certain discrete frequencies of oscillation. One stems from the
mathematical failure associated with the solution of the Fredho lm-type integral equations in
the course of determining the source strengths ,18 and the  other stems from the physical reality
that standing waves are trapped between the two cylinders at certain frequencies of oscillation
given approximately by

t7 Lee , C.M. et al., “Adde d Mass and Damping Coefficients of Heaving Twin Cylinders in a F ree Surfac e,”
NSRDC Report 3695 (197 l)~

‘8John F., “On the Motio n of Floating Bodies: II . Simp le Harmoni c Motions ,” Commun. Pure A pp I. Math.,
Vol. 13 , pp. 45-101 (1950).

13

~ 

- .  ~~~
- -



- 
- --—--.- --. - -----.- - -...—-.-——--——---—--- -‘,.-—-“-.-

~~
----—--.. .—,- -‘-.---— .-- -—.-- .

~~
---— ,—..---,—— ----

w 
J (hI~i — l  for n = I , 2 , - -

s~ hilL ’ h ‘. one-halt  t :e d is t ance between the cen ter l ine  of each cyl inder  and a is the half- beam

of the ind iv t du a l c~ ti nder at the water l ine  -

I he former  t y p e  of s ingular  solut ions can he removed by ex tend ing  the  source dist r ibu-

t ion onto  the  water l i ne inside the  cyl inders  m d  imposing e i ther  wall condition or the condi-

l i on ot va nish i ng veloci ty potent ia l  on the inner  water l ine .  The v a l i d i t y  of this method can

be de monst r ated  h~ nurnencal  results 6 ’ 19 and yet no vigorous mathemat ica l  proof has been

establ ish e d b r  the ex i s t e nce and the  uniqueness of the solut ion obtainable  by t his method.
I her e . ~- p . ’ . iN t o  he no ~~:t ~ to remove the la t ter  type  of singular  solutions except by a ful l

t h rc e-d im cn ’.non a l  so lu t ion .  In pract ice , the  range of frequencies of intcre s~ for motions of

‘ships - b  l eng ths  gr~ i t e r  t h a n  200 ft l ies below the f re que nc ie s  at which the singular behavior

u t  the  t~~o - m l i r n e n s i o n a I  solution occurs. However , caut ion is necessary when the loading on a
ship  due to w,mves  is computed . since t he peak loading may occur in a hi gher frequency range.

lo  obtai n t h e  three-dimens ional  coeffici ent s , the  sectional hydrodynamic  coefficients of
the two-di mens ional solution are integrated lengthwise. For the case of a ship without
forward speed. the  s t r ip  approximat ion  described in the foregoing may sti l l  he an acceptable
appro x ima t ion  in a practical sense ; however , it appears that for a shi p with forward speed .
the le ngthwise  flow disturbances generated by the forward speed may immediate ly  invalidate
the two-di mensional flow assumption at each cross section. The long controversy on this

pa r t i cu la r  point s t i l l  continues.

Ogilvie and Tuck 2° presented a more consistent and rat ional  theory for forward speed

effects on the  hydrodynamic coeft ’ic ients which are derived on the basis of stri p theory.

Fa lt insen 2 t  demonst ra ted  a better correlation of the  theoretical results obtained from

th e Ogi li ve and Tuck th eory 2° with experimental  results for a few of the hydrodynamic

coe fficients which can be strongly influenced by forward speed of a ship. There is no doubt —

tha t  computat ions  of these coefficients according to Ogilvie and Tuck are much more tedious
and expensive than computations according to conventional strip theory. 5 Yet , conclusive

9Ohmatsu . S., “On the  Irregul ar Frequencies in the Theory of Oscillating Bodies in a Free Surface ,” Ship
Research Institute of Ja pa n Repo rt 48 ( 1975) .

20 Ogilvie , T.F. and E.O. Tuck , “Rational Strip Theory of Ship Motions; Part I ,” University of Michigan ,
College ~‘i Engineerin g Report 013 (1969).

2 i Faltinsen 0., “Numerical I nvest igation of the Ogilivi e .Tuck Formulas for Added Mass and Da mping
Coefficients .” J. Ship Res ., Vol. 18 , pp. 73-84 (1974).
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evidence does not seem to exist tha t  this new theory will necessaril y improve the prediction
of shi p moti on .~

Although , as pointed out by Ogilvie and Tuck , some argument  may he made regarding
the consistency of ’ the perturbation expansion , conventional strip theory will  be used in this

report. Details of the development of the theory are given in Appendix A and only the f inal

expressions obtained there will he given here.

Let the ve l oci ty  pote n tia l fun ct i on ~‘(x , y, z . t )  whose gradient represents the velocity

field in the f luid region disturbed by incoming waves and motion of a ship be expressed in
the form

h ere is the st eady wave-resistance potential , 
~ 

and 
~D are respectively the complex

potentials  representing the incoming and diffracted waves . 
~i is the complex potential  repre-

senting the fluid disturbance by the ship motion in the i th  mode , and is the complex
ampl i tude  of the  displacement in the i th  mode. Then , the hydrodynamic  coefficients can be
given by

A ik = Rej L _ ±~ fdxf {~~;N (Y . z X ) +
J~~ ø~ N 6 i5 ~~~~2N 6~6 }ø ~ d~~ (20)

Bik = lni~ ~ j dxf  {Ø;N Y~ 
z : x )  + 

~j  03N 6i5 - 
J~~~~ 

02N 6i6 J Ø~ d2~ ( 2 1 )

for i . j = 2. 3 , 4, 5, 6 (see Equations (76) and (77) in Appendix A) .

In Equations (20) and (2h .  Re~ and lm~ mean the real and the imaginary part of what

follows: is the lengthwise integral; f is the integral along the immersed contour of
I C(x)

the section located at x when the ship is at its mean position ; 6 j k is the Kronecker delta
function; ~ti is the two-dimensional rep resen tation of 0, (sthp assumption); and sul~cnpt N
denotes the normal derivative in the y-z p lane, the positive sense of the two-dimensional unit
normal vector N being pointing into the body, For later use , the sectional added mass a 11( x )

and the wavemaki ng damping b.1(x)  are defined by

tSince as their first effor t , Ogilvie and Tuck 20 covered only thE ’ coefficients on the left-hand side of the
equations of motions (see Equat ion (5)) , motion computation canno t be performed unless a consistent
theory is also developed to cove r the wave-exciting terms.

15

L - - - ‘-~~~ --~~~rn --— —-— - -~~,- - - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



F’ - -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

a~
(x) = Re~ 

~-3 ~~~~x )
1N 0~ d2~ (22 )

bii ( x ) lm
j E~~ J~x ) 1N1 1 (2 3 )

for i = 2 . 3 and 4.

The wave-exciting terms are expressed by

F l
( e ) = i w0 p~ fdx

,f ~l Ø1 dQ (24 )
I C ( x )

F~e) 
P~~~

I’
dX ~~~

r ~j ..,0 N~ + 
(o; 

+“- 03 & j 5 — 

~~~~ 
6 i6) ~~1o l d~ (25 )

for i = 2, 3, 4. 5. 6. Here n 1 is the x-component of the unit normal vector on the ship surface

pointing into the body. N~ 
is the ith component of the two-dimensional un it  normal vector

such that  N , and N 3 
are the y- and z-components ,

N4 y N 1 - a N 2

N 5 — x N 3

N 6 = x N,

and is given by

(26)

and

01N = K0 ( - j N 2 s i n a + N 3 ) 0 1

in which the notations are as de fined under Equation ( 12) .

If the hull geometry is given by z = h (y ;x)  the definition of the components of the u n t

normal vector can be given as

— 
I f dy(x) dz(x)\ *

n~ — ~~ ~~~ —a-— —

For the main hull of a SWATH ship having the form of body of revolution , we can obtai n n 1 by
+ R ’2 ) t12 where R(x) is the radius of the cr oss section of one hull and R’(x) dR/ dx.

16 
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x
N 5 N

x h ~
N6 = - -~~--

where N = ~~~~~~~ If the offsets of the hull are given at several waterlines at each stat ion
of a shi p, the  hull  derivatives dy / dx  and dz/dx may be obtained numerical ly by use of the
th ree-point Lagrang ian interpolation rule along the same waterlin e. As can be seen in Figure
2. if we know the tangent  ang le a at  a given point of a cross section contour , then at a given
point  of a cross section contour , we have

h y = ta n a
Hence

N ~~~~~~~~~~ . N , — sin a and N~ = cos a
cos a

I

0 _ _

Figure 2 — Unit Normal Vector in the Plane
of a Cross Section
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Table I shows the expressions for the hydrodynamic  coefficients given in term s of

E quations 1 20) through (26 ) .  Note that  the forward speed effect on the hydr odynamic

coefficients appears d is t inc t l y  as mult ipl icat ion factors to some coefficients. However , the

sect ional  hydrodyn amic  quant i t ies  a u and b11 for n = 2 . 3, and 4 are funct ions of the geometry

‘~f the cross section as well as the encounter f re quency.  and since the encounter  freq uency is

a f unc t ion  of the forward speed , the forward-speed effects are also impl ic i t l y  imbedded in

other hydrodyn amic  coefficients.

To faci l i ta te  reader’s undeis tanding, the derivation of A 53 and B66 will  be i l lustrated in

the followin g. From Equat ion (20 )

= Re~ [-
~ 

fdx 
~~~ x ) 

(O~~ + 03N) 0’3 dQl

From Equat ion (68) in Appendix A ,

03 N

05N = — j w N 5 + U N 3

From the slender-body assumption ,

N 5 = - x N 3

Hence

. 1 U \  I U \ ,
ø5N 3~~~~~~~~~~~~~ ) N 3 V + ~~~~~) O 3N

and

~~~~~~
=-  (~+~~)~

Subst i tu t ion of this relation into the expression of A 53 above yields

A 53 Re~ E~ 
fd xj  (_ x  +

~~~~~~~)~~~~~~ 

03N dQl

~Jx dx 
E3 

Re~ J O ~ ~~~~ 
d~~ +~~~~ fdx  

~ 
lm~ 

%X)~~~ 

0~~N dQ]
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TABLE I — HYDRODYNAMIC COEFFICIENT S OBTA INED
UNDER POTENTIAL-FLO W ASSUMPTION

A 12 =j a 22 ( x )  dx A 35 = _ fx a 33 dx -~~~~ B33

B21 =J h 22 dx B35 = _J x b33 d x + U A 33

A ,4 J
a,4 dx A44 f

a44 dx

B,4 J b 24 dx B~~ fb 44 dx

A ,6 fx a2, dx + B 2~ A42 = A 24 f
a24 dx

B26 fx b 22 d x - U A 22 B42 B24 fb24 dx

A 33 fa 33 dx A46 fx  a~~ dx +~~~~ B24

B 33 f
b33 dx B46 fx  b24 dx - U A 42

A 55 f
x 2 a33 d x + ~~~ A 33 B66 f

x2 b12 d x + ~~~ B,2

B 55 f
x 2 b33 dx + B33 A62 fx a 22 dx - B2~

A53 _Jx a33 dx+~~~ B33 862 =f x b,, d x + U A ,1

B53 _fx b 33 d x _ U A 33 A64 fx a24 d x _ ~~~~Bi4

A66 f
x2 a 22 dx + A 22 B64 fx b24 dx + U A ,4
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TABLE I (Continued )

F 1
(e) = PBAJ dx e~ 

K 0 x COS~~~~ f  (-i N 2 sin ~ + N 3 ) eK o~~ - iY sin ~ d~I C(x)

F ( e)  = 
-jpg A

~~
[’dX e~ 

I(~ X (X~5 ~3,f { N~ + K0 (—j N2 sin ~ + N 3 ) 0~ } e’
~° 

(z - ~ sin ~ dQ
~

,o I C(x)

F 3
( e )  -j P~ AJd ~ 

K 0 x cos 
~51’ { j~~~ N 3 + K0 (-j N2 sin ~ + N3 ) 0~ e

K o (z -j  y Mfl dQ
W 0 I C(x)

HP~ Aj dX e~ 
K 0 

~~~x) 
{ j w~ (y N 3 - Z N 2 ) + K 0 (-j N2 sin ~

+ N3 ) O~ } e
Ko~~~~ Y sin

~~
)
dQ

F5
( e )  = 

_ i P~~Af dx e~ 
K 0 

%X) { 

x N 3 + l(~ (-j N 2 sin ~ + N 3 )

I U \ , K0 ( z — j y s i n j3)
y_— _

x) 03 e dQ
Jw

F6
(e) _ JP~AJ”dX e~ 

K0 ‘3~r { iw 0 x N 2 
- K 0 (-i N2 sin ~ + N 3 )

~
“
~
0 L C(x)

( U \ ,~~ K 0 ( z — j y s i n ~~)• v — — x i  Ø2~~e
\ J W  / J

I
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The definitions given by Equations (22 )  and (23 ) can be used to write

A53 = —f x a33 (x )  dx +-.
~~~

- 

J
1b33 (x )  dx

_ fx a 33 dx +~~~ B33

Procedures similar to the foregoing together with the relations

N2 
= -0~N / ( j w ) , N 6 = x N 2, and = (~ +

~~~~~~~~) 
o~

can he used to derive

B66 = lm~ E ‘~~~ j dxf (0~N - ~~ 0~ d
~I~

= lm j [_~~ ,/dxf (_~ wN 6 - UN 2 ~~~~
02 N)  0~

= trn.r~& fdxf  ( x +~~~\ - j w N -~~~~o~ N~ (X + ~Y-\ 0~ d~~l

~ L w I C (x)  “ ~~~ j w j \ ,j w /  J

lm j [~~ j dxf (x 4L) (x + ~~~) o ~~o~ N dQ]

=1 (x 2 + dx H lm~ J~~x ) 2 ~~N d
~1

= fx - t 2 2 x d x + - - ~~B22

VISCOUS DAMPING COEFFI CIENTS

Hydrodynamic coefficients derived under the potential-flow assumption (as shown in the

preceding section ) have been found to provide satisfactory motion predic tions for most

4 conventional-type ships wherein wavemaking damping predominated. However, as in the case

of predicting roll motion of a surface ship, when wav emaking damping is no longer the

dominant contributing factor to the overall damping , the damping contributed by the viscous

effects of the fluid has to be taken into account.

21 
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The semisubmersible SWATH configuration does not generate large surface waves when

it oscillates in the vertical-plan e modes. This means that  the wavemaking damping of SWATH

ships in the vertical- plane modes (i.e. , heave , pitch , and surge ) is relatively small compared

with tha t of convent ional ships. When the viscous effects contributing to the damping are

neg lecte d. the computed mot ion ampli tude in the neighborhood of resonance is similar to

that  o f a typical  underdamped linear system , i. e., a narrowly tuned , high spiked motion at

the resonant frequen cy. Figure 3 shows such behavior for a SWATH configuration proceeding

in r egular head waves when computed with the potential-flow hydrodynamic coefficients

alone , Model Experimental  results are included in the figure to indica te the errors caused

when the predictions under estimate damping coefficients. The need for a more reasonable

evaluat ion of damping coefficients is obvious: however , discouraging ly, there is very little one

can do to improve the evaluat ion theoret ical ly.

Encouraged by the remarks made in Pien and lee,6 Kim 22 tried to include the forward-

speed effect more rigorously, and used a thin -ship approach in his evaluation of damping

coe fficients .  Figure 4 compares his results wi th  those obtained by the strip theory (described

in the preceding sect ion )  and by experimenta l results for a SWATH model designated as

SWATH I (previously called Modcat I ) .  Kim ’s results do not diffe r significantly fro m the

i-xper im enta l  results , yet when the motion based on these damping coefficients was computed.

the unrealistically larg e motion that  characterized Figure 3 were still present. This implies

that  even experimental l y obtained damping coefficients are not sufficient to yield reasonable

motion predictions. Thus we are led to conclude that  forced-oscillation experiments of a

model with small amp l i t ude  of motion do not yield realistic values of damping for a model

tha t undergoes large motion near reasonance.

If the foregoing conclusion is correct , the damping must be nonlinear with respect to the

motion ampl i tude  when it exceeds a certain magnitude. * Figure 5 presents unpublished

experimental  resu lts obtained at DTNSRDC by Wahab by verticall y oscillating a two-dimen-

sional cy l inder  w i t h  a bulbous bow cross section at zero speed. The theoretical results shown

in the  figure were obtained by using the source distribution method developed by Frank for

si ng le c~ l in dr ica l  forms. 23 Here , a large discrepancy between the potential-flow theory and

exp enmen l  is obvious , un l ik e the case for a three-dimensional body shown in Figure 4.

22 Kini . K i-hla n , “Deter minat ion of Damping Coefficients of SWATH Cata m aran Using Thin Ship Theory, ”

~lass. Inst . Technol. Dept. Ocean Eng. Report 75-4 ( 1975).

~~ -\ l ineari ty check for the damping coefficient with respect to the motion amp litudes was made in the
exper iment as shown in Figu re 4.

21Fr ank , W.. “Osci l lation oi Cylinders in or below the Free Surface of Deep Fluids ,” NSRDC Report 2375
( 1967).
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Figure 3 — Heave and Pitch Motion of SWATH 4 in Regular Head Waves at
20 Knots Without Viscous Damping
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A force d heave-~~cil1ating experiment with a SWATh modd (some r~ ulls of which are

sh own in Figure 4) was con ducted at DTNS RDC by Stahl (as yet unpublished) under vaiux~s

conditions. The forced-vertical oscillation test were made with the models of a single hull of

two dif fe re nt  scale ratios and twin hulls , wi th  three to four different  am pli tudes  of oscillations

to wi th in  0. 16 of the draft , four Froude numbe rs (Fn 0, 0.2 . 0.4 and 0.6), and a wide range
01 frequencies. The nonlinear effect on the damping coefficient was not significant except

perhaps for low frequencies at high speeds. The scale effect for a single hull  appe ared signifi-

cant only at the hig h frequencies which are outside the range of interest for SWATH ships.

Speed effect does not appear significant except in the very low freq uency range. The mutual
blockage effect  of tw in  hulls on damping appeared to be insignif icant .  This experiment , in

fact , has demonstrated that  the mathematical  model derived under the assumption of small

motion ampli tude can be justified for motion ampli tudes within the range in which the

experiment was conducted.
It has frequently been observed that  SWATH models have rapid transient  decays whe n

they have forward speeds. Thus , one might be led to conclude tha t  a SWATH configurat ion

possesses a critical damping when at speed. However , SWATH models at speed have exhibited
a resonant motion when they are subjected to continuous harmonic wave exci tat ions.

The foregoing description is intended merely to emphasize the complexity of the problem

we are a t tempt ing  to solve and thus demonstrates that a simplified theory could hardly he

expected to provide more than qualitative agreement. Left without  an alternati ve , it was

decided to follow an empirical approach to determine the supplemental damping required to

predict the motion.

According to Thwaites ,24 experimental results of side forces generated on slender bodies

wi th  moderate tr im angl e showed that  the vertical force F~ can be expressed in the form

FV =~~ p U 2 A p s i n a T s i n a I ( a o l c o t a I + C D ) 27

Here A~ is the projected plane area of the body on a horizontal plane , a is the trim angle , and

a 0 and CD are real constants : a0 is often called the viscous-lift coefficient and CD the cross-

flow drag coefficient. The value of a 0 found fro m the experiments on airship models with

circular or pol ygonal cross sections was about 0.07 while CD seemed to lie heween 0.4 and

0.7. An experiment by Allen and Perkins 25 showed that CD increases as the slenderness

ratio increases.

~ Thwaites , B. (Editor), “Inco mpressible Aerodynamics ,” Oxford University Press , pp. 405-42 1 (1960).
25 Allen , H.J. and E.E. Perkins , “A Study of Effects of Viscousity on Flow over Slender Inclined Bodies of

Revolution ,” NACA Repor t l 048 (1951).
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For a harmonically oscillating body in the vertical-plane modes in regular waves with a
constant forward speed , the foregoing expression will be assumed to take the form

F~ 4 p A p (U 2 ao a + C D w i w l )

where w is the relative fluid velocity with respect to the body and given by

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The angle of incidence of flow at a cross section of the body at x can be expressed as

(28)

where f,,, = vertical velocity of the fluid induced by the incoming wave
b(x) = transv erse distance from the x-axis to the midpoint of the beam of one hull

d 1 ( x )  depth to the maximum-breadth point at a cross section

The expression given abov e tacitly assumes that a is small and the diffraction of the incident
wave can he neglected. It should be noted that the term y~~ will not contribute to the
vertical force because of the symme~~y of ship geome~~y with respect to the cente rplane.

If the body is undergoing motion in the horizontal-pla ne modes, the angle of flow
incidence at the mean depth of the cross sectio n of x can be expressed as

6 + 

~~2 + x + d2 (x)~ 4 — 

~H (x , ±b (x ), — d2 (x) ) /U (29)

where d2 (x) is one-half the draft at the cross section at x and 
~~ H 

(x , y, z ) is the transverse

velocity of the fluid induced by the incoming wave.
Now , similar to the potential-flow case , the stri p concept will be introduced to Equation

(27 )  together with the assumption of small a and no viscous interactions between the two
hulls. The vertical force induced on the twin hulls can then be obtained by

Fv =~~ U2f Bm ( X )  
= 1  

(a 0 a1(x ) + (‘D (a. - ~~~) Ia~ - I )  dx

where Bm (x) is the maximum beam of the submerged cross section of one hull at x and a1
and a2 are respectively the angle of incidence on the port and star board hulls. With the
following new notation defined by

Z
1 ~~~ls  ~~ l p ’

1I5 =~~3 -x ~~5 -t ~ (x , - b(x), -d 1 (x ))

27 
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= — x — (x , h (x ) ,  — d 1 ( x ) )

F~ can he V~Tit ten a’.

‘ V 
=

~~~ j Bm ( X ) l l i I o U~~~S + a 0 U i 1 + C D (Z I s  ~~~~~~~~~~ 
+ i~~~~~ ~~~~~~~~~ I dx

Sim ilar ly .  the  horizontal  force FH can he expressed as

FH ~~U 2fd(x  
~~~~~~~~ 

~1 ( x ) + C ~~(~~ + ~6 ) l ~~
i + 

~6 I ) d x

j d I_ 2 a O U 2
~~6 + a O U y l + C D (y l s l y l s~~+ y l p l Y l p I ) I d x  ( 31 )

where d ( x )  is the draft of ’ the cross section at x ,

~‘1 ‘ Y I s~~~’l p

~‘lp  
= 

~2 + X 

~6 + d,  
~~~~ 

— 

~~ H 
(x , b( x ) ,  — d - , (x ))

In Equations (30) and (3 I ) .  a0 and CD are assumed to be constant over the length of the

ship.

The moments  contr ibuted by the flow incident  angles can s imilar ly  be g iven for roll

moment  by

M R ~~ j Bm ( X )  h( x ) 1a 0 U~ r + C D (
~ rs irs 1 + Zrp l Z rp  fl dx

÷~~ fd (x )d 2 (x)I_ 2a 0 U
2
~ 6 +a o Uy I +CD (Y l ~~~~~~~~~~~~~~~~~~~ (32)

where
= 

~rs + 
~

- rp

Zr s = h (x )~ 4 +~~~(x , — b ( x ) . — d 1 (~ ))

~rp = h (x )~ 4 -~~~(x . b( x ) . -d 1 ( x ) )

28
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For pitch moment , the equation is

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (33)

and for yaw moment :

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (34)

The fluid velocity induced by the incoming wave is obtained fro m Equation (26) by

- ~~ l
~~~~ y, z , t) = -s—— e”~’~

’t

e_J
~~t 

~~- (_4~
.
~~exP (K 0 z + j K 0 x co~~3 _ i K o Y sin~3))

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (3 5)

and

~H (x , y , z , t )  -s—— e J~
)t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (36)

The cross-flow drag terms in the foregoing expressions are nonlinear : hence they cannot

he d i r eL i R- in t roducted ~1 t o  the linear equations of motion. By the rule of Fourier , it can be

shown t h a t

Jcos o c o s O l c o s n O d O

cos 0 I cos 0 I = ° cos n 0

j  ~~~ n o dO

A0 + A 1 c o s O + A 2 cos 2O + . . .

29



—
‘ — 

-,-— _ 

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— ---.----—-—--.-——-—----———---—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
-.
~~~~~~~ -

where

A 0 0

0 for n even

n + l  8 —

for n odd
- n (n — 4 ) i r

8 _ 8A 1 - ~~
—
. A~ -

Thus , for any harmonic motion given by x = x 0 cos cat , an approximation of

8
x I x I ~~~ — w x  x (37 )

3ir °

can he established. This approximation is often called the equi l in eari zation method , an d it is

u sed freq u ent ly for a dynamic system with weakl y nonlinear behavior.
Subs t i tu t ion  of the cross-flow drag term s in the foregoing equat ions  for the forces and

moments by the equi l inearized form requires a prior knowledge of the ampli tude of motion

such as X~ in Equat ion (37 ) .  In the present work , the ampli tude of motion is obtained by

solving the equations of motion wi thout  the cross-flow damping terms: the equations of
motion are the n resolved with the equilinearized damping term s, and the process is repeated
unt i l  a reasonable convergence on the motio n ampli tude is obtained.

The viscous damping coefficients and the wave-exciting coefficients can be derived from

the foregoing expressions of the forces and moments generated by the viscous effects. These

coeff icients  are expressed with an asterisk attached to the notat ion and are shown in Table 2.
The definit ions of the new notation used in Table 2 are given by

Z Io
_ I L l s  I Z I p I

~l o  = 1y 15 I + I Y 1~~I
and

~ro = I~ rs I *I ~ rp I

The restoring coefficients such as Cr6 . Cr6 , and C~6 cannot be incorporated in Equation ( 16 )

since such restoring terms are not present. Thus. they will be lumped with the added iner~ a
term by equating C2~ = — ~~~~~~~ C~6 = — A~’6 / a 2 . and C~6 = — A~’6 /w 2 . As long ~I5 the
equations of motion in linear form are solved in the frequency domain , such an exchange of

the terms between the inertial  and restoring coefficients with the factor (~ w~~i will not alter

the solutions. However , this exchang e of the terms should not be made in the time-domain
analysis of the motion and in the stability analysis of the ship.

30
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TABLE 2 — VISCOUS DAMPING COEFFICIENTS

B~ , P a o U f d ( x ) d x + P * C
DL~ l ( x ) d ( x ) d x

B~4 p a 0 Ufd d 2 dx +p  
~~ CDf~~~) d d 2 dx

B~6 = P a0 Ufx d dx + p  
~~~C~~f 

x d dx

C~6 _ A ~ 6~~~2 _ p a o U2fd dx

B~ 3 pa 0 UJBm dx + p  
~1o Bm dx

B~ 5 — p a 0 U
~~fX Bm dx - p  ~

_ C
oJ~x~~10 Bm dx

C~5 = p a 0 U 2jIBm dx

B~4 = p a0 Ufb
2 B m dx + p ~~ C0J ~~ 

b2 Bm dx

+ p a 0 Ufd di2 dx + P 
r

C Dfy lo d d 22 d x

B 2  ~ a o UJddi dx + p ~~~ C0f ~ 10 dd 2 dx

B~ 6 = p a 0 Ufx  d d2 dx + p ~~~ c0f ~~l 0  x d d2 dx

C~6 _ A ~ 6 /~~2 _ p a o U2fd di dx

B 5 = p a 0 U ,fx
2 Bm dx + 

~ 
(
nJ~ Z i o  x 2 Brn dx
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TAB LE 2 (Continued )

= - p a 0 IJJx Bm dx - p ~~ 
(
~f ’ io x Bm dx

C 5 _ p a o U2 fx Bm dx

B~ 6 = p a0 Uf x
2 d dx +p  ~~ CDf ~I o  x 2 d dx

B~ i P a O Ufx d d x + P ~~~ CD fY Io X d d X

B~4 = p a 0 Uf x d d2 d x +p  ~~ CDf x d d 2 dx

C~6 - Ag6 1w 2 = _ p a 0 U 2 f x d d x

r K (-d 2 + j x c o s~~) -

F2* _ p w 0 A a 0 UJ d e  ° co s (K 0 b ( x ) s i n j3 ) dx

4 r K 0(-d 2 + j x c o s l3 ) j K 0 b sin 13 - -jK 0 b sin I3
_ p

~~~~wo A C DJ  de  (e I y 15 1 + e

K ( — d + j x c o s ~3)
= — j p  c~~ A a 0 U Bm e 0 1 cos (K 0 b si n ~3) dx

r- K ( - d 1 + j x c o s ~3) jK b sin 13 . -j K  b s i n l 3
_ J P ~~~ wo 1” DJ Bm e ° (e 0 I z 15 I + e  ° I 7 1~~ I ) dX

r K (-d + j x c o s~~)
r * _ p w A a UJ  Bm b e  I s i n ( K 0 b sin~3) dx

r K0(-d 1 + j x c o s~3) j K 0 b sin S3 . -j K 0 h sin 13 -

+ J P r W O A (
DJ !3m he  (e l , 15 H e  i 1~~I~~dx

r K (-d + j x c o s j3 )
F 5* =j p w0 Aa 0 UJ x B m e ° cos (K 0 b sin I3) dx
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TABLE 2 (Continued )

-‘ r K~, (— d 1 + j x c o s a )  j K 0 b sin 13 - -jK 0 b sin~~ -+ I P ( ~i A (
J

X B e (e l z 15 I + e  l z 1~~I ) d x

K (-d 2 +~ x cos l3) , -E- 6 — — p w 0 A a 0 U x d e ° cos ( K~) b s I n I 3 ) dx

- r K0(-d 2 + j x  cos~i) j K0 b sin~3 . - jK ~ b sin 13 -_ P T — WO A ( D j x d e  (e  1y 15 1 + e  I Y 1~~I ) d x

FiN-GENERATED LIFT COEFFICIENTS

A’. ment ioned earlier , a SWATH configuration can become unstable in the vertical-plane

modes at high speeds due to an inherent ly  small waterplane area. Both theoretica l 26 and
exper imenta l 27 i n v e s t i gat ions  showed t h a t  small horizon ta l fins f ixed on the inboard sides of

the hul l  at  certa i n longi tud inal  positions si gnificantly improve the sta bi l i ty  and considerably

reduce the peak motion ampl i tude .

The reduction of the peak-motion amplitude for heave , pitch , and roll modes was more

signif i cant  when the s tabi l iz ing  fins were placed both forward and aft  of the longi tudinal
center of gravit y . For stabil i ty,  the aft fins should be larger tha n  the forward fins. The main
factor contr ibut ing to the reduction of the peak-motion ampl i tude  stems from the damping
e f f e c t s  of the fins. It will be shown later that the angle of at tack on the fins is prop ortional
to the vertical velocity of the fins when the ship has a forward speed.

Fins , being a l i f t ing  surface, generate a l i f t  when subjected to an angle of attack. For
fi ns attached to a SWATH ship, the angle of at tack on the fins can be generated by the trim
and the relat ive fluid velocity w i th  respect to the fins in the horizontal and vertical directions.

The t r im angl e can easil y be found if the pitch angle of the body is known , but to find the
rela t ive  f luid velocity components involves the motion of the fins with respect to the fluid
mot io n  caused by the incoming and diffracted waves and the forward speed of the ship. I t is

the re fore  a t remendously d i f f i cu l t  task to perform an accurate  evaluat ion of the l if t  generated
by the  (‘ins. To name a few hydrodynamic  effects to be considered , there are body-fi n inter-
26 Lec , C M .  and M. Martin , “Determination of Size of Stabilizing Fins for Smal l Waterp lane Area . Twi n-Hull

Ships. ” DTNSRDC Report 4495 (1974).
27

~~ llio J.A. and J.J. Ricci , “Seaworthiness Characteristics of a Small Waterpla ne Area Twin-Hull
(SWATH IV) Part II ,” DTN SRDC Report SPD 620-02 (1976).
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act ions , the blockage effect of the other hull , unsteady effect , bounda ry-layer eff ect , down-
wash and upwash effects between the fore-and-aft fins and from the fins on the other hull ,
the free-surface effect on the fi ns, and so forth. It is an almost impossible task to take into

account the aforementioned effects satisfactorily, hence the following assumptions will be
made to keep the analysis in a tractable form. Except for the body-fi n effect base d on the
investigation performed by Pitts , Nielsen , and Kaattar i , 28 all other effects will be neglected.
Jus t i f ica t ion for neglecting some of the effects may he made, but most of the justification
will he base d on heuristic physical arguments , and will be omitted in this report except for
the invest igat ion shown in Appendix B.

Let the  center of pressure of a thi n foil of span S and chord C be located at x = 2. The
l i l t  L on the foil with a small angl e of attack can be expressed by

L(t ) = U 2 
~~~ CLa a( t )  (3 8)

where A~~
1 is the plane area of the foil and CLa the lift-curv e slope . The CLa will be assumed

to he the sum of the two effects which can be expressed as

~~La (Kw~B) 
+ K B~~ ) ) (C La )W

w here

(C
- 

La W(B )
“ W(B)  ~cLa’~

— 

(C La )~~~
(CLa\~

in which the subscript W represents the case of the foil alone , B(W) the case of the lif t  on
the body induced by the foil , and W(B) the case of the lift on the wing induced by the body.

According to slender body theory , 29 ’3° Kw (s)  and KB (w ) can be expressed in terms of the
ratio of the radius of the body r at which the fin is attached and the transverse distance fro m
the body axis to the tip of the fin r0, i. e.,

28 Pitts W.C., J .N. Nielsen and G.E. Kaatta r i , “Lift and Center of Pressure of Wing~Body~Tail Combination s at
Subso nic , Transonic , and Supersonic Speeds,” MACA Report 1307 (1959).

29 Spreiter , J.R., “The Aerody n amic Forces on Slender Plane- and Cruciform-W ing and Body Combinatio ns ,”
NA (’ .\ Report 962 (1950).

30Mor ika wa G., “Supersonic Wing- Body Lift ,” J. Aeron. Sci., Vol. 18 , No. 4, pp. 217 .228 (1951).
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&) + 2 t a n ~~ 6)]  (40)

KB(w) ( I  _ 6 2 [i  6 2 )2 _ i  
~t i  + b 4

) {~~t an 1 ~~ I 

~
) 

~~~~~~

+ 2 tan ’1 &}] ] (41 )

where 6 = r r ~ . The fo regoing two functions are plotted in Figure 6.

An empirical  formula derived by Whicker and Fehlner 31 for low aspect ratio wings will

he used for the evaluation of (C La )w - The expression for the wings of zero sweep angle is

give n by

l .~~7l’ Ae
= ______ per radian (42)

l .8+IA e
2 + 4

Rather  than taking twice the value of the geometric aspect ra t io  as did Whicker and Fehlner.
we choose the effective aspect rat io in this  report as

I r~\
A ( r 0 — — j / C  (43 )e 

~ 
r~ /

where C is the average chord of the  f in.

The numerator of the above equation corresponds to the distance between a point

vortex located at the  t ip of the wing and i ts  reflected image inside a circle. The foregoing

approach is main ly  desi gned to make an engineering approximation rather than seeking a

ri gorous rational approach. For more rigorous approaches , see the extensive review given in
A sf i l e ~ and Rodden . 32 Since the fins are a t tached to an oscillating body , the unsteady effect
on the l i f t ing characteristics may he impor tant .  However , it can be found from Lawrence

and Gerber 33 tha t  t h e unsteady effect on (CL~~
)
W 

is negligible for wings of aspect ratio less

than  l . ~ .
3 1 Whicker , L.F. and LF. Feh lner , “Free -St ream Characteristics of a Family of Low-Aspect-Ratio , All.

Movable Control Surface s for Application to Ship Design ,” David Taylor Model Basin Repor t 933 (1958).
32 Ashley, H. and W.P. Rodden , “Wing-Body Aerodynamic Interaction .” Ann. Rev . Fluid Mech.. Vol. 4 (~972).

~ La wrence . h R .  and E.H. Gerber , “The Aerodynamic Forces on Low Aspect Rat io Wings Oscillating in an
Incompressible Flo w,” J. Aeron. Sci., Vol. 19, No. I I , pp. 769-78 1 ( 19 52).
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The angle of ’ a t tack  on a tin at the center of pressure located at (2 , b 1, — d 1 (Q))  can be
obtained under the assumption of a small angle of attack by

(~3( t ) — 2 E 5 ( t ) + b 1 E4 ( t ) — ~~ (2 , b 1, — d 1, t ) )

U 
(44 )

where the wave-induce d vertical veloci ty ~ is defined in Equation (35) .  The center of pressure
of a fin will be assumed to be located at the midspan and quarter-c hord from the leading edge.
Here again , the wave-diffraction effects by the body and the fins are neglected.

When a foil oscillates vertically, a cross-flow drag and virtual inertia force result. The
cross-flow drag D( t )  can be expressed as

D(t ) 
~~ A~~~CD~~ ~~~~~~ 

- + b~ ~~ 
- 

~~~ 
I Q~~5 + b 1 ~ 

- I ( 45)

where c0~0 is the cross-flow drag coefficient of the foil , and the virtual inertia force 1(t) can
be expressed as

l ( t )  (m~~ + a 33~0) (~3 — 2 ~~5 + b 1 ~4 ) (46 )

Unless the mass of the tin is specified , it will be approximated by taking the fin section
as a neutrally buoyant ellipse as ~~~ = p ir/ 4 SCt where S is the span and t is the maximum
thickness of the fin. The added mass Will be approximated by a33~~ pS ir/4 C2 . For N
num ber of fin s for each hull , t he heave for ce F~

(
~

) , pi tch moment ~~~~ and roll moment
M R

(1) contributed by 2N fins can be obtained from the foregoing results as shown below.

F~
(O = 1(t ) + L ( t )  + D ( t )

= 
~~~ 

[m( 0 + a 33~~ )(~3 - 2j~ 5 )

+~~~~ U 2 A~~~CLa .l  ~~~ + 2 ~~ ~~~i~~5 
- ~v~~ l i ~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

where the abbreviation ~~
(b i1 ) stands for 

~

‘

V~~~
2

i’  
b 11 , — d 11 ) and the lift-curv e slope for the i th

fin 
~
‘Lcn is obtained from Equation (39).
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It can he noticed in the above equation that the roll-contributed l i f t  and drag do not
‘I appear because these forces on the fins are located opposite to one another and will be

ca nceled. St r ic t l y  speaking, however , the vertical velocity contributed by the roll motion
should have bee n include d wi th in  the absolute signs in Equat ion (47 ) . Since the introduction
of the roll motion in the vert ical-plane modes complic ates the computat ional  procedure , it

will he tac i t ly  assumed tha t  the roll effect on ~~~~ is negligible. The pitch moment is
obtained by

M~( 0 = _ ~~~ ~~ 
(48)

where f 1 i~~ the  expression given w i t h i n  the brackets af t e r the summ at io n si gn in Equat ion (47 ) .
The roll moment  is obtained by

= 

N 

[h 1? (m [~ + a 33~~~) 
~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

+ b i~
(b i~~ 4 +

~~~ 
(-b 1 . ) ) I b 1. ~ 4 +~ v ( _ b ii ) l J ]  ( 4 9)

Table  3 i n dicates hyd r ody na m ic coefficie n ts associated wi th  the s tabi l i z i ng f i n s. The

superscript ( f )  is used to denote these coefficients. Equi l inear izat ion for viscous damping.  a~
shown in Equation (37 ) ,  is also made. The relative fluid vertical  velocity ampli tude at the
i th  fin on the starhoar d side hull  and on th e por t side hul l  are defined by

Z
sØ  

= 
~3 

- Q
i ~s - t~~~ ’ 

- h l i .  - d 1 ~) I  ( 50)

~po = I~~3 2~~5 ~~~~~ 
b 11 . — d 11 ) I  ( 5 1 )

and the relative velocity ampli tude due to the roll motion is also similarly defined by

( 5 2 )

~~o
( R ) = I b l i ~ 4 _ t v (2 i, b I i , _ d

i i ) I  (53)
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TABLE 3 — HYDRODYNAMIC COEFFI CIENTS OF STABILIZING FINS

= 

i l  

(m~
1
~ + a 33~

1
~)

~~

B33~~ = p ~ ~~~~ f U C1~~ + ~j~— C~~0 
~~~ + ~~~~ )

B35~~ = p 
~ 

L
~ ~~~ ~U CLaI + r ~~~~~ (~ +

C35~~ = p U 2 
~ A!fl CLai

= Z b 1 ~~ (m~~ + a 33~~~)

B44~~ ~ Z b 1? ~~~ ~UC L~~i +
3 C0~

( )  
(~~~~

:R )  ÷~~~~~~~~~ R~ t

) }

A 55~~ = 2~~ tm ~
’
~ +

A 53~~ = A 35~~

B5~~~ = P ~ Li
2 A1° (u C La1 + ~~ C,J ~

) 
~~~ 

+

B53~~ = B35~~

C55~0=~~p U 2 
~ 

Qi Af~
) C~~~

F3~0 = - p w0 A U ~ ~~~ CLai e
K0 (_ C

~h j +
~ L~ cos ~ cos (K 0 b 11 sin j3 )

A ~ A~
1
~ C D~~

) e 
K 0(-. d 11 + j L ~ cos a)

~~~ 
e~

1
~° 

b1~ sin ~~ 
+ 
. 

e~ 
b 1~ sin

F4~~ = - p w0 A U  E b 1 Al0 CLat e
K o~~~h i +j  2~ cos ~) 

sin (K 0 b 1 sin ~)

+ iP 
~
-‘

~~ 
A ~ b 1 Al0 C D I )  e

Ko (_ d
hi +j  2 . cos

(~~ (R ) eJ K o~~ 
sin 

~~~_ ; ( R )  e~ 
K 0 b 1~ sin
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TABLE 3 — (Continued )

= j ~ A U 
~ 

Q
~ ~~~ ~ Lai e

K0~~~h j + j 2~ cos P) cos (K 0 h 1 sin ~)

+ j p  ~~~
- w A ~ 2- A~

1
~ ~~

‘ ( f )  K 0(-d 11 + .~ 
Q~ cos f3)

0 I i  I

- j K ~ b 11 sin j3 . — j K 0 b 11 sin j3
(7  e + 7  C )so po

The hydrodynam ic  coefl ic ients of a SWATH ship wi th  s tabi l iz ing fins are the sum of

the effects of the potential  flow , vis cosity, and f ins:  the final expressions for the hydrodyn a-
mic coefficients to he used in the equati ons of motion ( ( 5)  and (6 ))  can he obtained by
summing  the coefficients in Tables I through 3 and are shown in Table 4. An exception to
the s t ra ightforward summat ion is made for B35 . B53 . and A 55 in which A 33 is ta ke n as the

sum of the heave added mass of the hare hul l  and the fins.. -

TABLE 4 — TOTAL HYDRODYNAM I C COEFFICIENTS

A I k ~~ B l k = O  for k l , 2. ’ ’ , 6

A-, , 
J
1’

a . 11(x ) dx

B,, 
J

h i2 d x + P a O Ufd d x + p ~~~ CDf~ l O ddx

A.,4 ‘rJ~a 14 dx

B,4 = ,fb 14 dx + p a 0 UJd d 2 dx +p  ~~~C0,J ~ l o  dd 2 dx

U pa 0 U 2
A 26~ r f x a22 d x +_ ~~~fb2i dx+ 

~~2 
fd d x
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TABLE 4 — (Continued )

1126 ~Tx h,, dx - Uj
ra21 dx + p a 0 UJ~ x d dx + ~~ C~ J” 

~ l o  x d dx

A 33 J a 33 dx + 

~~~~ 

(m ~~ + a 33~~ )

1131 fh 33 dx + p a 0 UJBm dx + p ~~ C0f ~i ~ 
Bm dx + p 

~~~ 

AIf)
{ U CLai

+~~~~~
(‘ ~~~~ +~~~Di so po

C13 p g A ~

A 3~ = _ fx  a33 dx - 
~~ 

f  h33 dx - 
N 

Q~(m[~
) + a 3310 )

B35 = _fx h33 dx + U A33 - p a 0 Ufx  Bm dx - p 
~~ CDJ~ I 0 x Bm dx

- 

N 

L 1 
A ft )  { U CLai 4’ 

~~~
- C~J0 

~ so + 
~~~~~

C35 p g M ~ + p a o U 2fBm dx + p U 2
~~~~ Al0 CLa i

A44 Ja44 dx + h 1? ( m!~
) + a33~~~)

B44 ~~J’h44 dx + p a 0 U~fb 2 Bm dx + p ~~ CDJI~~rO h2 Bm dx

N

+p ~~~~ h l i 2 A l 1U C Lai~~~~~( DI~~ (z so
) 4 ’zpo

o ) }

+ p a 0 Ufd d2
2 dx + P ~~~ CI)f~~l o d d ,2 dX
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TABLE 4 (Continued )

( 44 = p g  1w 4  — NI g BG

A 4, =f a 4 dx

B41 h .,~ dx ~ P a0 Uf d d2 dx + p  r
CDJ dd 2 dx

‘~46 Jx  a,4 dx + b,4 dx + p ~~- aofd d 2 dx

B46 =J x b 24 dx _
Uf a24 d X + P a o UJx 2 +P ~~~ CD fY l o~~~~~~~

A 55 =fx
2 a33 dx ~~~~~~ A 33 + 

N 
(ml~

) + a33~~~)

BSS =fx 2 h 33 dx + ~~~~Jb 33 dx + P a o UIx 2 Bm d x + P ~~~ CDJz Io x 1 1m~~~

+ 
N 

~~ AlO 
~ 

U CLa) + 5~ 
c01) 

~~so +

C5 ç = p g  l wS — M g - pa 0 U 2~r~ Bm dx — p U
2 2~ AI~

) CLai

A 53 = _Jx a33 dx + ~~ fb 33 dx - 
~~~ 

L~ (m11) + a33~~~)

B53 = _Jx b33 d x -  U A33 - p a 0 Ufx Bm dx - p ~~ C0J ~io x Bm dx

— 

N 

2
~ 

Al0 I U CLai + ~~ C~~0 (~~~ + ±~~~~ }
C53 ’pgM ~
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TABLE 4 (Continue d )

•
~~ fx

2 a,,  dx + 
~~ 1112 2 dx + p ~~~ a0fx

B6O =fx 2 h2 2 d X +~~~~~fh dx + P a 1f 1 d d 4 f . 1

A6~ fx a 22 d x _ ~~~ Jh22 dx

Bo2~~fx h 2 2 d x + Uf a d x + P a Uf dd d 4 f .

A ( 4  f x a 24 d x -  ~~ fh 14 dx

B~4 h ,4 d~ + ufa ,4 dx + p a Ufx  d d, d x + p ~~ C
I)f

~~~~
l 

x d d, dx

F 1 p g .\f dx ~ 
K 0 x cos 

~ n 1 f  ( —j N , sin $ + N3 ; ~ KP - ~ sin ~ dL
L C(x )

~~~ = - . ~~~~ 
f~ x e~ 

K 0 x cos (
~ 

w 0 N, + K 0(- j N , sin ~ + N 3 ) ~ e
Ko~~ 

- j y sin ~~ dL

r K (-d ,( x ) + j x c o s ~~)— 
~~ 

~~~~~ 
..\ a ,, UJ dx d e ° cos (K 0 h(x sin ThI-

- 0  

~~~~~ 
A C DI dx de

K0~~~2 + j x c o s~~) 
(e 0 b s i n 

~ 
1y 15 + ~ 0 b sin~~~.

F t~~ = 
_

~~ :A~~~ dx ~~~ 
X cos~~

f 1~ 
N 3 ÷ K 0(-j  N, si n ~ + N 3 )

~~) ~
K o~ -i~ sin e)  

dL

r K ( d 1 ( x ) +j x c o s ~~)— .~P 
~~ 

A a0 UJ dx Bm ( x ) e  cos ( K 0 b ( x )  si n ~ )
L

A C13f dx Bme
K
~
(_
~~ 

+ jx cos~~~~ 1 K0 ~~~~~ Z I s  I + 
-jK b sin  ~
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TABLE 4 (Contin ued)

W A U  I A~~
f) CLa

i e~~~
_ d hi +j L .  cos j3 ) 

( 1(~ b~~ sin l3)

A ~ A~~ ~
( )  K~,(-d 1, +j L

~ 
cos li) j K 0 b 1, si n Ø  

+ 
~~~ ~~~~~ 

b 1~ sin 13)

F4
(e) _ iP~~Afdx e~ 

K0 x CO S 
13f 

~~~~~~~~~~~~~~ 
N3 - z N 2 )

+ (-i N sin ~ + N3 ) 
~~ 

) e 
K0 (z - j y sin ~ dL

- p w0 A a0 dx Bm ( x )  b(x t e
Ko(_ d j (x)  +j  x cos~~) 

sin h ~in

+ j p  w~ AC DJdX Bm b e
K 0(_ d 1 f i x  cos~~~ 1 • j K ,, b sin 

~~‘lp  I e J b5ffl
~~

_ p
~~o Aa o Ufdx d (x)d 2(x) e

Ko( 2 + J 0 5
~

)
cos(K b( x)s in~~)

- A CDJ dx d O 2 e
Ko(_ d 2 + j x  cos~~) 

~ e~~° 
b sin e 

~ ~ I e J K o b sin e

- pw 0 A U  Z b 1 ~ 
A~

f) Cia i e
Ko(_ d ui +j L . cos ~ cos (K 0 b 1 ~ 

sin ~i)

+ i p w 0 A ~ b 1 AfO CD ! )  e
Ko(_ d 1, + j Q~ cos

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ 5
( e ) = _ ipg A 

~fdx e J K 0~~
0
~~Jr {_ iw o x N 3

+ K 0 -j  N 2 sin ~ + N3 ) - x~ ~ eX
~~ 

- 

~~ sin ~ dL

+ ip  i-
~~~ 

Aa 0 U fdx x Bm (x ) e K0(
~

d I (X) + i x c os 13)
c~~ (K ~ b (x ) s in  13)
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TABLE 4 (Co nt inued)

~~~~~ 
AC DJ d x x  Bm e

K
~~ 

d 1 + i x  cos13) ( 
~l s  e~~~’ 

h siri 13~ I ~l p  e 1K o h sin 13,

+ jp w ,~ A U  
~ ~ 

A~ ~Lai e
K

~~~~u 1 + j ~ cos 13) 
cos (K 0 h 11 sin 13)

j p ~~~ w 0 A 
~ 

2~ A ) CD 
) e

K0~~~~~1 + j L 1 c o s 1 3)  
~

• j K 0 b 11 sin 13 
÷ 

~~~ 
e~~

K
~

b h j sin 13

= - ~~~~~ Jdx e o~~~~
0

~~~~
J if j w 0 x N , - K 0(-j  N 2 sin 13 + N 3 )

I U \ K ,(z — j y  13)k— _ _ x )  Q ,j e
1W

- r K ( -d ( x ) + i x c o s 1 3 )
— p u.~, \ J , t J dx x d(x e o 2 cos ( K (, h (x si n 1 3

- r K (-d 2 + j x c o s 1 3 )  . j K  b sin j3 - - j K  b sin 13d x x d e  0 ( 1 y 15 1e 0 +~~~~ 1~~~I c  0
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RESULTS AND DISCUSSION

Model exper imenta l  r esu lt~ avai lable  a t  DTNSR IX are now ut i l ized to ve n fy  the v a l i d i t y

t t ~~ the theo ret i c ally pre dicted values. The compari sons are made for two -dimensional hydro ’

dv namic  coeff ic ients  of twin  cylinder ;  of sem isubmc r ;ib l e  cross section as well as for three-

dimen sional  h~ drody na rnic  coeff icien ts of the singl e hul l  of a SWATH model and of complete

t w i n  hul l s  wi th and wi thou t tins . The mot ion of two SWATH models , SWATh 4 and SWATH

u A . in regul ar wav e ’. are also compared.

The par t icular  dimensions of the SWATH models used to obtain exper imenta l  data are

shown in  Table ~ along with the size s and locat ions  of the s t ab i l i z ing  tins a t tached to SWATH

More complete  descr ipt ions of the exper iments  for the  models shown in Table 5 have

al r e .ldy been publ ished.  ~
Si nc e the main backbone of the s t r ip  theory is based on two-dimensional hydrodynamic

coe f f i c ients , it  is i mpor tan t  to check the validity of the two-dimensional  hydrodynamic

~ IlL l l t ions.
-\t an earl y stage in the SWATH progr am. a forced oscil lat ion of twin  cyl indr ica l  bodies

of semisub merged cross section was conducted at the Center by D.M. Gerzin a .  The forced

~~c i Ik i t ion was made indepen den tly i n hea ve , sway, and roll mode. The dimensions of the

1 t ’ .~ 5 L ’~ t l ( t f l  of the model and the experimental  results are presented in Fi gures 7 — 9 . The

the or et i c a l curves  presented in these figu res were obtained by the method of sou rc e distribu-

Do n .  2~ 1~~o or th ree am plitudes of oscillation were used in the exper iment  to check the

t l i r i e , i n t ~ of the results. The ampl i tudes  shown in Figu re 9 are the vertical strokes of the

pis ot ed a nus used to generate the roll oscillation. The not a~ on a ( 10.15 cm is the radius

ot one hul l . w is the circular  f requenc y of oscillation . SA is t he submerged secti onal are a of

the tw o h ulls , a nd h 30.48 cm )  is one-half the distance between the centerl ine of each hul l .

The dis t inc t  discont inui t i es apparen t at certain frequencies in the f igure s are due to the

t rapped  m od e of ’ sta nding  waves betwee n the two bodi es. Although it appear ;  tha t  heave
(~ c l l l a t I o n did not inc lude  d iscont inui t ies  in  the hydrod yn amic  coefficients , i t  would occur at
the h igher  frequencies . The sway and heave added mass coeff icients (a ,, and a 33 ) ob ta ined

theore t ica l ly  and e x p e r i m e n t a l l y  correlate fairly well. The discrepanc y observed in Figure 9

34 tee. (‘.M. and L.O. Murray.  “Expe rimental  Investi gation of Uydrodynarn ic Coe fficients of a Smal l Water~
p lane - \ r & 1 ~. T~in -l1 u ll Mode l (SWATH 6A) . ” DTNS RDC Report (in preparation ).

*Rep ,~rte d informall y for SWA TH I by R. Stahl.
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TABLE 5 — PARTICULARS OF THE SWATH MODELS
USED TO OBTAIN DTNSR DC EXPER IM I Ni AL DATA

(Dimension s ar e full scale )

Parameter  SWAT h I SWAT h 4 SWA 1 H (,A

I) lsp )~ c L - mL n t . l ong  ton s  in  s . v. 2~~543 4 1 1 5  2802
le ngth  a t  the Water l ine .  m 134 !~~

) . I 52.5

Leng th  of Main Hull . m I 58 .5 87. 7 73.2

Beam of I IdL II h ull  at the Water l ine , m 5.2 2.4 2.2
h u l l  Spacing  between the Center l ines . m 42 .  I 22. 9 22. 9
l)r at t  .t t  the  Midsh ip .  m P.3 ~

) . l  8. 1
l3ndg ing S t ruc tu re  Clearance from

\k t t ~’r l ine . m 5.2 ft I

~1. I \ I m u m  Diameter  of ’ Main  H ull . m 9.4 5.5 4 .6
Lon~~t ud ir ia l  Center  of Gravity Aft  of

\ la i n I - lul l \o ’.e, m 77.5 42.3 35.5
Vert ica l  (‘en te r  of Gravit y above

Baseline . m 15.3 9.6 10 .4
lran sve rs e ~~ 1. m — 2.4 2. 9
I oo~~tu drn a1 (“M . m — I L I  (-t .8
Radiu s of Gy r a t i o n  i - or  Pi tch 32.8 20.8 16 9

R ad ~ . of (h ’ra t io n For Roll  — — 10.2

W at erp i a nc Area . m 1272.7 25 1 .3  193. 9

Model Scale Ra t i  1/40. 94 I / 20.4 1 / 22. 5

S’.~ \ I l l  6-\ Fins (Rec tangu la r  Planform I:

Chord Span Location *
m m m

Fore Fin  2.59 3 . 1 1  17 .1 5
A l t  F in  4.48 5.36 62. 24

*l) j st an ce from the mai n hull  nose to the quar ter-chord po int.

or the roll added i n e r t i a  a44 is cons t ru ed  as resu l t ing  f r o m  cx p e n m e n  ta I err or\ due to
di f l icu l  t~ in g enera t ing  pure rol l osci l la t ion.  1 he sway and rol l  damping  c o e f f i c i e n t s  ( h,, .ind

I s l lOW ~d considerable  discrepancies l,etwee n theory and cx pe r in l en t .  The theore tic a l  va lues

of d a m p i n g  coc I 6 .  t e n t s  were not expected to correlate well wi th the exper imen t a l  result s

hcc ause of t h e  l i mi ta t i on of the po ten t i a l - f low assumption ,  especiall y for the ro ll damping

L 
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Figure 7 ~~
- Sway Added Mass and Damping Coefficients of

Semisubmersib le Twin Cylinders
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cc~ f 1icient.  i’he heave damping coefficient (h 1 ) in Fi gure ~ showed good a~~eement between

theory and experimen t , except for higher frequencies . Similar  ex per imenta l  re sults fo r  h 33 in

• a si ng le cyl inder of’ bulbous cross section in how frequenci es showed a d i st inc t  discre pancy with

theoretical values , as shown in Figure 5 in which the dividin g factor for b 33

was the sa me as SA . The twin  cy l inder ;  can he expected to e x h i b i t a dlsL r cp an cy  s imi la r  to

t hat  observed for the single cyl inder  in the smal l f requency  re~~on. In  h a L t ,  th is  will he

demonstrated later when the three-dimensional heave damping  c x’t li~ t en t  is d is .  usst ’d.

Vn t ’or tun ate i y .  the frequency range chosen in the exper iment for the twi n semisu bmers ible

cyli nders was rather high from the viewpoint  of SWATH mot ion The hor izonta l  scales in

Figure 7 — 9  are equiva lent  to

2 ~ a/X (=  w2 a g )

whe re X is  the wave length.

For o.,2 a/g 0. 2.

X 10~~a

which is abo ut the n1a~~itu d e  of one ship length of a SWATH ship.  As can he seen la te r  in

the comparisons of motions , the SWATH ships hitherto examined were barely excited by a
wave of such short length.

Comparisons of three-dimensional  hydrodyn amic  coef f i c i en t s  arc shown in Figures  10

t hrough 1 2. Figure 10 compares the theoretical and exper imenta l  value s of heave added mass

coet ’t icien t  A33 and damping coefficien t B33 of SWATH 1. Both demihu h l  and twin-hul l

results are presented for A33. I t  is i n t e res t ing  to note t h a t  the dem ihul l  theory ~ipp ear s to f i t

the  twin-hu l l  ex per imenta l  resufts well. ‘The dip exhib i ted  by the  twin ’h u ll  theory m .Iv appear

suspicious : howeve r, su ch a dip in A 33 has bee n co n firm ed for a conven t iona l  ca tamaran by

a n other  ex peri m en t. 6 The dip in A 3 3  f ’or a twi~~h u ll  ship is considered to he caused by a
mutual  blockage effect betwee n the two hulls. Comparison of the theoret ical ly predicted (lip

in A 33 for a SWATH shape cannot he made at present due to the lack of available experimental

result s . The theoret ical  values of A 33 for ~~ / t7~ < 2.0 appeared to he lower than the

exper imenta l  values.
As demonstrated earlier in Fi gures 3 and 4. the damping coeff ic ients  involved in  the

ve rt ic al -plane modes play a sensitive role in the predict ion of heave and pitch motion. As

poi nt ed ou t , the damping coeff ic ients  obta ined  under  poten t ia l - f low theor y for small-amp li t u de

os ci l la t ion yield overestimated peak ampli tudes of the motion at  the r e s onan t  f requency

compared to the magu itud e measured in mot ion expe r imen t s  in regular waves . The wave
am plitudes used in the motion experiments were such tha t  the ra t io  of the  wavelength  to the
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ampli tude was usually greater than 100: this can normally be consi dered to be adequate for
application in  the development of a linear boundary-value problem involving a free surface.

Unf ’or tunate ly .  this turned out to be untru e in the prediction of SWATH motion at the
resonant f requencies .

Figu re 10 presents three theoretical values of heav e damping coefficients , one for the
de m ihuh l  and the other two for the twi n hulls. One of these two was obtained under the
potent ia l - f l ow assumption which is ex pressed in Table I as B33 and the other included the
so-called cross-flow e ffects , denoted by B~3 in Table 2. Theoretical values for the demihu ll
seemed to agree well with the experimental  results for both the demihull  and twi n hulls
obta ined  t inde r sm al l ampli tudes of oscillation. However , the dem ihu ll  theory appea red to
underpred ic t  damping  in the small frequency region, w~ / t7~ < 2.0. for large- amplitude

oscillat ion. Note  that  even the largest ampl i tude  of oscillation ( 5 . 1  cm) corresponds to only

about one-tenth the draft of the model. At the reson an t f requency the heave amplitude of a
SWATH model wi th ou t fins can reach about three times the wave amplitude , or about 15 cm
for the SWATH I model at zero speed if  the ra ti o of the wavelength to ampl i tude  is assumed

to he 1 00. Thus, the amplitude of 5.1 cm does not reflect the peak ampli tude of oscillation

of a SWATH model in waves. As can be seen in Figu re 10 . the heave damping coefficients
obtained by the stri p theory under the potential-f low assumptions were considerably lower

than the experimental values in the high frequency range. The chained curv e which represents
the present theory including the cross-flow e ffects seems to fit  the experimental results better
at high frequencies.

It  is of more interest to us to examine the damping coefficients of a SWATH ship when
it has a forward speed. Furthermore , as mentioned earlier . SWATH ships should have
stabil izing fins for stabil i ty in high-speed operations. The stabilizing fins can contribute
si gnifican t damping in heave , pitch , and roll modes in high-speed range. Figure 11 compares
the heav e and pitch damping coefficients obtained by the present theory and experiments.
Three hull conditions were examined: the bare hull , the hull with aft  fins , and the hull with
fins fore and aft . Ta ble 5 indicates sizes and locations of’ the fins used in the experiment.
The fins we re attached on the inboard side of each hull and were station ary . The theoretical

results shown were obtained by the expressions given in Tabl e 4. The values of coefficients
chosen were as follows : a0 = 0.07 . CD = 0.5. C~~ for the fore tin = 4.38 . and C~~ for the
aft fin = 3.2. The 

~
‘La values were obtained by using Equations (39 ), (42) . (43) and Figu re 6.

The theoretical and experimental  values agreed very well. The bar sign s designate nondimen-
sional quant i t ies  which are define as
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where I is the mai n hull length. Comparisons of other coefficients associated with the heave-

pitch motion are ~ ven in Lee and Murray. 34 Most of the tren ds we re in good agreement for

the frequency of oscillation , hut  some of them indicated almost constant  magni tudes  of

di fference between the two results over the range of frequenc ies examined in the experiment .

Since there have been some unres olved uncertainties in the experimental  measurements, it  i s

dit ’ficu lt to judge at present whether theoretical prediction of those coefficients is unreliable.

At any rate , uncoupled dampin g coefficients consti tu te the m st  sensitive coeffi cients with

respect to peak amplitudes . The good agreement obtained for B33 and B 55 is the major

contnbut ing  factor that produced good agreement in the vertical plane motion shown in the

su bsequent figures .

Figure 12 shows the wave -excit ing heave amplitudes and phases of SWATH 6A wi th  fore-

an d-aft tins versus the wav e-to-ship length ra ti o. The ship length is that  of the main hull . i.e..
73, 15 m. Agreement between theoretical and exper imenta l  results was good except the phase

angles at  zero speed. Similar comparisons for wave-exciti ng pitch moment  were poor. How-

ever , for the same reasons stated previously , it is not  obviou s whether the theoretical

prediction is poor. *
(‘omparisons of motion are shown in the nex t seven figures. Figure 13 shows the

ampl i tudes  and phases of the heave and pitch motion of SWATH 4 withou t f ins  in regu lar

head waves at 20 knots. The results are given versus the freq u ency ra t io  W/ ( ~Jfl 
where

0.6 128 rad/sec ) is the natura l heave frequency. It  can be seen clearly from Figu re 13

that  SWATH ships exhibi t a high ly tune d response at the heave natural  frequency. This high ly

tuned motion of SWATH ships does not usually occur for monohull  surface ships , except for
roll motion. The results presented in Figu re 13 demonstrate the val idi ty of the theoretical
prediction of motion for the bare-hull condition. The effects of the viscous coe f ficients a0
and CD in re ducing the peak amplitudes can be seen by comparing Figures 3 and 13.

Figure i4a presents the amplitudes of heave , pitch , and relative vertical motion at the

edge of the forwar d deck of SWATH 6A with fore-an d-aft tins in regu lar head waves at  0 and

2% knots. An accurate position of the relat ive motion was 2.74 m from the main hull  n ose.

The experimental values were consistentl y alm ost twice the theoretical values of amp litude over the ran ge of
wavelengths. If the theoretical values were wrong, the agreements shown in Figures 13 . 14a , and 14b for
pitch amplitu des and phases could not have been obt ained.
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~\ orT11Jll y . the relative motion prediction is less reliable th an other motions because the theory
doos not acc ount  for the defo rm a tion of the incoming waves caused by the di ffr4et ion by the
hudv and  by the  body motion. However . agreemen t between the two results was very good

ii t h i s  c. se. p ar t icular ly  at 2~ knots. I t  su~~ests tha t  the wave deformat ion  near the how may

n ot he so signi f icant  as in the  case of conventional ships.

Motion amplitudes of SWATH 6A at 20 knots are respectively presented in Figu res l4b
and 14c for bow-q uartering waves and following waves. Agreement between the two results is
good in the case of bow-quartering waves. The largest discrepancy in pitch amplitude between
the wave-to-silip length ratios of 3 and 4 was in the order of expe rimental error , i.e., about ±0.03 deg.

\~ e~ pected. t he prediction of motion in fol lowing waves was poor. At 20 knots, the
wavele ngth  which gave /ero encountering frequency was 0.93 times the length of the  ship.
When the encount enng  frequency is extremely smal l , the hydrodynamic  coefficients obtained

by the str ip theory becomes invalid since the stri p theory is based on the assumption of high
frequenc y of oscillation. 20 The large amplitudes predicted by the theory near A/ L = 1.0 are
considered to he errors resulting fro m the short comings of the s t r ip  theory for small encoun-
ten n g  hreque n cie ’.. Furth ermore.  as observed in the expe riment ,  a SWATH model exhibits
so me ins tahi h i t ie - .. in the vertical-plane mode near the zero encountering frequency. Thus it
can easily he ju dged tha t  any theory based on harmonic t ime dependence would fail to pro-

a realistic sol u tion . The experimenta l results shown in Figure 14c should by no means
he interpreted to he as reliable as those for hea d waves. For those following wav es which can
mak e the encounte ri ng frequency smal l , it  is extremely dif f icul t  to keep a model at  constant
speed: hence an effort  by the person who control s the propeller rpm to mainta in  a constan t
speed of the model can impose a s ignif icant  man-made surg e motion on the model. The large
surge motion generated in such a manner seems to induce motions in other modes.

Althou gh the present method of predicting the motion of a SWATH ship in following
and stern-quarteri ng waves may still be useful, it defi nitely needs some improvement.

F igure 15 shows the rol l ampli tude of SWATH 6A at 0 and 20 knots in regular beam
wav es. Agreement betwe en theoretical and experimental results is good except for the peak
ampl i tude  at the rol l resonance at zero speed. I t  appears that larger values of C~ and
than  those used for heave and pitch motio n may be necessary to reduce the peak amplitude.
Except for the roll res onant frequency at zero speed, roll ampli tudes  were less than 1 deg for
A’ A > 1 00. The highly tuned roll response at the zero speed disappeared at 20 knots  and this
was correctly predicted by the theory . The damping contri buted by the fins and the viscous
effects seem to he the main factors which reduced the resonant rol l amplitudes.
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Figure  f o  indicat es  the  correlation of motion of a geosim of SWATh 6A with a disp lace-
mer it  ot  14 . 100 long tons in irregular waves. The irregular waves used fo r  the  computa t i on

‘~ere assumed to he unidirect ional  and propagating opposite to the ship  heading. The wave

spectra obta ined at  S ta t ion  India  in the North A t l a n t i c  Ocean t 3  were use d with the  proper
weig h t i n g  l a c t o r  for  the i r  f r eq uenc y  ( I t occurrence. 4 l’h e RAO ’s obtai ned by the presen t

i l ieo r ~ v~ere used t o g e t h e r  s~i t h  the .i for cm ent i oned spectra to ob ta in  the re l at ive how mot ion

repr es ented  h~ the  squ arc s~ nihols in the  figu re The equat ion to obtain  these  values is given
by

( ( k
2 [f ~~~

( R ) I2 S ( (
~
)
~~d w 1  (54 )

s~her c ~~w 0 I is the wave spectrum , and 
~~~~~~~~ 

= E~~’’/ A is obtained by Equat ion 1 I I )  The
solid l i n e  i n  the figu re was obta ine d  by using the Pie r son -Mo skow itz formula (see Equa t ion
ft for S~~c ) l  in E q u a t i o n  (54 ). a nd the c i r L l e  mar k was obtained b y u sing the v. av i ’ spectrum

employed for the to wi ng  basin experiment .  The t r i angu la r  mark  was obtained ent i re ly  from
the ex p e n m e n t .  The agreement between expenmenta l  and theoret ical  values when an iden t i ca l

spectrum is used is very good. Data obtained by the Station India spectra and th e
Pi ers on-\ los kowi tz  spectru m formula are included merely to indicate tha t  motion data obtaine d
h~ using the has~n-gene rated irreg u lar wav es are close to those obtained by the other two
me thod.s.

Figure 17 shos~’. the  probab ili ty tha t  the s igni f icant  values and the most  probable
e\ t r ( ’me s ilues of the heave ampl i tude of the 14 .100-ton SWATH ÔA will he exceeded du ring
ope ra t ion  in  the N o r t h  At l an t i c  Ocean. The most probable extreme values were obtained
t ro m Equa t i on  ( 19 )  by le t t i ng ~ I and T 6~ — 1.4 U5 where H5 is the si gnif icant  wav eheigh t

in  feet. This way of presen ting such motion resul ts  as s lamming,  deck wetness , and vert ical
accelerat ions is deemed usefu l in a comparative design study f or sea k eepi ng q ual i t ies of two or

more candi date hull forms.
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SUMMARY AND CONCLUSIONS

I b i s  report pr esents a theoret ica l  me thod  I 0 p r edic t i  r ig  the in ot i on of sma l l—wa  te mlane-

area. twin — h u l l  ( SWAT h ) ships in s~-as es [he me thod  i. l ividi ~. equa t ions  of m o t i o n  n t )

indepe ndent  groups : equat ion s  f o r  ~t i rg ( ’ mot ion  alone , equat ions t’or co upled heave and pitch
mot ion , a nd equat ions for c Otiplo ( l  swa\ . r i !  a rid iss mo t ion  I he equat ions  are based on

the l inear  frequency response ~I a ..hlp to harmonic  wave e x c i t a t i o n . I h e  r e ler en c e l rame of

the measure of the oscillatory motion of a ship is a (‘artesian coord ina te  sy s tem t r a n s l a t i n g

on the calm-water  p lane  parallel to the  mean heading  of the  shi p wi th  cons t an t  mean speed.

When the  ship is a t  rest in  calm water ,  the origin of the coordinate  system is located on the

t ree surface direct ly abov e or he ll ss the sh ip  longi tud ina l  cen te r  of g rav i t y .

The hyd rodynamic  coeff ic ients  associated w i t h  the  equa t ions  ot mo t ion  ar e assumed to

cons i s t  of three parts. The f i r s t  par t  is ob tained t inder  the  p o t e n t i a l - f l o w  as sumpt ion  (see

Appendix  A ,  The basic ingred ien t  of t h i s  par t  comes f r o m  the so lu t ion  of two-d imen siona l

boundary-value problem for osc i l la t ing  tw in  cv l i nd e r ~ in a t ree surface. ~ The expre ’ ’. i n  or

the hyd rodynamic  coe f f i c i en t s  con t r i bu t ed  by the  f i rs t par t  is given in 1 able I .

The second par t  is ob ta ined  by an empi r i ca l  method derived f rom the  cr oss -f low approach
to a slender body at  a modera te  angle  ot inc idence  in a uniform flow 24 

-\ p suedo -s teady-

s ta t e  as s u mp t i o n  i s invoked t o ap p l y  the meth od to an osc il ia t or v body . 1 ss i i  eoef ’Ii c i e n t s
invol v ed i n the c ross-t low approach arc th c  v i scous - l i l ’t coef f ic ien t  a 0 which  is i ss oc i : itcd wi th

the forward ve loc i t y  of the ship and  the  c ross-flow (lrag coeff ic ient  
~

‘
D which  is i n d e p e n d e n t

of the f o rward  speed

An equ iva l en t  l i nea r i za t i on method is used to inc lude  the cro ss-flow dra g term as a l inea r
da mping  term in the equations of ’ mot ion .  Thi s nece s s i ta tes  an i t e r a t i v e  so lu t ion  of the

eq uat ion s  of motion tin ti l  a re a sonable convergence ot the so lu t ion  is obtained.
The t h i r d  part  is t h a t  contr i  hute d  by the st ab i l i z ing  t in s . i t m r ’  This par t  is obtained h

u s i t ig t he method developed hr Pit  ts et  al . 28 The  a n a l y s i s  acco t in  ts for the  l i f t  i nduced  1w the

tin on the body and  v i c e  ver ..a .

I heoretica ] predic t ions  we re vcn l ied  by compar ing  them wi th avai l a ble  re sul ts  from mod el
expe r iments . The sec tional  added mass and dampi rig co e l f i c ien  ts of a SW ATH cross section .
th e  th re e—dimens iona l  h y d r o d y n a n i i c  c o e f f i c i e n t s  associ ated wi th  heav e and ri tc li  mot ion , and
the  s~ iv c -e \c i  t i ng  tieas -e f ’orc e ss-c re chec ked. The pre d i .  ted mot ion s  of iss 0 SV~ -\ I l  I mod e ls
were comp ared with model ex p e r i m e n t a l  data  to e x a m i n e  t i n e  e f f e c t s  ot ’ f i n s . ~s as c -head ing
ang le.  sh ip  forss ard ve loc i t y ,  and ‘.~ av e l en g th .  The p r edi c ted mot ion  in  i r regular  ss as Cs WJs

also compared wi th  model e x p e r i m e n t a l  d at  a.

(‘S
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From the pr esent study, the following conclusions hav e been drawn :
I .  The l inear  frequency response theory can be applied for predicting motions of

S W A T h  ships in waves.

.. The stri p theory used in deriving the hydrodynamie  coefficients is acceptable a-

an approx imat ion  in  p redic t ing  motions f ’or SWATH ships .
3. The e ffec ts of viscous damping on SWATH motions can he predicted by

com bin ing  the cross-flow approach with s t r ip  theory . In a s t r i c t  theore t ica l  sense , an

extension of the equi l inearization method to predict motion in irre gular  waves (as presently
used ) cannot he justified ; however , for practical purposes. the present approac h is recommended

u nti l a more ri go rou s and pr actical  means is developed.

4. l’he pre sent method of pre dicting the effects of s tabi l iz ing  fins on the  motion of

a SW ATH ship in waves seems to be acceptable despite neglec t of such seeming l y i m por ta n t

effec ts as fre e su rface , un steadi n ess , and down wash on the aft fins by the forward fins.
5. Pre diction of SWATh motion in f ’ollowin g waves is an area which needs

improvement of both theory and model experimental  techniques. This is particularl y

impor tan t i f  fu tu re plans call for equipping SWATH ’s with controllable fins to main ta in  good
seakeeping qual i ty  in following waves.
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APPENDIX A
DETERMINATION OF HYDRODYNAMIC COEFFICIENTS

UNDER POTENTIAL- FLOW ASSUMPTION

I f  we assume tha t  the fluid su r round ing  a c a t a m a r a n  has i r r o t a t i o n a l  m o t i o n , we can

in t roduce  a ve l oc i ty  po ten t ia l  4 115 . r , .‘. t f i n  t in e f lu id  reg ion . 1 he v e l o c i t y  potent ia l  should

sa t i s f y ,  in add i t i on  to the  Laplace eq u a t i o n . the f o l l o w i n g  boundary cond i t ions

I a  ~~\ 2  -

~~—~~~t~~~—) ( t ’fx . y . z , t ) + g 4 1,~~~O o n i ~~~O

where g is the grav i ta t iona l  ;iccet er aton .

V 41 • n = V ~ o n S 0 ( 5(i )

wf ier e n is the u n i t  normal cc tor on the body surface  point ing in t o the body. V~ is the

normal  component  of the  s e i o c i i r  of the  bod y surface ,  and S0 is the  mean posi tion of the

body.

(l)
~ ( X .  y .  —

~~~~~, t )  0 ( 5 7 1

and  a phys i c a l ly  a p p r o p r i a t e  f i r -  f i d d  c o n d i t i o n  for x 2 + ~2 
~~ to  make  the  problem

well posed.

A.ssuming tha t  t he  flow d i s t u r b a n c e  is ,i smal l  per tu rba t ion  f rom u n i f o r m  flow , we can

cx i ’  iCss 4) in  the  form

Here t~ is t he  f ’orward ve l o c it r  of the ship. 0~ is the  s t e a d y  po ten t i a l  represent ing  the wave-

m a k i n g  d is turbance  due to the forward  v e l o c i t r  . and Ø.~ = + j 
~~ 

is the pote n tial

associated w i t h  the oscillatory f lu id  distu rbance. We can fu r the r  d ivide 
~~( with three d is t inc t

origins of the osci l la to r y  f luid  d i s tu rbance  as

O~~= O i + O D + O M f 5q )

The incoming  wave potent ia l  0~ is given by

= ~~~~~~~~ e
K

~
(
~ 

+ j x  ens f l — j  v sin ~3)
W ()

Here fi is the wave—heading angle  with respect to tine po sit ive x - a x i s . is t h e  wave  t r e q i i e n c r

K0 is the  wave number  given by 
~~~~~ 

g. and A is t i ne  w, ive amp l i tude ,  l in e wave d i f f r a c t i o n  is
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repn.’si’nted 1w and the f luid dis turbance caused by the motion of the body in ini t ial ly

cal m w a t er  is represen ted by 0M ‘ With in  a l inear approximation to the solution of the velocit y

pote ntial . s~e can l et

0M 
= 

~ko 0 k 
(6 1)

where  is ano the r  set ot ve i o ci t ~ po t en t i a l s . an d 
~k o ’ k = I , 2 6 are the complex

amp li tudes  of the displacement  of the body from it s mean position in surge , sway, heave , roll ,

p i t c h .  and av~ nodes , respectively.  The p ressure at any point  of the hul l  is obtained from

the Be rn oul l i equat ion by

2~~~ U2 _ p  (~ 
+ g z ( t ) + ~~ I V 4 ) I 2)

\ t  this point .  we will  establish the following conditions : ( I )  the motion of the body is

smal l and so the pressure at  a point  on the body surface at any ins tan t  can be obt a i n ed via

the Taylor  expansion of the pressure at the mean posi t ion of the body : ( 2 )  the  terms

O Ø ~-. ~~~~~~ 
0o~ Eko Os’ ~ko~D’ Eko

) will be discarded in the evaluation of pressure ; (3) only those

components  of the pre ssure which have harmonic time dependence will  be considere d ; and

( 4 i  the sta tic-pressure component  and the component which contributes to the static restoring

forc e or moment  of the body will  not be included in the evaluation of p ressure .

With the foregoing condi tions , the complex ampl i tude  of the pressu re at a point on the

body sur face can he expressed by

1. a \
P P ~~i w + U ~~~)0 0

P ( iW +U~~~~~~~)~~~~ 0I ÷ 0 D
+

~~~~~~~~~~~ EkO 0k~~

evaluated at the mean position of the body.

Integration of the pressure over the wetted surface of a ship should yield the hydrody-

mimic forces and moments. Thus , we hav e

F1~~~=f fp~~ ds
0

= ~~~~~~~~~ ‘~~
‘ 

~~~~~~ 

+ ~~ + + 
~‘°

~ 

_ _ _ _
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tor i = 1 , 2 , 3, 4 , 5. ~~ . where n 1, n 2, and n 1 are ~ spective ly the x - , y- , and z-components of
the u n i t  norm al vector and n 4 = yn 3 in 2, n 5 = zn 1 — xn 3, n6 = xn 2 — yn 1.

We can fur ther  decomp~~e the hydrody n anii c foiv e into two part , i.e. ,

F~~~ = F1
( e ) + F ~m )

where

Ftc ) = wave-excited forc e

=~ Jjni ( i w + u ~~ ) (0~ ~~
0D~ 

ds (63 )

and

F1
(m)  = motion-excite d force

(64)

Applying the results of Ogilvie and Tuck 20 to the simplified cas e in this work , an d with
the use of the Kronecker delta function 6

~j ,  we can show for any di ffe rentiable scalar funct ion

0 t h a t

fjn1 Ø~ 
dx 

,f J
( n3 ö~~ - ~2 6i6~~

0 ds 
~~~~x )  

(65)

where S is the immersed hull  surface forward of the cross section at s . and C (x ) is the line
integral  along the contours of the cross section. Ut i l iza t ion  of Equat ion (65) in Equation (63 1
yields

F~~e) =p f fn~ ( J w + U ~~~) (0~ ~~
0D 1 ds

P~f li n i ( w + U K 0 cos 13)0 1 ds ‘

+ ~ff (jw n~ + ~ n 3 ~~ 
- U n 2 b~6 O~ ds (66 )

where the line integral at the stern section is neglected.
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Wi thin the accuracy of the order of approximati on in this work and toge ther with a

slenderness assumption for each hull of the ship, i.e., n 1 = o(n 2 or n3 ), we can derive from

E quation (5 6 )  and (59)

aO
M— = — j w (~~~+ a x r ) ’ n — U ( a 0 X e 1 ) ’ f l  on S 0 (67)

where

= ‘ E t o ’  E2 0~ E 30 )

= ~~~~~ E ç~ E60 )

r = ( x .y , z )

and e 1 is the un i t  vector in the x-direction. The orig inal derivation of E quation (67) w i t h o u t

the slendernes s assumption was derived by Timman and Newman . 35 Subs tn tu tion of

Equation ( 6 1 )  in to  Equation (67 ) yields

-
~
— = _ j w n l + U n 3 ö

~S — U n 2 ~ (6 (68)

on S0 for i = 2. 3. 4. 5, 6. From Equation (68) , we can deduce the followin g relations:

(69)

(70)

in which approximatio ns n5 x n3 and n6 — x n 2 were used.

Using Equation (6 8) and the relation

w + U K 0 cos~3 w 0

in Equati on (66 ). we get

F t e ) =j p woff
ni 0l ds

_
~~j~~~~(~ in +~;

U
03n 6is j~~ 02n 616) 0D ds

Wñmman , R. and i N .  Newm an, “The Coup led Damping Coefficients of a Symmetric Ship,” J. Ship Res..
Vol. 5, No. 4, pp. 17  (196 2).
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Si n ce

j~~~~0in 0D dS= JqODfl OI dS

by the Green theorem and

0in = 0Dn Ofl S0

f rom the ~ nematic bounda ry condition , we can show that

Fte ) p
~f ~ + + ~~~~ 03 6i5 

- 
~~~~~ 

02
64 

~~~~ 
ds ( 7 1 )

Sin c we have assumed that  n 1 = o(n., or n 3 ) . i t  follo~~ fro m E quation ( 67 )  that
= O(n 1 ) o(o~. i = 2 . 3 6j . Hence , we let

F I
( e ) =

~~P w 0ffn i 01 dS

line .iheiv e p rocedure for e l iminat ing  the di ffrac ti on potent ial  0r.) from the expression for the

~ av e - ex c i t i n g  forc e and moment was firs t shown by Haskind 36 for zero speed and was later

extended by Newman 37 for the case of forward speeds . It is refe rre d to as the Has kind-

Newman relati on.

Similarly ,  we can derive

F~~~~
) = 

~ 

~~~2 
~ kOff  

Uw n 1 + U n 3 b~~ - U 
~2 6i6 0k ds

= - 
~ 

~~~2 ~
kOff (~ in + 03n 6i5 

- ~ 02n ~4 0k ds ( 7 2 )

If  w.~ express F~rT~ in the form

F~m ) =~~~~~~kO (~~
2 A(k +j w B (k )

36 flaskind , M.D. , “The Exciting Forces and Wett ing of Ships in Waves .” Jsvest ia Akad emic Nau k SSSR,
(Jtde lenie Tekniches~~kh Nauk, No. 7 (1957 ); David Taylor Model Basin Translation 307 (1962).

37 Newm an , J.N.. “The Exciting Forces on a Moving Body in Waves ,” J . Ship Rcs.. Vol. 9, No. 3.
pp. l90- I9 ~ (1965). 
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wh ere A i k  a re the so-called added mass quan ti ti es, and BIk are the damping quan tities, we

f i nd f r o m l ’qu auon  ( 7 . (  t h a t

“1k = Re~ [- ~~ 
+ 

~ ‘j  ~3n 6i5 - j~~~~ 2n ~ k ds] (73

Bi k  lm j [_~~ f f (  + ~
U

03n 6iS
_
~~

U
02n bi6) ~ k ds1

To he consistent wi th  earlier approximation , we let

A 1 k  B l k O f o r k =  1 , 2 6. (75 )

We can assume tha t  there is no coupl ing between the motions on the hori z on t al and
er t i ca l  p lanes for slender ships , so t h at

= Bik = 0

for  the fol lowing combin at ions of i and k

i 2 , 4, 6 f o r k = 3 , 5
and

i 3 , S f o r k 2. 4, 6

As has been seen prev i ously, the hydrodynamic coefficients appearing in the equation s

of ’ moti on can be obtained if solutions of the veloc i ty potentials Ø
~ 

( i  = 2 6) are known .

In the solution of 0~. the flow around each transverse section is assumed to he two dimen-
siona l . and thus  the variable x enters  as a parameter in the expressions for 0~. We then hav e

Re~ L _~~~~ fdxf ~ (y. z ; x )  + 0~~~ 6~~ 
— 

~~~~~~ 
6(6) 0~ d~~~ ( 7 6)

BIk 1m~ 
~~

- fd xf  (o; N + 
~~ 

~~~~~~~ 
6i5 

- 0~~~ 6(6) 0~ 
dQ~ ( 7 7 )

where ~ is the two-dimensional veloci ty potenti al ft inction ; the subscri pt N means the norm alr I-

derivative in the y-z plane on1Y~J 
is the shi p lengthwise integral andJ is the contour-

I C(x )wise integral at section ~c
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APPENDIX B
APPROXIMATION OF DOWNWASH EFFECTS ON TWIN

SLENDER BODIES BY FORWARD FINS

-\ ‘s\~ Al 11 s in i p  is  assumed to he ri ’p J ; i c e d  ho. ’ t he ma in  hu l l s  w i t h o ut  the vert ical  s t ru t s
and plac ed in a u n i f o r m  f l ew in u n r i  7 nded f lu id  w i t h  a smal l  a n g l e  i i i  i t  t , . k

Down wash I t e e t s  by the I ’ r ’.sard f ins of a SWATH ship will  he examined  by assuming
a hor s esho e  vo r t ex  model. The ‘. o r t r ’ .~ li ne e m i n a t i n g  from the fin is assumed to be located
at a d i s t an c e  of rr 4 t ime s  th e  span u t  t h e  fin from ~i :e body-f in  j unc tu re  at the t r a i l i ng  edge~
this  is  based on t u e  a s s u m p t i o n  ot e l l i p t i c  c i rcu la t ion  d i s t r ibu t ion  along the span of the f in .
‘rhis \ I r t e \  l i n e  i . s ~s u u m e d  N he p ara l le l  t o  t in e  body a x i s :  t h e  o th e r  vi u r t e s  l ine  ins ide  the
body is the r efle~ ed i mage ot t h e  t i n ier about  a c i rcular  cyl inder  wh ich is i \ su m ed  to repre-
s en t  a ma in  h u l l  of the SW ..\TH ship .

Based on these a s s u m p t i o n s , Pius et  al . 28 de r ived  t h e  to h t : ’ s s  i n c  t s~ h i t -L arv e sl opes:

((‘ j~~~I ~~ L&~ ~~~~ ~2
UI 10 i ( 7~~)

11 5’ )  47r i f 1 — r 1 I

f 1 + r 1 i f 1 — r 1
2 ) ~

~ 
I 

= — 
~~~~~~- ~ ( 8 )  f 1 

— 

I t
1 

— r 1 I f 1 J

where the  sii ~- s L n p t s  Ti V i  and B V  r espe c t i ve l ~ r ekr  to the  induced l if t  due to the  t ra i l ing

V o r t i c e s  on the  ta i l  f in and on t ine  h i ’n1~- a t  i c r  the  f o r w a r d  t i n  in le se equa t i ons . I is the

tai l  i n t e r t e r e n e e  t a c t o r , C ,  is  the  averag e chord ot t he  at  t t i n .  f 1 is t he  t r ansve r se  d i s t ance

t rorn  the  bod y axis  to  the  v o r t a x  f i ne  , i i t s i d e  the body ,  r 1 and r , are respectivel y the  radii
of the hod~’ at wh ich  the  forward and the  af t  f ins  ir e  i t t  ~~ - i~ d - I ( 

~~ I and (C r 0 i~~ ., are the
l i f t—curv e slope of ’ the  t o r w a r d  and the  aft tins as defirned by E quat ion  4~~. and K~. 

~~ 
is as

d e f i n e d  by Equa t ion  (40 1.

For SW A TH (~~.‘\. we ha ’’~-e (see Table $1  ‘
~

‘ i &~~l 
= 2 . l ;~. 

~
•
~~~1-.~~~~~~2 2.0. k~ I n sI = 1.37 .

= 4.4~ m. f1 = 4 2 4  in. r 1 = 2.2 1)  m . r , = 2 .0 ! m. and I = — 1.08 which is obtained from

Char t  7 in Pit  ts et al. 28 S u b s t i t u t i o n  of these values in to  Equa t ions  ( 78 )  and (7 9 )  yields

l . 1 ~

=

Since the to ta l  l i f t  clue to the  t r .n  l i n e  ‘. ort  i:e~ fr o m  the forward f i n  is o h l a in e d ~~ by
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L1~~1 = 
~~~L~~’i i v i  

+ I ~ U 2 A 1~
1)

tine a d d i t i o n a l  l i f t -curv e slope to he assigned to t in e aft  fin is ob ta ine d  by

A 1
t
~= + ~~~ 

~~ i ) f V ) 1 
A~~~

1

= (- 1. 18 + 0.39) = - 0.26(8. 1 ~ of 
~~~ 2~

which corr esp onds to less than 10 percent of the L i ft - c u r v e slope wi thou t  t he  downwash ef fect.
A n o t h e r  downw ash  effect which  is con t r ibu ted  by the Magnus  effect  on the  body

induced h~ t u e  t r a i l i n g  vor t ices  and the transvers e flow velocity due to a m u t u a l  block age
e f f e L t  b e t w e e n  the twc ) hulls .  This effect wil l  be exami ned  n ex t  ‘I

r une ,Rc r a g c  c i r c u l a t i o n  per u n i t  span F on the  forward (in is ob ta ine d  by

U A I ’~
) CL~~I ~

2 ( f ~ — r 1 ) 180)

I f  we den ote  the t r ans s ers e  flow velo ci ty  on one hu l l  by VI  x . then the ver t ica l  l i f t  L and
pi t ch  mo men t  induced by the Ma gnus  ef fec t  are g iven  by

- 
-

L~~PFJ v (x)d x (81)
X

M = p r ~
J 

x v ( x ) d x  (8’s )p
a 

1-where Q 1 and x a < o are respec t ively the x-coordinates from the cente r  of gravi ty  to the
quar te r -chord  po int  of the forward fin and the rear end of the body.

The t r a n s -b erse h o w  velocity betwee n twin  bodies can he ob ta ined  from the solut ion of
the problem for a slender body moving near a wal l . 38 That is .

U A ’ X )  - :v ( x )  
________ 

8 3 )

4~~Jh 2 - r 2 ( x )

- 
-
~~~~~~J i . J \ .. ‘ Ihe Force and M n m e n t  on a Slender Body of ~evo luti on M l  l i i  near a Wall .”

- . ~ - 51 ‘ t e  Basin Report  2127 (1965).
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Here h is one -h .il f the distance between the axis of the two bodie s , r (x )  is the radius of the

cr oss sect ion  at x . and A I x )  is the cro s s -sec t ion a l  area.

S u b s t i t u t i o n  of Equation (~ 0) and ( 83) in to  (~ i ) and (8 i give s

dx
2

= 
p u~~-\ 1~~~c~~~1 

cu (h ~~~ 2 - r 1
2 )  (84 )

where r 1 = r i I . and

M p = _ ~~P U FJ  
~~~~~~~~~~~~

= 
p U 2 A 1

11
~~

(’ I 
— X a b

- 

p 

~~~~~~~~~~~ 
I l ~~~~ - r 2 ( x )  dx 1851

The integral  f 1  ~~~~ - r ( x )  dx can he approx imated  f o r  a slender body by

dx = b f  ~ ~~~~~~~~)
2 

dx

( 86)

where ~~ is the volume of the body a f t e r  x =

Subs t i tu t ion  of Equat ion (86 in to  ( 8 5 )  y ie lds

A ( I )  
________

M 1) = - 
4 ( f 1 - r 1~~~~ 

a {~~t Ih
2 - r ? - h - t 8 7 )
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A sample computa t ion  will now be made for SWATH 6A. The lif t  and moment generated

on tine body by the t ra i l ing  vortices will be considered to be borne by the forward and aft fins .

The additional l i f t  on the (ins will be represented as the additional lift-curv e slope to each fin
Thu s ,

4~~f 1 ~
‘
~ a I (h - 1b2 - r ? )  a

~~~U 2 (A I W C ,a I 4 A2~° C ’~a2 ) a  (88)

A
- ~ L a1  k 1b2 - r 1

2 - h +

~~ U 2 (A 1~~ ~i c~ 
+ ~~~~ ~2 ~

‘
La2~ 

( 89)

9e re subscri pts I a n d 2 respective l y i nd icate the forwa rd and a f t tins . 
~
“
i a  i and C’

~,a 2 are

the add i t iona l  l i f t -curve slopes to be de te rmined ,  and < o is the x-coordinate  of tine quar te r -

chord point  of the aft f in.  From Equations 188) and ( 89) .  C~,a i  and C ,a~ are obtained by

~ L a1  ~~~ 4 ( f ’
f -r 1 fl~~1 

~~~1 {b ~~~, ~~) ( _ I +
~~~~~~~~

(

~~~~~~

)
2)+

~~~~~~

} 
( 9 0 )

( f )  -

(‘I 
~ (9 1)

~~~ 4 h i r i f 1 - r 1 ) (Q 1 
_ Q

2 ) A , W

The values necessary for the computat ion are shown below.

~~~~ = 8.05 m 2 
~~~~ = 24 .04 m 2

f 1 4 .24 m b l l .4 3 m

= 18.27 m = 26 .75 m

CLa ~~~~~~~~ ~~~~~~ CLa 2 = 3 .2/rad

r 1 2 .2 1) m V’ 1020.82 ~~
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The t’oreg oing valu es subst i tu ted into Equations (90) and (9 1 I give

Ciai  = _ O . O 4 7 ( l % O f C La1 )

= 0 . 1 1 9 ( 3 . 7’~ OfC ’La i )

As cai n be seen from the above , the downwash e ffects on the body by the trailing
vor t ices a re neg li~~hle . Although the results shown here are applicable only to SWATH 6A
u n der  various assumptions , it is felt that  the downwa sh effects by the forward fins of a
SWATH ship may not be significant.

~1
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