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Summary

   The large ship  recently  built in Japan  are generally of  the  type with  the  entire,superstruc-

ture aft  and  for these  vessels special  attention  should  be paid  to yibration  especially  to the
     i

fore-and-aft vibration  of superstructures.

   The  authors  have  carried  out  some  experimental  and  theoretical  investigation on  these

phenomena,  and  the following results  have been obtained.  ..

   (1) In full scale  measurements,  there were  several  peak  groups  recognized  in the vici.ni-

ties of
 400r-･600c/m  and  800-vl,OOOc!m,  of  these the lowest have  possibility of                                                             resonatmg

with  the so-called  blade frequencies.

   (2) Measured  rnode  curves  had  shown  interesting charactenstics,  .

   (3) Some  qualitative investigations have been made  on  these experimental  data, and  it

becomes clear  that  the coupled  rnotion  of the  main  hull, the elastic support  at  the base degk .of
superstructure  ancl the dodger have a great deal of  infiuence upon  the vibratory  charactertstics

ef

 
SU74elStrXCtXi2et'hod

 of predicting the lowest natural  frequency ef superstructure  by the use  of

electronic  computer  has been  obtained.

1. Introduction

  Most  of  huge vessels recently  built in Japan

are of a type with  the  entire  superstructure  aft,

and  the bridge of  this kind of  vessels  has to be

positioned as  high as possible for navigational

reasons.  On  these ships,  the troublesome

fore-and-aft vibration  of  the superstructure

has sometimes  occurred  due to resonance  with

the so-called  blade frequency, because the

higher it is, the lower the  natural  frequencies

are. In order  to avoid  this trouble, it is neces-

sary  to investigate the vibratory  characteristics

of  superstructures  of  this kind and  obtqin

some  useful  method  for predicting their criti-

cal  frequencies at the stage  of designing.

  This paper describes the vibratory  charac-

teristics of  such  superstructures  obtained  on

full-scale measurements,  sorne  qualitative

studies of  them,  and  proposes a method  for

:･" Technical Research  Laboratory, Hi:achi Ship-

 building & Engineering Co,, Ltd.
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determining the natural  frequencies of  the

fore-and-a£t vibration.

2. Full-sealeVibrationMeasurements

2.1 Test Ship.

  Full-scale vibration  measurernents  were  car-

ried  out  on  nine  newly  built huge vessels  with

the entire  superstructure  aft, called in this

paper A, B, C  and  so  forth, The  main  di-

mensions  and  particulars of  the test ships  are

shown  in Table 1 and  the dimensions of  the

superstructures  are  given in Table 2.

2.2 ExperimentalMethod.

  The  vibration  measurements  were  two

kinds: measurements  at a pier by means  of  a

vibration  exciter  installed on  some  deck of  the

superstructure,  and  measurements  during her

trial runs.

  A  remote  recording  system  consisting  of

 accelerometer  pickups, amplifiers  and  record-

 ing oscillo...araphs was  used  to measure  the  vi-

 brations of  superstructure  and  main  hull
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 Table 1 Principal Particulars of Test Ship.

Ship

Name

A

Kind

Tanker

BlC

D

E

F

G

H

I

Tanker

OreCarrier

Tanker

OreCarrier

Tanker

Tanker

Tanker

1Tanker

LxBxD
  (m)

246.00× 40.20 × 21.80

246.00× 40,20× 21.80

241,OOx36,80 × 17.90

234.00× 37.00× 19.gO

195.00× 27.40× 16.65

246,OOx40,20× 21.80

207,oo× 31,84× 14.50

265,oo × 44.20× 21,50

227,OOx36.50 × 16.40

D.W.(kT)

99,655

le3,929

82,056

88,461

39,905

1OO,800

45,250

121,450

66,300

Main
      i Revolu-
  t 1-

Engtne
 [,,Ib9Ri)

      i

Hitachi B&W
1284-VT2BF-180j108

No. ofPropellrBlades1L

Hitachi B&W
1084-VT2BF-180

Hitachi B&W
984-VT2BF-180

Hitachi B&W
984-VT2BF-18e

Hitachi B&W
784-VnBF-180

/

5

   1ios

 1
   :6

/

   iiio

 [

108

Hitachi B&W
1084-VT2BF.I80l

f!

110

108

110

5

5

Hitachi B&W
784-VT2BF.180

5

Hitachi B&W
1284-VnBF-180

1
/

  108l1

5

5

5

Hitachl B&W  ,

884-VT2BF-180  i
   1lo8

 15

/

Note

Conventional Type
Superstructure

ditto

ditto

ditto

ditto

Tower  Bridge

Conventional  Type
Superstructure

Tower  Bridge

 Conventional Type

1 Superstructure

simultaneously.  Fig. 1 shows,  as  an  example,

the measuring  locations on  board ship  D.

2,3 Measurements and  Results.

2,3,1 Natural Frequencies of  Superstructure.

  The natural  frequencies of  fore-and-aft vi-

bration of the superstructures  are  easily  de-

rived  from the results  of  resonance  measure-

ments  of  the  above-described  full-scale tests.

The observed  natural  frequencies are  shown

in Table 3. It is noticed  that  there are  a  good

many  small  peaks between the prominent

peaks in the observed  resonance  curves,  but

only  the prominent are  taken up  in Table  3,

and  are  provisionally named  as  the first mode,

the second  and  the third counting  from the

lowest frequency.
  From  Table 3 it is ]earned that  the lowest

natural  frequency seems  to decrease as  the

number  of  decks of  superstructure  increases,

and  the superstructure  with  six or  seven  decks

has the possibility of  resonating  with  the blade

frequency. Fig, 2 shows  the relation  between

the number  of  decks and  the lowest natural

frequency.
  Table 4 shows  the values  of  NL,/Ni and

N3/Ni, where  Ni, N2, and  N3 are  the ob-

served  natural  frequencies of  the first, second

and  third mode  respectively, As  well  known,

the values  of  NL,/Ni and  N.3!Ni in shear  vi-

bration of  a  uniform  ¢ antilever  beam  are  3.0

and  5.0 respectively,  but they  are  far from the

observed  shown  in Table 4.

2.3.2 Vibration Mode  Curve of

      Superstructure,

  One  of  the  vibration  mode  curves  of  the

superstructures  obtained  on  the full-scale vi-

bration measurements  are  shown,  for an  ex-

arnple, in Fig,3. These curves  are  repre-

sented  in non-dimensional  form by dividing

the vibration  amplitude  at  each  measuring

point by that  at  the top deck of superstruc-･

ture. It is seen  from these  curves  that  though

slight  descrepancies exist  at the lower parts of

superstructures,  there  is no  remarkable  dlffer-

ence  in the  shapes  of  the mode  curves  be-

tween  the  first and  second  modes  and  that

even  the upper  deck of  the test ship  on  which
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Table2  Principal Particulars of  Superstructure.
(m)

ShipName

A

B

C

D

E

F

G

H

I

No. ofl  l
Deck  h. !
LayerS 

'i
 i

h, 1
 ?Lhn-i'

1

6

6

6

6

5

7

6

7

6

i/

1/

2.7

2,7

2.6

2.6

･ Z7

1

1i1I

12.6

i 2.6S

2.6

2,6

2.6
 t2,45

2,7 E 2.6

2.6: 2.6

2.7 
'

 2.6

2.7i
 2.6
  ?
 2,4S

    a2alX,[i,

L7.2
×

9.47,1

×

7.07.2

 ×

9,135

 9.0
 ×

 7.5

 9.5
 ×

10.0

 7,2
 ×

10,8

 8.5
 ×

ILO

 7.2
 ×

10,8

 9.5
 ×

10.0

7.2
×

9.47.1

×

IL48.1

×

10,49.0

×

12.29.5

 ×

]6.0Z2

 ×

14.4

 8,5
 ×

16.0

 7.2
 ×

14.4

 9.5
 ×

10.0

a3 [
×

b37.2

×

9.48,3

 ×

16,4

 8,1
 ×

22.0

 9,O
 ×

12.228.e

 ×

22.0

 7,2
 ×

14.4

 9.8
 ×

18.47.2

×

l4.49.5

×

16.4

a4

×

b,L1

as

×

b,

3L8
 × `ls.81is.･8i16.4I32.731

 ×

35.024.3

 ×

16,428,O

 ×

20.0

 9.0
 ×

27.027.0

 ×

21.0

37,7
 ×

21.229.6

 ×

1&8

a6

×

b6

t

L

l

9.0i
 ×

27.027,8

 i

 ×

22.4

34,66i
 ×

30.429,7

 ×

21.243.0

 ×

26.010.8

 ×

28.833,2

 ×

21.010.8

 ×

28.828,9

 ×

20.0

l

/

!

37.7
 ×

18.835.9

 ×

18.848.27

 ×

35.054.03

 ×

23,6

13.5
 ×

8.246,O

 ×

31.813.5

 ×

 8.242.5

 ×

25.6

aT

×

b,

 13,51iiX.,,

13.5
 ×

11.28

   1Front
 View

Slde V[ew

-2-1

o(DFore-ond-Aft
Vertical

2TonV]brationExciter

'
l1111: :: :1'Dod

   Fig. 1 Arrangemenr  of  Measuring Points

              (Ship D).

the superstructure  is erected  vibrates  in fore-

and-aft  direction, This fact means  that the

superstructure  cannot  be considered  to be a

simp]e  cantilever.

2.3,3 Vibration of  Dodger.

  Dodgers of  the navigation  bridge deck

which  overhan.e  up  to both shipside  showed

somewhat  interesting vibratory  behaviors on

the full-scale vibration  measurements,  Fig. 4

shows  an  example  of  observed  phase relations

between dod.ger and  superstructure  at typical

measuring  points. From  this figure it is

noticed  that dodger and  superstructure  vibrate

in phase  at  lower frequencies, but in opposite

phase  at higher frequencies over  750 c/m.

  Fig. 5 shows  the observed  mode  patterns of

the dodgers themselves.  The  patterns are

represented  in non-dimensional  form by divid-

ing the vibration  amplitude  at each  measuring

point of  the dodger by that at the center  line

of  the navigation  deck. It is also  found in

this figure that  in respect  to amplitude,  the

dodger end  does not  differ much  from the cen-

ter iine at the lower frequency 'and they  vi-

brate in phase, but the end  mueh  exceeds  the

center  line at the  higher frequency and  they

oscillate in Qpposite  phase.
2,3.4 Correlative Vibration between Ship7s

      Hull and  Superstructure.

  It is wellknown  that the fore-and-aft vibra-

tion  of  a superstructure  of  the kind in ques-
tion is caused  by the so-･called  hinging move-
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Table 3 Observed Natural

KoheiMATsUMoTo

Frequency.(cpm)

 ShipNarne

ABCDEFGHI

lst Mode

ShakerTest

558

550895440595450*525

:Trial

,,

fI`1

I]/

525

5S8560555

"3588430

2nd Mode

ShakerTest

740783

650992500900783*630

Trial

T

720

776

637992490

800

3rd  Mode

Shaker  Test i

950

860

9901050985*

 980

Trial

,994

Note

lst2ndtest
 test

Trialonly

 Shaker tests were  carried(out twice

S!
 Values  under  construction

ts:gveL

1OOOcpm

eByAuthors

X5.Nx OReference1),2)

xxxx

×
xNxx`s1s.NNs-..--:

Table

800

600

zoo

5

Fig, 2

4 Value  ofNnlNl

NShathPel A

N,iN,11 lI:Z
N,fN,!  -

Bi

 1,39

i(i･7o)

DE

,L
 L

 1.

181
   1,1556

  ]

ll

FFG

12l4,
  !2S･
  1

115176

H1/I

             
･6

      No.of Deck Layers

Relation between Lowest
    and  No. of  Decks.

1

fi
12

  174'

18'
  1

11.20.87

･E--o>8.y8:t'ggg'8-ll:u
1

-

        1

Frequency

'-l'

.1-.v

/k3g,cs.m
 -//O

 1.0

    Fig. 3

489cpm

k
   O.dModeoCurve1.0of

m

       O.L O

Superstructure

Fig. 4 PhaseRelation betweenDodger  andSuperstructure.

o

00

1.o
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×

   Fig. 5 Observed Mode  Curve of  Dodger.

ment  due to the vertical  fiexural vibration  of

ship's hull. But recently  the possible existence

of the longitudinal vibration  of  ship's hull was

pointed out  and  the hull vibration  of  this kind

is said to affect  on  the vibratory  characteristics

of  superstructure.

  In order  to make  clear  this problem, the

vibration  of  superstructure  and  ship's  hull

were  simultaneously  rneasured  on  Ship I.

Figs, 6 and  7 shew  the results  of  the  measure-

ments  carried  out  at a  pier by means  of a vi-

bration exciter  installed on  the top deck of  the

superstructure.  From  these figures it is clear

that  the ship's  hull vibrates  longitudinally and

there  are  four peaks observed  in the  resenance

curves. Moreover, as  shown  in Fig.7, the

superstructure  and  ship's  hull vibrate  in phase

ga[lten
   7e

60

50

8. `Oin2

 3o

20

10

45

at two  lower resonant  frequencies, but at two

higher ones  they oscillate  in counterphase.

3. QualitativelnyestigationonVibration
    Charaeteristics of  Superstrueture

3.1 Coupled Vibration of  Superstructure

     and  Ship's Hull.

  The superstructure  is assumed  to be a  uni-

form cantilever  beam attached  at the after part
of  the  ship  which  is also  assumed  to be a  uni-

form beam  free at  both ends  as  shown  in

Fig. 8. Equations of  motion  for longitudinal

vibration  of  ship's hu]1 and  shear  vibration

of  superstructure  are  given respectively  as

fellows:

  TZ'xU, -m  
OS,U,

 -o,  s0e2.Y, 
-p

 
ao2,Y,

 
-o,

                                 (3.1.1)

where,T:U:x:m:s:y:

  x:

  p:

  Boundary

given in the

n

0

Frequency Ccprn11

      Fig. 6

5

o

x

x

tensile rigidity  of hull

]ongitudinal displacement of  hu]1
length co-ordinate  of  hull

mass  of  hull per length

shear  rigidity  of  superstructure

fore-and-aft displacement of  super-

structure

height co-ordinate  of superstructure

mass  of  superstructure  per height.

     conditions  for free vibration  are
          .
     followmgs:

;iX
Upp,DK(Longlivdinal

 Vibration)

z  Measuring  Point No.1

e  Measuring Point No.Z
C  Measuring Point No.6

il'
cr' S?: i'j?u.n
 "

.{
 Hp

 Rx.

 3$6rk
 '

 500  600  700

             Ereguecy

Resonance  Curve.

800 900

(cpm)
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      6

.

×
.>t..tt/it7 'urve

;.fS}..p.×

.eisirec.'st//il
       l -

Measuring
Point No.

ls gallton

10..-"-

5N=:525cpm

.

         crtt--Lt-----ur-

Mode  curve ef  Superstructure

             f

i-o-gpll 
ton

5N=560cpm

      Mpde  Curve  oF  SHperstructure.MtlilLgMltM;L---"'r'
-'-----'----`--"-  ' I -XX.

           e--.--.e---

                 -t s -s----

                             / t

1o 9a1/ ton

5N=605cpm

MedeCurve,

k e.2

of

 fiuperstructvle>.t
   l -xtt"

--"-

- e

        Fig.7

au6X

          Fig.

          ou
   =O,  T
,x-o  OX

Y[x-D=Ulr-L,

8

IX=LOyOx

Lengitudinal

where,

 L:

  l:

  For

==  s ay

   Gx

  =ox=t

Vibration Modes  of  Ship's

pt

x=e

  (3,1.2),

by a pen-

/

Iength of  ship

height of  superstructure

the forced vibration  excited

odic  force acting
the last equation

           o'y

           Ox

where,

 F,: amplitudeo

  to: circular  fre

  U  and  y are

forms.

       U=(A,eiKX+A,e"iKX)eUe

        Y=(A3eileX+A4e-ikx)eUt

And  by using  (3
the  following equation
teristic values  of

           tan KL  :=  -a  tan  kl

  Amplitudes of

i-6=gaI1ton

5N==630cpm

Hull.

at the top of  superstructure,

of  (3,1.2) is replaced  by

  ..  
Fo

 etwt (3.1.2)',
x=!  S

 f exciting  force

quency of  exciting  force.
expressed  in the following

              ] (3.1.3)

.1.1), (3.1.2) and  (3.1.3),
    is given for the charac-

natural  frequencies:

                 (3.1.4)

 the forced vibration  are
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given by replacing  ei2  ̀ with  eimt in U and  y

of (3,1.3) and  obtaining  the  general solution

of (3.1.1) under  the conditions  of  (3.1.2),

(3.1,2)' and  (3.1.3) as follows:

    cr(1 -  1 1cos kl)cos KX!cos  KL
U=

 tan KL+cr  tan kl
eeiwt

47

{cr(1 -  1!cos kt)cos k(l-x) +  (tan KL+  cr tan kl)sin KX}!cos  
kl
 2,i.e

(3,15),

(3.1.6),
y ==

tan  KL  +  cr tan  kt

where,

     cr=-lil-･KkLi  ==ii-B,  e=E,/ks

  A: weight  of ship

  w:  weight  of superstructure

  The ratio of the amplitude  at the  top  of the

superstructure  to the amplitude  at its bottom

is given according  to (3.1.6) by

  i' =  
..l

 kl 
+ 

ta."aK-Li'

lg.t,aknl)kl 
t,.

 
kl

                               (3.1.7),

where,

  yt: amplitude  at top of  superstructure

  y,: arnplitude  at bottom of  superstructure.

  If it is assumed  as an  example  that T=

80× 106 tons, A=30,OOO  tons, L==  200 m,  S =

 106 tons, w=  300 tons and  l=18 m,  the  natu-

ral frequency of  the superstructure  and  the

 ship's hull are  420 c!m  and  450clm  respgc-

tively, but the  coupled  natural  frequencies

 calculated  from  the above-described  formula

 are 400c!m  and  470clm,  so  two  resonant

 frequencies will  exist in U  and  y. And  for

 400c!m,.(y,ly,)>O that is to say  yi and  yo

 are  in phase, but fer 470 clm,  tytly,) <O  that

 is to say  y, and  y, are  in opposite  phase.

   These analytical  investigations show  quali-

 tatively the reason  why  there are near  500N

 600 c/m  on  ships more  than two  resonant  fre-

,q.u.e,n,cl?s,,:rge.ic,h,,,h,a,v,e,:h,e,,,n,7tu.r,:,gh,a.t,ag,l,h･z

 hull vibrate  in phase but at  the higher fre-

 quencies they  oscillate  in opposite  phase.

   As shown  in Fig. 6, four resonant  frequen-

 cies  are observed  in the vicinity  of first mode

 on  the full-scale vibration  measurements  on

Test Ship I. These  phenomena  are  explained

by the following considerations.  As  previous-
ly described, both longitudinal vibration  and

vertical  flexuTal vibration  of ship's  hull affect

the  vibratory  behaviors of the superstructure.

Therefore, two of the  above-rnentioned  four

peaks may  be caused  by the correlative  vibra-

tion with  the ship's  hull longitudinal vibration,

and  the other  two  by that with  the ship's  hull
vertical  flexural vibration.

  In evaluation  of  the  change  rate  of the

characteristic  number  of natural  frequency due

        Table  5 P VS.  kl and  N2fNi

p3.003.253.503,754.004.254.504,755.oo(kt)i1.57(1.oo)

1,55(O.99)

1.53(O,98)

1.50(O,97)

1.48(O.94)

1,45(O,92)

1.39(O.89)

1,32(O.84)

1.22(O.78)

(kb,2.12(1.36)

1,95(1,24)

1.79(1.14)

1.73(1.10)

1,66(1,05)

1.64(1.03)

1,61(1.02)

1.59(1.01)
1,57(1,OO)

N,IN,1.361,251.161,131.121,12L151.201.28

ki

2.0

1,5

L
3         4

Fig. g p v.s. kl.

5 fi
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to the effects of

ship's  hull, Eq. (3.1.4) is available,  The re-

lation between B and  kl is evaluated  by

(3,1,4) and  is given in Fig. 9 and  Table 5.

The  quantity B for an  actual  ship  is supposed

to be fiear 4,OO, therefore, it is clear from

Fig.9 and  Table 5 that the  deviations of kl

from the original  value  are between ± 5%  and

and  the value  of N2/Ni  becomes 1.12 approxi-

mately.  The value  of  N2/Ni  thus evaluated

has the same  order  as the  observed  values  on

the full-scale vibration  measurements.

  However, as described in detail later, when

the first mode  natural  frequency of  the super-

structure  is calculated  on  the  assumption  that

the superstructure  is a cantilever  with  variable

cross  section, it is almost  100%  in excess  of

the observed  on  the full-scale tests. There-

fore, the above-mentioned  argument  alone

cannot  explain  the discrepancy between the

calculated  and  observed  natural  frequencies.

3.2 Efiect of  Boundary Condition.

  In this paragraph the effects of  boundary

conditions  of  superstructures  on  the natural

frequencies are investigated. Fig. 10 shows

the simplification  of  the vibrating  system  ap-

plied for the investigation.

  The  latter part of  Eq, (3.1.1) is available

for the equation  of  motion  for this case,  and

the beundary conditions  are given as  follows:

    
ey

 =Kiy  
,
 

OY
 =o  (3.2.1).

               jx=D  ax ,==t    ox      m;o  S

The equation  of  the characteristic  number  of

natural  frequency is given from  (3.1.1),
(3.1.3) and  (3.2.1),

      Tomeyuki  HiRowATARI and  Kohei  MATsuMoTo

correlative  vibration  with  Table6eVS.  kl andN,IN,

EoO.1O.3O,51.0 (kD,1.57(1.00)

l.45(O.92)

1,22(O,78)

1.06(O.68)

O.87CO.56)

(kb,4.70(1.00)

4,31(O.92)

3.86(O,82)

3.63(O.77)

3.40(O.72)

I N,IN,

1

3.003.013.163.423.91

x l

KlFig.

 10

           cos  kl- -L sin  kl=O  (3.2.2),
                  q

where,

              q=K,!kS

 Ki: spring  constant  of  elastic  support  at

      foundation of  superstructure.

  Table 6 got by computing  graphically from

(3.2.2), shows  the change  of  the  character-

istic number  kl and  of NL)/Ni with  respect  of

E, where  e equals  S!k,l, It is clear  from this

Table that along  with  the  increase of  E, name-

Iy the decrease of  Ki, the  characteristic  num-

ber decreases, but NL,/Ni increases. I rom  this

fact it rnay  be understood  that the remarkable

discrepancy between the calculated  and  ob-

served  natural  frequencies of  the first mode  is

mainly  due to the existence  of  elastic  supports

at  the foundation deck of superstructure,  But

the  idea of  introducing the elastic supports

cannot  be a  complete  proof for the  discrepan-

cy  of  the value  of  NL,/Ni, for the computed

values  of  N2/Ni  increases along  with  the  de-

crease  of  Ki and  are  far from the observed

one.3.3

 Efiect of  Dodger  Vibration.

  According to the results  of full-scale vibra-

tion  tests, it is presumed that dodgers affect to

some  extent  the  yibratory behaviors of  super-

structure.  In order  to make  clear  this effect,

the  following investigation was  made,  As
shown  in Fig. 11, the dodger is assumed  to be

a  sprung  mass  attached  to superstructure.

  Then  the periodic force induced by the

sprung  mass  to superstructure  is expressed  by
the  following equation:

              f= K2)'21x--o
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                Fig. 11

where,

           K,==Cw2!(a2-o2)

  o=NrC!m,  : natural  circular frequency o £

      sprung  mass

  tu:  circular  frequency of  vibration.

For the  equatien  of motion  of superstructure

beam, the latter part of  (3.1.1) is available

and  the boundary conditions  are  given as

follows:

N

),iXxx.4131213l12o
N,IN,

l,ll=O.8

3,OO2,892,381.87

i,lt= 1.0

3.00

2.772.6S2.621.75

NslNi

li!l=O.8

4.503.653.283,43

lilt=1.0

5.00

4.303.S53.583,58

yiix,-e=O, g:l.,.i,= llil2, 
;.,J
±e+  

Ks2
 Y2i.,.o,

y".,.t,=y21xp=o, g:li 
l..=l,--O

                               (3.3.1)

Expressing the  displacement of superstructure

yj (i=1, 2) by the following equation:

        yj=(AjeikXj'+Bje-tk=j')eUt (3,3.2)

Then the equation  of characteristic  number  is

given by

         cos  kl=R  sin  kl, cos  kl, (3,3.3),

where,

          R=K,!kS,  l=t,+l,

  When  the  natural  circular  frequency of  the

sprung  mass  o  (= Nrclme  ) is assumed  to be rp
times the second  mode  natural  circular  frequ-

ency  of  superstructure  2(== 
:i

 Vi), the

following equation  is obtained  :

             tu/a=2kl!3rrrp,

and  then

         R=6klf{1-(2kl!3nrp)2} (3.3.4),

where,e==m,!gL:

 mass  ratio  of  sprung  mass

      attached  to superstructure  and  super-

      structure.

  (3.3.3) can  be easily  solved  graphically and

Table 7 shows  the  values  of  N.fN,  affected

by the  dodger as  the sprung  mass  when

e=O.1. This table indicates that N.!Ni

decreases along  with  the  decrease of  v, and

in the range  of op=112-213,  it becomes the

sarne  order  as  the observed  Na!Ni.

3.4 Main  Results of  Cualitative
     Jnvestigatton.

  Qualitative investigations were  made  on  the

vibratory  characteristics  of superstructures,

especially  on  the correlation  between  super-

structure  vibration  and  ship's  hull vibration,

 on  the  effects of boundary conditions  of  super-

    Table 8 Qualitatiye Analysis of  Natural

         Frequency of  Superstructure

Calculated  frequency
 for a  variable  section

 cantilever

Ni(clm)1

11,OOO 1

Frequency affected  by
 elastic  support

 (assumed e=O.5)

t680[

N,(c/m)

3,OOO

  1

,

 s2,310/x

Frequency  affected  by
 sprung  mass  (assumed
 ;:=O.1, rp==O.5, l,=bLLi590/ ×

Frequency  affected

 lougitudinal hull
 ration

 (assumed fi==4,O)

by  1Vib-l
    I

/555

 ･

/'  x

1,250･2,4oo

lx  xx
x[620i

  l

t x.  xx

l,170･1,310
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structure  foundations and  on  the sprung  mass

effect  of the dodger, They  appear  to affect

jointly and  simultaneously  the vibration  of

superstructures,  and  will be discussed sepa-

rately  later. Taking  into consideration  of

these  joint effects,  the natural  frequencies of

fore-and-aft vibration  of superstructures  are

analyzed  qualitatively as shown  in Table 8.
The last natural  frgquencies shown  in the table
are  not  far from the observed  frequencies.

4. Prediction of  Lowest  Natural Fre.

    quency

  In order  to prevent the trouble of fore-and-
aft vibration  of superstructure,  it is necessary
to predict its natural  frequency in the early

stage  of designing and  avoid  the resonance

with  external  periodic forces. As  already

stated,  only  the lowest of  the  natural  frequen-
cies  of superstructures  has a' possibility to
resonate  with  external  forces.

  The  vibratory  behaviors of superstructure

are very  complicated  because of  the existence
of  correlations  with  the ship's  hull, sprung

mass  effects and  elastic  supports,  but fortu-
nately  the effects  of  the former two  upon  the

lowest natural  frequency are  relatively  srnall,

  Therefore, to predict the lowest natural  fre-

quency of superstructure,  it is suthcient  for

practical use to take into consideration  only  of

the effects  of elastic supports.

4.1 Assumption  for Catculation.

  To  develop the rnethod  which  predicts the
critical  frequency, the following assumptions

are  made:

  (1) The superstru ¢ ture is consjdered  as  a

rnulti-sprung-mass  vibratery  system  with  n

degrees of  freedom, where  n  is the  number  of

its deck layers.

  (2) Viscous damping  and  rotational

inertia are  neglisibly  small.

  (3) The  shear  rigidity and  bending rigidi-

ty alone  of  superstructure  bulkheads are  taken
into the spring  of  the rnulti-sprung-mass  sys-

tem. The rigidity of  deck plate is neglisible.

  (4) The  weights  of  steel  plating and  fit-
tings are  replaced  into the vibratory  mass  of

the multi-sprung-mass  system.  The  weights

are  assumed  to concentrate  on  each  deck layer
on  which  they are  erected.

  (5) The  displacement of  superstructure

is the sum  of  shear  deflection, bending deflec-
tion and  defleetion due to the elasticity  of  the

foundation deck.

4.2 EquationofMotion

  For the rnulti-sprung-mass  vibratory  sys-

tem, the following relations  exist between dis-

placement, external  force and  inertia force.

        Y== ¢ P=- ¢ MY==-UY  (4.2.1),

  Y: displacement (column matrix)
  P: external  force (column matrix)

  ¢ : fiexibility matrix  (symmetric matrix  of

      order  n)

 M:  inertia matrix  (diagonal matrix)

  U:  dynamical matrix  (regular square  mat-

      rix).

  In the case  of  a vibratory  motion,  Y  is ex-

pressed by the  following equation  :

               y=ei"`A  (4.2.2).

Eqs. (4,2.1) and  (4,2.2) give the following
equatlon:

           ( i2 In-U)  A=O  (4.2.3),

where,

  w:  circular  frequency

 I.: unit  matrix  of  order  n

 A: rnodal  column  matrix.

  In order  to solve  the above  equation  by
rneans  of  the socalled  

``Repitition
 Method",

presume A  to be

A  =oAoAioA2

oAn

(4.2.4),

and  substitute  this in (4,2.3), then the follow-
ing equation  is obtained:
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oAioA2

 :

oAn

oA{oAi

oACoA

 C-

eA
 
'n

  oAi
  toAieA

  
2,A{

  t
 

oAi
oA

  
n

 ,A{

oA
 
'ioAi

IAIIA2

iAn

                               (4.2,5).

  When  this process is repeated  n  times, the

sequence  of  
oAl!oAi,

 iAtliAi･･･.A{lnAi  ¢ on-

verges  to a  certain  value  and  the  convergent

value  corresponds  to 11tu2. The  lowest natu-

ral frequency of  the system  is given by

             f- :.O ViiZi (4.2.6).

4.3 Evaluation of  Flexibility Matrix.

  For the above-described  calculatien,  it is

necessary  to evaluate  both Inertia Matrix M

and  FIexibility Matrix ¢ . The Inertia Matrix

M  can  be easily  evaluated  by the following
formula:

M==

Mi  O O･･･O

O M2  O'-･O

O O M3  ''' O

O O O-･-,m.

, (4s3Ll),

where,mj:

 vibratory  mass  on  jth deck of  super-

structure  (i=1,2, -i-n,  counted  frorn top.).

  Evaluation of Flexibility Matrix is fairly
complicated,  but it is divided into the follow-

ing three rnatrices.

 ,¢ : flexibility matrix  due to shear

 b¢ : flexibility matrix  due to bending

 ,ip
 : flexibility rnatrix  due to elastic support

      at foundation deck (generally upper

      deck)

  Evaluations of  these matrices  are

detail in reference8),  and  they are

finally as follows:

   ,¢  =-6  ,¢
'

 =  
-Gi
 
-[,Lia,

 sL2a,  
-
 
'
 
'

where,

sLi=

a=

   n  rows
N h

OO･･.Ol

OO･･･Ol
------,..-･Ol

oo･･･oo･･

1!k'A,1!k'A,

 1!k'An

･oo･

oo･-oo･

1× i at  ith

,.11･･Ol

row
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shown  in

expressed

sLna]

 (4.3.2).

.,.11.･･11-

 - . - ----+4

  6  modulus  of  shear  elasticity

k'Ai effective  cross  sectional  area  for

      shear

   l: deckbeight.

              I3      t3
b¢  

=
 6E 

b¢
'=

 6E 
[bLiB, bL2P,  

'''
 bLnP]

                              (4.3.3),
where,

bLi=

oo･oo･

 --

---oo･

･ OS (i- l, O)
- OS (i-2, O)

' S(O,O)

･ o

･ o

S(u,v)

p-

 '

 '

  -i

  --

1!I,1fJ,

i1IIn

-.

S(n-1,n-i)

S(n-2,n-i)
-------l----

q-----.-----

------------

-1."t------a

 S (o, n-  i)

=6uv+3(u+v)+2

,
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E:

 l:Ii:

where,

er =r

  r:

  l:

4.4
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Young's modulus
deck height
moment  of  inertia of  cross

ith deck.

        r¢  =  LrV
            r

sectlon  at

(4.3.4),

  n2  (n-1)n -･: 2n n

n(n-1)  (n-1)2 ･･･  2(n-1)  (n-1)
 --------------ll----J--------1

  2n (2n-l) 22 2

   n  (n-1) 2 1

 rotational  spring  constant  at the foun--

 dation deck

 deck height

Discussion of  Validity of  Proposed
Method.

order  to study  the validity  of  the

  Natural frequencies were

    of  an  electronic  digital

  3010.

 Comparison between Observed

 CalcuJated Natural Frequency.

 calculated  natural  frequency of

   9 Comparison between  Calculated

      and  Observed (K=oo)

  In pro-

posed ob-

served  and  calculated  natural  frequencies were

made.  calculated

by rneans  computer

HITAC4.4.1
 and

  The shear

   Table

ShipNameABCDFCalculated
   Nc1,O16

 983

 9581,097

 727

        l
Observed
  Nm525558550550440

NelNm

i1

1.931.761,741.991.66

.N

K.,

N

KI

Fig, 12 r

vibration  of  superstructure  is compared  with

observed  in Table 9. This table tells that  the

calculated  natural  frequency is about  70--

100%  higher than the observed,

4.4.2 Effect of  Elastic Support  at  Founda-

      tion Deck.

  It is somewhat  dirncult to evaluate  directly

the spring  constant  of foundation deck, and  a

simplification  was  applied  in the system  as

shown  in Fig. 12. The  superstructure  is as-

sumed  to be supported  with  two  springs  at  the

bottorns of  its fore and  aft  end  bulkheads.

Then  the following equation  is obtained:

     r=  
IIIo=

 K5iKka2=Ka2  (4･4･i),

where,

  a:  distance between fore and  aft end

     bulkheads
Mo: moment  due to vertical  force

 K:  equivalent  spring  constant

 Ki: spring  constant  for fore end  bulkhead

 K,: spring  constant  for after end  bulkhead

  e: rotational  angle  due to moment

  To  evaluate  the values  of  K, and  K2, the

following assumptions  were  made.

  (1) The  vertical  force from the super-

structure  is transmitted to bulkheads (trans-
verse  and  Iongitudinal) under  the  foundation

deck.

  (2) The  bulkheads under  the  foundation

deck which  have a bulkhead undernearth  in

the same  vertical plane act only  in compres-
sion.

  (3) The  bulkheads under  the foundation

deck which  have not  a bulkhead undernearth

in the  same  vertical  plane act both in com-

pression and  in shear.  The  compression  is

supposed  to  act  in one-frame-space  breadth.

  (4) The  rigidity  of  deck  plating of  all

superstructure  decks is neglected.

  (5) Spring constants  of the foundation
deck are  derived by caiculations  of  displace-

ments,  and  the  calculated  spring  constants  of

each  deck are  summed  up.  The  sums  make

the equivalent  spring  constants  Ki and  KL, for

the  vertical  planes under  the superstructure

bulkheads  forward and  aft.
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Ship  Name/lA B

Calculated  Nc

Observed  Nm

  NclNm

-

    535

I     525

1 (558)*
/1
 1.02
l (O. 96) 

a':

1

405

440

O.92

Fig. 13 An  Example of  House Wall  Arrangement.

  The calculation  of  the spring  constant  is, as

an  example,  shown  as  follows: Fig. 13 is a

plan of  deck just below the foundation qeck,
                             end  m  a
showing  the superstructure  after

chain  line and  bulkheads  below this deck in

broken lines. The vertical  force from the

superstructure  after end  bulkhead  acts  upon

the intersections of  the  chain  ]ine, and  these

are  named  Points 1, 2,...5 as  shown  in the

figure. On  the  above-described  assumptions,

the following calculations  are made.

      AE  150xO.6 × 2100

 
Kic=

 l=  26o

    =726.9t!cm,

                     AE
  Kx=K3c=:K4c=Ksc=
                      l

    ..
 goxo.6 × 2100 =436.2tlcm,

            260

  K!s=Kss=  K4s :=  L?L, 
kAG  

=

 1so3×
301
 so

       × 260xO,6 × 820=1,563.5tfcm,

  Kss= lso4×
803oo

 × 26oxo.6 × 
s2o

     ==  1,137,l t!cm,

 where,

     l: deckheight
    A:  sectional  area  (dxt)

  d, L: span

     t: plate thickness

   K,c: compressive  spring  constant

         (n :=  1, 2, ･･･ 5)

   K.s: shear  spring  constant

         (n =  1, 2, -･･ 5)

     E: Young'smodulus

 
'(
 )* shows  value  of  2nd Test.

 kAG:  shearrigidity

Li, L2: distance from loading pomt 
to

 
sup-

        port.

Therefore,

  KS=Kg=KC=lf(lf436,2+lf1563.5)
    =341,Otlcm

  Kg=11(11436.2+111137.1)=3152t!cm
  K=K,,+KC-+Kg+Kl+Kg=2065t!cm

4.4.3 Calculated Natural Frequency taking

       account  of  Elastic Supports.

  The  above-described  calculations  of  natural

frequencies were  made  on  Ships A  and  F.
                                   fre-Table  10 shows  the  calculated  natural

 quency of  superstructure  by taking into ac-

 count  the elastic  supports  at the foundation

 deck, It is known  from  this table that the

 discrepancies between the calculated  and  ob-

 served  became  considerably  smaller  than those

 shown  in Table 9 when  the elastic  support  !s

 taken  into account.

 5. Conclusion

   The  results  of  the  full-scale measurements

 and  the investigations thereof are  summarized

 as  follows:

   (1) There are  several  resonant  frequep-

 cies  of  400-i600  c/m  and  800--1,OOO c/m  in

 the resonance  curves  obtained.  Of these,  the

 lowest natural  frequency has the possibility

 of  resonating  with  the So-called 
･`blade

 frequency".

    (2) The observed  mode  curves  of  super-

 structure  and  dodger show  some  interesting

 characteristics. That  is, the former give near-

  ly the same  shapes  in the  first and  the secgnd

  modes,  and  the latter give different vibration
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phases in the first and  the  second  modes.

  (3) The  existence  of correlative vibra-

tions between main  hull and  superstructure  is

clearly  recognized  during the full-scale vibra-
 'tlon

 tests.

  (4) It is made  clear that the  elastic  con-

dition of  fixing at  the foundation deck of

superstructure  makes  the natural  frequencies

decrease remarkably,  and  the sprung  mass  ef-

fects of  the  dodgers affect the natural  frequen-

cies  of  the second  mode,  
'

  (5) In the proposed  method  which  deter-

mines  the lowest natural  frequency, the  evalu-･

ation  of  K-value is most  important,

              References
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