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NOTATION

Wave amplitude

Added mass coefficient in the ith mode due to motion in the jth mode
Waterplane area at load waterline
Sectional heave added mass

Damping coefficient in the ith mode due to the motion in the jth
mode

Vertical force rate due to heave velocity
Vertical force rate due to pitch angular velocity
Pitch moment rate due to pitch angular velocity

Pitch moment rate due to heave velocity

Vertical distance between the center of buoyancy and the center of
gravity of ship

Sectional heave damping coefficient

Restoring coefticient in the ith mode due to the motion of the jth
mode

Lift-curve slope of the ith fin

Chord of the ith fin

Wave exciting coefficients as defined below Equations (14)
Longitudinal metacentric height

Gravitational acceleration

Mass moment of inertia of ship about the y axis

Overall ship length

Length between Stations 0 and 20

The x coordinate of the 1/4-chord point of the ith fin

Mass of ship

Coefficient of pitch moment due to pitch angular velocity
Coefficient of pitch moment due to heave velocity

Moment of waterplane area about the y axis
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0.x.y.2) Right-handed Cartesian coordinate system; see definition on page 2

8, Span of the ith fin

U Ship speed

z Coefficient of heave force due to pitch angular velocity
zZ, Coefficient of heave force due to heave velocity
a Displacement of ship

€ Argument of liw - ;) (iw - A,)

€ Argument of (iw — Ay) (iw ~ A,)

5 Damping ratio, i = 3 for heave and i = § for pitch
A, (=\,g *+ i A,,) nth stability root

& Heave displacement, positive upward

& Pitch angular displacement, positive bow down

P Mass density of water

w Wave encounter frequency in radian per unit time
Woy Undamped natural frequency for heave mode

Wop Undamped natural frequency for pitch mode

vi



ABSTRACT

menting the heave and pitch damping for motion in waves.

ADMINISTRATIVE INFORMATION

This investigation has been authorized and funded by the Naval Material Commang
under the Small Waterplane Areq. Twin-Hull Program, Work Unit 1-1170-026.

INTRODUCTION

Small waterplane arcy. twin-hull (SWATH) ships have larger natural periods for heave and
pitch modes than monohull ships of equivalent displacement because of the small waterplane
arca. The larger natural period, together with smaller wave-excitation force due to the sub-
merged hulls, provides SWATH ships with 3 seakeeping advantage in moderate scas. The
smaliness of the Waterplane area. however. can result in pitch instability - hen a SWATH ship
Cruises with speeds higher than a certain limit. The cause of pitch-mode instability mainly
stems from the so-called Munk moment. which is proportional to the square of the speed
and provides a destabilizing pitch moment. For the SWATH 4 morlel it was predicted that
this instability would oceur at approximately 27 knots.

It was therefore necessary to design a pair of stabilizing fins that would provide adequate
stability over the entire range from 0 to 32 knots. This design was determined on the basis of
coupled pitch and heave stability equations since Surge was not considered to be important.

position, Free-running model experiments in waves were carried out both with and without
the stabilizing fins. The results of mode] experiments confirmed that pitch instability did
indeed occur when the full-scale speed exceeded 20 knots, and the use of fins resulted in 4 -
significant improvement in the overall performance of the SWATH 4 configuration throughout
the speed range of interest.

The encouraging resuits of the SWATH 4 experiments led to the present study to deter-
mine adequate stabilizing fin sizes for two new SWATH forms which were provided by the
SWATH Program Office at the Center. The two SWATH forms are designated as SWATH 4A
and SWATH 4B. The SWATH 4A is a geosim of SWATH 4 with a reduced-scale ratio of
0.833 to 1, while SWATH 4B has the same displacement as SWATH 4A bu, greater overall
length, a smaller hull diameter, a greater strut length, and ; smaller strut beam. The SWATH
4B has a longitudinal metacentric height ((}MQ) about twice as large as SWATH 4A.



A SWATH ;hip with two separated struts at fore and aft can provide a large Cﬁg. It
is of interest to learn the effects of increased Eii,z on the vertical plane stability as well as
on the vertical motion in waves in the vicinity of resonant frequencies. The reason for choos-
ing SWATH 4B is intended to pursue the aforesaid interest. Figure | shows the profiles of
SWATH 4A and SWATH 4B. and Table 1 shows the principal characteristics.

The analysis for determining adequate fin sizes is based on the coupled heave and pitch
equations for stability and will be described in detail in the following sections. The size of
the fins is determined by the following three conditions. The fins must provide:

1. pitch stability up to 40 knots in calim water,

2. increased damping for the heave and pitch modes, and

3. reasonable natural periods for heave and pitch,

DESCRIPTION OF ANALYSIS

Assume that 4 SWATH ship translating with a forward speed U is momentarily disturbed
so as to induce a coupled heave and pitch motion. Our objective is to study whether the
ship at a given speed has sufficient stability to restore itself to its original equilibrium in a
reasonable time. [f the ship is found unstable. a stabilizing fin or fins will be introduced in
the analysis.

The coupled heave and pitch cquations of motion without excitation can be expressed
in the form

M+ Ak + Byyky + Cyofy + Ayl + By + Gk =0 )

Agiby + By &5 + Coaby + (g + Agolbg + Byl + Cidg = 0 (2)

Equations (1) and (2) arc formulated with respect to the body coordinate system at the
equilibrium position of the ship. i.e., no motion except a steady forward translation. The
origin of the coordinate system 0 is located on the calm water frec surface and. together with
the center of gravity, lies in the longitudinal plane of symmetry of the iwo hulls. The axes,
0x. Oy, and Oz are respectively directed toward bow. port. and vertically upward. §,(t)is
the heave displacement, which is positive upward. and §,(t) is the pitch angular displacement
about the y-axis. which is positive bow down. M is the mass of the ship; I is the mass
moment of inertia about the y-axis; Aij. Bi,.. and C i for ij = 3 and S are. respectively. the
added inertia, damping, and restoring coefficients.



TABLE |

HULL CHARACTERISTICS OF SWATH 4A AND SWATH 4B

Description Unit SWATH 4A SWATH 48
Displacement Long tons 2319 2319
Displacement Main Myl Long tons 1852 1829
Length Overall Feer 2397 2759
Length of Strut Feet 188 9 229 54
Maximum Strut Thickness Feet 667 5147
Maximum Hutl Diameter Feet 150 137
Dratt Feet 250 22 63
Waterplane Ares Feet” 1893 192%
Waterplane Ares
Moment of Inertia Feet! 3645 x 10" 5.997 x 10°
Center of Buoyancy
from Nose of Hull Feer 156 A
Center of Flotation
From Nose of Hull Feet 177 13593
86 Feet 1519 1406
Longitudinat GM Feet 217 58 4
Radius of Gyration Feet 521 618
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Figure 1b - SWATH 4B

Figure 1 - Profiles of SWATH 4A and SWATH 4B
(Numbers are in feet, and drawings are not to scale)
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It will be assumed that the hydrodynamic coefficients A, and B, are made up of three
contributing factors:
_ irrotational flow with the free-surface boundary disturbed by the body without the

fin,
2. real fluid effect on the bare hull, and
3. fin effect.
Under this assumption the hydrodynamic and restoring coefficients are given by

Ay, =I 333(x)dx 3.1)
L
|
By, - I byy(x)dx + UB3y + 2 , 5 PUs Can (3.2)
iz
C,, = pEA,, *+ Cyy (3.3)
Ay = I Xayq (X)X 34)
— |
B, = - J’xb,s(x)dx + U(A,, + BY) - E — pUcs €, o (3.5)
=1
p N l
By, = - | xby(x)dx + UBY, - 2 TPUCiSiQiCLai 3.8)
c =l
Cqy = - pEM,, + Cgy’ 39
Agg = I x?ay, (x)dx (3.10)



where j =
L

dyy(x) =
P (x) =
By, =
N =
P =
¢ =
s, =
Ciay =
g =
Awp E
3s =
¢ =
wa =
Bg; =
B, =
A =
My =

e g O b b— s b

N
I
By =I x2by, (xMx + UBY, + z 3 #Ucs €C o, (3.11)
i=1

N
- A O M ! : .
Css = A GMg + UIC\Y E 3PV 40 g, + €YY (3.12)

integration over the ship length

sectional added mass of cross section at x
sectional damping due to wavemaking of cross section at x
vertical force rate due to heave velocity*

total number of fins

mass density of water

chord of the ith fin

span of the ith fin

lift-curve slope of the ith fin

gravitational acceleration

waterplane arca

vertical force rate due to pitch angular velocity*
x coordinate of the ith fin

waterplane arca moment about the v axis

pitch moment rate due to heave velocity

pitch moment rate due to pitch angular velocity
displacement of ship

longitudinal metacentric height

Munk moment = BS‘3

The coefficient (‘:;’) fori,j =3 and 5 are to account for the effects of sinkage and trim

resulting from forward speed of the ship in the free surface on the heave force and pitch

*Contribution of bare hull only and refers to nonwavemaking part.

A S A o



moment derivatives. The effect of these coefficients on the stability analysis were assumed
to be negligible. The importance of these terms increases as the draft decreases.

The coefficients with an asterisk represent the contributions of the hull without fins to
the force and moment not attributable to wavemaking. Since these quantities are strongly
influenced by viscous effects, it was necessary to estimate them on the basis of available
experimental data from experiments with submarine models. The viscous effects thus obtained
ignore the presence of the struts and also the hydrodynamic interference effect from the other
hull. If we use the notation employed in the equations of motion for submarines,! which are
often called submarine derivatives, then we may write

1 '

By = - 5 #L7Z,
B, = - — pl3Z .

3T 7 PE 4

(3.13)

! ,

By = - 5 oL’M,

BY = — ~ pL4M

ss ~ T 3 PL Mg

where L is the overall length of the ship.

Although it is known that several of the coefficients of Equations (1) and (2) are fre-
quency dependent, they have been treated as constants, and the values selected were those
associated with frequencies close to the natural heave frequency. It was felt chat this was a
reasonable approximation for the following reasons.

1. Since SWATH vehicles are more deeply submerged than surface craft, the frequency
dependence of the coefficients are significantly smaller; especially the frequency range about
the natural heave frequency.

2. For SWATH vehicles of this study, the oscillatory response to disturbances is domi-
nated by motions at a single frequency, viz., the heave natural frequency. The added mass
terms vary only mildly with frequency here. Furthermore, these terms represent only about
40 percent of the virtual mass.

lGettlet. M. and G. R. Hagen, “Standard Equations for Motion for Submarine Simulation,” NSRDC Report 2510 (1967).



3. The purpose of the study was to investigate the relative merits of various stabilizing
fin sizes in providing stability and adequate dumping of the motions. The effects of these
fins were generally much larger than the effects due to the terms that would tend to vary
most with frequency, viz., the damping terms due to wavemaking.

4. Comparisons of theory with data for most of these frequency-dependent damping
coefficients often show difference .. of the same order of magnitude as the variations with
frequency.

Equations (1) and (2) are a pair of linear, homogencous differential equations with
constant coefficients. Solutions of such equations are well known? and are given by the real

part of
N

A
E() = z a, e n'

EN v A
]
ES(‘,= hn e

n=|

4)

where a_ and b, arc arbitrary constants that depend on the initial conditions. and the A,
are the roots of the characteristic equations. The characteristic equation may be obtained by
substituting any pair of the solutions in Equation (4) into Equations (1) and (2). Thus. if

we substitute the solutions

At
BL()=a e
(5)
Ai
Es()=Db e "
into Equations (1) and (2). we obtain

(M + Ay N + ByyA + (‘33, a, + (AgM + By A+ Cyo)h, =0

, 2 _
(Ag3A2 + Bgyh+ Cgygay + l”s * A+ BgA+Cp b =0

2llil(lcbmnd. I. B., “Advanced Calculus for Engineers,” Prentice Hall, Inc., Englewood Cliffs, N. J. (1949).



To obtain solutions for a, and b, from simultaneous homogeneous equations as shown, the

determinant of the equations should vanish. That is,
At +b + A2 +dA+e=0 (6)
or, on dividing through by a

AN+ +dN+e =0
where

b= (M+ Ayy)Bgs — AgyBys * Byy(ls *+ Ags) - BysAss 72)

¢ = (M+ Ay IG5 — AgyCys * B,,Bgs — BsyBys t (Igg + Ags)Cy3 — A;5Css
(7.3)

d = B;,Cys — Bs3Cag ¥ Cy3Bss — CysBss (7.4)

e = Cy3Css - C35Css (1.5)

It is clear from Equation (6) that there are four roots. These roots can be obtained
either algebraically’ of on a computer, using a subroutine which provides the roots of
polynomial equations. The closed form expression for the four roots of Equation (6) can be

LY ¥ m 1 v \? T”’
= — - —_ () — o — — - .
(x) rE )3 (m 2) 2t - n) (&

written as

1

A [ ' 2 l/2
3 b m 1 b

e = == (t) —  — -2t + 2
(k) 3 2()2 (m 2) (t+n) (8.2)

i

3pickson, L. E., “Theory of Equations,” John Wiley and Sons, Inc., New York (1947).
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wherem=| — - ¢'+1t

/3 13
) 3 )12 3 22
t=—3-+(-1)+%> + I p+_
3 3 2 2 3 2
.12
¢
=b'd" - 4e' - —
P 3
W 2
q = - b2+ dcle'— A2+ 3 (bl - de') - 35 ¢”

As can be seen from Equations (8), the value of A, may be real or complex, with the
complex value appearing in conjugate pairs. The motion corresponding to each real | or
each complex pair is called a normal mode. There are four possible kinds of normal modes
of motion according to whether A, is real or complex* and whether it has a positive or nega-
tive real part. As can be inferred from Equation (4a) in the footnote the motion is

I. divergent. if A_ is real and positive:

2. divergent oscillatory, if A is complex and has a positive real part;

3. convergent, if A, is real and negative: and

4. convergent (or damped) oscillatory, if A, is complex and has a negative real part.
Modes 1 and 2 are unstable modes since, as can be seen. the amplitude of' the motion grows
with the time as long as the system remains linear. Modes 3 and 4 are stable modes since
amplitude of the motion decays with time to zero.

The necessary and sufficient condition for stability. i.e.. that all of the roots of Equa-
tion (6) have negative real parts is given by Routh’s stability criteria*

*If, for example, the roots for one of the modes were given by )‘l = )‘aR + i)\l and 7\2 = )‘IR - i)\‘l. then by substi-
tuting these into Equation (4) with N = 2, and taking the real part, we would obtain the following typical form of solution
for this mode

t
g = 1:)"R (c, cos At +d_ sin A “a)

where )\" is the circular oscillation frequency, and ¢ and cla are real constants.

‘Routh. E. J., “Dynamics of a System of Rigid Bodies," 6th Edition, The Macmillan Company, London (190S).
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a,b,d.e>0
9)

bed -~ ad? - B2e >0

Numerical values of primary interest, which are related to A . are the period of oscilla-
tion T . the damping ratio § . and the time to halve or double the amplitude of the disturbed
motion.

If the modes are oscillatory, the natural period are given by

Tl =2w/ik | (10.1)

T, = 21r/l7\“| (10.2)
if we write )\n as follows

>‘n = knll t ixnl

According to Equation (4). the disturbed motion. in general, will involve both modes so that
cach heave and pitch motion will contain all the oscillatory components present. However, if
the coupling between the heave and pitch motions is weak. i.e.. if the contributions of the
A, B”. and Cu (i # j) terms in Equations (1) and (2) have small effect on the coefficients of
the characteristic Equation (6). then useful insights can be obtained by both examining the
uncoupled heave and pitch characteristics and comparing them with the corresponding coupled
values. Furthermore. for the present case, even when the coupling was very important, it was
found. for SWATH's 4A and 4B, that the period of one of the modes was always close in
value to the uncoupled heave period and was easily identifiable. It was, therefore. meaningful
in this report to refer to “‘heave™ and “pitch” modes. The uncoupled periods are readily

shown to be
- -1/2
Cy B},
for Feave Tio = 2n - (11D
M+A,; 4M+A)
.
- -112
Css B
for pitch TpO =dn - )
I+ Ay 45 + AggP

10



These have meaning only when the quantities under the radicals are positive, i.c., the mode
is oscillatory. This was always true for tne heave equation and almost always true for the
pitch part.

By analogy with the simple oscillator, each mode can be thought of as having a damping
ratio §, which is defined in terms of the pair of roots describing that mode. Thus, if A, and
A, (Equations (8)) are identified as the roots of the heave mode then

Aty
:3:-. —— (]2')

%/ iin A
and similarly for the pitch mode

A, A
3 4

“s=,- — (12.2)
V 2304

Another measure of the degree of stability is the time that must elapse for the disturb-
ance motion of each mode to double or halve itself. In the case of oscillatory modes it is the
envelope of the disturbance that doubles or halves. It is easy to show that this time is given
by

T or T =n 2/ 5| (12.3)

Clearly as a stable mode becomes progressively less stable, the value of TU/2) becomes larger
and larger. It is generally the root with the smallest real part that is critical.

The corresponding values of the damping ratio and the time to half amplitude for the
uncoupled heave and pitch modes, respectively, can, of course, be written much more simply
in terms of the coefficients of the equations of motion. They are given as follows for ready
reference.

1
zE — -1
fho = 3 [(M + A1) Gy b (13.1)

Bss -1




1/2
T

(13.3)

1/2

Ml + Agg) n 2/Bgg for £ < |

12
Too (13.4)

172
Alg + Ag) :/ By l Bi, g+ A”)(‘SS} for §,0 > |

In addition to the transient response, the frequency response of the craft to sinusoidal
waves. which 1s often represented by response amplitude operator (RAO). is. of course, also
very much aftected by the tability roots. Much insight can be obtained from an examination
of the equations for RAO expressed in terms of the stability roots. especially at the important
encounter frequencies near resonance.

If we replace the night-hand sides of Fquations (1) and (2) by the wave-exciting terms
Fye'@! and Fsc"‘“. respectively, then we can show that the heave and pitch motion are,

respectively. given by

[:' clwl
£ = ! (14.1)
P atw A tie A tie A iw  Ay)

[."5 c""'
ES = (|4:)

atiw M) iw M) lw  A)liw A

where a is definea by Equation (7.1), and
F; = F, ‘ Wil + Agg) +iwBgg + (‘55| Fot - wlAyg +iwByg +Cyf)
Fy = Fy { WM + Ay +iwB,, +(‘33} CFy(- wlAgy +iwBg; +Cgy)

and A = 1....4 are the stability roots.

As will be seen later, the heave mode roots A, . A, for SWATH's 4A and 4B are complex
conjugates for all the conditions of interest. Furthermore. this mode is significantly less
stable than the pitch mode. We, therefore, take a closer look at Equations (14.1) and (14.2)
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at wave-encounter frequencies near the damped natural frequency of the heave mode. We
rewrite these equations as follows

F'
I W - W) - E4(wW))
= 1 2
2 em— - .'
¢, D" (5.1
£ = F; KWt €w) €W (15.2)
= — ¢ hd .-
S ab
112 12
2 3
2 2 2 ¢ 2
N2 w w w w'
where D = on A3)\4 ( - ) +4 "";" §3 (l XT) +4 x—)\- !5
WoH Wou 174 374
wfm =NA, = square of undamped natural frequency of heave mode
A+
5% TN,

square of damping ratio of heave (or pitch) mode
(A, + X\, P (Equations (12.1) and (12.2))
or§ )

arguments of heave- and pitch-mode terms. respectively. in

€ (w) and €,(w)
the denominator

It can be seen from the previous equations that the term in the first bracket in denominator
D can have a sharp minimum. depending on the magnitude of the damping ratio §{,. If the
second bracketed term in D varies relatively slowly with frequency. then heave and pitch
RAO might be expected to exhibit a peak at the heave resonant frequency with character-
istics mainly determined by the heave roots. As may be inferred from Equation (15). sharp-
ness of the peak would decrease with increasing §,. The frequency at which this peak occurs

is given by

172

1o2g |
for§; < —

-3 v

where )| is the damped natural frequency of the heave mode. and wy, is essentially the
resonant frequency for the heave mode. It is clear from the previous equation that the

= . 2 =
wy = wey VI 23 =

13
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resonance frequency is smaller than both the undamped and ¢amped natural frequencies.
Substituting this expression for wy in the bracketed terms of Equations (15.1) and (15.2)
leads to the following equations for the approximate peak response.

F'
3 AWt - € (W) - €4(W))
&= Tp. ! 2 (15.3)
2aDy
F, :
S Hwt - €, (W) - €Ejlwh
= \ 2
= 0 4
s 2aDy (15.4)
where
w? 2 w? 112
S OH OH
Dy = wiy MAS VL8 - R, a- 3?%" +4 %Y (- 2H el
(15.5)
and
1
§, <—=

] . —
The quantity — s also an approximate indication of the magnification factor of

W IRVAREE ¢

the response relative to the static response (w = 0) which. according to Equations (15). would be

approximately proportional to
awdy MA,

As has been noted. the \oregoing statements are reasonably correct. provided the
numerator and the terms containing Ay A, in the denominator are not overly sensitive to
frequency in the vicinity o heave resonance. This condition is satisfied in part by the vehicles
considered here, especially for the conditions in which the pitch mode is significantly more
stable than the heave mode. It should also be noted from Equations (14) that the pitch
motion will not have as sharp a peak as the heave motion since the pitch-excitation tenn
tends to approach a minimum in the vicinity of the heave resonance when the heave damping
is low; see equation for F's in Equation (14.2). Similar considerations to those given previously
for the heave mode would also apply to the pitch mode. Thus, if both the pitch and heave
modes have low damping ratios. then the frequency response will show, in general, two

14



resonant peaks, corresponding to resonant encounter frequencies in heave and pitch modes.
This is true. provided the resonant frequencies are reasonably well separated. When they are
close together, and the damping is low, a much smaller minimum in the denominator of
Equations (154 can occur.  Although one may, therefore, expect a sharper resonance peak,
this can be modified appreciably by the fact that F} and F, also may get smaller near
resonance,

One motion criterion of great importance is represented by the magnitude of the rela-

tive bow motion with respect to the wave surface.  This can be obtained by

R=1& &

,
Hw “R QJ'wn , ‘ y _
where n = A ¢ is the wave elevation at the bow. and €, 1s the x coordinate

of the bow.
We can express the relative bow motion in a4 nondimensional form as

R _ 3 ©E ww? e Qa s wh
A A A

(e

The value of R/A depends on the amplitudes and the phases of heave. pitch, and wave
motions. However. if we choose fins which provide good stability and small heave and pitch
amplitudes. we are more likely to have smaller relative bow motions. From Equations (15.3)
and (15.4) we have seen that the amplitudes of heave and pitch motions 1€, 1 and [§ ] at the
resonance of the heave mode increase rapidly as the damping ratio decreases. The same is.
of course. true for the pitch mode. By increasing the size of the stabilizing aft fins. it will
be seen that adequate pitch-mode damping can be readily obtained while the same is not
necessarily true for the heave-mode damping.  Thus. our aim should be directed toward
obtaining a fin configuration which would also provide suitable heave damping and a natural

frequency so that the heave amplitude at the heave resonance becomes minimum.

NUMERICAL RESULTS

Input data necessary to obtain the stability roots A, from Equation (6) are given in
Table 2. The subscripted coefficients B* are obtained from available experimental data for
submarine models, and the remainder of the subscripted coefficients A and B are obtained

from potential flow theory.’ including free surface.

sPien. P. C. and C. M. Lee. "Motion and Resistance of a Low-Waterplane-Area Catamaran,™ The Ninth Naval Hydrody namic
Symposium, Paris (1972).
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TABLE 2

INPUT DATA

Nondimensionalization

-y SWATH 4A SWATH 4B
p 1 20 20
9 1 32.17 3217
V (Displaced Volume) 1 83,027 1 83,027 1
Ly 1 208.3 ft 2473 ft
L (Overall Length) 1 239.7 #1 2759
Ao viL, 47132 5.746
M. v ~0.0495 - 0478
(GM) L 0.133 0236
i ov L2 0.0625 0.0625
As oV 0629 0.668
A (= Agy) PV L, 0.00517 0.00409
2
Age pv L3 00585 0.0587
r
0
Byg | bayixidx PW/AL, 011 0.0885
L
o [
By = | (=) by, (x)dx pW/L, 0.000582 0.000369
“L
0) [ 2
Bgg = | x7byy(xidx p¥L /AL, 0.00567 0.00486
“L
. P 2
B3 =t 0.00494 0.0036
2
. K
Bl =t 0.0010 0.00078
2
. P a
Bl L 0.0004 0.00026
2
. P .3
Bey —L ~0.006 ~0.004
2
Cia 1 30 3.0
' 1 -85.0 ft -101.5 #t
N ) 80.25 ft 101.9 ft
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One of the conditions for stability. according to Routh in Equation (9). is that
¢ >0
On substituting Equation (7.5) for ¢, we obtain
C

ss > CisCsy/Cyy (17.1)

From Equations (3 and (17.1) we have a speed condition for stability for the bare hull case

as tollows

A GMy C,Cy |7

v, <| — — (17.2)
p 3 ' ﬁ K} [Pe
EL M, :L M, Cy4

which states that a sufficient condition for instability is that the speed be greater than the
C,.C
15T 83

<

0
stituting the values from Table 2 for the coetficients. Equation (17.2) may be simplified to

right hand side. Since A(}MQ > for SWATH's 4A and 4B. as can be shown by sub-

AGM¢ |12
U, <| —— (17.3)

This amounts to approximating the inequality (17.1) by

Ce >0 (17.49

The computed values of U, for SWATH's 4A and 4B arc. respectively. 25.1 and 36.0
knots. The larger value of Uy for SWATH 4B is mainly attributable to the larger GM Q- which
is 58.4 feet. compared to 27.7 feet for SWATH 4A. Values of U, found in this manner arc
very close to those obtained from the coupled cquations,

To maintain a reasonable stability to 40 knots, both ships would need a stabilizing fin or
fins. To determine the appropriate fin size. a first approximation fur the lower bound is made

from Equation (3.12) to satisfy C¢q > 0 at 40 knots. That means



N
4GMp - U - LM, - E £ Vg8 Cpgy >0
i=1

For N = 2, i.e., one fin for each hull of identical size, and 2, = 22 < 0, we have for the
lower bound

P [} ~aa
—2u’|.3Mw ~ A GMg
18 Cray = TR (18)

for U = 40 knots. Although the fin size obtained in this manner would be inadequate, it
can be used to represent the lower bound of the range of fin sizes to be investigated.

With the w\l of earlier estimates for the SWATH 4 fins, obtained in this manner, estimates
for SWATH 4A and SWATH 4B showed that the following fins are reasonably good sizes to

insure pitch stability

Chord Spun )
Location
mn ft
Inboard side of each
SWATH 4A 11.9 14.3 hull at 0.84 L
Inb ide of each
SWATH 4B 10.0 120 h'l.u" ::do.st';sef e

It should be stressed that what is really being optimized in this investigation is the
product ¢;s; C,,,. Clearly this quantity may be realized by an infinite number of fin plan
forms. The plan form described previously is felt to be conservative on the basis of strength
considerations. Optimization of the plan form for minimum drag for various values of
¢;8; Cpq; is beyond the scope of this investigation: it should be done in the preliminary design
stages. These fins are designated 1.0 for SWATH 4A and SWATH 4B, respectively. Other
fins with the same aspect ratio but different sizes are designated with numbers indicating the
projected fin-area ratio to the 1.0 fin. For instance. the 0.0 fin means a bare hull.

For each fin. the four roots of Equation (6) are found for various speeds, and the
natural periods, the half-decay time and the damping ratios are computed from Equations
(10) and (12). The values are shown in Table 3 for SWATH 4A and in Table 4 for SWATH
4B for various fin sizes at the speeds of 30, 35, and 40 knots.
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TABLE 3 TRANSIENT CHARACTERISTICS OF SWATH 4A
Natural Pariod Halt Decay Time
Fin Suze Damping Ratwo sec -
Mode T
Att Fare 0 35 40 30 35 40 0 35 40
knots knots knots knots knots knots knots knots knots
0 0 Heave 002° 002°° 936° 882°° 5193° 1320°°
Pich 002° 023" 150° 2805°° 1495° 5043°°
085 0 Heave 018 020 022 915 909 902 558 488 432
Pich 065 0 80 09% 235 3180 1223 302 260 228
10 0 Heave 022 02% 0?9 9 66 978 992 476 412 2.28
Pitch 061 a0 07’9 19 05 2108 44 272 235 207
[ AL 0 Heave 023 027 o 391 1014 ; 10 44 457 398 353
. P.ch 060 068 075 1781 18 B4 2018 262 226 198
110 0 Heave 02% 029 032 1non 10 69 1115 446 393 359
Pich 059 0 66 on 16 63 16 89 17 06 251 214 185
T 0 Heave i 02% 029 oxn 1058 1119 ; 1190 444 411 404
Paeh | 058 065 on 1552 1524 1498 238 198 166
- Jo— ¢
120 0 Heave | 025 027 Q27 1o 1170 i 12 35 462 461 483
' Puach ' 059 065 072 1451 14 11 1309 222 180 149
L 150 0 | Heae | 014 | 042 009 1214 | 1258 1300 | 921 1140 1514
1 Pich 069 075 079 1247 1222 1193 144 119 101
| 20 0 Heave | 003 oo Unstable | 1255 1294 Unstable | 4926 11288 Unstable
‘I Pach 08 085 1224 1194 099 083
i 18 02 Heave 020 017 014 1283 1361 1348 705 850 1104
i Pitch 080 08% 088 1388 1IN 1413 114 094 080
}
e 04 Heave 038 044 050 11 46 12 59 1“2 305 2 80 274
Pich 089 096 10 26 05 37 68 17324 14¢€ 122 103
13 07 Heave oNn 034 Unstable 90 89 Un<table 309 270 Unstable
P.ich 054 ({13 9 80 2387
c 2010 peert
20 wnan
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TABLE 4 TRANSIENT CHARACTERISTICS OF SWATIH 48
Natural Period Half Decay Time
Damping Ratio
Fin Size SeC sec
Mode
Aft Fore 30 35 40 30 35 40 0 35 40
knots knots knots knots knots knots knots knots knots
0 0 Heave 0.01 0.01 8.49 8.34 - 66.47 8073
Pitch 025 0.78 2613 103.68 1098 9.37 -
036 0 Heave 005 006 0.06 851 834 818 1717 16 26 15.76
Pitch 0.35 052 096 2053 28 28 14799 612 519 447
067 0 Heave 0.10 on 0.1 868 853 837 974 875 8.01
Pitch 039 0.51 0.67 17 66 2095 28 06 458 3N 339
10 0 Heave 015 0.17 019 911 9.05 898 6.58 573 5.09
Pitch 042 0.50 059 15.15 16.44 18.36 364 313 275
11 0 Heave 017 0.19 022 934 9.34 933 6.04 524 462
Fitch 042 0.50 0.57 14 38 15.23 16.40 340 293 258
12 0 Heave 0.18 o 0.24 9.66 9.77 990 5.68 494 4.38
Pitch 043 0.49 0.56 13.54 13.96 14 48 315 2.70 2.3
132 0 Heave 019 0.22 024 10.12 10 39 10.69 5.70 517 481
Pitch 044 051 057 12 65 12.70 12.79 282 2.38 204
15 0 Heave 0.16 017 017 10.73 11.03 11.34 7.19 7.10 7.10
Pitch 0.50 057 064 1173 1171 nn 2.22 1.84 1.57
20 0 Heave 0.08 007 0.06 1122 11.53 11.84 1503 17.73 22 84
Pitch 0.65 on 0.76 11.25% 11.18 11.08 147 1.23 1.06
18 02 Heave 0.2 0.22 0.23 10.99 11.43 11.90 5.86 568 5.65
Pitch 0.62 0.69 0.7% 12.43 12.62 1284 1.74 1.45 1.23
16 04 Heave 0.26 0.30 0.34 979 994 10.12 399 345 3.04
Pich 0.68 0.78 089 16.81 19.89 27.08 2.02 1.74 1.52
1.3 0.7 Heave 0.22 0.24 0.27 8.75 861 8.46 4.30 377 338
Pitch 097 0.60 0.54 68.96 oo oo 1.96 4.64 887
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Figure 2 shows the locus of the stability roots* obtained from Equation (6) for SWATH
4A at 30 knots. The blank circles with the numbers indicating the fin size are for a pair of
aft fins. The solid circles are the stability roots for two pairs of fins: for each hull, one pair
is located near the bow. and the other is located near the stern. Figures 3 and 4, respectively,
are similar plots to Figure 2 for 35 and 40 knots. As noted earlicr, the vehicle is stable as
long as the real part of the root is negative.

The bases of selecting the most desirable fin size are, as stated earlier, to insure stability.
to obtain adequate damping for heave and pitch, and to maintain reasonable natural periods.
As can be observed in Figures 2 through 4, except for the bare hull case, the aft fins ranging
from 0.7 to 2.0 appear to provide necessary stability in the pitch mode. The larger the fin,
the larger the absolute value of the real root for pitch. This trend is not true for the heave
mode. At approximately the 1.1 fin, I\g | takes a maximum value and decreases as the fin
size increases or decreases. From Equation (12), it can easily be shown that, when‘the roots
are complex. the damping ratio is obtained by the cosine of the angle between the negative
real axis. and the line connecting the root to the origin: vis., { = cos v in Figure 2 for the
damping ratio of the heave mode using the 1.15 fin: see also Figure 10. We find that in the
case of aft fin only. the 1.1 fin provides the maximum damping ratio for SWATH 4A between
30 and 40 knots. In this speed range, the natural period for heave is about 10.5 seconds and
for pitch about 16.8 seconds. These periods correspond to encountering head sinusoidal
waves of 1400 and 2900 feet. respectively. at 30 knots. This indicates that the natural periods
are reasonably large. and. furthermore, they are well separated. The natural periods for heave
and pitch at zero speed are 9.4 and 15.3 seconds. respectively.

The case of using stabilizing fins both fore and aft was investigated to a limited extent.

As can be noted from Figures 2 through 4 for the case of aft fins alone, increase of aft fin
size after a certain size causes a decrease in heave stability as well as heave damping ratio.
This fact implies that a possible way of obtaining a large heave damping ratio for a given
projected fin arca is to divide the fin area into fore and aft fins. However, since the fore fins
generate a destabilizing pitch moment. the aft fins should be sufficiently large to compensate
the destabilizing moment induced by the fore fins.

The total fin area was kept twice that of the 1.0 fin but was divided into fore and aft
fins of the same aspect ratio. The forward fin was assumed to be located at approximately
the 0.15 L position at the inboard side of each hull and the aft fin at the 0.84 L position at
the inboard side of each hull. The numbers beside the solid circles indicate the aft fin size.
Hence. the size of the fore fin is two minus the number indicating the aft fin size. As can be

*Only the positive imaginary part of the complex roots are shown.
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Figure 2 — Stability Roots for Various Fin Sizes for SWATH 4A at 30 Knots
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Figure 3 — Stability Roots for Various Fin Sizes for SWATH 4A at 35 Knots
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Figure 4 — Stability Roots for Various Fin Sizes for SWATH 4A at 40 Knots

23



seen from these figures, the heave damping is markedly increased by the use of the fore-and-
aft fin combination. However, the pitch stability begins to decrease with the aft fins less
than the 1.6 fin as speed increases.

Since the use of fore and aft fins may lead to significantly higher drag, feasibility should
be determined in terms of the advantages they may offer as far as improvement in ship
motions and control is concerned. This is beyond the scope of the present investigation.

The stability roots for SWATH 4B at 30. 35. and 40 knots are shown in Figures S
through 7. For the aft fin only cases, the size of the aft fins investigated range from 0.36 to
2.0 fin. For the fore and aft fin cases. the sizes of the fore and aft fins are chosen like
SWATH 4A by keeping the total projected fin area to twice that of the 1.0 fin of SWATH
4B. The numbers beside the solid circles indicate the size of the aft fin of the fore-and-aft
fin combination. The aft fins are located at the 0.85 L position, and the fore fins are
located at the 0.12 L position.

SWATH 4B without stabilizing fins has a speed of inception for the pitch mode instabil-
ity of 36 knots. As van be seen from Figures § through 7. the 0.0 fin shows negative real
roots for pitch at 35 knots, implying that the boat is stable in pitch even at this high speed.
This is due to the large longitudinal metacentric height (}'MQ that contributes directly to
restoring moment of pitch. However. an increase in (A:{MQ decreases the natural period of
pitch at zero speed.  As the speed increases. the destabilizing Munk moment increases rapidly
as the square of the speed. and. hence. the effective restoring moment for pitch decreases.
This results in an increase of the natural period. With a stabilizing fin. the loss of restoring
moment due to the Munk moment is compensated to some extent, and the natural period
does not change with speed too much. In fact it is possible with a large enough fin to cause
4 reduction in the natural period of pitch with speed.: sec Table 4.

In the case of aft fin alone, the fin which provides a maximum heave mode damping is
found from Figures S through 7 to be the 1.2 fin for SWATH 4B. The natural periods for
heave and pitch in the 30- to 40-knot range are. respectively. 9.8 and 14 seconds. Although
these are reasonably large natural periods, the gap between the two periods is not as large as
that for SWATH 4A. The natural periods at zero speed arc 9.4 seconds for heave and 12.5
seconds for pitch. Thus, with the 1.2 fin. SWATH 4B can widen the gap between the
natural periods of heave and pitch as speed increases. If we place more cmphasis on the gap
between the two natural periods than on the heave damping. probably the 1.0 fin would be a
better choice  As can be seen from Table 4 for the 1.2 and 1.0 fins. the damping ratio for
heave at 30 knots reduces from 0.18 for the 1.2 fin to 0.15 for the 1.0 fin. The correspond-
ing time to half-amplitude has also gone up approximately 20 percent. while the difference

between the two natural periods increases from 4.08 to 6.04 seconds.
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The fore and aft fins for SWATH 4B also demonstrate an increase in pitch stability
and heave damping. The increase appears not so pronounced as in the case of SWATH 4A.
The combination of the 0.4 fin forward and 1.6 fin aft shows a maximum heave mode damp-
ing ratio.

In the range from 30 to 40 knots, the stabilizing fins have more cffect on SWATH 4A
than on SWATH 4B. This phenomenon may be expected, since in this speed range, SWATH
4A can maintain its stability only by using stabilizing fins, wherecas SWATH 4B is stable to
36 knots without fins as a result of the larger stiffness contributed by the lengthened struts.
In other words. the stiffer the ship the harder it is to influence or control its initial charac-
teristics. If the fins are controllable, the effectiveness of the fins may be expected to be
significantly greater for SWATH 4A than SWATH 4B.

The effect of speed on the transient characteristics, damping ratio. natural period, and
half-decay time for SWATH 4A with the 1.1 fin and SWATH 4A with 1.2 fin are shown in
Figures 8 and 9. [t is seen that by installing the stabilizing fins. not only is the craft stabil-
ized but stability is also improved with increasing speed. It appears that SWATH 4A has
somewhat better overall stability characteristics. Although this will probably result in better
response to the scaways of interest, it would be necessary to determine this separately.

To study the effect of fins on the motion characteristics of ships in waves, the heave and
pitch motions in regular head waves were examined. Since our major interest lay in deter-
mining the critical motion behavior. the study of the motion was limited to the heave reso-
nant frequency region. A ship speed of 35 knots was chosen for this study.

If we exar ine the heave and pitch motion near the heave resonance given by Equations
(15). we can infer that to have minimum values of 1§;land |§gl. we should have minimum
values of IFjland IFglas well as a maximum value of Dy;. Since the effect of fins on the
wave-cxciting terms Fy and F is very small, the minimization of 1§, land I£! should be
accomplished by maximizing the denominator D, on which the fins have a direct influence.

We can write Dy, given by Equation (15.5) as

Dy = 2wy § V1 82 Hiwy - M) Giwy - A

where

|
2 / 2 _
wy = woy V1 23 for §y <\/,——

-

is the frequency at which the heave motion would peak. if the magnitude of the term in
brackets were to vary slowly with frequency near this frequency. The undamped heave
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natural frequency wg, and the heave damping ratio §3 are functions of the stability roots
A, and A, as shown earlier. The maximization of D,, may be pursued in terms of the stabil-
ity roots of the heave mode alone, if it yields a correct answer. For this purpose, we define
a new denominator, which ignores the effect of the pitch mode.

Dyo = wiy & V1 - £3 = I\ Ayl (19)

In Table § the values of D,, and D,,o are shown for different configurations of fin for
SWATH 4A and SWATH 4B. Fin configurations which are judged to provide insufficient
pitch mode stability are not considered. As can be observed in Table S, the fins which pro-
vide 4 maximum value of Dy, do not nccessarily provide a maximum value of D,,. This
implies that the effect of pitch mode roots on the peak value of heave amplitude is not
negligible.  As far as the value of D, is concerned. the fins that provide a maximum heave
damping ratio yield a maximum value of Dyo- From Equation (15.5) we note that AyA, is
also an important factor to be considered in the maximization of Dy, . For those fin config-
urations considered in Table S, Ay and A, are a pair of complex conjugate roots. Thus,
MA, = l)\sP. and we can denote this by “’(2)1" which is the square of the undamped natural
frequency of the pitch mode. To best visualize the relation between the stability roots and
the various quantities introduced in the present analysis. a vector diagram is given in Figure
10. As can be seen. the product of the magnitudes of the vectors from the point iw to each
of the four roots is simply Dy, : see Equations (14). Figure 10 thus shows the effect of the
root distribution on the magnitude of D,.

It would be still premature to expect that the peak value of the heave amplitude could
be a minimum. when the value of Dy, is a maximum. We have to include the effect of the
wave-exciting terms to judge which fin configuration yields the most desirable motion in
waves.

Figure 11 shows the heave amplitude and the relative motion amplitude of the hull at
tie 0.06 L position for SWATH 4A and at the 0.05 L position for SWATH 4B versus
encountering period in seconds. These results were obtained from an existing computer
program, which is based on the theory described in References 5 and 6. Four different fins
were chosen for the motion study. These were. respectively, the best aft fins judged from
the transient characteristics -the 1.1 fin for SWATH 4A and the 1.0 fin for SWATH 4B-a fin
greater than the best fin, a fin smaller than the best fin, and the best combination of the fore
and aft fins.

6Hadlet. 1, B. et al, “Ocean Catamasan Seakeeping Design Based Upon the Experience of USNS HAYES,” Transactions
Society of Naval Architects and Marine Engincers, Vol. 82 (1974).
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TABLE S MOTION CRITERION AT

35 KNOTS
Fin Size 0, Duo
Al Foe | Equation 1155) | Equation 119)
SWATH 4A
085 0 0052 00982
10 o 0045 0108
11 0 0040 0104
12 0 0033 0 0807
15 0 0021 00304
16 04 00636 0124
18 02 0032% 00379
SWATH 48
05 0 00203 00430
067 0 00294 00584
10 0 00338 0.0840
12 0 0.0304 00901
15 0 00243 00559
20 0 00146 00213
16 o4 00614 0127
18 02 0022 00671
{, =COS»,
fy =COSy,
T T

Figure 10 - Vector Diagram in Stability Root Plane
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As can be seen from Figure 11, the periods at which the peak values of heave amplitude
oceur are very close to the heave natural periods given in Tables 3 and 4 as determined from
the stability roots. The periods at which the peak values of the relative motion ncar the bow
occur are slightly less than the corresponding periods for heave motion. This is understand-
able in view of Equation (16). The fins with greater heave damping ratio show a lesser degree
of rise and fall of the motion amplitudes near the resonance, which may be expected. It is
interesting to note that the configurations with the 1.5 and 2.0 fins, which were the largest
shown, had the greatest motion at resonance. This was, of course, due to the fact that the
heave damping ratios, as determined from the stability analysis, were only 0.12 and 0.07.
respectively. The values were less than half the value determined for the best configurations:
see Tables 3 and 4.

The effect of the wave-exciting term on the peak heave motion is apparent for the 0.67
fin for SWATH 4B. From Table §. the fin which gives a maximum value for D,, can be found
to be the 1.0 fin. whereas the 0.67 fin shows a slightly better response than the 1.0 fin as can
be seen in Figure 11. However, in general. the frequency response of the ships with different

fin configurations near the heave mode resonance is relatively well reflected by the values of

Dy, in Table 5. Although it is seen that tor SWATH 4A. the maximum value of D,, is obtained

tor the 0.85 fin. it should be noted that the pitch mode is beginning to become less stable
than for the larger fins, It can be seen from Figure 4 that the configuration with the 0.7 fin
is on the verge of instability in pitch at 40 knots. In the selection of an optimum fin. on the
basis of the present analysis. where many of the cocelficients have been estimated. it would
appear that a conservative approach should be used. and that a fin size yielding somewhat
larger stability should be selected.

Within the context of the present analysis and under the consideration of pitch stability.
motion characteristics in head waves, and the natural periods. it appears that for aft fin alone,
the 1.0 to 1.2 fins for SWATH 4A. and the 0.7 to 1.2 fins for SWATH 4B arc the best
choices of those considered. For the fore and aft fin combination. the 0.4 fin forward and
the 1.6 fin aft for both SWATH 4A and 4B appear to be the best choices.

CONCLUDING REMARKS

Suitable sizes for stationary stabilizing fins for SWATH’s 4A and 4B were sought. The
investigation revealed the following results,

1. Inception speed for instability is well predicted by Equation (17.3) derived from one
of Routh’s nccessary conditions for stability.

2. Within the context of the present work it appears that suitable aft fins would be as

follows:
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Number . Chord Span Aspect
of Fins Location ft ft Ratio

SWATH 4A One for 0.84 L at the 12.0~13.0 14.4~15.6 1.2
each hull inboard side
of each hull

SWATH 4B One for 0.85 L at the 8.5~11.0 10.2~13.2 1.2
each hull inboard side
of each hull

3. For a given hull with aft fins only, there seems to exist a certain size of fin which
provides a maximum heave damping. As the size of fin is increased beyond a certain
point, the stability and damping ratio of heave mode are decreased.

4. Combination of fore and aft fins demonstrates the possibility of improved stability
and motion characteristics over aft fins alone; however, resistance may be increased due to
increase in appendages. Further analysis is required to determine whether this would be
worthwhile.

5. The larger fins introduced pronounced coupling effects between heave and pitch
mode. In fact, doubling the optimum fin size resulted in an unstable heave mode.

6. Although SWATH 4B has a larger inception speed for instzLility due to her larger
(Tﬁg. the overall transient characteristics of SWATH 4A with an optimum fin are judged
better than those of SWATH 4B with an optimum fin.
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