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Abstract.

Damping Forces in Vibrations of a Ship.
By Katsutada Sezawa, Kogakuhakushi, Member,
and Watara Watanabe.

Since in the case of a ship the surrounding water is seemingly so deformable that
the dissipation of vibrational energy of that ship in the form of radiating waves is
hardly possible, the reason why ship vibrations shall actually be damped not slightly,
is as a matter of fact difficult.

There are at least four possible causes of damping in ship vibrations, namely, (1)
the water friction, (2) generation of pressure waves, (8) generation of surface waves,
and (4) the structural damping force. Air damping is obviously out of consideration.

The solution of the problem was obtained mathematically for the case of flexural
vibrations under an unbalanced force, its result being compared with reliable experi-
mental data, so as to determine what kind of force is the most plausible one for the
damping of the ship vibrations.

In the case of a ship of shallow draught the generation of surface waves is the
primary cause, whereas in the case of a ship with full load and deep draught the
effective structural damping résistance becomes the cause under consideration.

The details of the problem as well as its theoretical treatment will be described in

Appendix towards the end of this paper.
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Aprendix., Theory of and Conclusion to the Problem of the
Damping Forces in Vibrations of a Ship.

I.  Introduction.

One of the interesting problems of ship vibrations is that by what forces those
vibrations shall be damped. In the case of a structure or a machine on land the
damping is chiefly due to the radiation of vibrational energy from its boundary, so

_ that the vibration amplitude would not assume infinitely large value even should
the inner damping be very small. In the case of a ship, nevertheless, the sur- -
rounding medium, namely the water, is enormously deformable compared with the
ship’s body, the outward radiation of vibrational energy appears to be hardly pos-
sible. On the other hand, the result of observation of ship’s vibrations shows that

the vibration amplitudes under resonance condition are not specially large in the
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ship’s case only. From the result of experiments .made by Schlick® on board
Deutschland or any other one since then made, the vibration amplitudes under
resonance condition are almost twenty or thirty times those of non-resonance condi-
tion in the majority of cases. It appears furthermore that under a special kind of
vibration excitement the value of the resonance amplitude is not likely to exceed a
certain limit.® The apparent difference thus revealed between actual resonance
amplitudes and theoretically probable ones is the reason of why the investigation
of the damping forces is, at all events, of special interest.

There are at least four possible damping forces in ship’s vibrations, namely (1)
the water friction, (2) generation of pressure waves, (3) generation of surface waves,
and (4) the structural damping force. Damping due to the air resistance is obviously
out of consideration. A close examination of every case shows that the generation
of surface waves as well as the structural damping force are the main sources of
damping. In a ship of shallow draught the damping due to the generation of sur-
face waves is most pronounced, whereas for the damping of a ship with full load
and deep draught the structural resistance becomes the principal force. Neither
the water friction nor generation of pressure waves shall be a sensible source of
damping.

To ascertain the nature of damping conéisting of different kinds of forces it is
rather advisable to use mathematical methods than to conduct model experiments.
The result of experiments made on an actual ship, on the other hand, is available
to confirm the conclusion obtained theoretically or to obtain an insight into such
vibration phenomena that cannot be examined mathematically. With this idea in
mind, the present paper has been written as a preliminary report of our new
investigation regarding the vibrations of a ship. For simplicity, the case which we

are here discussing is the flexural vibrations of a ship under an unbalanced force.

II.  General Solution of Flexural Vibrations of o Ship
under Unbalanced Force.

The simplest way of mathematical calculation is to assume the ship as a free-
free uniform bar and it still gives a general idea of the problem. Let the position
of an unbalanced force be I; from the one end of a ship, its full length being (=

M O, Schlick, “On Some Experiments made on Board the Atlantic Liner ‘Deutschland’ during

her Trial Trip in June, 1900”7, 7. 1. N. 4., 43 (1901), 48-66.
® 8. Yokota, “On Vibration of Steamers”, Journ. Coll. Eng., Tokyo Imp. Univ,, 5 (1910), 1-24. i
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Li+l. Taking the origin of z at the position of unbalanced force, the equation for
the deflection of the vibratory motion y=Ye'"* generally satisfies the form such that

ng{':mqlf, ...................-..--...-(1)

where m? is complex, the solution thus being

y={Acoshmz + Bcosmz + Csinhmz + Dsinmz}e'™. ..........(2)

. The boundary conditions are as follows:
= l1 ; yn — O, yui — O,
= _lz; y":()’ yIII:O,

’ ’
x:O; Yes0=Yz<ts Yz>0="Yz<o, [ cceccececceroes (3)
1y 177 Fem

Yz50=Yz<0y Yo>0="Yrco+ E“ )
where Fe'”, E, I are unbalanced force, Yung’s modulus, and moment of inertia of
section respectively. In the previous paper® we assumed that the unbalanced force
acts on the ship somewhat indirectly, namely through elastic deformation of engine
parts including their beds, resulting quite uncommon facts—a condition which is
possible to exist in the case of a large ship with an elastically connected large
unbalance. More strictly speaking, the spring force between the unbalance and the
ship was assumed to be very weak so that there was a certain phase difference
between the movement of unbalance and that of the ship at the position of the
same unbalance. But, seeing that such a condition is rather improbable in the
actual rigid condition of the engine or propeller fixing, we shall now supposc that
the unbalance immediately imparts its force on the ship’s hull as will be shown by
the final condition of (3).
Substituting (1) in (3) we obtain

y== Fe** Pcoshmz+ Q cosmz + Rsinhmz +Ssin mr o (4)
4EIm?® o
where
D=coshm(li+l)cosmli+ 1) =1, v e et ennnn. (5)
P= —sinhm (l;41z) cosm(l; + ;) + coshm (I, — l2) sinm (I, + 1)
+ coshml, sin m!l, —sinhml; cos ml, + cosh ml;sinml,—sinhml;cosmls, ... .(6)
Q=coshm (l;+1:)sinm (I, + l5) —sinhm (I; 4 I;) cosm (I; —I5)
+ cosh ml;sinml; —sinh ml;cos ml; + cosh ml.sin ml; —sinh ml,cosmls, ....(7)

® K. Sezawa, “The Effect of Difference in the Pbsition of Engine Room on Ship Vibrations”,
Journ. Soc. Nav. Arch., 57 (1935), 103-113.
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Rz>0:COSh m (l1 + lz) CcOoS8 'm(l1 + lz) - sinhm (l1 - lz) sin m (ll + l‘z) \

+ coshml;cos ml, —sinh m!l,sin ml, — cosh mlzcos ml. + sinh ml.sin ml; —~1,
R.co= —coshm (I, +1,)cosm (I, + l.) —sinhm (I, — lo) sin m (1 + [2) ®)
+ coshmlicosmly— sinh ml; sinml, — coshml,cos mls + sinh ml;sin ml; +1,
Szso= —coshm (I, + ;) cosm (I, + ;) —sinh m (I, + I.) sinm (I, — 1) \
—coshml; cos mli —sinh ml; sin ml, 4+ cosh ml,cos ml; +sinh ml:sin ml,+1,
Sz<o=coshm (I;+1,) cosm (I;+ ls) —sinhm (I, + I2) sin m (I, — 1) { ©)
—coshml, cos ml;—sinhml, sin ml, + coshml; cosml. + sinh ml,sinml, — 1.

These expressions are the same as those shown by equations (10), (12), (13), (14),
(15) in our previous paper.®

Under a somewhat different criterion we obtained previously
Fe'* Pcoshmx+ Q cosmz+ Rsinh ma + Ssinmze @)

T4EInm V& + QLE Gp AE T'm) U ’

y

where

U= —sinhm (I, + ;) cosml,cosmls+sinm (I +1,) cosh ml, cosh ml.

+ cosh ml;sin ml;—sinhml, cos ml, + cosh ml;sinml, —sinh ml. cos ml..

It we were to put MiEfp[4E'T m°=0 in the equation (4’) we obtain the solution
gchown in (4).

Since in the case of damped forced vibrations m' is a complex quantity, @, P,
Q, R, S become also complex. Let

m=p—iv=(y—18)", .. ... . .. (10

then @, P, @, R, S assume the forms

ectoin PRoih QsG] "
R=R,-1R., S=8—-1iS, '

where &, 5, P, P, .... are as follows:
E=coshwylcoshdlcosylcosdl +sinhylsinhdlsinylsindl—1, ....... L (12)
n=sinhrylcoshdl cosylsin 8l —coshylsinhdlsinylcosdl, ............ (13)

Pi= —sinhvylcoshél cosYlcosdl —cosh¥!sinh 8l sinyl sin &l
+coshy(l;—1;)cosh 8l sinl cosd (I, —15)
—sinhY (I, —1;)sinh 8l cosylsind (I, —12)
O (14)
P,= —coshrylcoshdlcosylsindl +sinhylsinhdlsinyl cos sl
+sinhry (I, —1,)cosh 8l sinylsin8 (I, —1.)

@ K. Sezawa, loe. cit.®
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+ coshry (I;—12)sinh 8] cosyl cos & (I, —I2)

Q. =cosh¥lcoshélsinvlcosdl —sinh¥lsinh &l cosYlsindl
—sinh Yl coshd(l,—1,) cosV (I;—I;) cos 8l
—coshylsinhd (I, —l;)siny(l;—1;)sindl

Q:=sinhwvylcoshélsinylsindl + coshylsinhdél cosylcosdl
—cosh¥lcosh8(l,—1,)cos¥ (I;— 1) sin &l
+sinhylsinhd({;—1:) siny (I, —12) cos &l

R, (z>0)
R, (z<0)
+coshry ({;—1:)sinh 8l cosylsin & (1, —13)
+ coshyl,cosh 8l cosyl, cos 8l +sinhyl,sinh 87, sin yl; 510 87,
—sinhwyl;cosh 8l sinyl, cos 8, 4+ coshl,sinh 81, cos yl,sin &l,
—cosh yl;cosh 8l; cos yl; cos 8l — sinh yl:sinh &l sin yl:sin 8L,
+ sinh yl.cosh 61;sinyl, cos 8l;— cosh ylzsinh 81, cos yl; sin 81,
e e e (18

By (z>0) hyy (i~ ) cosh 8l sin ¥l sind (1, —1.)
— —COS —1s)co inYlsind (I, —1,
R, (£<0) A

—sinhy(l;—1.) sinh &l cosyl cos& (I, —1,)

+sinhyl, cosh 8, cosyl sindl; — coshyl,sinh 87, sin Y, cos 81,
—coshyl, cosh 8l,sinyl, sin 8l; —sinhylisinh 8; cosyl, cos 81,
—sinhyl.cosh8l; cosyl.sin 8l;+ coshrylesinh 8l;sinyl;cos 8l,
+ coshyl,cosh 8l;sinvyl;sin 81, + sinhYl,sinh 8l. cosyl, cos 81,

+ coshylsinh & (1, —12) cosy (I,—15)sin &l

} = —sinhY(l,—1;)cosh 8l sinyl cos 8 (I;—1,)

= —sinhylcosh&(l;—1;) siny (I;—1) cosdl

— cosh vl coshdl, cosyl,cosdl;—sinhyl,sinh 81, sinyl,sindl,
—sinhyl,cosh 8l,8in 71, cosdl; + coshyl,sinh8l; cosy!,sin 8!,
+cosh7l;coshél;cosyl,cosdl. +sinh yl.sinh 8l.sinyl.sin &l,
+sinhYl;cosh8l,sinyl, cos 8l — coshyl.sinh 81, cosyl,sin &/,
e e e (20)
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S: (x>0)

S: (x<0)
—sinhylsinhd(l;—1;) cosy (I, —1s) cos &l
—sinhyl, cosh 8/, cosyl;sin 8y + coshyl, sinh 8], sin yl; cos 8l;
—coshyl,coshdl;sinvyl,sin 81y —sinh !, sinh 8l; cosyl,cos dl,
+sinhyl; cosh 81, cosylysin 8, — coshyl;sinh 8l:sinvylscos 81,
+ coshyl;cosh &lssinyl,sin 8l; + sinh yl, sinh 61, cosyl. cos 61.

where & 7 are given in (12), (18), and

G, =coshyl, cosh8l;sinyl, cosdl; —sinhyl,sinh 81, cosyl; sin &l,
—sinhyl,cosh 8/, cosylicos 8l — cosh 71, sinh 8/, sinylysin 8/,
+ coshyl;cosh 8lysin yl; cos 8l — sinhyl,8inh 8l: cosyl,sin 81,
—sinhYl;cosh dl.cosYl,cos 8l — coshrylssinh 8l:sineyl, sin 81,

G =sinhyl, cosh 8l sinyl;sin 8l; + coshyl;sinh8l;cosyl; cos 8,
— coshrylycoshdlycosylisin 8l; + sinhryl;sinh 8l,sin Yl cos 8,
+sinhyl;cosh 8l:sinyl,sin 81, + cosh yl,sinh 81, cosYl; cos 8,
—coshyl;coshdl,cosryl:sin 8l; 4+ sinhyl,sinh 8l sin yl, cos 8.

} = —coshylcoshd(l,—1;)sin?y (I,—1,)sin 8]

....(22)

NS

The solution for displacement thus becomes
F (X2 + YZ) 3 ‘(UH—% tan‘1;v+tan"‘;—'~—trm—l IT:)
= X e 23
Yy ART (“2+v2)3/5(€2+772)1/26 ’ ( )

where
X = (P, cosdz — R,sin 8z) coshyz - (R, cos 8z — Pesin 8z) sinhyz
+ (Q1cosh dz — S:sinh 8x) cos yz + (S, cosh 8z + Q,sinh 8z) sinvyz,

Y'=(R;sin 8z + P,cos 8z) cosh yz + (P, sin 8z + R,cosdz)sinhyz - (24)
+ (Si8inh 8z + Q: cosh 8x) cosyz + (— Q1 sinh 8z + S; cosh 8z) sin yz.
When 8—0, (24) reduces to the equation (4).
If we put =0 in the special case {;=0, =1, we have
X=P+Q
=4 {—sinh Yl cosh &l cosyl cos 8l — coshylsinh 8l sin vyl sin &l
+coshyleoshdlsinylcosdl —sinhylsinhdlcosylsindlf, | (©5)

Y=P+@Q; -1
=4{ —coshylcoshdlcosylsindl +sinhylsinhdlsinylcossl | _
+sinh Yl coshdlsinylsindl + coshylsinhd/cosylcosdl}.. ) ..
In every numerical example of damped vibrations we shall assume.that the vibrat-
ing force is the propeller unbalance at the ship’s end and calculatesthe vibration
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amplitudes at that end, the equations (25) thus being availed of.

The resonance of the vibration is conditioned by the minimum of (4 %% in
(28). In the case wherein no damping force exists, » tends to zero, so that y
assumes an infinitely large value under resonance. It should however be borne in
mind that, when the unbalanced force is present at any of the nodal points, of the
free vibrations, the vibration amplitudes are not necessarily too large, the reason
being as follows: o

In the special case, §=0, namely, the case of no damping force,

(X2+ V) =(Pi+ Qsco= =20+ ToX1)» +evvcvnnnnn. (26)

where

I''=1+coshml,cosml, I:=1+coshml.cosmls,

} (@)

I'=0, I''=0 are the frequency equations of clamped free bars of lengths I;, I, res-

x1=sinhml,cosml; —coshmlssinml;, x.=sinhml;cosml;—coshmlssinml,.

pectively, whereas x1=0, x.=0 those of hinged-free bars of lengths [, I respectively.
Thus, if the position of the unbalanced force be at any of the nodal points of the
ship, we have
(XP+ YY) =(Pi4+Q)s-0—0, .. .o (28)
the numerator as well the denominator thus tending to zero, which after some
mathematical examination shows that the vibration amplitudes in the special case
in question are not infinitely large. It will therefore be seen that the postulation
of a slightly different condition of the engine part results an evidence that is
opposite to our previous conclusion. In the actual ship, however, the condition of
the engine part is possible to be somewhat elastic, so that the nature of the vibra-
tion, particularly with respect to the position of engine room, would be somewhat
intermediate between the present and the previous answers even should the effect of
the damping which we are discussing be neglected. If further the damping action
were taken into consideration, the nature of the problem would be much more
changed, the result being that the phenomena similar to those of our previous
paper tend to manifest themselves. This will be seen from (4), (12)—(17) in the
case t=0. With a view to confirming the problem let us specially assume that the
damping is fairly large, then the resonance frequency of the forced vibration
approximately satisfies the equation
sinhlcosyl—coshylsinyl=0, ..................(29)

which corresponds to the frequency equation of a hinged-free bar of length {. The
principal form of numerator of the expression (4), on the other hand, does not
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much change even in the condition of high damping, so that the usual conception
concerning the node and the loop for a free-free bar is quite reversed. The reso-
nance vibration rather results relatively large amplitudes under the force near the
node of a free-free bar, and relatively small amplitudes under the force near the
loop of the same bar.

To ascertain the damping nature of ship’s vibrations it is obviously preferable
to use numerical constants mostly agreeing with those for an actual ship. The
prediction of the nature from a model experiment is not satisfactory unless its result
can be extended to the case of a full-scale ship by means of any reasonable theory.
With the idea under consideration in mind, the numerical value used are as
follows: v

Ship’s length=10=202m (length of Deutschland),

Ship’s breadth=B=21{m,

Ship’s draught=H=865m (using the block coefficient 0-6 this virtually corres-

ponds to a ship of 25,000 tons displacement). -

The stiffness of the ship is such that the natural frequency per min. is 600,/27
=60.6/27r =57'3/min., with the exception for the calculation of the case of the

generation of pressure waves, wherein 600/27=60.7"194/2m =68"8/min.

I, Damping due to Water IFriction.

Let the side walls of a ship be resisted by the viscous force of the surrounding

water; then the vibratory motion of the ship is approximately represented by

M@2+Euﬁﬂ—2ﬂp(@g =0, veees el . (29)
3t aﬂ:i 2=0

0z
where M is the mass of the ship per its unit length, u, the viscosity of the water,
z the coordinate directed transversely from the ship’s side, and = the oscillatory
velocity of the water particle.
The determination of du/?z may be made as follows:

Since
I _ o
at pazﬁ’ @6 o4 00 a0 00 00 00 =

where p is the water density, the proper solution for u is

eenreenn . (30)

- (144)Be+ict (5)
’

u=2A»Ae
where B8=(op/2m)"%. If y=y'", then

) H. Lamb, Hydrodynamics, §345.
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u=10y.e'"

-at 2==0, so that A=40sy,. Thus we get

_m<a_u> = +3)ioy]/ThPLe ... (81)
02/ 2-¢ 2

Substituting (81) in (29) it follows
a? 84 .
MY EI%Y 4 (i—1)o )/ TBPy=0. ... . ........ 32
oL a0 )”l/ 5 (32)

Writing again y=w."", we obtain
) - -
Er&y_ { (M&’ +2Ho 1/ 1&&1) —i2Ho w} Yoo o (33)
da? 2 2

Comparing this with (1), (10) we get

4_ﬂf 1.2 aup 'O T a P

m _E—I{(Ma +2Ha-1/_.2__>—z21[o- __21_}
]l[ 2H0‘ UF“P (
EI( e _2_> . (84)
_M2Ho [opp
T“Er iV e

If we assume that the natural frequency of the ship without damping=57'3/min.,
namely o=6s"", then we have (M/EI)”=000957m 's"". Again, in the case of a
wall-sided vessel of a uniform distribution either in weight or in section along the
ship, M may bc written as M=pBH, ¢o that

ﬁI( °, T 20p1> 1/20';:.1 (34
= =1/ 2%k, . (34
I8 EIG+Bl/p L'IB )

where I is 865 m in the present example. While p is taken to be 1000kgmass/m®
in the case of pure water, the assumption as to the value of u; is somewhat arbitrary.
In the case of laminar shearing motion

=17.10"* kg mass/m/s
for the water. But, since the existence of such a laminar condition is hardly
possible and furthermore the damping force due to such a v1scos1ty is extremecly
small, the idea of eddy viscosity is rather availed of, assuming

p1=1"7kg mass/m/s
for the value of eddy viscosity, that is the value a 1000 times the usual w,.. Such
an enormously large value of u, is rather improbable even in the case of rapid flow
in a pipe. From Stanton’s experiment it appears that the value of eddy viscosity is
not higher than a 100 times that of the actual viscosity.

Substituting (34°) in (23) for the special case, {,=0, l,=[, x=0, we obtain the
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vibration amplitudes for different values of (Mo°/EI)”l, as shown in Fig. 1, the
dimensions of y, F/EI are m, m™ respectively, In the actual case F generally
increases in accordance with the increase of ¢°, namely in the form F=fo*, where

, 669 T 2407
Sry J0r
104 '
in m’
Y < 3,0
rof 2}t 707 (8
ET
05r : 10}
M Fe \ 2
o ™M 21 4
)t | ng)7
' i ! g I - .1 1 | ) Y -
o 7 2 J 4 5 g 7 2 3 4 b
Fig. 1. Resonance Curve in the Case of Fig. 2. Resonance Curve in the Case of
Viscosity Damping ; F=Constant. Viscosity Damping ; f=Constant.

f is not necessarily constant. For example, a rotating unbalance is expressed by
F=mura®, where m;, r are the unbalanced mass and the distance of that mass from
the rotary centre respectively. From this consideration the result in Fig. 1 is
reproduced in Fig. 2. '

It will be seen from these figures that the vibration amplitudes under a resonance
condition, namely (Mo*/ EI)/l=473, are too large, which is obviously contradictory
with the experimental result® of the forced vibrations of a ship at different fre-
quencies. In the present case we assumed such large value of p, as a 1000 times
its actual value. If we were to assume the actual u, value, the ordinate corresponding
to the resonance condition would be about 32 x2407. It is therefore improbable that
the water viscosity under any criterion would take the large part of the damping

action in ship’s vibrations.

® For example, see Schlick’s paper, loc. cit.()
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IY. Damping due to Generation of Pressire Waves.

Let us assume that the form of the ship’s section particularly for the present
case is of a circular cylinder of diameter B, the immersed part of the ship being

therefore of a semi-circular form. The equation of the vibratory motion is ex-

pressed by
May+EIa4+f( ) 240=0, ..............(35)
where ¢ is the potential of the generated pressure waves. Since
o, 104 1 a¢ . 56
aq‘“ » ao 70 FEP=0, e (36)

in which h=o/c, ¢ being the velocity of sound waves in the water. In the present

calculation ¢ is taken as ¢=1430m/s. The appropriate solution of (36) is

b=AHP(hr)cos@e”. ... ..... ...............(87)
It is possible to write y=1v.,¢'". Since
%cosﬁ:? e e (88)
T
at r=RB/2, we have
'I./O':l/le———lB~2_, cee s (39)
d(L
(%)
so that
dH{2’<@>
A=igy, | — 27 .. (40)
Y B
d(Z
()
Substituting this in (37),
¢=iayHF’(h7‘) cosé (41)
dH{‘“”(@) ' N
2

5 " zpaBH§2)<@>
m2¥4B1%Y, 279y, . (42
' 2

From (35), (41) we obtain
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This is the equation of the damped vibration of the present case. If we again
write y=y.¢'"%, we get

d4y| 2 PO‘CB(J;J]"‘I‘ YlYl’) -PO’CB(KJll—J1Y|I)
E1%Y = [( Mo~ Jy + 2 >_ Gy RN L 43
d%A {( a Jxr__*_ }rllz v | Jl 2 + Y] 2 }y‘ ( )

The argument of Ji, ¥ being ¢B/2c, where ¢=1430 m/s. Comparing this with (1),
(10) we have

'm‘.—_——l—— {(ﬂ[az_PUCB(J:J;"*’ %;XI/I’)> _7: PG'CB()?J{—;TIYI,)},
LI J+ Y J+ Y
.Z‘{O"? PCB (Jn]l’-i— Y]Yll)
= 1— 4 Fo....(44
P=ET { Mo (JP+Y7) i 4y
v_]'[G‘QPCB (Yx.fj’-—JxYl,)

~ EI Mo (J”+7Y7")

If we assume that the natural frequency without damping be 688/min. (this
frequency used merely in the present example), namely o=7"194 s~', we obtain
(M/EI)"=000874 m™"s">. Were the immersed part of the ship be of a semi-circular
section, it would be possible to write M=mpB®/8=226.10"kg mass/m. Since the dif-

T 54 I 1166
Jor
g = in m/s
20 T 104
10F
1z ) 1
/7_02) 7 MSF|*
El ET {
L L . L - 1 1 I 1 J -
o 72 3 4 o/ 2 3 4 5
Fig. 8. Resonance Curve in the Case of Pressure Fig. 4. Resonance Curve in the Case of Pressure
Wave Generation; I'=Constant. Wave Generation; f=Constant.

ference of this value from the one M =pBH=208.10"kg mass/m is merely 8 percent,

the effect of such difference on the damping is not marked. Now
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#:MU—L‘(l_ 8¢ Jl.L'+Y‘Y1'>
EI\" wBo J'+Y\* )

V:ﬂ[;l'z 8c }f1Jl’—J1Y1’.
EI wBo J”+ 17

Substituting (44°) in (23) for the special case, 1,;=0, l.=1, =0, we calculated

e (44)

the vibration amplitudes for different values of (Mo’/ET)", the result being plotted
in Fig. 8. F is again assumed to be a constant for any o. If the unbalanced
force, instead of being constant, were assumed to be proportional to ¢° namely F=
fa®, the resonance curve would then be modified to the type shown in Fig. 4.

In the present case too the amplitude under resonance condition is so large as
in the case of the viscous damping. If, on the other hand, the ships natural
frequency o were increased, the amplitude under resonance would be decreased
owing to the fact that the factor involving Bessel’s functions within the expression
of v is much increased. But, for a much larger value of o, the same amplitude
tends again to be larger, for the reason that at such high oo, 8¢c/7Bo participates
in the change of the value of ». '

Y. Damping due to Gencration of Surface Wauves.

In this case we assume that the ship’s section is of a rectangular form, of
which the breadth and the draught are B, H respectively. For simplicity, let R be
the effective breadth of the ship’s bottom to cause surface waves of length 27/k, of
whichvlc:f/g. Then, taking the pressure reaction as shall generate surface waves,

the approximate vibration equation of the ship becomes

1
Mat.2+EIax4+pry+Bpf_% 2 A 5)=0, i 45)
¢, being the potential of the generated waves. We shall assume R/(27/k)=1/2.
This corresponds to the condition that the ship effectively rests on half length of
the generated waves. The cxpressions of ¢, may be put under some approximation

as follows:

by = Aot Toiks <% >o) ..... et (46 a)
b= Aeior-rorive (%<o> et eiterei.....(46D)

the axes of 2z, w being directed horizontally and vertically from the intersection of

the water surface with the ship’s middle plane. ¢, obviously satisfies
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P, PP

— ::0, TP ¢ ¥ 4

02 ow’ 47)

and the uniformity of pressure on the wave surface, namely

by, 99

-+ PP 48

ot 7 ow (48)

gives the condition k=o"[g.
Since, on the other hand, it is possible to write

Y O 49
ot ow :
at z=0, w=0, where y=1,"", we obtain
A=YV 50
7 (50)
By means of the condition already given, namely R/(2x7/k)=1/2, and (50),
1
= (0, i)_ -QBP"'?( “”éj) tot
B"f_%<at>w=ﬁl<R 'R\ )y

=2Bgdy 6
o ot

The cquation (45) is thus reduced to
R N 20Bgo
MEY L ET%Y 4 pgBy+2P29%Y 0. .. ... ......... (52
ot 32:‘+Pg y+ o Ot (62)

The condition (46) between 1/2>2z/R>—1/2 should rather be the addition of

(46 a) and (46 b) together, namely
b1 =246"" " cos kz, e 48)

but, owing to the determinateness of the integrated value in (61) we have used the

respective original expressions in (46).

Now, writing again y=v,¢'", we obtain

4
o] gl [(0£s*~pgB) 4%‘?115}3,,. .......... e (53)
dx T
Comparing this with (1), (10) we have
m‘:MagKl—-pr)~'é 29 B }
EI i) wMiet)
Mo® qu) ,
= — 1—- > ; } ................ F’4)
# EI< Mo ©
v Mo’ 2p9B
" EI mMs* :
!, so that

In the calculation for the case under consideration we shall use ¢,=0 s~
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(M/ET)"*=000957 m™ s7'%, whereas M=pBH=208.10"kg mass/m, I being 865 m.
The simplified expression of (54) is '

4 ﬂlbﬁ g . 29
— 1— -
=T K Hf) sza?} ’
1M0'2 q ’
=——(1-_2L), R 57
w=57 (=) | ( o)
v:ﬂi'o'g 2g
EI wHo*

Under the first resonance condition we have 2¢/(wHo3)=1/50, to that v/u=1/50 at
that condition. ‘

The result of calculation for the case, 1,=0, lo={, £=0, is plotted in Fig. 5, F
being assumied to be a constant. Writing F=fo¢", the modified result under the
assumption that f is a constant is shown in Fig, 6.

75k JOr
_d
£
10°%
in m" % in m%z
Ok 14 76
"0} 201 70 pa
o5+ 10+
, .
rio)* : Ao
(&5)'¢ I A X
1 ) 1 - | ! 4 1 1 -
a Y 2. 3 4 5 0 / 2 J 4 5
Fig. 5. Resonance Curve in the Case of Fig. 6. Resonance Curve in the Case of
Surface Wave Generation; F'=Constant. Surface Wave Generation; f=Constant.

In this case the vibration amplitudes under resonance condition is not exces-
sively large, though they are still somewhat too large. Assuming that f is invariably
constant, the amplitude under the first resonance condition is about sixty times the
greatest one of the amplitudes at frequencies below that resonance. Thus, there is
a great probability of a fairly large damping due to the generation of the surface
waves,
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Although the formation of capillary waves is also possible, the waves do not
much participate in the damping at such frequencies as not exceeding 100 or 200
per minute.

It should be borne in mind that, the smaller the value of II or higher the
ship’s natural frequencies, the more the vibration amplitude under resonance con-
dition is diminished in virtue of the expressions m, » in (54’). The rough ratio of
the amplitude, 4,, under resonance to the greatest amplitude, 4,, outside and below

the first resonance is shown below.

H in m 865 4 1 05 0147

!

Again, from the expression of v=(Mo’/EI)(2g/mHo") and the fact that opoc], the
decreage of the moment of inertia of the section decreases A,/4,. Thus, the decrease

of the depth of the ship is doubly effective in the decrease of A,[4,.

YI. Damping due to Structural Force.

The vibration equation of a bar subjected to inner resistance was obtained by

us about ten years ago,” its form being

MWJFEI"’?/WLH;BZ/; 0 eeriee e (59)

where £ is the coefficient of solid viscosity. The values of & for ferrous materials
etc. obtained by Honda and others® are of the order 10°~10° in C. G. S. units,

9

whereas the same values for some of non-ferrous materials determined by us™ are

less than 107 C. G. 8. units. The above equation may be written

3 a ~r
e 3/ EI<1+ ~>~E—o .................. 55
z + T ) (65")

where r=¢/E. In the actual structual condition the effective values of & are greater
than the values above described, owing to the fact that the energy dissipation in
material joints as well as the contact surfaces between the ship’s structure and the
Joad mass. Contact resistance under dynamic forces is very small and is of such a

kind as dissipates much dynamical energy. The values of = for pure materials

@ K. Sezawa, Bull. Earthq. Res. Inst., 3 (1927), 50.

® XK. Honda and K. Konno, Phil. Mag., 42 (1921), 115-123.

® K. Sezawa and K. Kubo, “Measurement of Solid Viscesities of Metals through the Flexural
Vibrations of a Bar”, Rep. Aeron. Res. Inst., No. 89 (1932).
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obtained by special experimental conditions is of the order 107° s, whereas the
values of r for composite materials estimated from the result due to certain engi-
neering tests"” is of the order 107*s, notwithstanding that the composite condition
under consideration is relatively simple. From this fact we shall now take 7 as
107*s. Tor example, in the case of stecel E=210" C. G. S, so that +E=2.10" C.
G. S.
Writing y=1:¢"", (55") reduces to
d™ IZ:]IO'Q(I-—’I:'TO‘)
dz'  EI(1+4+7°6°)
Comparing this with (1), (10) we have
i Mo (1 —i70) ,
EI(1++067)
_ M
EIl+70)
V= — _[][0'2 TO.
EI(I-{—'TQG'?)
Using the values ov=65s7", (M/EI)"*=000957m™"'s"%, we have obtained the

2

70F inm’

i L 4 1 ] 1

o 1 2z 3 4« 5 6 1 & 9 10 11 12

Fig. 7. Kesonance Curve in tlie Case of Structural Damping ; F=Constant.

resonance curves for both cases F=constant and f=constant, the result being plotted
in Figs. 7, 8.

In the present case the damping under the resonance condition is fairly large.
The ratio of the vibration amplitude under resonance, 4,, to the greatest one at

the frequencies outside and below the resonance, 4,, is about 18. The same ratio

10 A, B. Eason, The Prevention of Vibration and Noise (London, 1923).
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Fig. 8. Resonance Curve in the Case of Structural Damping; f=Constant.

assumes the following approximate values in accordance with the difference in the

value of 7.

T 10-2 10-1 - 10-3

A4y ; 18 18 180

The largeness of the (ffective value of = is greatly probable to be present,in the

case of full load in the ship, namely in the case of deep dravght.

VII. General Summary and Concluston.

From the result of the investigation shown in every preceding section it will
be seen that the principal causes of damping in ship’s vibrations are the energy
losses due to the structural forces as well as the energy dissipatioh in the form of
surface waves. The viscous friction in the water, even should the value for eddy
viscosity be used in the constant of resistance, would not much participate in the
ship’s damping. The generation of pressure waves also does not dissipate the
vibrational energy in usual frequencies of forced vibrations.

In the case of a thip of shallow draught the generation of surface waves is the
primary cause, whereas in the case of a ship with full load and deep draught, the
effective structural damping resistance becomes the primary cause under consideration,

A suggestion for increasing the damping under resonance condition is to fit
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such flat surfaces like bilge keels or Motora’s stabilizer™ to the ship as possibly as
near the water surface. This increases the generation of surface waves due to ship’s
vibrations provided the area of the surface of the plate is suitably large. It appears
rather improbable to expect higher damping resistance from the structural condition.
Inglis’s suggestion® of putting an oscillator on board a ship seems rather hopeless,
owing to the reason that the temporary adjustment of damper and frequency of the
massive oscillator is practically impossible, and that one of th - frequency of the coupled
vibrations is so near that of the useful natural oscillation of the oscillator alone that the
vibrating system is liable to encounter resonance-like condition.

It is obvious that the nature of the problem shown for the case of the flexural
vibration of the ship is naturally present even in the case of its torsional vibration.

Although in the present paper we have separately studied the damping pheno-
mena due to different causes, the actual state is rather under the simultaneous
damping action of various forces. The equation of the vibratory motion under the

action of different forces is expressed by

%y o'y ou
MY+ RIZY 4 pgBy—2H <_)
Fr R R Al s )

ol 1
HEAE: (2 a(Z)er 5
+cpf_%<8t),._o d0+BPf_% o). g ) +855=0. ... (59)

The nature of the problem under such a condition, however, would not be much

different even should the natures of the recpective kinds of damping forces be studied
before the simultaneous comparison of the respective cases.

The present paper is merely a preliminary note of the investigation which we
have recently attempted under Professor Hiraga’s kind encouragement. We are
now going to make some idealized model experiments as well as the vibration
observation on board an actual ship. Since, howcver, we have devoted ourselves
to the research of some science problems during last eleven years, we have been
almost imporsible to study the ship’s problem to any satisfying extent notwithstand-
ing our continual interest in the same problem. Recently, nevertheless, it has kindly
been decided by the Council of Kondd Memorial Marine Foundation that the same
Foundation will assist us in our investigation on the problem of ship’s vibrations,
and we wish to express our thanks to the Council of that Foundation, with whose
aid the present investigation is being greatly developed.

ay 8, Motora, Journ. Soc. Nuv. Areh., 32 (1923), 75-84; 36 (1925), 1(9-117.
(1) C. E. Inglis, “A Suggested Method for Minimizing Vibrations in Ships”, T. I. N. 4., 75 (1933),
252-267.
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