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Summary

Two-dimensional values of the hydrodynamic force and moment prod-
uced by swaying and rolling oscillation on the surface of a fluid were
exactly calculated for cylinders with Lewis-form section.

Added mass coefficient K, progressive wave height ratio 4, the inertia
coefficient of moment K, and the coefficient of the damping moment ag,
of swaying oscillation, and also the coefficient of added moment of inertia
Kor, wave height ratio 4, the coefficients of swaying force Kgs, rs of
rolling oscillation are shown in several tables and figures.

Introduction

When a cylinder floating on the surface of a fluid oscillates horizontally

(swaying oscillation) it suffers hydrodynamic force. This force is approximately
resolved into two components : 1) the added inertia force in phase with the horizontal
acceleration and 2) damping force in phase with the velocity.
swaying oscillation of cylinders, since the motion of the fluid is not symmetrical
the abovementioned force generally does not act upon the center of gravity of
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92 F. TASAI

the cylinder, so that rolling moment will be produced. This moment becomes the
coupled moment by swaying in the coupling motion between swaying and rolling.

These hydrodynamic force and moment are generally the function of frequency.
O. Grim [1] calculated the force and moment 'two-dimensionally on the three
elliptic cylinders. Then he showed graphically the .added mass and progressive
wave height ratio as the function of ¢ B'=%2§, where  is the circular frequency
of swaying oscillation and B is breadth of the cylinder at the free surface.

O. Grim [2] has dealt with the added mass, rolling moment and progressive
wave height of cylinders with Lewis-form section in the neighbourhood of w—0.
On the other hand, making use of several model ships S. MOTORA [3] measured
the added mass and added moment of inertia of swaying and yawing motion in
case of w—>oo. But the above-mentioned data will not be sufficient for calculating
the added mass, added moment of inertia and damping force of swaying and
yawing oscillation of a ship, by the strip method for examplée, as a function of
frequency.

The author treated of the added mass and damping force of heaving oscilla-
tion of cylinders with Lewis-form section in [4].

In this paper, two-dimensional values of the added mass, progressive wave
height ratio and rolling moment produced by swaying oscillation of cylinders with
Lewis-form section were exactly calculated, applying above method.

The problem with respect to the hydrodynamic force and moment of a
cylinder rolling about the origin 0 could be dealt with in the same manner as
done for swaying, and then the two-dimensional values of added mass moment of
inertia, wave-making damping and swaying force produced by rolling motion
were also obtained.

Making use of the hydrodynamic force and moments created by swaying and
rolling motion of the cylinder we are able to discuss the coupled oscillation
between swaying and rolling motion of the cylinder.

I. Swaying oscillation '

1.1. Progressive wave height
In Fig. 1 let us take Cartesian coordinates with its x-axis taken . horizontally

Z- plane S -plane
LB
2
= = = o =
I [o] . T x = T X -
T (]
| L y A
P I

Fig. 1.
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on a still water surface and its y-axis vertically downwards and the mean position
of the axis of the cylinder at the origin. It is assumed that the depth of water is
infinite, the fluid is invicid, incompressible and the fluid motion irrotational.
Suppose now that the cylinder oscillates horizontally with a small displacement
xg=38 cos(wt+e¢) and velocity U=—So sin(wt+¢). As the cylinder is infinitely
long the motion of the water will be two-dimensional. The motion of the fluid
is not symmetrical about y-axis and then the velocity potential has the following
relation ; S
| B(x, )= —4(—x,7). )
Linearised free surface condition is expressed as follows:

_¢+—_0 at (y 0, x> ) ' @

The boundary condition on the surface of the cylmder is given by the next

equatlon _ .
(50)=1(3) ®

where v is the outward normal of the cylinder surface.

As the amplitude of swaying oscillation is infinitesimally small the equation
(3) holds, to the first order, at the rest position.

In this paper calculation was performed on the Lewis-form section which can
be derived from the unit circle in the <-plane by the transformation

z-M(c+3+%) @
where z=x+1iy, B | |
c=ie%e~ 1, - 2(1 +a; Ti'aa)'

Putting =0 in the equation (4) the contour of the Lewis-form is expressed
as follows:
Xo=M{(1+a;)sin 6—as sin 36},
‘ &)
Yo=M{(1—ay)cos §+as cos 36}.

In consequence of the transformation (4), free surface condition reduces to

fB-qs(““““l‘f:;f;ae_s“)q: %o (9=13). 6)

Using the stream function ¥ the boundary condition on the surface of the
cylinder reduccs to

—0oy ox L )
a0 ),,_0= v (m .~ UMi(l—a)sin6+3asin36}. (D)

Therefore we obtain ' ' o
Y (0)a==UM §(1—ayr) cos 6 -+as cos 30§ +C(2), S (®)

where C(¢) is a function of the time only.

We take following sets of velocity potentials which satisfy g q; + qu; 0, ¢(a,0)
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94 F. TASAI

=—¢(a, —0) and the free surface condition (6).

—-Cm+2)w
sin2mo+4¢ " sin(2m-+2)6

Bom [e <2’"+1>“sm(2m+1)0+ m{ezm s
-—in%e'”'"“’“sin(2m+4)0}:{:i°ns$; (m=1,2, 3-e). )

Then the sets of conjugate stream functioné are expressed as f0116WS:

Vom== [e"(z'"“’“cos(Zmﬂ— 1o— ﬁiﬁk_@,{eZm cos 2mf + ‘%cos(zm+z)e
—'2_531%16—(2““)%03(2"1+4)0}]gionsa(j’tt (m=1,2, 3.0, (10)

These sets of functions tend to zero as « tends to infinity., As a stream
function representing such a train of waves at infinity we adopt ‘the function of
a two-dimensional horizontal doublet at the origin. This stream function is given
by the following equations:

W:%[WC(K, x,y)cos ot +¥5(K, x, y)sin ot] an
¥ o=ne~%v cos Kx
Ky k cos ky—K sin ky y (12)
— K3 — kx _——
¥s= +re~%¥ sin Kx Jo T IETRE ek dk S ECESD)

where K=w?/g and 7 is wave amplitude at infinity, and in equ. (12) the upper
sign is for x>0 and the lower one for x<0.

Then we consider ¥ which satisfies the basic conditions in addition to the
horizontal and vertical velocity being continuous at x=0 and y>T and that it
has a simple sine progressive wave at infinity.

Suppose the stream function expressed as follows:

(S"l‘) ¥ =[qfc(53, a, 6)cos wt+¥ (&g, a, 0)sin cot:l

&7
+cos wti Pyn(& )[e'(2m+‘)“cos(2m+ 16— —ﬁ;—{e_2mwcos 2mo
m=1 EAR 14+a;+as! 2m
—(2m+2)a -@m+o)a
@%rn—iz—cos(2m+2)0— %cos(2m+4)0]
+sin wt 21 Q2m(53)[ " " " " ] 13)

where ¥, ¥'s have the sign given in ‘the equation (12) according to x=0.
Putting =0 and using the condition in eq. (8) following equation is obtained.

(?ﬂj)wg‘g) =¥ o(Ep, 0)cos ot +¥ (£, 0)sin ot

+cos wt§1P2m(5B)[~cos(2m+ 16— I §f+ag {co;;mol L4 co;’(n2_’n_1;—2)0 —
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__3aycos(2m +4)0H
2m-+-4
. e _ ¢p cos2mf | a; cos(2m+2)0
+sin o)tElem(Ea)[—cos(Zm+l)0 1+a1+a3{ 5+ T
__3as cos(2m+4)6}]
_ 2m+4
=(%)UM{(1—al)cos 0 +as cos 30} +C(0), (14)

where ¥y and ¥g are the values at a=0.
Putting 0=—§— we obtain the C(#). Then substituting this equation of C(#) in
(14) we have

[Faaen 0)—F €5, 5) | cos or-+[ FsaCen, 0)~F (€1, 5) ]sin ot

+cos ot 'sz(EB)[—-cos(Zm-l— 16— £ {cos 2mg |, a cos(2m+2)0
m=1

1—|—a1+a3 2m 2m-+2
_ 3a3 COS(m2+4)9} . _57:(‘—‘1)"“'1(_1_ . a _ 3(13 >]
2m+4 Il+a;+as \2m 2m+2 2m+4
. ki _ _ &g cos 2mf | a;cos(2m+2)0
+sinwf 3] Qo (€ )] —c08(2m+1)0— — +a3{ S+ e
_3a, cos(2m+4)ﬁ}__ ——-EB(—I)'"“(l__ a _  3a )]
2m-+4 1+a,+as \2m 2m-+2 2m+4

=(§> UM({(1—ay) cos 6 +as cos 34, (15)
The right side of the equation (15) can be expressed as follows :

<Z—:> UM §(1—ay) cos 6 +as cos 36} =h(8)§ Py cos wt+ Qg sin w1} (16)

where

h(0) = f(1—ay) cos 6 +a; cos 36} ’
1+a,+as

an
Py= f:s Egsine, Qp=— %Stfgcos e
‘ Substituting (16) into (15) we get the following equation
Yw(és 5)—wco<53, %) == iﬂfm(e) *Pom,
. g (18)

Po(am )~ ¥ so(En, 5) = 3 fin(0)- Oom
where  f,(6) =h(6)

and fz"‘g) —cos(2m+1)0+ ép {cos 2mb  ay cos(2m+2)0_3agcos(2m+4)0}
m

1+a+a; 2m 2m-+-2 2m+-4
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96 F. TASAI

Ep(— 1)’"“{ a 3as } (19)

1+a,+tas 2m 2m+2 2m+4

Assuming that the series of (18) converges uniformly 'in the range of «>0,

2<0 E and performing the numerical calculation by the same method as done

for heavmg [4] we can determine the Pip gnd Qom.
Using P, and Qo, the amplitude ratio A is given by the following equation:

o £
A=2" . 8B 20
TV PR+ 02+ Qo . ‘ ( )
In the case of the circular cylinder, when &5 is very small P, tends to zero
and Q, to gl—respectively. Therefore it is resulted into A—zéz2 N ¢A))
B

1.2. Added mass

In the next place, the velocity: potent1a1 corresponding to the equatxon (13)
is given as follows:

<g7>¢ Do(Ep, a, 0)cos ot +Ds(ép, a, 0) sin ot

4: e—2ma:
@m+1) 5
+cos thsz(fB)[e m “51n(2m+1)0+1+a +a{ 2 —s8in 2mf
—(2m+2) ~(2m+4)
G sin(2m+2)0— % sin(2m-+4)0} ]
£x)[ e-mtvasin2m -+ 1)0+— 2 (€ " G omp
+smwt2 O2n(€p)| e~ sin(2m+1) +1—+—m{ o sin 2m
aje-@mihe | —3a3e.—(2m+4)m. . ) ‘-
+ g sin@m+2)0— BT sin(2m-+4)0 j (22)
where :
Op=—ne~Xvsin Kx
Os= e XVcos KxF K cos ky-+ksin ky e¥krdk -+ X } 23)
s , K+ K? K(x®+y%)

in which the upper sign is for x>0 and the lower one for x<0. Hydrodynamic
pressure on the surface of the cylinder can be calculated by the linearised equation

Then the hydrodynamic force per unit length acting on the cylinder in the
direction of x-axis is found by integrating the horizontal component of the
hydrodynamic pressure on the surface of the cylinder, and the force becomes

=pB(5;l7) [Ny sin of— M, cos of] Q4

provided that
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)2 .
_ (1—aysinf+3assin3 ,,  3a3 =
No= fo Pco(¢5, s, a3, 0) (1+ai+as) i 1+a,+as ah

kel Ep(—1)m! 1 a 3a
= 5P (a1~ G y=1 ~ @by -

S

—1 303
+3ar{grg Gmr—9 (2m+4)2—9}:| ' @5

M, is obtained by converting @¢ into Og and Py, into Q:, in eq. (25).

D, Dy are the values of O P at ¢ =0, and p is the density of water.

The hydrodynamic force F, is resolved into components in phase with the
acceleration. and with the. horizontal velocity.

The added mass My is the ratio of the hydrodynamic force in phase with
the acceleration to.the acceleration,

where T is the draught and Hy= 2%, .
The added mass in case of w—oo is given by Landweber [5]
’ _200 .12 O 16 as 2
My(o—>o0)= 2 Cy-T%, Com{ 14+ (=)' . @n
Therefore the coefficient of added mass K,(w—>o0) becomes

K;(w—o0) = Mi_(‘”:‘?;) 4 Cs. (28)

zper2

Expressing the coefficient in the ratio of added mass to the sectional area S,
we obtain

Ms(o—ee)  Ce
0S5 T zHy " 29)

According to Mj for a certain @ in eq. (26), we have K, and Kj:
_4 g o NoPo+MoQo
KI—EHO P+ Qg

_ Hy NoPo+MoQo
o P02+Q02 ST

Ks(w—>00) =

(30)
Ks

o is the area coefficient, namely, a=g—;, .

In the case of w—0, that is, when the period of swaying oscillation is
extremely long the free surface reduces to the similar boundary as that of the
fixed wall.

Then the added mass is, as is well known, given by the following formula:
(1—a;)%+3ay? 3D

1
Ms(0=0) =5 051°Co Co=" gy any® *

1.3, Rolling moment
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98 F. TASAI

In the case of swaying oscillation, the symbols of the hydrodynamic pressure
which act upon the right and left sides of the cylinder differ from each other,
so that the rolling moment is generally produced outside of F,. !

Letting Mz denote the rolling moment about origin 0, we have

2
My = angﬂ [ Xpsin wf— Y5 cos wf] (32)
where
P Dos(E s, ar, as, )
= 2o\ By @1, &3, V] i — i
XR—L (ai+as)? §a,(1+ay)sin 26 —2as sin 46} do
2ép(@Pr—asPy) | 2 Pon(En) (=™ ( 2a1(1+a5) 8as
T 81 +a tay? P} (1+a;+as)* {(2m+1)2—4+(2m+1)2—16}' 33)

Yr can be obtained by converting @y into @5 and Py, into Qqn.

My is resolved into two components in phase with the acceleration and velocity
of swaying. A

That is,

2
MM = 50) i

In the above equation, the first term is the inertia moment and the second is
the damping moment produced by swaying oscillation.

Both are the coupled terms in the coupled oscillation between swaying and
rolling oscillation of a cylinder. ‘ ‘

Put .
Mgp= Mslg,= MsKs,T . G4
Then the ratio of the lever Is, to the draught leads to
__LSqa_ PoXp+ QYR
Ksp= T‘—2H°(N0P0+M0Qo)' 39

In the next place we have
oB*0(PyYp— QoXr
Nisp= 2 2 .
2\ P2+Qy
On the other hand, the two-dimensional wave-making damping force per unit
length of a cylinder and unit swaying velocity, that is, the coefficient of linear
wave-making damping of swaying Ny becomes as follows:

2 __
NS= %ga A2 .
Putting now
‘ Ns¢=NsTaS¢ (36)
4H, .
we have Agp= —n—z——(Po Yz— Q()XR). (37)

As mentioned above, the calculating method for Lewis-form section was
given, and it may also be extended for the section of n-parameter family as given
in case of heaving [6]. '
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1.4. Results of calculation

In the equation (24), the component in phase with ks is

_ &7 NoQo—M,Py
Fo=eB( ) R

The rate of work done by the above force per unit time leads to

(Po cos wt+ Qp sin wf). (38)

2,2
eI (NeQo— M, Py)

7w
which equals the energy transmitted from both sides of the cylinder per unit

292
time, that is, %-3%7]— Accordingly the following relation is given,

NoQo——MgP(): %7[2. ' (39)
Ellipse
A-M s )
K= Tonr | :
l =0. ‘ =0
/ | Ho 02‘, P _I_ {"{o rA

N\ —+Ho=0.4 7 Ho=0.2 'J
s [ Zirrs
N —l_ | 3 | /1
| e

— Ho=I.O|— 7

|
NP 7 °=73
I\\'\ ‘» //i/i_——HOJI.O
i Ho=1.5 ‘11\‘\\ A _/(/{_

\ d HO=,'5
9-8- _ LN
1 KA X '
0.6 ~ ]— / — \\\ \<
! v/ 7] N .
N/ N Ky(w-00)= 2,
0.4} [ ‘ | \\ - X 7T
5 ) ] |
o2k 74 Values by Grim!(Ho =].0) \$_
: ) ‘ |
i Ef’;"T
O i |' L L L |

02 04 08 08 10 12 1415
Fig. 2,
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100 F. TASAI

The relation was used to check the computation. Making use: of the same
method as done in the heaving oscillation by F. Ursell [7] we can prove the
uniform convergence of the infinite series on the right-hand side of equation
(18). ‘ )

To obtain the coefficients Pun, Qom; it should be solved using an infinite
number of equations in an infinite number of unknowns. As a practical problem,
the system of equations was replaced by a system invelving only six polynomials
fom(8) as done in the case of the heaving [4].

- In this paper, calculations were carried out for fourteen sections of Lewis-form.
The error was less than 2% in the case of Hy=0.2 and 1% in the other sections.
In Fig. 2, K, and A for five elliptic sections, H, of which respectively equals

2 .
0.2, 04, 2/2, 1.0 and 1.5 are given as a function of E,;=%T, and the dotted

line is the result by O. Grim [1]. Though he also calculated for other two elliptic
sections, Hy=2/3 and H,=1.5, we find a little error in the neighbourhood of the
maximum value. ’

Recently O. Grim and K. Tamura calculated again and obtained these values
for Lewis-form sections "(unpublished). )

As seen in Fig. 2, the maximum of K, and the &; corresponding to the
maximum increase with the decrease of H.

In a small &5, A is larger in a section with larger H,, but this tendency
reverses with the increase of &,

“'SF I Ho=l'5
-/\'

e \ 0---0=0.7854
, / \ a--0-=0.9469
I / \ =
12p—HTm ]

_ NIA A A
| \ \ //

N \/ !

Qs8t - >\///
0.6t

&
|
BN
7]

7
L

o /TN, ==
| /i

0.2r 7/ 2

JLSI
)
fx

0.2 0.4 0.6 0.8 1.0 1.2
Fig. 3.
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Generally speaking, with respect to the K, and A of swaying oscillation the
variation with Hj is smaller than that of the heaving for the same magnitude of
a.

In Fig. 2, 4 of Hy=0 is the one for the flat plate (See appendix). The effect
of the area coefficient ¢ in each H, is shown in.the Figures 3 to 7.

As clearly seen in these figures, K, for fuller sections are larger than the
ones for fine sections till {,==0.6 and then the matters are adverse with increasing
of £, And also the fuller the section is, the larger A4 becomes.

Results of the calculation are also given in Table 1-1 to 1-5. O. Grim [2]

— 2
has given the A in the case of EB=%§ tending to 0 by the following equation

“_ n(l-—al) ‘2 .
A———---—-—(1+a1+a3)2€3 . (40)

Rewriting the above equation as a function of &4

a;r He=0.2 L1
o4 P T —
0.3. Hol’z/z—____'_,.—-—
o.2f
o’. r L — ]
) —0 HellO7 | /
5T Tos ] [ 07708 | 95 | 1.0
oz L1 | A // |
s Ho=l.25——/ //._m
06l Kso(w-0) Ho=l.57%l //
08l LA /]

-10} Ho=2:0 /
. /

N

Fig. 8.
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: — 1—a
we have A= (1”_(_a1+;)8)25 2 , (41)

The equation (41).gives a good approximate value till {2=0.2~0.3. A formula
of K, in the case of ¢;—0 is also given by O. Grim [2]. :

6111(1 a1)+4as a1a3+§a3}+%a3-—17—2a32
Ksp=""7F ;~37c' ' {(1—a1)2+3a32}(1—al+a3) ' - (42)

It is shown in Fig. 8. Kg, for £4=0 shown in Table 1 are that which were
obtained from (42).

With regards to the Ks,, as, of two elliptic sections with Ho=2/3 and L5,
O. Grim gave his calculated values in Bild. 31 of [1], which are in good
agreement with the present ones. Ks, «s, for full and fine sections are also
shown in Fig. 9 and 10. o ’
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o™ = 2)
04
osr\i T | He-Z(r-a9463)
Py ____Herl-0(0«09404)
P B e O O
o Eu
o ol o2 04 06 08 [0 15
(1 1 1 Ut 77 T 1
od - T T Tr——l_| Hetbt0=09489)
-o03f t | T
o0.4h Ho»0.2(0=0.9252)
N T .
a3[~ [ T T T——  |He=2(00-09463)
02} |_|Hespote-a9a04)
dsg 0.1} | [ I 1
.__.gd
0 M T L T T T
l IS 04 as o8 1.0
i : I 5
-0 T IH--15(0'-0.94619)_J__—1
-as_ i J

Fig. 9.

In this paper, calculations were carried out in the range of £4<<1.0 except
for the circular section. From these calculations it was found that the variation
of Kg,, s, With £, is generally small, and that in the elliptic sections and in
the ones with samll H, the value of K5, nearly equals ase.



Table I-1 Table 1-2
. Ho = I- O Ho= I5
>—|Eal 0 lo1 |02 |o4 [06 |10 [15 [ 20] o 1 0 10204 |06 [10 15 | o0
~ A 0 |0026/0.099|0332|0574|0857 U 0 (0133|0267| 0.4 |0667 1.0 | oo
6295 |Kx[0851 [0950]-024]0964 [o768l0456 0423 A| 0 looe7|o234/0431|0.746
25 [ .sFoo0gal-oo9g-0103 0101 o101 Fol02 K| 1.0 |1.208]1.210]1.025|0.609 0405
Bse o132[0l146Fola8fo.152[-0163 0.7854 [ L0530/-0535/-0530/-0524-0556
' A] 0 0032[0.123[0.417]|0.686/1.056]1.3651.605 Lo -0528-0515F0501 [-0486
07854 [ T1.0 (1163 |1.248[1141 |0.813]0352 [0222]0.183 [0405 A| 0 [0086]0.308[0.564]0926(1.201
A | 0_[0038[0.159 [0540(0.865]1.231 09460 [K=]1355 [ L673]1.668[1.333 [0570[0239]0.446
09404l |-272( 13931677 |1.407 0777|0197 oa3z|® Ks4-0.35 Foi53]-0.142F0.140l0486 F0.276)
Ksel0.178 0162 10174 [0.174 [0480 [0.191 st o2 1olols5 o1l Forz8Fo.110
sy 0151 o163 loi7o]oi79 o184
Table 1-3 Table I-4
Ho= 2/3 Ho-‘- 04
Z,] 0 |005] 0.1 ] 02 |04 |0.6 ] oo B, 0 ]005]/0.1 [02]03 04 | o0
o \JE4d 0 [o075[0.15 | 03 |06 | 09 | oo ¢ \UB4| 0 lo425[025]| 05 [0.75] 1.0 | o0
Al 0 0.050|0.194]0.581 [0.911 Z| o loo3i|ol22]0459]0.797
o.6230|K2|0-871 1.001 {1100 |0857|0562|0418 06323 [Kx|0907[0.9981.055[1.015|0.714 0.411
, Ks9l0.196 0.217 [o.208lo219]0220 Ksda343l0.324 [0.289(0.275(0.254
e 0.180[0.174 |0.163 0160 A5y 0321 |0274]0259[0237
A o looi5|0.060[0236(0705]1-029 2| 0 |0.036]|0.150[0575 1.149 ,
~ kx| 1.0 _[Lo88l1.196]1.287]|0892[0458/0.405 Ke| 1.0 |1.137]1.272]1i85 0350]0405
07854, Toz36lo234[0231 02260217 0215 078541, [0364|0.377]0.358|0.327 0.290
lAse 0.233]0231 |0.225 0210 0202 A5 0365|0.344|0311 0270
al o 0.073|0.28410835|1.157 A] 0 Joosi|oizslossl 1.315
kL2219 1.478|1.539]|0867|0304(0.424 {K<[IT371.289]1.498]1.271 0230|0413
09463 ik 10.323 0.309|0305[0321[0309 0.93771,,|0.367|0373]0362[0342 0331} _
sol- 03000.304|0295[0298 59 0382|0369 0342 0.330
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0.5
—He=0.2 (0+0.6440)
0.4 — 77
P [
0.3 { He=0.4 (7+0.6323)
I [ : *[-f ° |
02 =
Ksp \—te-Z (#-06230)
o.1 g‘
0 l——r— r . : r
o102 o4 | o6 | os | )
-0.1 : : :
{ [ I l \:—H.'-I.o(v-o.szss)
-0.2 S
/—Hes0.2(0'=0.6440)
04T T .
0.3t —] 0=04(0=0.6323)
2
o2k —g-/—m--g (0r=0.6230)
dsp gt L 1 [ T 1 . |
o
|
0—didz | o4 06 | o8 1’0o
0lF— i E E He1.0(0+0 6295)
-0.2} le [ | 1 1
Fig. 10.
Table I-5
Ho=0.2

Esl 0 |oo5]| 01 Jois ]| oo
a Es| 0 |025] 05 |[075] eo
Al 0 |0.126]0537|0949
0.6440\K=10946{1.223]1.298/0811 {0407
Ks2|0401|0351 [0.356|0343
Asp 0.342|0.337[0317
A| 0 loi35l0606|1.050
0.7854 |Kx| 1.0 |1:350|1.390/0.760/0.405
K:0|0.407]0.383 10356 [0.343
A sp 0.374/0.343|0325
Al o |ois5]o661]1.122
0.9252|Kx|1.067|1.454 [1.430/06600407
Kspl041510.399/0.373]0347
A s 0.390/036010.333

II. Rolling oscillation
2.1. Progressive wave height

In the case of rolling motion, suppose now that a cylinder performs rolling
oscillation about the origin 0 with a small angular displacement 6= 0, cos(w?-+7)
and velocity 0= —08yw sin(wf+7r) in the clockwise direction (See Fig. 11).

The fluid motion, in this case, is quite similar to the swaying oscillation, and
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-
-~
¥

/
S_ /
S~ _/

Y
Fig. 11.

equation (1) holds of course on the velocity potential ¢ in the rolling. The
boundary condition on the surface of the cylinder is given by the following

equation
(50)=r(@)as
accordingly .
-G)-@benl, ®

where ¢ is the velocity potential and v the stream function of the fluid in rolling
motion respectively.
Therefore on the surface of the cylinder we obtain

v=—3 () 0. @

By the similar way as done for swaying oscillation we obtain the following
equation which corresponds to (14):

(22)4:(0) =¥ er(é, 63008 01+ ¥ (e, O)sim ot
81/ a=0

&p {cos 2my

+cos wtmE=lem|:—c0s(2m+ 1)0_1+a1+a3 o

4 acos@m+2)6 _ 3a 005(2’"'*‘4)0}]
2m+2 2m+4
L - ép  (cos2ml
1 — [
+simn "’tmél sz[ cos(2m+1)0 1+a;-+as { 2m

a;cos(2m+2)6  3as cos(2m+4)ﬁ}]

T m2 2m+4
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——(22)3 (%) G+ +C) (45)

in which ¥ and Z5 are the same ones as given in (11) and (12), and 7 is of
course the amplitude of progressive wave.
By some reduction, the right-hand side of the equation (45) becomes

nE‘:]hr cu(@)sin(wt+7)+C@)
where h,=B0,[2
and 2(0)=[(1+a®+as*)—2a1(1+as)cos 20 +2a;3 cos 401 / (1-+a,+as)> (46)

Putting 0=7—2[ in the equation (45) and eliminating the constant C(¢) we

obtain the following equation :

({yfco(fg, 6) —9’00(63,%)} +7§:31P2ml__—cos(2m+ 1Ho— 1 +aE1H+a3{c_os 2md

2m
O e e n o — 22— )] Jeos 1
+’<{yfs@(53, o)—wso<fg, g)} + élem[:——cos(Zm+ N ‘fl 5| °°3231’""
= c02s’512_r;12+ SR cozsﬁ'fm} ii;}r)ﬂm T 23?4)])“““”

m'e" he§n(0) —13sin(ot+7). “n

Put 4(0)—1=¢(0).
Then the right-hand side of the equation (47) reduces to
g(0)$P; cos wt+ Qy sin wt},
where ' (48)

P,= ”—;fh,sin 7, Qo= ”2{':78 hrcos 7

Finally, we' obtain

gI/.CO(EB, 0) _“I.CO <5B, %) :"20112171. 'f2m(0)
} (49)
Yso(és 0)— W,w(fs, %) =m§0 Qomfom(6)

provided that
fo=g() =u(6)—1

¢n {cos 2mf) | ajcos(2m-+2)0  3a, cos(2m+4)0}

{:m:cos(zm—l—l)ﬁ—% Fatal 2m 3 o
53(—-1)"‘“(_1‘ a 3as >
* 1+a+as \2m~ 2m+2~ 2m+4)" (50)

From the equation (49)
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VAT O =5 .
Therefore we have
— '3 B .
A=1__ T8
‘ ?’ 21/P02 + Qo - (51)

When the values of P, and Q, are obtained by solving the equation (49)
the progressive wave height created by the rolling motion 1s given, accordxngly
the amplitude ratio A is found as a function of ¢, or £,.

2.2. Added moment of inertia and swaying force

Hydrodynamic pressure on the surface of the cylinder is given as follows:

¢ (sin 2mo

pEN e .
p=—;—<[wm(fg, ﬂ) +mZ=}1P2,,.{sm(2m+l)t9+ m m

a sin(@m+2)0  3a;sin(2m-+4) 6)} ]sm wt

T 2m2 - Im+4
= v . 0
_[(Dse(fz, o) —E—m}_,;‘ngm {sm(Zm—i— Do+ : +§f+ = <st’2nm

a;sin(2m+2)0  3as Sin(2m+4>0>} :]cos wt> .02

T mya I 4

Hydrodynamic moment My in clockwise direction and hydrodynamic force
F,/ in the direction of —x are evaluated using the above pressure (52).
That is, .

/2
My=—2 f p( ‘3;" +»0 i,’;") do
o ' } (53)
R 4o
Fi/= 2[0 p(Sp)a0
These are rewritten :
2 ' ’
) M¢=—pgf7[XRsin wt— Yg cos wt]
' } (54

F/=—2 an [No sin wz— M, cos wf]

where Xg, Yz, Ny and M, are the same equations as were »used in the swaymg
Therefore added moment of inertia I, is :

pB* (QoY 5+ PoXr) e :
ER T e (55)

The component of moment in phase with 6 is
_QOX r—PoYp
P2+ Q2
By some reduction as done in the swaying we have the fc;lloWing relation
which were used to check the computation,

In=

! 2.,
(Qo sin wt-+Py cos wt) B%j . (56)
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2
P Yr—QoXp=Tg. 7

Letting N6 denote the linear wave-making damping which is proportional
to the rolling velocity, N leads to

P& 22 (B\?
Np= %A2<7) : (58)
2.3. Coefficient of added moment of mertla

Added moment of inertia in case of w—oo is given by Professor Kuma1 [8]
for the Lewis-form section, that is,

_,074:34 §a12(1+a3)2+2032§
Ipew= 16 . (1+a1+03)4 . (59)

For a ellipse it will be
o 2
16{<2> 7%} .

On the other hand, added moment of inertia in case of w—0 is obtalned by
0. Grim [2].

a, (1 +(l3>2+ 8 a1a3(1 +a3) + *—603 -J

_pn (B 128 .
IR°—§_<2> e (1—|—a1+a3)4 (60)

For a ellipse it will be
PL(BN_
T {(2 ) T }

and then we have the following relation for the elliptical sections
[Ro/I/{ee—'——lG/ﬂziFl.GZl.
Generally, for the Lewis form sections Lo Irce. (61)

4
Writing K,z the ratio of the added moment of inertia to 781,0 <g> and K,z
the ratio of that to g—pT" we obtain

a2 (1+ag)*+ a1a3(1+a3)+ 16 s

Kon(0=—0) —@ ¢! +a1 +az)t (62)
and
O s (63)
In general for a certain @
K,p=16. Qo¥r+PoXe
z PP+ 0 (64
Kor=K,p Hp*

2.4. Coefficient of swaying force

We resolve F, into two components, the one in phase with 6 and the other
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in phase with 6.
That is,

F/=Fas ‘%) +Nus(— %) (65)
t dt .
For the Fgs and Ngps we have
pB®  (QoMoy+PyNo)

= Trhiror
. . (66)
N P2B? - (0o Mo— QoNo) J
&S 8 P2+ Q¢
Put  Fps=1I./lps, Ips=KgsT. 67
From egs. (55) and (66), we get
_ PoXp+QoYr
Kns=2Ho (PoNo T QOMO) . (68)
In the next place putting
Ngsxl'gs=Ng, Ups=ags T (69)
we obtain
(7Y He
as5=(5) Bratooue) (70).

Accordingly, we can evaluate the coefficients of swaying force in rolling
oscillation by the following equations

I N,
FR,g= K,',»sht T and NRS = (XRSI-QT . (71)

In the case of w—0, Kgs is given by O. Grim [2], and it is as follows:
6 a12(1+a3)2+§a1a3(1+a3)+1—96a32:l

Kps=— rlai(1—ay) (1+as) +aias(1+a3) X0.6+as(1—a;) X0.8—1.714as%] (1—a;+as)
(72)
For a ellipse it reduces to
. 6 - a;
KI\‘S— - ; (1"—01)2 . (73)

The formula (73) is the same one as given by F. Ursell in [13]. 4(w—0)
given by O. Grim [2] is also

ai(1+as)+ gaa
(1 +a1+a3)3_

- 16

3 fﬂz . (74)

2.5. Numerical calculations

For the ten Lewis-form sections numerical calculations were carried out.

In Figures 12 to 14, A is shown as a function of &g

The coefficient of added moment of inertia K, is given in Figures 15 and
16. General tendency of K,r with respect to '¢; is quite similar to the one of
swaying oscillation,

Figures 17 to 19 show Kgs, aps.
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Generally speaking,

115

the values of Kps differ considerably from the azs. In

the case of Hy=0.2, however, the both values are fairly near.
Numerical results are also given in Tables 2-1 to 2-4.
Wave-making resistance of rolling motion of ships was investigated in detail

by Hishida [9]-[10].
wave problem to develo

First, the problem is dealt with as a two-dimensional
p an approximate solution of wave motion produced by

0.8} }
I A~
0.6} - TTRrs 262
- tO-EZ&""
oal S B e sl W2
T T —1T| 0=09463
02 ‘—l‘ap.7854
s [T e S S It AU U ¢:0.6230
O g gt eyt s i s sy "&'{"Li,n’*am“
1 - .gi 1 1 J 1 1 1
(o] O:l 02 0.3 04 0.5 0.6 07 + 08 0.9
—Kops
Ha=O.2 ---b("
0.6 &+09252
Pakiiw
IT — £=0.6440
0.4} e e i I = ("=0.7854
T T T \ \—l‘ro.s“o
\—t-0.9252
0.2+
By ’
‘, 1 1 i 1 1 1 1 1
o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08
Fig. 19.
Table 2-1 Ho=1-5
Es | © 02 | 04 | 06 .0 | oo
o Eqa| o |0.1333|02667| 04 |0.6667| oo
A 0 0.0229|0.0755|0.1398 |0.2321
54 K gy |1.2656 [1.4671 |1.3922(1.1527 [0.8120(0.7776
78
° Krs |-0.5967[-0.5832 |-0.5700[-0.5583|-0.6381
o rs -0.5122 {-04970 [-04864(-04650
A 0 0.0116|0.0347|0.0511 [0.0531
0.9469 Kot (14291 [1.4671|1.4286|1.3745|1.3279|1.3770
’ Krs |1.9441 {15056 |-.8390[-3.1599 |23.5290
Ars -0.2000-0.16 60[-0.1278{-0.0873
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rolling of a body floating on a water surface. Using the conformal transformation
he obtained the amplitude of two-dimensional progressive waves of various section
form representing ship’s section. _ i

Comparison between the amplitude ratio obtained by Hishida and the present
one will be performed in”the near future.

Table 2-2 Ho=1-0

s | O 0.l 0.2 0.4 0.6 1.0 o0
(12 4| O o.l 0.2 04 .06 .o oo
A o} 0.0136| 0.0476| 0.1102] 0.12 2]
0.6295 Kgr | 01574 0.1711 | 0.1700| 01600 _ 01088
Krs |-0.4906 -0.3896[-04218 [-0.4158
A rs -0.1396 |-0.1428 |-0.1967
A 0 0.0063|0.0260[0.0925|0.156 4
Ker |0.3513{03700| 0.4003[0.3815 | 03035 0.2432
09404 K s [o3s8s 03274 03326|03800| 04922
Ars 01630|01623|01704|0.1823
Table 2-3  Ho= 2/3
Es | © 0.05 | o.1 0.2 |04 | 06 oo
o Eal o 0.075|0.15 | 0.3 | 0.6 0.9 oo
A o) 0.0135|0.0519|0.1415 |0.1976
0.6230 Ko7 |02342 0.2795(0.2910|0.2548 |0.2218 |0.2070
Krs {0.3462 0.3461 |0.329] [0.3744|04585
Kas 0.1808(0.1718 |0.1568 |0.1427

A o 0.0053 [0.0207 |0.0793 |0.2260 (03173
K‘PT 0.2502]0.2711 (0.2871 |0.2988 |0.2106(0.1321 |0.1542

0.7854
Krs |0.2653[0.2613 |0.2584 |0.2541 [0.2623|0.3037
das |  |02324|0.2282|0.2208|0.2113 |0.2044
Al o 0.0347|0.1328|0.3895 |0.5297
0.9463 | Ker l0.5568 0.6427|0.6745 |0.4079]0.1928 [0.2127
| Krs l0-3526] 0.3436|0.3551 |0.4395|0.7409

A rs 0.31010.3100/0.3059|03034
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Table 2-4 Ho=0.2

Es | © 005 o1 |05 | o
N UZa[ 0 |o025| 05 |0.75 | o

A 0 |o.2481 |1.0142 |1.8705] .
o0.64a0 |Ker 07083 |0.8202|0.8200|05683 |0.4656

Kas [0.4627 (04348 04322 04664

Ars 0.394010.3836 (0.3756

A 0 |o2716(1.1451 |2.0000]|
0.7854 Ker [0-7498 |0.9400[0.9400|0.5380 |0.4624

Krs.|0-4584 {0.4430|0.445] (04772

A rs 0.3923 {0.38970.3803

A 0 |0-3369{1.3260]2.1645
09252 Ker [0850011.1098 [1:0019 |04838 |0.4890

Kas [0.4585 |0.4399|0.4428 05015 =

A s 0.4248 [0.4100[0.4022

II. Conclusions

Two-dimensional hydrodynamic force and moment produced by swaying and/or
rolling oscillation were calculated for the Lewis-form cylinders floating on the
surface of a fluid. We could gain the following conclusions within the limit
£:<<1.0 from the results mentioned above.

First, with respect to the swaying oscillation

(1) As regards K, and A the effect of the variation in Hj is smaller than

that of the coefficient of added mass and amplitude ratio in case of
the heaving.

(2) A, in case of the same Hy, of the fuller sections are larger than the

ones of the fine sections. This is opposite to the case of the heaving.

(3) Within the limit £,20.6, the fuller the section is 'the larger the K,

becomes, however, it has the adverse tendency beyond this limit.

(4) The formula of 4 given by O. Grim [2] giVes fairly good approximate

values till £;=0.2~0.3.

(5) As for K s and ag, the effect of the variation in & is small.

Second, with respect to the rolling oscillation.

(6) The tendency of K, with regard to &g is quite similar to the K.

(7) The values of Kgg differ considerably from the o gs.

Throughout these works, the writer is very grateful to Messrs. Tomioka and
Arakawa for their help in numerical calculations as well as in presenting the
manuscript.
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Appendix

The progressive wave height produced by swaying oscillation of a flat plate
with draught T can be obtained by solving the integral equation after the method
developed by F. Ursell [11] and [12].

That is, the amplitude ratio A is given by the following equation :

g :ryigfd)-i—Ll(fi)_]w 0
1/71:2112(6‘1) +K12(Ed)

2
where &;= %T and ©(§2), Ki(éa) are the modified Bessel functions, and L;(&;)

is

Ley=5 — (%@)2'”2 (ii)
A e

(See [14]). »
- As &, tends to zero in the equation (i), A tends to %Edz. This is the same

with the approximate formula which results from putting a;=—1.0, a;=0 in the
equation (41). In Fig. 20, 4 is shown as a function of &,

20l | ! ! | ' 20
] Eqn.{i) in Appendixl

0.05| 0.1 |02 |03 |04 |05 |06 |07 |08
0.004/001670.072(0.175]0.333/|0.538|0.765(0975{1.14 2
09 |10| 1520 |30|4.0]|50]|60 |80
1.265|1.355|1.597(1.734|1.897(1.967|1.991 |1.999] 2.0

05 1.0 20 30 40 50 60 70 80
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