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Numerical Estimation of Roll Damping

1. PURPOSE tional to roll angular velocity. The friction,
. . eddy and appendage componerts Mg

Th_|s proc_edur_e prov_ldes a method fo_r roll and Mgapp) are nonlinear components. If the
damping estimation which can be used in thepgnlinear components are assumed to be pro-
absence of experiment data and can be used fQfortional to the square of roll angular velocity,
dynamic stability calculations. then the equivalent roll damping coefficient in

linear form B4 can be expressed as follows:

2. ESTIMATION METHOD B44 = B44W+ B44L+ B44F+ B44E+ B44AP (22)

When considering the motion of a ship in ) _ o
waves most of the hydrodynamic forces actingWhereBas s the roll damping coefficieng, =
on a hull can be calculated using a potentialBge Shown in Eq.(3.5) in section 3.2 which is
theory. However, roll damping is significantly defined by dividing the roll damping moment
affected by viscous effects. Therefore, a resultMg by the roll angular velocity:g. ¢ and ar
calculated using a potential theory overesti-denote the amplitude and circular frequency of
mates the roll amplitude in resonance and is nothe roll motion respectively.
accurate. It is common practice for the cal- ,
culation of roll damping to use measured val- ~ Nonlinear components (e.@sg) can be
ues or estimation methods in order to consideriNéarized as follows (refer to the section 3.2,
the viscosity effects. In this chapter recom- &k is wave encounter circular frequency):
mended estimation methods for roll damping 8
are explained. Bue = = M .00, (2.3)

3

2.1 Definition of Component Discrete

Type Method It should be noted that all the coefficients in

Eq.(2.1) and (2.2) depend on the roll frequency

In a component discrete type method, the@nd the forward speedMge (and Basg) and
roll damping moment,M,, is predicted by Mgape (andBasaer) Sometimes depend on roll
summing up the predicted values of a number@mplitude as well as rc_)II frequency becaus_e of
of components. These components include thdn€ Ke number effect in the vortex shedding

wave, lift, frictional, eddy and the appendagesProPlem. Ke number is Keulegan-Ca.rpenter
contributions (bilge keel, skeg, rudder etc). number expressed #&=UmaxT/(2L). Umax the
amplitude of velocity of periodic motion; pe-

— riod of motion,L: characteristic length of ob-
M,=M,, + M +M +M_+M (2.1 jeet) g

The wave and lift componentgwy and The roll damping coefficienBs, is non-
My ) are linear components which are Propor- 4imensionalized as follows:
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B44 E

B =
“ pOB*\ 2g

(2.4)

The circular frequency of roll motion is also
non-dimensionalized as follows:

A B
wEwEZg

wherep, g, 7 andB denote the mass density of
the fluid, acceleration due to gravity, displace-
ment volume and breadth of the ship’s hull re-
spectively €.g lkedaet al (1976)). The roll
damping coefficienB,4 can be translated into
Bertin’'s N-coefficient (Bertin, 1874) based
form on the assumption that the energy losse

(2.5)

shallow draught and wide section (lkeda et al.,
1978a).

In the case of zero Froude number, the
wave damping can be easily obtained by using
the strip method. It is however possible to nu-
merically solve the exact wave problem for a 3-
D ship hull form. Using the strip method, the
sectional wave damping is calculated from the
solution of a sectional wave problem, taking
the form:

—\2
Biawo = B'zz( l,~ OG) (2.7)

whereB’,; andl,, represent the sectional sway
damping coefficient and the moment lever

Tneasured from the still water level due to the
sway damping force. (For example if the wave
damping component is calculated using a strip
method based on potential theoBy,, andB’ 45,
which are sectional damping values caused by
sway, are obtained from the calculation, &nd

is obtained fromB'4, divided by B'».). OG

In the following chapter, the sectional roll \onresents the distance from the still water level
damping coefficient is sometimes referred t0. 5t the roll axisG with positive being down-
The sectional roll damping coefficients are ex-yarq

pressed with a prime on the right shoulder of a

character (e.g8’44g). For a 3-D ship hull form, With non-zero forward ship speed, it is dif-
the 3-D roll damping coefficient can be ob- ficylt to treat the wave roll damping theoreti-
tained by integrating the sectional roll damping cal1y. However, there are methods that can be
coefficient over the Sh|p |ength Furthermore, dysed as approximate treatments for predicting
roll damping coefficient with subscript O (e.g. the wave damping at forward speed. The first is
B'44e0 indicates a value at zero forward speed. the method in which the flow field due to roll
motion is expressed by oscillating dipoles with
horizontal lateral axes. The roll damping is
then obtained approximately from the wave-
energy loss in the far field. Iked# al,, (1978a)
calculated the energy loss in the far field due to

The wave making component accounts for@ Pair of horizontal doublets and compared the

between 5% and 30% of the roll damping for aresults with experiments for models of com-
general-cargo type ship. However, the Compo_bined flat plates. From this elementary analysis,
nent may have a larger effect for ships with athey proposed an empirical formula for roll

over one period are the saneeq Ikedaet al,
(1994)):

A

= 2.6
“ 180Bar (2.6)

2.2 Displacement type mono-hull

2.2.1 Wave making component
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damping of typical ship forms (lkedet al, l,=0.31 , I,=0.5
1978a):
_ i _..d B .
(AZ +1)+ kN —27TE+K(41E_0045
M_05(A2—1)tanh( 2@~ 0.3+ 28 . c 09
B44W0 . (ZAL_A?_]')X . v
k=401 for 0.92<C,, < 0.9% (2.11)
exp{ 1500~ 025} | 0.3  097<C,<0.9
where: where Cy = Au/( B d) (Cu: midship section

coefficients Ay: area of midship section).
A =1+¢&%€%, A =0.5+ &, e’
In Eg.(2.10) and (2.11)ky represents the
24 Vv lift slope often used in the field of ship ma-
'3 _wET =14 (2.9)  noeuvring. The levep is defined in such a way
that the quantity,¢/V corresponds to the an-

Baswo represents the wave damping at zerodle of attack of the lifting body. The other lever

forward speed which can be obtained by a stripr denotes the distance from the point O (the

method. V and d are forward velocity and still water level) to the centre of lift force.

draught of hull. However, it appears that there

are still some difficulties to be considered with 2.2.3 Frictional component

this method. There is a limitation in applica-

tion to certain ship forms, particularly in the The frictional component accounts for be-

case of small draught-beam ratios (Ikedaal, tween 8% and 10% of the total roll damping

1978a). for a 2m long model ship (lkeda et al., 1976,
1978c). However, this component is influenced
by Reynolds number (scale effects), and so the
proportion decreases in proportion to ship size

2.2.2 Hull lift component and only accounts for between 1% and 3% for
full scale ships. Other components of the roll

Since the lift force acts on the ship hull damping do not have such scale effects. There-

moving forward with sway motion, it can fore, even if the scale of a ship is varied, the

therefore be concluded that a lift effect occurssame non-dimensional damping coefficient can

for ships during roll motion as well. The pre- be used for the other components excluding the

diction formula for this component is as fol- frictional component.

lows (Ikedaet al, 1978a, 1978b):

Kato (1958) deduced a semi-empirical for-

0 oG 0.70G mula for the frictional component of the roll
Bua :EVLdlﬁq bk 1‘1-4|—+ I (2.10)  damping from experimental results on circular
R Ir cylinders completely immersed in water. It was

found that the frictional damping for rolling
where



: ITTC — Recommended 3%56?125
I I Ii Procedures and Guidelines Page 5of 33

. Effective Date | Revision
Townc ane | Numerical Estimation of Roll Damping 2011 00
CONFERENCE
cylinders can be expressed in the same form as vV
that given by Blasius (1908) for laminar flow, Bisr = Busrg 1+ 4-1—L (2.17)
when the effective Reynolds number is defined “
as:

where Buro is the 3-D damping coefficient
_0.512r2¢2w, which can be obtained by integrating the sec-

Re (2.12)  tional damping coefficient Biro in Eq.(2.14)
over the ship length.
wherer is radius of cylindery is kinematic The applicability of this formula has also
viscosity. The f”Ct'Onal_Coeff'C'e”Cf Is de-  peen confirmed through Ikeda’s analysis (Ikeda
fined (Hughes, 1954) as: et al, 1976) on the 3-D turbulent boundary

o5 layer over the hull of an oscillating ellipsoid in
2 42 ) .
C :1.32{3.21_2f ¢3J (2.13) roll motion.

v
R
2.2.4 Eddy making component
The damping coefficient due to surface fric-

tion for laminar flow in the case of zero ship At zero forward speed, the eddy making
speed can be represented as: component for a naked hull is mainly due to

the sectional vortices. Fig.2.1 schematically
, 4 shows the location of the eddies generated
B44Fo:§TpS o w: G (2.14)  around the ship hull during the roll motion

(Ikedaet al.,(1977a),(1978b)). The number of

where the value afi and$S for a 3-D ship hull eddies generated depends on two parameters

form can be estimated by following regression relating to the hull shape, which are the half
formulas(Kato, 1958): breadth-draught ratiély (=B/2d) and the area

coefficiento (=A/Bd, A;: the area of the cross

1 { (0.887+ 0.148,)( 1.@+ G, B)- section under water).

r=— _ }(2.15)
20G

T lkeda et al, (1978c) found from experi-

ments on a number of two-dimensional cylin-
S =L1.7d+ G B (2.16)  ders with various sections that this component
for a naked hull is proportional to the square of
forward speed, and so a semi-theoreticalln other words, the coefficient does not depend
method to modify the coefficient in order to ON Ke number, but the hull form only:
account for the effect of the forward speed on
the friction component was proposed by C. = M e (2.18)
Tamiya et al, (1972). The combination of Kato R }pd4L¢|¢| '
and Tamiya’s formulae is found to be accurate 2
for practical use and is expressed as:



Fig.2.1 Vortices shed from hull. (Ikeda et al.,
1977a)
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S0 e Lovennns B44E0=3—;)ECR (2.19)
1 \
Ton, R)(, 06
%& %, ¢ (1— flaj[l—Tj ¥ ,
0.7 29 R
N e = o=t
: ¥
0.5) 3 i} 0.
NP ei; C,=05(0.8&" - &% + 3
: é where;

f,=0.5 1+ tanf{ 2¢o~ 0.} |

on the hull surface as shown in Fig.2.2 can be f, =0.5(1- cosw) - 1-{5 i9_5(1_0)} sfvio

used:

Fig.2.2 Assumed profile of pressure distribu-
tion. (Ikeda et al., 1977a).

The magnitude of the pressure coefficient
C, can be taken as a function of the ratio of the
maximum relative velocity to the mean veloc-
ity on the hull surfacg/=Vma{Vmean This can
be calculated approximately by using the po-
tential flow theory for a rotating Lewis-form
cylinder in an infinite fluid. TheC,-y curve is
thus obtained from the experimental results of
the roll damping for 2-D models. The eddy
making component at zero forward speed can
be expressed by fitting this pressure coefficient
Cp, with an approximate function of by the
following formula (Ikeda et al1977a, 1978a):

and the value ofis obtained as follows:

\/7_7f3(rmax+2|'_\|/|jx/A2 +B?
VY= —
24(1-98 | e

_ B

- 2(1+a +a,)
- HO
~1-0G/d

(2.20)

M

0

,_J—O_G/d
g =——"
1-0G/d

H =1+a’+9a’+ 2a(1- 33) cos@ -
6a, cos4y
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2 T B, = (0.0 (2.21)
= — + + = _\ 000 .
A g, cosw+g(Fa) cosp 44 = Pasgo (0.0K)
{(6-31,)al+(& -3a) a+ 4} coy
where Kis the reduced frequencydgk/U).
B, =-2a,sin5y + q( - 33) sin@ + The above-mentioned Eq.(2.19) applies to a

{(6+30)a +(3a+ &) a+ 4} siny

{(1+a)sing - a, sin@}” +
{(1— a,)cosy +a, cos[)?/}2

max

wherea,, ag are the Lewis-form parameters.

sharp-cornered box hull with normal breadth-
draught ratio, but not to a very shallow draught.
Yamashitaet al (1980) confirmed that the

method gives a good result for a very flat ship
when the roll axis is located at the water sur-
face. Standing (1991), however, pointed out
that Eq.(2.19) underestimates the roll damping
of a barge model. To confirm the contradic-
tions, lkedaet al, (1993) carried out an experi-

represents the Lewis argument on the transimental study on the roll damping of a very flat

formed unit circley and § are:

0=ty (@) 21 @ )
_J1 a(l+a)
(/I = 2COS 463 =4
(rmax (‘//1) < r‘ma><(‘)lj ))

f,=1+dexf- 1.65 10 20)’}

For a 3-D ship hull form, the eddy making
component is given by integratimiggo over the
ship length.

This component decreases rapidly with

barge model and proposed a simplified formula
for predicting the eddy component of the roll
damping of the barge as follows (Ikedaal,
1993):

2

I
B44EO -

2.2.5 Appendages component

2.2.5.1 Bilge keel component

forward speed and reduces to a non-linear cor-

rection for the (linear) lift force on a ship, or
wing, with a small angle of attack. From ex-
perimental results for ship models a formula

for this component at forward speed can be de-

termined empirically as follows (Ikedet al,
1978a, 1978c):

The bilge keel componemByypk is divided
into four components:

B44BK = B44BKN0 + B44BKHO+

B44BKL + (2 ) 23)

B44BKW

The normal force componemskno Can
be deduced from the experimental results of
oscillating flat plates (Ikedat al, 1978d, 1979).
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The drag coefficienCp of an oscillating flat

plate depends on thKe number. From the |
measurement of the drag coefficie@, from \\j
free roll tests of an ellipsoid with and without

bilge keels, the prediction formula for the drag

coefficient of the normal force of a pair of the 2
bilge keels can be expressed as follows:

C, = 22_5i+ 2.4 (2.24) Fig.2.3 Assumed pressure distribution on the
g, hull surface created by bilge keels. (Ikeda et al.,

1976)
wherebg is the breadth of the bilge keel and

is the distance from the roll axis to the tip of The roll damping coefficienB’gkHo can be
the bilge keel. The equivalent linear damping expressed as follows (Iked& al, 1978d, 1979):
coefficientB’ 44BKNO is:

) 4
8 3 Bsekro :3_7_[,0 | 2%¢3IGCP [0,dG (2.28)
B44BKN0 :ngI wE¢abBKf CD (2-25)
whereG is length along the girth arlgd is the

wheref is a correction factor to take account of moment lever.
the increment of flow velocity at the bilge, de-

termined from the experiments: The coefficientC," can be taken approxi-
mately as 1.2 empirically. From the relation of
f =14 0,3 264r9) 2.26) Go=C,-C, . the coefficientC, can be ob-

tained as follows:

From the measurement of the pressure on b,
the hull surface created by the bilge keels, it - =192-C. =-225 8K __ 1
was found that the coefficiel@,” of pressure Cp=lam G =2z e, 14(2.29)
on the front face of the bilge keels does not de-
pend on theKe number. However, the coeffi- The value ofJ' c,0,dG in Eq.(2.28) can
cient C, of the pressure on the back face of _ ¢
bilge keel and the length of negative-pressureb€ obtained as follows:
region do depend on thKe number. From
these results, the length of the negative- IGCp[ﬂpdG:dz("%QJ’ %Q) (2.30)
pressure region can be obtained as follows:

gt where:
S/ =0.3?a+ 1.9t (2.27)
K

A =(m+m) m-

assuming a pressure distribution on the hull as
shown in Fig.2.3.
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_ m H,(0-1) B
B, = + 2d,[—>—~ R<d & R<—
? " 3(H,-0.215n ) -4 2
(1-m)’(2m- m) - R
+ + R= d yH,=21&—>1 (2.32)
6(1- 0,215 ) m(mm+ m g b .
B R
m = R/ d 5 Hesl&—o>H,
m, = 0G d
m=1-m-m To predict the bilge keel component, the
prediction method assumes that a cross section
m, = Hy—-m consists of a vertical side wall, a horizontal bot-

0.414H,+ 0.065047 -
(0.382H, + 0.010&N

m; = (Ho—0.215m )(+- 0.21% )

0.414H, + 0.065M7 -
(0.382+ 0.01061,

™ = (R, —0.216n )= 0.218 )
| §/d-0.257tm, $> 0.237 F
™o , §, <0.257R
m, +0.414m . S, >0.257R

™ m +1.414m (- cos% NS < 0.25R

wherel is distance from roll axis to the tip of
bilge keels andR is the bilge radius. These are
calculated as follows:

tom and a bilge radius of a quarter circle for

simplicity. The location and angle of the bilge

keel are taken to be the middle point of the arc
of the quarter circle and perpendicular to the
hull surface. It may not be possible to satisfac-
torily apply these assumptions to the real cross
section if it has large differences from a con-
ventional hull with small bilge radius as shown

in Fig.2.4 for a high speed slender vessel
(Ikedaet al, 1994).

assumed cross section

ssecion /.

45deg

bilge keel
T
real cross section

Fig.2.4 Comparison between cross section, fit-
ting position and the angle of bilge keel as-
sumed in prediction method and those of high
speed slender vessels. (lkeda et al, 1994)

These assumptions cause some element of
error in the calculation of the moment levers of
the normal force of the bilge keels and of the
pressure force distributed on the hull surface
created by the bilge keel. In such a case,
Eq.(2.30) should be calculated directly. The
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pressure distribution can be taken as shown invhere the source streng@gx is a function of
Fig.2.3 and the length of negative pressOge  the bilge keel breadtbsk. In this equation, the
can be defined by using parametBr in bilge keel may be considered as a source, puls-
Eq.(2.30). ing at frequencyw: at a depth relative to the
free surfacedsk in Fig.2.5 based on the roll

In the estimation method, it is assumed thatamp”tude. For S|mp||c|ty, Cgk is assumed to
the effect of forward speed on the bilge keelpe the ratio of the bilge keel breadth to ship
component is small and can be ignored. How-peam. The damping is assumed to be zero for
ever, it is hard to ignore the lift force acting on zerg roll amplitude. The distance from the free

the bllge keel if a vessel has hlgh forward surface to the b||ge kealgy, is given by
speed. Since a bilge keel can be regarded as a

small aspect ratio wing, Jones’s theory can be

applied to it where the flow is composed of (Zd/B) cosg —
forward speed = Fr,/gL and the tangential ve- 1+(2d /B)?

locity caused by roll motioru =I g=1 g dex (#) = lex (2.36)
(wherel; denotes the distance between the cen- sing 1

tre of roll axis and the centre of bilge keel) the 1+(2d /B)z

attack angle and the resultant flow velocity are

obtained asy=tan™(u/V) and\V, =JV?+u® re- hered is the d hiB is the b .
spectively. On the basis of Jones’s theory, the/neredis the draug (B is the beam, angis

: . . : the roll angle, Fig.2.5. The effects of forward
lift force acting on a bilge keel is expressed as >
(Ikedaet al, 1994): speed are taken into account by Eq.(2.8).

2 2 \\,),3—(0
Lae :% (2.33)
ms\lsK gy
wherebgk is the maximum breadth of the bilge " d

keel. The roll damping coefficient due to a pair
of bilge keels B4sk. can be obtained as follows:

2L,
ABKL
¢a a)E

(2.34) -

Fig.2.5 lllustration of the bilge keel depthkd

The wave making contribution from the @s a function of roll angley and distance from

expressed as (Bassktral, 2009): midship section of a conventional hull form.

(Bassler et al, 2009)

~ o
Basswo ~ Cex ( tEK)EXF{_EC‘BK (¢)](235) 2.2.5.2 Skeg component

The skeg component of the roll damping is
obtained by integrating the assumed pressure

B4
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created by the skeg, as shown in Fig.2.6 oveobtained by integrating the pressure distribu-

the skeg and the hull surface. tion on the hull surface in front of and on the
I, 13 back face of the skeg respectivdlys the dis-
"\E/' tance from the axis of roll rotation to the tip of
— AR, — the skeglsk andbsk are the height and thick-
a ness of skeg respectivelie is the Keulegan-

Carpenter number for the skebmax is the
maximum tangential speed of the edge of the
skeg,Te is the period of roll motion anglis the

T4
Q@
N

I 0
%
N

I R .
N Sﬁ \A;= —»: pressur distribution length of negative pressure on hull
________________ ] Cy —: resultar surface created by the skeg.
D Force

Cy bSKI Cp7

Fig.2.6 Assumed pressure created by a skeg. 2>  Hard chine type hull

(Baharuddin et al., 2004) Generally the roll damping acting on a

The skeg component of the roll damping cross section can be divid_ed into a frictional
per unit length can be expressed as fonowscomponen_t, a wave maklng_ component, an
(Baharuddin et.al2004); eddy making component, a bllge-_keel compo-
nent and a skeg component. Bilge keel and
skeg components are caused by separated vor-
Cll - tices. However, it is more convenient practi-
4 D SK cally to treat them as independent components,
Blsko = — @10 0.5Clal,+ | (2.37)  without including them in the eddy making
am component. Although the friction component
—C, S| may be around 10% of the roll damping from
4 measured model data (;model length under ap-
proximate 4m, refer to IMO MSC.1/ Circ.1200
ANNEX, Page 7, 4.3.2), it is only up to ap-
proximately 3% for a full scale vessel. This
means therefore, that the friction component

—O.3EbSK]

C, =(C;-C))= cooe[

C,=12 can be effectively ignored. The wave making
component can again be treated using the theo-

_]2.42%e , Kex< ¢ retical calculation based on potential theory as

D0 71 _0.3Ke+5.45 , Ke> 2 defined pr_evi_ously for displacement hulls.
Therefore it is recommended to also apply

U T 7 these calculation methods to hard chine type

Ke =—mxe=-""a hulls.
2|SK ISK

S =1.65Keé"[, 2.3.1 Eddy making component
The eddy making component of a hard

whereCp" , Cp andly, I; denote representative chine type hull is mainly caused by the sepa-
pressure coefficients and their moment levers
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rated vortices from the chine. The sectional 0.0775

%2
0

pressure distribution on hull caused by this S=(0.3H, *-0.1775+ H § (2.39)

separated vortex is approximated by a simple
formulation and the roll damping is calculated _ xy 24
by integrating it along the hull surface. Cp =explh, *+i) (2.40)

The length and the value of the pressureWhere:

distribution are decided upon based on the )
measured pressure and the measured roll damp- K =—ex —0.11H," +

ing. Initially the estimation method is used for 0.58H,- 0.558 (2.41)
the case where the rise of floor is 0. The pres- _ )

sure distribution is assumed to like that shown k, =-0.38H,"+ 2.264,+ 0.74

in Fig.2.7. : :
J roll mation When there is a rise of floor, the moment

/}/Center of rolling lever not only changes_, bL_Jt the Ier_mgth of the
O—G\'I' ~'| negative pressure distribution and its pressure
— s — coefficient also change. However, the effect of
) \ the rise of floor on the size of a separated vor-
', d |+l 5] EEI‘g tex is not well understood. Therefore, the effect
: 3 Yt of rise of floor is taken into consideration by
‘ILS*I C, G modifying the coefficient as a function of the
rise of floor.SandC, are multiplied by the fol-
d lowing empirical modification coefficient
(Ikedaet al, 1990):

Fig.2.7 Assumed pressure distribution create
by separated flow from hard chine. (lkeda et al
1990) f(a) = exp(-2.14B (2.42)

The sectional roll damping coefficient is ‘
calculated from the following: f,(a) =exp(-1.718 | (2.43)

, _ 4 2 Using the above method, the eddy making
Busgo =5~ PP.C, S(L*+ 11" (2.38)  5honent of a cross section can be estimated.
The depth of the chind., the half breadth to
where, $ and k are the moment levers shown in draught ratioHo (=B/2d) of a cross section,
Fig.2.7, and is the distance from the axis of draughtd, rise of floors, and vertical distance
roll rotation to the chine (Ikeda et al, 1990). from water surface to the centre of gravity (axis

_ of roll rotation) OG (downward positive) are

its pressure coefficier, are expressed as the
function Hg* (: B/(Zd-zﬁ)). These are ob-
tained from the following equations based on
measured data: The estimation method for the skeg compo-
nent has been proposed by Tanakal, (1985).
Using the estimation method, the shape of the

2.3.2 Skeg component
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approximated pressure distribution is shown inpressure coefficient is assumed to be constant

Fig.2.8. based on the measured results from an oscil-
‘ lated flat plate with a flat plate skeg (Tanaka
1 . ~L2.~<\ | al, 1985). However, an Asian coastal fishing
— ;G '3 — boat may have a wide breadth due to the stabil-
/ U ‘ ity requirements for the boat and due to the
, / strength of the skeg required in service (lkeda
< \‘\\S/ : et al, 1990). In this case, not only should the
| = M measured results from a flat plate be considered,
\ c-
P but also the measured results of the drag coef-
— :pressuré ficients from oscillating square cylinders (lkeda
—» :resultant

et al, 1990), in order to decide upon a suitable
drag coefficient. It is expressed by the follow-
Fig.2.8 Assumed pressure distribution createding (Ikedaet al, 1990):

by skeg. (Tanaka et al., 1985)

From the integration of the pressure distri- CD(: G- CE) =Gy exp(—O.S%J
SK

bution, the roll damping coefficient for the
cross section is expressed by the following:

Force

_[2.42e (0<Kes<?2)
°°"|-0.3Ke+5.45 ( XKe)
8 Co lSKll -
Blisko = 3P ¢.1°w.10.5C al, +{ (2.44) C; =12 (2.45)
ECF‘, S|,
4 2.4 Multi-hull
C,=C;-C, Katayamaet al (2008) experimentally in-
L vestigated the characteristics of roll damping of
C,=-3.8 two types of multi-hull vessels: a high speed
Cr=1.2 catamaran; and a trimaran. They proposed a
P ) method of estimating the roll damping for these
S=1.65K& L types of craft.
T
Ke= Umax2|—e 2.4.1 Wave making component
SK

_ . . The wave making componeBlaw is gen-
Here, Unax is the maximum tangential erated by the almost vertical motion of the
speed at the centre of skdgjs roll period,Isc,  demihull. For this component, the wave inter-
bsk are the height and thickness of skeg, Bnd action between the hulls is considered signifi-
is the distance from the axis of roll rotation to cant, as also indicated by Ohkusu, (1970).
the tip of the skeg. In this estimation method, However, for simplicity, this component can be
the skeg is assumed to be a flat plate and th@stimated by using the heave potential damping
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of the demihullBgs. It should be noted how- K = 2
ever, that theBss term does not include the L,

wave interaction effects between the hulls. A

strip method, including the end term effects, is\ynerea, is the lateral area of the demihulls or
used for the calculation @& (Katayameetal  sige hulls under water line angpis the length

2008): between perpendiculars.

Biuw® = Bunw@ed .
= 2bdemi B,33 bdemp)g a (246)

=2h,. 2 B,g For multi-hull vessels, the frictional com-
ponent is created by the vertical motion of the
where bgem is the distance of the centre of demihull or side hull. This component is as-
demihull from the vessel’s centre line. sumed to be smaller than the other components.
Based on the estimation method proposed in
the previous chapters, the friction component
for the demihull or side hull can be estimated
as follows (Katayamat al 2008):

2.4.3 Frictional component

2.4.2 Lift component

A method for the estimation of the lift
component of a multi-hull vessel can be con-
structed based on Eq.(2.10). Based on the rela- pg —ipp}_"ﬁj w:h, _3(:{1+ 4.1 v

377_ a emi

tive location of each hull in the multi-hull craft, e
Ir, loandO'G are defined as shown in Fig.2.9.
G ~1.328 Re 4¢.b,..d

Aft section of demihull C = =
| | vRe TV
| oG | _ |
' ! whereAy is the lateral area of the demihulls or
|

PP

j (2.48)

I '

. Ir . . . .

! Iy O side hulls under water line, amgenmiis the dis-
WL \\\ﬁ ________ kS 0.3d tance of the centre of the demihull from the
: LT osd centre line,V is kinematic viscosity. The effects

of forward speed can be taken into account

Fig.2.9 Coordinate system to calculateand with Eq.(2.17).

I'randoG. (Katayama et al., 2008) _
2.4.4 Eddy making component

This allows the lift component to be de-

scribed as follows (Katayama et 8008): Significant vortex shedding has been ob-
served from flow visualization around multi-

0'G hull vessels whilst rolling. It was observed that

1-14——+ one vortex was shed from each demihull of the

B, :lpAHLVK\I L ®_ |(2.47) catamaran and from each side hull of the trima-

2 0'G ran. The location of the vortex shedding was

found to be at the keel or the outside bilge of
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demihull/side hull. This is shown in Fig.2.10. shown in Fig.2.11, has a vertical velocityy)

(Katayama et al2008). [m/sec.] defined as:
G out side bilge u = 2.49
\?j of demihull | =9y (2.49)
} Aft section of catamaran where ¢ [rad./sec.] denotes roll angular veloc-
i ity andy [m] is transverse distance between the
WL centre of gravity and point y
- - ﬁﬁ G
RNY
_ _ _ port stafboard
Fig.2.10 Assumed vortex shedding point and .
pressure distribution of aft section of catamaran. £0) vu ) y
(Katayama et al., 2008) | ‘

z
The scale of the eddy may be similar to that

for barge vessels. Therefore, these damping
forces can be estimated by integrating the pres-
sure created by eddy-making phenomena over

the hull surface. The pressure coefficient at the When the craft has forward speed

point of vortex shedding can be assumed to be[erzé)seer?e.]r;ct: :nugagll(:;c:t?%; I[ercljr]]%o??ﬁ
1.2 and the profile of pressure distribution is

assumed as shown in Fig.2.10. In addition, therelatlve flow as shown in Fig.2.12.

effects of forward speed are taken into account V

by Eqg.(2.21).
y Eq.( ) ] \_¥( ) a(y) /L
UAy —_

2.5 Additional damping for a planing hull

Fig.2.11 Cross section of a ship. (lkeda et al.,
2000)

Typical planing craft have a shallow Fig.2.12 Buttock section of a craft. (lkeda et
draught compared to their breadth, with an al., 2000)
immersed lateral area that is usually very small.
Even if the vessel runs at a very high speed, the The anglea(y) can be calculated as follows:
horizontal lift component is small. Conversely,
the water plane_ area is very large and the ve_rti- a(y) = tan‘lw - taﬁlﬂ DQ(Z.SO)
cal lift force acting on the bottom of the cratft is \% vV VvV
also large. As a result, this may play an impor-
tant role in the roll damping. It is therefore Assuming that the running trim angle s
necessary to take into account the componenfrad.], the vertical lift force acting on the craft

due to this effect. Assuming that a craft hasig expressed as the virtual trim andglgy) [rad.]
small amplitude periodic roll motion about the \yith the relative flow described as:

center of gravity, a poing on a cross section
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oy =g +a( g+ (2s1)

For planing craft, the magnitude of the hy-
drodynamic lift force significantly depends on
the trim angle. The vertical lift forcd,y)
[kgf/m] (positive upwards) acting on the but-
tock line including pointy, with attack angle
a(y) [rad.], is calculated as follows:

f(y) =508k (6)a(y) @52

where p [kgf sec’’m? denotes the density of
the fluid, By, denotes the water line breadth

andk, (8) [1/rad.] is the lift slope. This is the

non-dimensional vertical lift coefficier@, dif-
ferentiated by trim angle as follows:

_oc,

=5 (2.53)

k (4)

On the basis of the quasi-steady assumptio
fAy) [kgf/m] is assumed to be the mean valu
of the hydrodynamic lift forcé [kgf] acting on
the planing hull in steady running condition:

e

L _1
f(y)=g-=5mB.V'C (259

w.l

where the lever arm for the roll moment about
the center of gravity ig [m]. The roll moment
is then given by:

&

M=

| f.(y) Dydy

N‘EWN

(2.55)
_1 4 _
- 24pBwI VK_ (gl)¢ - 3/L¢

This method of predicting the vertical lift
component for planing craft is combined with

the prediction method for a hard chine hull as
an additional componenBssy. (Ikeda et al,
2000).

2.6 Additional damping for flooded ship

Flood water dynamics is similar to the ef-
fects of anti-rolling tank. The tank is classified
according to its shape, such as a U-tube type or
open-surface type. The ship motion including
the effects of the tank has been theoretically es-
tablished for each type (e.§vatanabe, (1930
& 1943), Tamiya, (1958), Lewison, (1976)).
However, in order to calculate the resultant
ship motion, experiments such as forced oscil-
lation tests are required to obtain some charac-
teristics of the tank.

Based on experimental results by Katayama
et al, (2009), and Ikedat al, (2008) a proposed
estimation formula for the roll damping com-
ponent created by flooded water was obtained.
It should be noted that the prediction formula

rbnly applies to smaller roll angles, but can be

applied to cases without a mean heel angle.
h 0OG
B = —  ¥ar X
44|\W A(Bcomp ¢ B )
B 4,)
C(wE’—Bh )
o i (2.56)
h B )
exp{_c (cqz ; ) comp }X
Bcomp

5 / 29
IcomplOBcomp ?mp.
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- 18" 19887, + 0.42
A( B ,¢a' B ) - comp O_G
omp 127 +1

B(Bi,qba) = 40.8428L— 10.502, + 2

comp comp

h 1B a ax
Cla, ) == =l ——— | =
% Bcomp m g[E h/BcomPJ afW
T
Ww :B—\/a‘

comp

whereh is water depthlcomp andBeomp are the
length and the breadth of flooding compart-
ment. o andg are the density of fluid and acce-
leration of gravity respectivelyar is roll fre-
quency, @ is roll amplitude,w,, is the natural

frequency of the water in a tank.

3. ESTIMATION OF ROLL DAMP-
ING COEFFICIENTS

Many ways of representing roll damping
coefficients have been expressed, depending o
whether the roll damping is expressed as a lin
ear or nonlinear form. In this section, some of
the expressions most commonly used are intro
duced, and the relations among them are re
viewed and they are transformed into terms of
linearized damping coefficients.

3.1 Nonlinear damping coefficients

The equations of ship motion are expressed
in six-degrees-of freedom. Roll motion has
coupling terms of sway and yaw motions, even
if the form is a linear motion equation under
small motion amplitude and symmetrical hull
assumptions. In this section, in order to discuss
the problem of nonlinear roll damping, how-
ever, the equation of the roll motion of a ship is
expressed as the following simple single-
degree-of-freedom form:

1§ +B,(#)+C =M, (art)  (3.1)

Here, if the roll motion is assumed to be a
steady periodic oscillationpin Eq.(3.1) is ex-
pressed with its amplitudez and its circular
frequencyar. 14 is the virtual mass moment of
inertia along a longitudinal axis through the
center of gravity an@€y is the coefficient of re-
storing moment. Furthermorkl, is the excit-
ing moment due to waves or external forces
acting on the ship, andis the time. Finally,
By denotes the nonlinear roll damping moment.

The damping momerB,; can be expressed
as a series expansion ¢fandM in the form:

B,=B,p+ B¢2¢|¢|+ Bﬂ3¢3+... (3.2)

N Which is a nonlinear representation. The co-
efficients By, By, in EQ.(3.2) are considered
constants during a steady periodic oscillation

concerned. For the case of large amplitude roll
motion, where the bilge keel may be above wa-
ter surface at the moment of maximum roll an-
gle, Bs, By in EQ.(3.2) are proposed as a
piecewise function of roll angle by Basséral,

(2010). It should be noted that these coeffi-
cients may be not same values for a different

steady periodic oscillation, in other words, they
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may depend on the amplitudg and the fre- to damping during a half cycle of roll is the

quencya of steady periodic oscillation. same when nonlinear, and linear damping are
used (Tasai, 1965). If the motion is simple

Dividing Eq.(3.1) with Eq.(3.2) bys, an-  harmonic at circular frequenay, thenBg can
other expression per unit mass moment of inerbe expressed as:
tia can be obtained:

e B a1 By
p+2ap+ || g+ W +afp =m,(ah) (3.3) B =B+ 3ﬂ%¢a Bpot, e 9.8, (3.6)

where: For more general periodic motion, Eq.(3.6)
can be derived by equating the first terms of the

_B, _B, _ By Fourier expansions of Egs.(3.5) and (3.2) (Ta-
20=-=, B, V=1, kaki et a| 1973).
4 4 4 (3 4)
_ |G, _2nm M, ' Corresponding to Eq.(3.3), an equivalent
GENT T Mt linear damping coefficient can be definer=
v ¢ Bge/21 4 per unit mass moment of inertia:

In Eq.(3.4) the quantitieay and Ty repre- 4 3
— 2
sent the natural frequency and the natural pe- a, —0’+—3ﬂ%¢aﬂ+§[~§¢ay (3.7)
riod of roll, respectively.

In the case of irregular roll motion, there is

3.2 Equivalent linear damping coefficients another approach to the linearization of the roll

damping expression. Following the work of

Since it is difficult to analyze strictly the Kaplan, (1966), Vassilopoulos, (1971) and oth-
nonlinear equation stated in the preceding secgrs, it can be assumed that the difference of the
tion, the nonlinear damping is usually replaced gamping moment between its linearized and
by a certain kind of linearized damping as fol- nonlinear forms can be minimized in the sense

lows: of the least squares method. Neglecting the
B term By for simplicity the discrepancyin the
B,(¢) = B, (3:5)  form can be defined:
The coefficientBg denotes the equivalent =B, +B,|¢|- B.g (3.8)

linear damping coefficient. Although the value

of Bge depends in general on the a_mpli.tude and Then, E{#} can be minimized, the expecta-
the frequeqcy, because the damp'”9 IS usuall3fion value of the square @ during the irregu-
nonlinear, it can be assumed gk is con-  |5r roll motion, assuming that the undulation of
stant during the specific motion concerned. the roll angular velocityp is subject to a Gaus-

There are several ways to express the coefSian process and that the coefficieBig, By
ficient Bge in terms of the nonlinear damping and By, remain constant:
coefficientsByi, By, and so on. The most gen-
eral way is to assume that the energy loss due
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aE{ 52} . presses the decrease @f as a function of
9B = _Z(vil_ Bwe) E{5 } a (3.9) mean roll angle. Following Froude and Baker
" ' (Froude, (1874), Idlet al, (1912)), the decay
2B, E{¢2|¢|} =0 curve is fitted using a third-degree polynomial:
and then: Ag = ag,, +bg; + op;, (3.12)
8 where:
B, = Bty 0y B (3.10)
A¢ = ¢n—1 - ¢n
where the factow, represents the variance O =[Pt 0.]/2

of the angular velocityy (JSRA, 1977). Fur- The angles in degrees are usually used in
thermore, as an unusual way of linearization,this process.
the nonlinear expression can be equated to the
linear one at the instant when the roll angular  The coefficientsa, b andc are called decay
velocity takes its maximum value during steady coefficients. The relation between these coef-
oscillation: ficients and the damping coefficients can be de-
rived by integrating Eq.(3.1) without the exter-
B.=B,twp.B,, (3.11)  nal-force term over the time period of a half
roll cycle and then equating the energy loss due
This form seems to correspond to a colloca-to damping to the work done by the restoring
tion method in a curve-fitting problem, whereas moment. The result can be expressed in the
Eq.(3.6) corresponds to the Galerkin approachform:
Since there is a difference of approximately 15%
between the second terms of the right hand A¢_7_T%¢ N
sides of EQs.(3.6) and (3.11), the latter form Toc tm

may not be valid for the analysis of roll motion. Y (3.13)
However, it may be used as a simple way of (B +£a)¢ B +§(,_,2¢2|3
analyzing numerical or experimental forced- “ o prmee

oscillation test data to obtain the values of
these coefficients quickly from the time history Comparing EQq.(3.13) with Eqg.(3.12) term

of the roll moment. by term, the following relations can be ob-
tained:
3.3 Decay coefficients
L o
a free-roll test, the ship is rolled to a chosen 2C, “o2 w, 2 “
angle and then released. The subsequent mo-
tion is obtained. Denoted by, the absolute b180— 4w; 4
value of roll angle at the time of the n-th ex- 7 _3C. B ‘518 (3.14)

treme value, the so-called decay curve ex-



: ITTC — Recommended 3%56?125
I I Ii Procedures and Guidelines Page 200f 33

. . . . Effective Date | Revision
Towine Tank | Numerical Estimation of Roll Damping 2011 00
CONFERENCE
180\ _ Ira, 3T The value ofN depengls strongly on the
— | TR BT 5wy mean roll angleg, so that its expression is al-
T 8 C, 8

ways associated with the, value, being de-
noted asN;gp, Nypand so on, wher&lpis the
value ofN when mean roll angle is 10 degrees,
etc.

It should be noted that the condition for the
validity of Eq.(3.14) is that the coefficiery,,
Bgo, -+~ and a, b,--- should be independent of

the roll amplitude. As the section 2.2.5.1 ex-

plained, the effect of bilge keels appears4. PARAMETERS

mainly in the term B and, further, the value of

By varies with roll amplitude. In such a case, 4.1 Parameters to be taken into account
Eq.(3.14) will not remain valid. Only the part

of B, which is independent of the amplitude is ~ The main parameters that need to be con-
related to the coefficienth. The other part of sidered when dealing with roll damping are
By that is inversely proportional to the ampli- presented below.

tude will apparently be transferred to the coef- _ ) )
ficienta, and the part proportional to the ampli- ~ Hull_Form including Appendages (bilge
tude will appear inc. In place of a term-by- Kee€l. skeg and rudder etc)

term comparison, therefore, it will probably be  *Body plan or 3D-data of hull

reasonable to define an equivalent extinction °Principal particulars of hull  (Length,

coefficient a, and to compare it with the Breadth and Draught) _
equivalent linear damping coefficieBe as in *Dimensions of appendages (length, width,
the form: thickness and position)
T Loading Condition of Ship
a =a+bp + @’ :EC—W B. (3.15) * Weight or draught of ship
¢ * Height of the centre of gravityKG

* Roll natural periodr,

Bertin’s expression by Motora, (1964),

can be written in the form: Rolling Condition

* Roll periodTg or wave period,

* Wave directiony

Forward speed® or Froude numbéfr
* Roll amplitudeg

_7TN
Ag = 180 o (3.16)

The coefficientN can be taken as a kind of
equivalent nonlinear expression and it has bee
called an N-coefficient". As seen from
Eq.(3.12):

NOMENCLATURE

N = a289 4 b+ Po (3.17)
180

m
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Symbol Explanation Section
y transverse position on cross section 2.5
Ao Ab = _2a3 COSW/ + q( 1+ %) COS$ + 22 224
2 2
+{(6—3a1) a, +(a1 —331) a+ af} cosy
2
Ay A= ( m + m;)ma -m, 2.2 2251
A — -12 _-2¢, 2.2 221
1 A _1+ Ed e d
A — -1.-2¢ 2.2 221
2 A =05+, e
Am midship section area 2.2 2.2.2
AuL lateral area of the demihulls or side hulls under water line 24 2.4.2
24 243
A area of cross section under water line 22 224
a length acting on C;, 2.2 2.2.5.2
sectional girth length from keel to hard chine or water line 2.3 2.3.2
a, b, c decay coefficient (obtained from free-roll test) 3.3
a, a3 Lewis-form parameter 2.2 224
3, equivalent extinction coefficient 33
B breadth of hull 2.1
22 222
2.2 223
2.2 2.2.5.1
By =- 2, sing +a(1-a,)sin3y + 22224
{ (6+38)a° +(3a + a°Ja, +aJsing
B 2 2.2 2.2.5.1
! - m, +(1_ m) (2ms mz)
0
3H, - 0215m,) §1- 0215m,)
n( mm + mm,)
B3 linear coefficient of heave damping 24 24.1
B4 equivalent linear coefficient of total roll damping 2.1
Busap equivalent linear coefficient of apendage component of roll damping 2.1
B4k equivalent linear coefficient of bilge-keel component of roll damping 2.2 2.2.5.1
BupkL equivalent linear coefficient of bilge-keel lift component of roll damping 2.2 2.2.5.1
Bispxw equivalent linear coefficient of bilge-keel wave making component of roll damping 2.2 2.2.5.1
Buyg equivalent linear coefficient of eddy making component of roll damping 2.1
2.2 224
Bysr equivalent linear coefficient of friction component of roll damping 2.1
2.2 223
Baaiw equivalent linear coefficient of flooded water component of roll damping 2.6
Baar equivalent linear coefficient of lift component of roll damping 2.1
2.2 222
24 24.2
BasvL equivalent linear coefficient of vertical lift component of roll damping 2.5
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Biaw equivalent linear coefficient of wave making component of roll damping 2.1
2.2 221
Bygo [subscript 0] indicates the value without forward speed 2.1
equivalent linear coefficient of total roll damping without forward speed
Busgxmo equivalent linear coefficient of bilge-keel’s hull pressure component of roll damping | 2.2 2.2.5.1
without forward speed
Busgkno equivalent linear coefficient of bilge-keel’s normal force component of roll damping | 2.2 2.2.5.1
without forward speed
Bugo equivalent linear coefficient of eddy making component of roll damping without | 2.2 2.2.4
forward speed
Busro equivalent linear coefficient of frictional component of roll damping without for- | 2.2 2.2.3
ward speed
Baswo equivalent linear coefficient of wave making component of roll damping without | 2.2 2.2.1
forward speed
B’ [prime ’] indicates sectional value 22 221
sectional equivalent linear coefficient of sway damping
B’33 sectional linear coefficient of heave damping 24 24.1
By sectional equivalent linear coupling coefficient of roll damping by swaying 2.2 2.2.1
B’y sectional linear coefficient of total roll damping 2.1
B’ 44r sectional equivalent linear coefficient of frictional component of roll damping 2.4 243
B’ aw sectional equivalent linear coefficient of wave making component of roll damping 24 24.1
B’ s48KH0 sectional equivalent linear coefficient of bilge-keel’s hull pressure component of roll | 2.2 2.2.5.1
damping without forward speed
B’ 448KN0 sectional equivalent linear coefficient of bilge-keel’s normal force component of roll | 2.2 2.2.5.1
damping without forward speed
B’ 44k0 sectional equivalent linear coefficient of eddy making component of roll damping | 2.2 2.2.4
without forward speed 2.3 2341
B’ 44r0 sectional equivalent linear coefficient of frictional component of roll damping with- | 2.2 2.2.3
out forward speed
B’ 44sK0 sectional equivalent linear coefficient of skeg component of roll damping without | 2.2 2.2.5.2
forward speed 2.3 2.3.2
B’ 44wo sectional equivalent linear coefficient of wave making component of roll damping | 2.2 2.2.1
without forward speed
é44 [*] indicates non-dimensional value 2.1
non-dimensional equivalent linear coefficient of total roll damping
é non-dimensional equivalent linear coefficient of bilge-keel component of roll damp- | 2.2 2.2.5.1
44BKWO ing without forward speed
Bomp breadth of flooding component 2.6
Buw. water line breadth 2.5
nonlinear coefficient of roll damping 3.1
B¢ B¢(¢) 3.2
Bgi Bg Bgs | coefficients of nonlinear representation of roll damping 3.2
33
3.1
| Bge equivalent linear coefficient of roll damping 3.2
bek breadth of bilge-keel 2.2 2.2.5.1
2.2 2.2.5.1
bsk thickness of skeg 2.2 2.2.5.2

2.3 2.3.2
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Dgemi distance from the centre line to the centre of demihull 24 24.1
24 243
Cs Block coefficient Cg = /7 (L B d) 2.2 223
Cek(bgk) source strength Cgy (a function of bgy) 2.2 2.2.5.1
Co drag coefficient of something 2.2 2.2.5.1
2.2 2252
2.3 232
Cpoo drag coefficient of skeg or flat plate without thickness 2.2 2.25.2
2.3 232
Ce Frictional resistance coefficient 2.2 223
24 243
C. vertical lift coefficient 2.5
Cum midship section coefficients Cy; = Ay/(B d) 22 222
Co pressure coefficient 22 224
2.2 2251
2.3 231
Cy, negative pressure coefficient behind of bilge keel 2.2 2.2.5.1
Co pressure coefficient behind skeg 2.2 2.2.5.2
2.3 232
Cy positive pressure coefficient front of bilge keel 2.2 2.2.5.1
Cp+ pressure coefficient front of the skeg 2.2 2.2.5.2
2.3 2.3.2
Cr drag coefficient proportional to velocity on surface of rotating cylinder 22 224
Cy coefficient of roll restoring moment 3.1
3.3
d draught of hull 2.2 221
2.2 222
2.2 223
22224
24 242
24 243
dex(® depth of the position attached bilge-keel on hull 2.2 2.2.5.1
d. depth of chine 2.3 2.3.1
E{F} expectation value 3.2
f correction factor to take account of the increment of flow velocity at bilge 2.2 2.25.1
fi f,= 0b# tanh2do - 07)}] 22224
f2 f,= 0% cosw)-151-e*tsin’ s 2.2 224
fs f,= ¢ dexp 165<10°(1-0)’ 22 224
fi(a@) modification coefficient as a function of the rise of floor (S 2.3 2.3.1
f2(a) modification coefficient as a function of the rise of floor (C;) 2.3 2.3.1
fAY) vertical lift force acting on the buttock line including point A(y), with attack angle | 2.5
aty) [rad.]
G the center of gravity 2.2 221
G girth length 2.2 2.2.5.1
m Distance of centre of gravity to the metacentre 2.1
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g Gravity acceleration 2.1
2.2 221
2.2 2.2.5.1
H H= 4a’+ &°+ &( % &) cos®y - &, costy 22224
Ho half breath draught ratio Hy=B / (2d) 22 224
2.2 2251
2.3 2.3.1
Ho . B 2.3 2.3.1
’ H, = —
2‘ d-0G j
H’ H, 22224
0 o —
1-0G/d
h Water depth 2.6
Iy the virtual mass moment of inertia along a longitudinal axis through the centre of | 3.1
gravity
K reduced frequency K=wlL /U 22 224
Ke Keulegan-Carpenter number 2.1
2.2 2251
2.2 2252
2.3 2.3.2
N k =- exp(0114,” + 0584, - 0559 23 231
ks k,=— 03H,°+ 2268, + 0748 23 231
K, Kn(8) lift slope of vertical lift (for planing hull) 2.5
kn lift slope of horizontal lift (ship in maneuvering) 2.2 222
24 242
L characteristic length of object (Iength of ship hull) 21
2.2 222
2.2 223
2.2 224
L hydrodynamic lift force acting on planing hull 2.5
Lpk lift force acting on a bilge keel 2.2 2.2.5.1
Lpp Length between perpendiculars 2.4 243
| distance from the centre of gravity or roll to the tip of skeg or the tip of bilge-keel or | 2.2 2.2.5.1
chine 2.2 2.25.2
2.3 231
2.3 2.3.2
lo lever defined that the quantity |0¢ /U corresponds to the angle of attack of the lift- 22222
ing body
ly’ distance from the center of gravity to the point of 0.5d on center line of demihull 2.4 2.4.2
Iy distance from the centre of gravity or roll to the centre of skeg or bilge-keel 2.2 2.2.5.1
2.2 2252
2.3 2.3.2
[, moment lever integrated pressure along hull surface front of skeg or baseline 2.2 2.2.5.2
2.3 232
2.3 2.3.1
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3 moment lever integrated pressure along hull surface behind skeg or baseline 2.2 2.2.5.2
23 232
23 23.1
| com length of flooding component 2.6
Iy moment lever between the centre of gravity or roll and the centre of integrated | 2.2 2.2.5.1
pressure along hull
Ipk distance from the centre of gravity or roll to the position attached bilge-keel on hull | 2.2 2.2.5.1
Ir distance from still water level to the centre of lift 2.2 2.2.2
IR’ distance between the center of gravity and the cross point of 0.7d water line and the | 2.4 2.4.2
center line of a demihull
lsk height of skeg 2.2 2252
23 232
ly moment lever measured from the still water level due to the sway damping force 2.2 2.2.1
M _ B 22 224
A+a +a)
My roll damping moment 2.1
2.5
3.1
M gapp appendage component of roll damping 2.1
M g eddy making component of roll damping 2.1
2.2 224
M g¢ frictional component of roll damping 2.1
ML lift component of roll damping 2.1
M sw wave making component of roll damping 2.1
m; m=R/d 2.2 2251
m, m = 0G/d 2.2 2251
m; m =1- m-m, 2.2 2251
my m, = HO -m 2.2 2251
ms . { 0414, + 00651m,” - ( 0382, + 00106)m,} 2.2 2251
5
(H, - 0215 )(1- 0215m,)
mg N _{ 0414, + 00651m,” - ( 0382 00106H,,)m, | 22 2251
6
(HO - 02150, )(1- 0215m,)
My _ (S /d-025m, S, > 0257R 22 2251
! ,S, < 0257R
mg m. + 041 ’ 2.2 2251
) " am, <y 8§ >025R
s =1m, + o.41ml( 1- cos{EOD 'S < 0257R
My M, 3.1
m, = A
N Bertin’s N-coefficient 2.1

3.3
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Nio Bertin’s N-coefficient at @=10 degrees 3.3
Nao Bertin’s N-coefficient at @=20 degrees 3.3
0) origin of the fixed coordinate system on ship (the point on still water level) 2.2 221
o origin of the fixed coordinate system on demihull (the point on still water level) 2.4 24.2
oG distance from O to G with positive being download 22 2241
2.2 222
2.2 223
2.2 224
% distance from O’ to G 24 2.4.2
P pressure on hull caused by vortex shedding 22 224
R bilge radius 22 224
2.2 2.2.5.1
Re Reynolds number 2.2 223
24 243
r radius of cylinder 2.2 2.2.3
It r,= 1frx (088% 0145G, )(L7d+ C,B)-20G 22 223
I max Y {(1+ 31)5""/’ -8, sinfj’(,[/}2 2.2 2.2.4
" V+{(1-a)cosy + &, coszy)?
S length of pressure distribution on cross section 2.2 2.25.2
2.3 231
2.3 2.3.2
S length of negative-pressure region 2.2 2.2.5.1
S S = L(@L7d+C;B) 22223
T period of motion 2.1
TR roll period 2.2 223
Te wave encounter period (roll period in waves) 2.2 2.25.2
2.3 232
24 243
T natural roll period 3.1
U max amplitude of motion velocity or maximum speed of something 2.1
2.2 2252
2.3 2.3.2
u maximum speed of the tip of bilge-keel 2.2 2.2.5.1
u,(y) vertical velocity at a point A(y) 2.5
\% . — 2.2 2.2.1
forward velocity V = Fr\/a 32 222
2.2 223
22 224
2.2 2.2.5.1
2.4 242
24 243
2.5
Vr relative flow velocity Vei=U*+u’ 2.2 2.2.5.1
V max maximum relative velocity on the hull surface 2.2 224
V mean mean velocity on the hull surface 2.2 224
y transverse distance between the centre of gravity and point A(Y) 2.5
y lever arm for the roll moment 2.5
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a Attack angle o =tan™(u/U) 2.2 225.1
B rise of floor (deadrise angle) 2.3 2.3.1
3.1
@By extinction coefficients O = i ,8 = E y= E 3.3
21, l, l,
a. equivalent linear extinction coefficient 3.2
aty) experiences an angle of attack 2.5
o discrepancy 3.2
@ roll displacement 3.1
@ roll amplitude 2.1
2.2 223
22 224
2.2 2.2.5.1
2.2 2.2.5.2
2.3 2.3.1
2.3 232
24 241
24 243
2.6
31
3.2
| @ mean roll angle 33
a absolute value of roll angle at the time of the n-th extreme value in free-roll test 33
@ roll angular velocity @, = [¢n_1 + ¢n] /2 ;; ;;i
2.2 2251
24 241
2.5
31
¢ roll angular acceleration 3.1
Ag Ap=@. .- @ 33
y ratio of maximum velocity to mean velocity on hull surface y=V ..y / Viean 2.2 224
K modification factor of midship section coefficient 2.2 2.2.2
Ka 2a 33
K, =—
Wy
v kinematic viscosity 2.2 223
24 243
ay) virtual trim angle 2.5
) running trim angle 2.5
&, &=a’d/g 22 221
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mass density of fluid 2.1
2.2
2.2
2.2
2.2
2.2
2.3
2.3
2.4
2.4
2.5

2.2.2
2.2.3
2.2.4
2.2.5
2.2.5.2
231
2.3.2
24.2
243

area coefficient o= A;/ (Bd) 22
2.2

2.24
2.2.5.1

variance of roll angular velocity 3.2

. o-0G/d 2.2
g=————
1-0G/d

2.2.4

Lewis argument on the transformed unit circle 2.2

2.2.4

024’1 (rmax(l/ll) 2 rmax(l/lz)) 22

2.2.4

! 2.2
%Cos_l w - wz (r max(wl) < rmax(wZ ))
)

2.2.4

Q=Ua/g 2.2

2.2.1

wave encounter circular frequency (roll circular frequency in waves) 2.1
2.2
2.2
2.2
2.2
2.2
2.3
2.3
2.4
2.4
2.6
31
3.2

221
2.2.3
2.2.4
2.2.5.1
2.2.5.2
231
2.3.2
241
243

non-dimensional wave encounter circular frequency (non-dimensional roll circular | 2.1
frequency in waves)

T 2.6
natural circular frequency of water in a tank &), = B—«/ gh

comp

3.1
w n

AT,

roll natural circular frequency w, =

<@

displacement volume 2.1
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VALIDATION

6.1 Uncertainty Analysis

None
6.2 Bench Mark Model Test Data

6.2.1 Wave making component and Lift com-
ponent

Refer to Ikeda et al., (1978a) or (1978c)

6.2.2 Frictional component

None

6.2.3 Eddy making component

Refer to Ikeda et al.,(1977a) or (1978b).

6.2.4 Appendages component
a) Bilge keel component

Refer to lkeda et al., (1976), (1977b) or
(1979)

b) Skeg component

Refer to Baharuddin et al., (2004)

6.2.5 Hard chine hull

Refer to Ikeda et al.,(1990) or Tanaka et al.,
(1985)

6.2.6 Multi-hull

Refer to Katayama et al, (2008).

6.2.7 Planing hull

Refer to lkeda et al., (2000)

6.2.8 Frigate

Refer to Etebari et al.,(2008), Bassler et al.,
(2007), Grant et al., (2007), Atsa-vapranee et
al., (2007) or (2008).

6.2.9 Water on deck or water in tank

Refer to Katayama et al, (2009).

6.3 Bench Mark Data of Full Scale Ship

Refer to Atsavapraneet al, (2008). Flow
visualization around bilge keel and free decay
test results are indicated.

6.4 Measurement of Roll Damping

6.4.1 Free Decay Test

Refer to IMO MSC.1/ Circ.1200 AN-NEX,
Page 11, 4.6.1.1 Execution of roll decay tests.

6.4.2 Forced Roll Test

6.4.2.1 Fully Captured tests

Refer to lkeda et al.,, (1976), (1977a),
(1978a), (1990), (1994), (2000), Katayama et
al., (2008) or (2009), Bassler et al., (2007).
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6.4.2.2 Partly Captured tests Bertin E., 1874, Naval Science Vol. lll, p.198.

Refer to Hashimoto et al., (2009). Blasius H., 1908, “The Boundary Layers in

Fluids with Little Friction”, Zeitschrift fuer

Mathematik und Physik, Volume 56, No. 1,
7. REFERENCES pp.1-37 (in German).
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cival S., 2007, “Experimental Investigation Roll Damping”, Journal of Ship Research,
of Viscous Roll Damping on the DTMB Vol. 22.

Mode 5617 Hull Form”, Proceedings of the
26th International Conference on Offshore Etebari A., Atsavapranee P., Bassler, C.C.,
Mechanics and Arctic Engineering 2008, “Experimental Analysis of Rudder

Contribution to Roll Damping”, Proceed-
Atsavapranee P., Grant D.J., Carneal J.B., Ete- jgs of the ASME 27th International Con-

bari A., Percival S., Beirne T., 2008, "Full  ference on Offshore Mechanics and Arctic
Scale Investigation of Bilge Keel Effec- Engineering.

tiveness at Forward Speed”, NSWCCD-50-

TR-2008 / 075. Froude W., 1874, “On Resistance in Rolling of

_ Ships”, Naval Science Vol.lll, p.107.
Baharuddin A., Katayama T., lkeda Y., 2004,

“Roll Damping Characteristics of Fishing Fukuda J., Nagamoto R., Konuma M., Takaha-

Boats with and without Drift Motion”, In- shi M., 1971, “Theoretical Calculations on
ternational Shipbuilding Progress, 51, the Motions, Hull Surface Pressures and
No.2/3, pp.237-250. Transverse Strength of a Ship in Waves”,

Journal of the Society of Naval Architects
Bassler C.C., Carneal J.B, Atsavapranee P., jgpan, Vol. 129 (in Japanese).

2007, “Experimental Investigation of Hy-
drodynamic Coefficient of a Wave-piercing Grant D.J, Etebari A. Atsavapranee P., 2007,

Tumble Hull Form”, Proceedings of the  “Experimental Investigation of Roll and
26th International Conf. on Offshore Me- Heave Excitation Damping in Beam Wave
chanics and Arctic Engineering. Fields”, Proceedings of the 26th Interna-

. tional Conference on Offshore Mechanics
Bassler C.C, Reed A.M., 2009, “An Analysis  ang Arctic Engineering.

of the Bilge Keel Roll Damping Compo-

nent Model”, Proceedings of tenth Interna- Haddra M.R., “On Nonlinear Rolling of Ships

tional Conference on Stability of Ships and in Random Seas”, International Shipbuild-
Ocean Vehicles, St. Petersburg, pp.369- ing Progress, Vol. 20 (1973).
385.

Hashimoto H., Sanya Y., 2009, “Research on

Bassler C.C., Reed A.M., 2010, “A Method to  Quantitative Prediction of Parametric Roll

Model Large Amplitude Ship Roll Damp- in Regular Waves”, Conference proceed-
ing”, Proceedings of the 11th International  ings, the Japan Society of Naval Architects
Ship Stability Workshop, pp.217-224. and Ocean Engineers, Vol.8, pp.361-364.



7.5-02
-07-04.5
Page 310f 33

- ITTC — Recommended
I I Ii Procedures and Guidelines

INTERNATIONAL
TOWING TANK
CONFERENCE

Numerical Estimation of Roll Damping

Effective Date | Revision
2011 00

Himeno Y., 1981, “Prediction of Ship Roll

Damping- State of the Art”, The University
of Michigan College of Engineering,
No0.239

Hughes G., 1954, “Friction and Form Resis-

lkeda Y., Himeno Y., Tanaka N.,
“Com-ponents of Roll Damping of Ship at

1978c,

For-ward Speed”, Report of Department of
Na-val Architecture University of Osaka
Pre-fecture, No.404.

tance in Turbulent Flow, and a Proposedlkeda Y., Himeno Y., Tanaka N., 1978d, “A

Formulation for use in model and Ship Cor-
relation, TINA.

Idle G., Baker G.S., 1912, TINA. 54, p.103.

Roll Damping Force of Ship: Effects of

Friction of Hull and Normal Force of Bilge

Keels”, Journal of the Kansai Society of
Naval Architects, Japan, Vol.161, pp.41-49
(in Japanese).

Eddy Making Component of Roll Damping
Force on Naked Hull”, Journal of the Soci-
ety of Naval Architects of Japan, Vol.142,
pp.54-64 (in Japanese).

1977b, “On Roll Damping Force of Ship -
Effects of Hull Surface Pressure Created by
Bilge Keels” Journal of the Kansai Society
of Naval Architects, Vol. 165, pp.31-40 (in
Japanese).

Prediction Method for Ship Roll Damping”,
Report of Department of Naval Architec-
ture University of Osaka Prefecture, No.
00405.

lkeda Y., Himeno Y., Tanaka N., 1976, “On |keda Y., Komatsu K., Himeno Y., Tanaka N.,

1979, “On Roll Damping Force of Ship -
Effects of Hull Surface Pressure Created by
Bilge Keels”, Report of Department of Na-
val Architecture University of Osaka Pre-
fecture, No. 00402.

lkeda Y., Himeno Y., Tanaka N., 1977a, “On |keda Y., Umeda N., 1990, “A Prediction

Method of Roll Damping of a Hardchine
Boat at Zero Forward Speed”, Journal of
the Kansai Society of Naval Architects,
Vol.213, pp.57-62 (in Japanese).

lkeda Y., Komatsu K., Himeno Y., Tanaka N., |keda Y., Fujiwara T., Katayama T., 1993,

“Roll damping of a sharp cornered barge
and roll control by a new-type stabilizer”,
Proceedings of 3rd International Society of
Offshore and Polar Engineers Conference,
vol. 3, Singapore, pp. 634-639

lkeda Y., Himeno Y., Tanaka N., 1978a, |keda Y., Katayama T., Hasegawa Y., Segawa

“Com-ponents of Roll Damping of Ship at
For-ward Speed”, Journal of the Society of
Na-val Architects of Japan, Vol.143,
pp.113-125 (in Japanese)

M., 1994, “Roll Damping of High Speed
Slender Vessels”, Journal of the Kansai So-
ciety of Naval Architects, Vol. 222, pp.73-
81 (in Japanese).

lkeda Y., Himeno Y., Tanaka N., 1978b, “On |keda Y., Katayama T., 2000, “Roll Damping

Eddy Making Component of Roll Damping
Force on Naked Hull”, Report of Depart-
ment of Naval Architecture University of
Osaka Prefecture, No. 00403.

Prediction Method for a High-Speed Plan-
ing Craft”, Proc. of the 7th International
Conf. on Stability of Ship and Ocean Vehi-
cles, B, pp.532-541.



: ITTC — Recommended 3%56(3125
I I Ii Procedures and Guidelines Page 32f 33
INTERNATIONAL Effective Date | Revision

TOWING TANK Numerical Estimation of Roll Damping 2011 00

Ikeda Y., Kawahara Y., 2008, “A Proposal of Ohkusu M., 1970, “On the Motion of Multihull
Guidance to the Master of a Damaged Pas- Ship in Wave”, Transactions of the west-
senger Ship for Deciding to Return to Port”, Japan Society of Naval Architects, Vol.40,
Journal of the Japan Society of Naval Ar- pp.19-47 (in Japanese).

chitects and Ocean Engineers, Vol.7,
pp.115-122 (in Japanese). Standing R.G., 1991, “Prediction of viscous

roll damping and response of transportation
JSRA (Japan Shipbuilding Research Associa- barges in waves”, Proceedings, 1st Interna-
tion), 1977, Reports of Committee SR 161, tional Society of Offshore and Polar Engi-
no 27 (in Japanese). neers Conference, vol.3. August, Edin-
burgh
Kaplan P., 1966, "Nonlinear Theory of Ship )
Roll Motion in a Random Seaway," Webb Takaki M., Tasai F., 1973, “On the Hydrody-
institute of Naval Architects., Lecture namic Derivative Coefficients of the Equa-
Notes. tions for Lateral Motions of Ships,” Trans-
actions of the west-Japan Society of Naval
Katayama T., Fujimoto M., Ikeda Y., 2007, “A Architects, vol. 46 (in Japanese).
Study on Transverse Stability Loss of Plan-
ing craft at Super High Forward Speed”, In- Tamiya S., 1958, “On the Dynamical Effect of
ternational Shipbuilding Progress 54, I0S  Free Water Surface”, Journal of Zosen
Press, pp.365-377. Kyokai, Vol.103, pp.59-67 (in Japanese).

Katayama T., Taniguchi T., 2008, “A Study on Tamiya S., Komura T., 1972, “Topics on Ship
Viscous Effects of Roll Damping for Multi- Rolling Characteristics with Advance
Hull High-Speed Craft”, Journal of the Ja- Speed”, Journal of the Society of Naval Ar-
pan Society of Naval Architects and Ocean  chitects of Japan, Vol.132, pp.159-168 (in
Engineers, Vol.8, pp.147-154 (in Japanese). Japanese).

Katayama T., Kotaki M., Katsui T., Matsuda Tanaka N., lkeda Y., 1985, “Study on Roll
A., 2009, “A Study on Roll Motion Estima- Characteristics of Small Fishing Vessel :
tion of Fishing Vessels with Water on Part 4 Effect of Skeg and Hard-chine on
Deck”, Journal of the Japan Society of Na-  Roll Damping”, Journal of the Kansai So-
val Ar-chitects and Ocean Engineers, Vol.9, ciety of Naval Architects, Vol.196, pp.31-
pp.115-125 (in Japanese). 37 (in Japanese).

Kato H., 1958, “On the Frictional Resistance to Tasai F., 1965 "Equation of Ship Roll Motion,"
the Rolling of Ships,” Journal of Zosen Research Institute for Applied Mechanics,
Kyokai, Vol.102, pp.115-122 (in Japanese). Kyushu University, Report No.25 (in Japa-

nese).

Lewison G.R.G., 1976, “Optimum Design of )

Passive Roll Stabilizer Tanks,” The Naval Motora S., 1964, “Theory of Ship Motion,”
Architect. Kyoritsu Shuppan Book Co. (in Japanese).



: ITTC — Recommended 3%56?125
I I Ii Procedures and Guidelines Page 33f 33

. . . . Effective Date | Revision
Townc ane | Numerical Estimation of Roll Damping 2011 00
CONFERENCE
Yamanouchi Y., 1969 “An Application of ear Damping and Restoration," Jour. Ship
Multi-Spectrum Analysis to Ship Re- Research.

sponses and Treatment of Nonlinear Re- _ _
sponse,” Journal of the Society of Naval Watanabe Y, 1930, “On the Design of Anti-

Architects Japan, Vol. 125. rolling Tanks”, Journal of Zosen Kiokai,
the Society of Naval Architects of Japan,
Yamashita S., Katagiri T., 1980, “The results  Vol.46, pp125-153 (in Japanese).
of a systematic series of tests on rolling mo-
tion of a box-shaped floating structure of Watanabe Y, 1943, “On the Design of frahm
shallow draught”, Transactions of West Ja-  type Anti rolling Tank”, Bulletin of Zosen

pan Society of Naval architects, Vol.60, Kiokai, the Society of Naval Architects of
pp.77-86. Japan, Vol.258, pp251-255(in Japanese).

Vassilopoulos L., 1971 "Ship Rolling at Zero
Speed in Random Beam Seas with Nonlin-



