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       2. Transverse Wave  Load$  on  a  Ship in Waves

                     (Part I, Part II, and  Part III)

                        Kunio GODA*, Member

              (From J,S,N.A. Japan,  VoL  l21, Jnne  1967,  Voi,  J23, June  IP68.

                        and  Vol, J26, December  1969.)

                              Summary

   This paper deals with  the hydrodynamic pressures acting  on  the  ship  hull in waves  from

the yiewpoint  of  transverse strength  of ships. Experimental investigations are  made,  in
Part I, on  the  hydrodynamic  pressures on  the  rnidship  of  T2 tanker  model  in regular  head
waves,  In Part II, are  presented results of  calculations  and  experiments  of  the  hydrodynamic

pressures on  the fore bedy of  the same  model.  Calculations are  carried  out  by using  Tasai,'s
method  based on  the  strip theory. As  the  first step  to obtain  standarcl  loads for transverse
strength  calculation,  the jeint probability distribution of  the  hydrodynamic pTessures on  the

side  and  on  the bottom  of  ships,  in i,rregular waves  is discussed in Part III.

   Partl. HydrodynamicPressures

            on  the  Midship

l. Introduction

  One  of  the most  important problems  in

ship  structural  design is determination of the
wave  loads acting  on  the hull. While our

knowledge on  the longitudinal wave  bending
moments  has been  remarkably  improved, few

investigations have been carried  out, from

the viewpoint  of transverse strength  of  ships,

on  the hydrodynarnic pressures acting  on  the

hull in waves.  Akita and  Ochii), Tasaki2)

measured  the  pressures on  the bottom of a

ship  model  going in regular  head waves.  Por-

ter3), Paulling4), and  Huang5) reported  meas-

urements  and  calculations  of  the pressures on

cylinders  and  on  a shiplike model  oscillating

in free surface.  At  the  11th ITTC  1966,

Hoffman6) presented a  interm report  of meas-

urements  of the pressures on  several  sections

of T2  Tanker model  in regular  waves.  Data

of full scale measurements  on  the Ocean  Vu!-

can7) and  the Ginga-rnaru8) are  also  avail-

able,
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  In Part I mvestigations  of  the hydrodyna-

mic  pressures on  the bottom and  the side  of

a model  at the midship  in waves  are  described
from the  transverse  strength  viewpoint.  Mod-
el tests were  conducted  in regular  head waves
with  T2-SE-Al  tanker  model.  Approximate
calculations  of the  pressures on  the bottom
were  carried  out  by rneans  of  the  strip theory

and  compared  with  experimental  results.

2. DeseriptionofExperiments

  The  model  tests were  conducted  in the Me-

jiro No.  1 Ship Experiment Tank",  Ship Re-
search  Institute. The  wooden  model  of T2-
SE-Al  tanker was  used,  whose  principal
particulars are  listed in Table 1.1. Bilge keels
were  not  attached  to  the model.  The  model

was  self-propelled  under  full load and  even

keel condition  in regular  head waves  having
awave  length of  75, 100, 125 and  150%  of

model  length respectively.  The  wave  heights
were  controlled  to 10cm  throughout  the ex-
   .perlments.

  The  followings were  measured:

 (1) Hydrodynamic  pressures on  the hull at

    the midship.

**
 At  present belongs to the Shipbuilding Research

  Center of  Japan.
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(2) Relative water  level with  respect  to the

    hull at  the rnidship  side.

(3) Ship rnotions;  pitching, heaving, and
       '
    surgmg.

(4) Wave  heights at a point in front of  the

    towmg  carnage.

In Fig.1,1 locations of  pressure gages are

shown.  The  pressure gages are  electric

capacitive  type, and  diameter 6f pressure
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 sensing  diaphragm is 30mm.  The  wave

 heights were  measured  by the sonic  wave

 probe  located in front of  the towing  carriage,

 moving  together with  the carriage.  And  the

 relative water  level was  measured  also  by

 the sonic  wave  prQbe which  was  attached  to

 the ship  side as  shown  in Fig. 1.1. The speed

 of  the towing earriage  was  taken  as  the  model

 speed.

 3, ResultsofExperiments

 3.l Pitching and  Heaving

   In Fig. 1.2 test results of  pitching and  heav-

 ing are shown,  together with  Fukuda's calcu-

       Table 1.1 Particulars of  Model,
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lated values  by the strip  theoryg). The  test

results  are  presented in the forms  of  dimen-

sionless  amplitudes  ip,!kh, and  q,fh, and  the

phase angle  of  motions  between motions  and

wave  cre, atc, where  di, is the amplitude  of pitch-
ing, g', the amplitude  of  heaving, h, the ampli-

tude of wave,  k:=2rcla the wave  number,  R

the wave  length, L  the ship  length. The

abscissa  is model  speedi in term  of  Froude

number  VIVLg  . On  definition of the phase
angle,  refer  to Eqs. (1,1), (1.2) and  (1,3) in

chapter  4, Part I.

  The heaving were  measured  at midship

not  at  the center  of  gravity of  the rnodel,

but the calculated  value  of  heaving refer  to

the  center  of gravity. However, the center

of  gravity, being located O.O04L(=18mm)
forward of  midship,  may  be considered  to

be nearly  at the  midship.

  Arrows,  in Fig. 1.2, show  the  model

 speed  at which  the period of encounter  T, is

 equal  to the natural  period of pitching Tp,

 and  heaving Tt,,. These natural  periods

 were  obtained  by free oscillation  test in still

 water  at zero  speed.  Vossers et al.iO) gave

 upper  Iimit of  rnodel  speed  over  whi ¢ h the

 side  wall  infiuence exists.  Thislimit is in-

 dicated by the three-feather  arrow,  while  the

 rnodel  speed  corresponding  to m,Vlg=114  is

 indicated by the two-feather  arrow,  to, being

 the  circular  frequency of  encounter.

   From  Fig. 1.2, it can  be said  that  the cal-

 culated  values  by the strip theory  agree  good
 with  the experimental  results.
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Fig. 1,3 Examples

3,2 Hydrodynamic  Pressure and  Relative

     }Vater Level

  Examples of  oscillograph  records  of  the

pressures and  the  relative  water  level are

shown  in Fig. 1.3. When  the ship  speed  was

not  zero, high frequency ripples  due  to hull

vibration  induced by the electric  motor  on

board for self propulsion were  superposed  on

fundamental records.

  The  results  of  the hydrodynamic pressures
and  the  relative  water  level are  given in

Fig. 1.4. These are  presented in the form of

dimensionless amplitude  p,!pgh, and  Aolho,
where  p, is amplitude  of  the hydrodynamic

pressure, p the density of  water,  g the ac-

celeration  of gravity, n, the  amplitude  of  the

relative  water  level. The  pressures at five

locations are denoted by pi,p2, ･･･,Ps  aS

 shown  in Fig. 1.1. The  hydrostatic pressure
 in still water  are  taken  as  zero  reference.

 Arrows in the figures show  the signifieant

 model  speeds  the  same  as explained  in the

 prevlous sectlon.

 4. Analysis of  Pressures on  Bottom

   By the strip theoryii) we  calculate  the verti-

 cal  forces acting  on  the unit  length of  the

 hull at  midship  and  then compare  the values

 obtained  by dividing the calculated  vertical

 forces by model  breadth (to be called  the

 mean  bottom pressure) with  the test results

 of  the hydrodynamic pressure on  the bottom.
   Consider  the  case  when  the ship  goes for-
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ward  with  a  constant  speed  V  in regular  head

waves.  As  shown  in Fig. 1.5, the  co-ordinate

system  O-XYZ  fixed to the space  is em-

ployed such  that  the  XY-plane  coincide  with

the stiH water  surface  and  the Z-axis indicates

the  upward  direction perpendicular to the

still water  surface.  

'
 The  cQ-ordinate  system

G,-xyz  fixed to the ship  is chosen  such  that

the  origin  locates at the center  of  gravity G,

of  the  ship, the x-axis points out  ahead  the

ship  and  z-axis upwards.  The surface  eleva-

tion h of  regular  head waves  encountered  the

ship  is

           h=h,  cos  (kx+ca,t) (1.1)
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And  heaving C and  pitching ip are

           4=Co cos  (tu,t+crc) (1.2)

           ip=ipo cos  (w,t+cr,) (1.3)

where  to, is the circular  frequency of  encounter.

According to the strip  theory, the force acting

on  the unit  length of the ship  at point x of the

co-ordinate  system  fixed to the ship  at an

arbitrary  time tis expressed  as

        
ddF.=:F.i+ddF.2+ddF.3

 (1'4)

where

         
dFi

 ..F2pgy(Z-h,)  (1･5)
         dx
                '

         
ddF.2=-N(2-he)

 (1･6)

         
ddF.3

 =  ":i,-{u(2-he})  (1･7)

and  Z  is the displacement  of  the ship's  sec-

tion with  respect  to the  space  co-ordinate  sys-

tem, y the half breadth of  the water  plane,

 u  the added  mass  of  the  section  and  N  the

 darnping coeMcient  of the section. And  the

 following relations exists:

           Z=4+xip  (1.8)

           2=e+xdimvip (1.9)

           2=  c- +xdi'-2vip (1.10)

          du .,
 mv  du ".11)

          dt dx

 Assuming that the  effective  elevation  of  the

 wave  h, at the point of  the  ship  is equal  to

 the  elevation  of  sub  surface  at the depth

 Z=-e.,e.  being the mean  draft of  the sec-

 tion, then the effective  elevation  of  the wave

 is expressed  as

         h,=hoeJkfM COS  (cdet+kX) (1･12)

 Since the section  under  consideration  is the

 midship  section,  located in the  parallel body,

onaShip  in Waves  21

2y=B,  duldx==O and  x==O.  From  these

relation and  Eqs. (1.8) through  (1.11), Eqs,

(1.5) through  (1.7) become

         
ddFi

 =-pgB4+pgBh,  (1.13)

         dF2 .,-Ne+Nvip+Nh.  (1･14)
         dx

         dF3 =.u4+2uvdi+un,  (1･15)
         dx

where  B  is the breadth of  the ship,

  The  mean  pressure on  bottom p.  is

      p'm ==  ll}J( 
ddFi

 +  
ddFx2

 +  
ddFx3

 )
         =p.o  COS  (ctJet+cr,m) (1.16)

 And  the  relative  water  level h is

        A=h-C== Ao cos  ((v,t+as,) (1･17)

   In Fig. 1.6, the  dimensionless amplitudes

 of  the  mean  pressure on  the  bottom, i.e.

 Pmo=pmelpgho, and  their phase angle  cvp.  are

 presented by the  so]id  line ; those  of  the Telative
                =-

 water  levels, i.e. h=h,!ho, and  their phase
 angle  cr,A, by the broken line. And  they are

 compared  with  the  experimental  results  of the

 amplitudes  of the  bottom pressure p,,p, and

 the  phase angle  of  pi, i,e. crpi･

   For C and  ¢  necessary  for the  above  calcu-

 lations, Fukuda's calculations9)  shown  in Fig.

 1.2 and  for u  and  N, Tasai's valuesi2'  were

 adopted.

   It is clear from Fig.1.6, that  good agree-

 ments  between calculated  and  experimental

 results  of both amplitude  and  phase angle  of

 the  pressure on  the bottom is found. As  for

 the  relative water  level, there  exists  dis-

 crepancy  between calculations  and  test results.

 It is considered  to be due to distorsion of  the

 waves  in the vicinity of  the  model  and  also

 due to the wave  generated by motions  of  ship

 itself.

   The  vertical  force acting  on  the unit  length

 of  the  ship  consists  of  several  force components

 given in relations (1.13), (1.14), and  (1.15),
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    In Fig. 1.7, these  components  are  shown  in
    dimensionless forms which  are  yalue  obtained

    by dividing the  components  by pgh,B. For

    example,  (pgBO, is amplitude  of  pgB4!pgheB･
    Among  these  components,  the components

    pgBh,, pgBC  and  u4  are predominant.

    5. Conclusions

      In this part, the hydtodynamic pressures
    on  the bottom and  on  the side of  the ship  at

    midship  are  studied  by the rnodel  tests.

      Some  approxirnate  calculations  of  the pres-
    sures  on  the bottom were  carried  by means  of

    the strip theory and  compared  with  the  ex-

    perimental results. Good  agreement  between

    the calculations  and  the experimental  results

    was  found.

      This calculatlon  would  be impossible ex-

    cept  for a body plan which  is neatly  rec-

    tangular, also  it would  be impracticable for

    the pressure distribution on  the bottom being

    far from uniform.  When,  however, it is con-
    sidered  that the body plan of  many  merchant

    ships  is usually  rectangular  and  calculation

    of  the transverse  strength  is little affected  by

    slight  unevenness  of  the pressure distribution
    on  the bottom, the above  calculation  may  be

    suficiently  practical.

        Appendix  to Part I. Note  on  the

                Pressure Gage

    A.1 Problems  of  the Pressure 6age

      In the measurements  of  the  hydrodynamic

    pressures on  the ship  model,  the following

    problems should  be considered:  (1) Sensiti-
    vity;  (2) Effect of  temperature change;  (3)
    Effect of acceleration.

      (1) Sensitivity. In the case  of, for ex-

    ample,  test of 4.5 m  model  in waves  of  10 cm

    wave  height, the hydrodynamic pressure

    amplitudes  are  several  grams per square  centi-

    meter.  The pressure gages should  be sensi-

    tive enough  to measure  such  low  pressures.
      (2) Effect of  temperature  change.  In the

    measurements  of  the pressures by means  of

    the  pressure gages which  use  the diaphragm

    mounted  with  wire  strain  gages, oscillograph

    records  often  showed  considerable  amount  of
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 drift. The drift was  considered  to be caused

by temperature  change.

   (3) Effect of  acceleration.  The  pressure
 gages rnove  together  with  the ship  model.

Inertia force induced by acceleration  of  the

 ship  model  motion  on  the pressure sensing

 mechanism  is not  so  small  as to be neglected

 in comparison  with  the external  pressure.
 The  effect of  acceleration  should  be elimi--

 nated.

 A.2  Pressure Sensing Mechanism  of  the

      Pressure Gage

   Ready-made  pressure gages which  satisfied

 above-mentioned  requirements  were  not

 found. Then,  new  pressure gages were  made

 specially  for the  measurements  described in

 this report,  In Fig. A.1 the sectional  plan
 of  the pressure gage is shown.  Clearance be-

 tween  the electrode  and  the diaphragm

 changes  due to pressure acting  on  the dia-

 phragm. Change  of  electric  capacity  caused

 by that  of  clearance  is detected by a  ampli-

 fier.

 A.3 Diaphragm

   The  diaphragm which  was  made  of  phos-
 phor bronze was  O.05 mm  in thickness  and

 30mm  in diameter. This circular  plate was

 soldered  to a  steel  ring.  Procedure  of  solder-

 ing was  as  follows: Solder was  spread  on  the

                 i
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   soldering  surface  of  the steel ring and  of  the

   diaphrag mseparately.  Next, the diaphragm

   and  the steel  ring  were  heated at  about  250eC,

   Then, these  were  lapped keeping that tem-

   perature. Finally, these  were  cooled  down

   quickly. Thus. the dfaphragm was  soldered  to

   the steel  ring  with  tension due to difference

   of expansion  coeMcients  of  steel  and  phosphor
   bronze.

     Assuming that the above-mentioned  dia-

   phragm is a circular  plate in tension  with

   built-in edge  under  uniforrn  pressure, deflec-

   tion of  center  of  the diaphragm S is given by

         
-st-=

 16, [2{Jo(kOi)iki)o(k)} +i] "a)*

                       Ta2
               k2.. (2a)
                   D

where  6, is deflection of  the diaphragm at

center  in case  of  zero  tension, Io and  li are

modified  Bessel function of  zero  and  first

order, D=Et3112(1  -v2), T  is tension per unit

length of  circumferenee,  a is radius  of the

circular  plate, t is plate thickness,  and  v is

Polssons ratlo.

    il
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                      200  soO     O 1oo

                 kT.Tth

     Fig. A.2 Defietion ef  Pressure Gage

          Diaphragm, at Center,

  Graph of  Eq. (la) is shown  in Fig,A.2.

Assuming, for example,  that melting  tempera-

ture of  solder  is 1800C, room  temperature  is

200C, and  linear thermal expansion  coefi-

cients  of  steel  and  phosphor bronze are  1.12×

:::
 Calculation for the  eircular  plate m  cornpression

 is shown  in "Plates
 and  Shells" by Timoshenko,
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10-5 and  1.68× 10'5 respectively,  then k2 be-

comes  120 × 103 and  S/So O.O121. In the

vicinity of  the k2 value  slope  of  S/So-curve is

very  small:  This means  that  the  effect  of

temperature  change  on  deflection of  the plate
is very  small.

A.4 Results of Performance

  No  drift of  oscillograph  records  was  found

during the test. However, some  unsteadiness

of sensitivity was  found, In order  to remove

error  due  to this unsteadiness,  calibration  was

frequently carried  out.

   Part ll. Hydrodynamie  Pressures

           on  the  Fore  Body

1. Introduction

  In Part I are  described experimental  stu-

dies of  the  hydrodynamic pressures on  the

midship,  using  the T2  tanker model.  Just
before the studies  described in Part I were

reported,  Tasai had presented a method  of

calculation  of the hydrodynamic pressures on

the hull based  on  the strip  theory. Then

author  calcurated  the hydrodynamic pressures
on  the midship  of  T2  tanker  according  to

Tasai's method  and  compared  the calculations

with  experirnental  results. This worki4}  was

presented at  the meeting  of  the Society of

Naval Architects of West  Japan in February

 1968. Author consecutively  carried  out  in-

vestigations  of  the hydrodynamic pressures

 acting  on  the fore body  of  the ship  using  the

 same  model.  Results of  investigations are

 shown  in this part.

 2. Method  of  Calculation of  the  Hydro.

    dynamie  Pressures

   Theory for calculation  of  the hydrodynamic

 pressures is given in this chapter.  The co-

 ordinate  systems  are  employed  as  shown  in

 Fig.1.5; Explanation of  those are  given in

 Chapter 4, Part I. And  the co-ordinate  sys-

 tem  for the  section  contour  of  the hull is

 shown  in Fig. 2.1.

   The  hydrodynamic pressures on  the  hull

 surface  consists  of  the  following components:
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            Section Contour.

(1) Hydrodynamic pressure due to the  mo-

    tion in still water,  P{i).

(2) Hydrodynamic pressure due to reflection

    of  waves  from the body under  restrained

    condition,  P(2)･

(3) Hydrodynamic pre$sure obtained  from

    regular  wave  potential, P(3}.

  (1) Hydrodynamic  pressure due to the

motion  in still water.  When  the cy!indrical

body, section  of  which  is in Lewis form, oscil-
lates on  still water  surface  with  circular  frequ-
ency  tu,, the hydrodynamic pressure on  the

body will  given by the following equation:

    P=  
-P

 
0a¢
t
 =  

Pg.rp
 [(dic+S) sin cti,t

       -(di,+E)  cos  w.t]  (2.1)

where  p is the  density of  water,  g the accelera-

tion of  gravity, rp the amplitude  of  progressive
wave  generated by heaving, di. and  di, are

potential of  the progressive wave,  S and  E  are

potential which  satisfy  the boundary condi-

tion. These potentials are  given on  Ref. 15.

  Suppose that  the two-dimentional  body
oscillates  vertically  with  a small  amplitude  as

given by

              C=Co cos  ct,,t (2.2)

we  divide the hydrodynamic pressure into two

parts, p.. and  pd.. The  former is in phase
with  C and  the latter in phase with  C. By

puttmg as

         pa.=pgCopalvCOStuet  ). (2,3)
         Pdw=pg4op;C,  sin co,t, )

pU. and  pE'. wlll  be obtained  by
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          P2'w 
=

 
-
 eB 

PSAB
 
Og

 lli Z;,A 
O

          pat. =  
-
 g. 

PsAA:
 
-+

 Z:,Bo
 where  eB =caZB!2g,  p,= ¢ ,+E,

 B  is breadth of  the  section,  A,

 determined by section  shape  and  gB

(2.4)

                            Pc= ¢ c+S,

                            and  B, are

                              and  given
by Ref. 15).

  Assuming  that heaving 4 and  pitching ip are
expressed  as

         i:.;O,
C.O.S,((to.e,tt++cr.`il

 (2'5)

the following relations exist:

           z=c+xip

           2..e+xdi"vip (2.6)

           2=4+xdi-2vdi

where  Z  is vertical  displacement of  the sec-
tion  at  point x, V  the  ship  speed.

  The  hydrodynarnic pressure pci) at point x  is

given by

                    tl                             lt

    p,,, =-pgZ+pg  
P"w2+pg

 
P",w-2

 (2.7)
                   We                            cVe

Substituting Eq.  (2.6) into Eq. (2.7), we

obtain

      Pa)=Ph+Pe+Phct+Pod+Pvvd

           +Plta+P"a+Peva  (2･8)

where

Pv.d :=  
-

 pgC
         rl

Pha=pg  
PdW

 g;

        
Ct)e
 

lt

Pprd=  -  pg 
PdW

 Vgb

         tt 
We

 P･a ==  pg 
Pa,W

 xdi'
        We

  (2)tion
 ofHydrodynamicwave  from the

  Pe=-pgxQ
         tt

 Ped=  pg  
PdW

 xdi

        9f
 ph. =  pg 

P",W
 4"

        
Ct)e
 

tl

pe,.= -2pg  
Pa,w

 V6
           Wc

               (2

pressure due to
body under

     .9)

   reflec-

restrained
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condition.  Sub-surface elevation  of regular

head waves  h, is expressed  as

        h,=hoe"kZ COs  (kX+tot) (2･10)

where  h, is the wave  amplitude,  k:=2xf2, R

is the  wave  length, z is the depth from                                 water

surface,  w  is the circular  frequency of  
wave,

The  sub-surface  elevation  with  respect  to the

hull will  be
                              '

         he=hoe"lti' COS  (kX+oet) (2･11)

 where  w,  is the circular  frequency of  encounter

 and  Z, is co-ordinate  of the  point on  the hull.
                                 orbital (Fig. 2.1) Hence orbital velocity  and

                                      q/2.]o4mn
                         1･

on  a Ship in Waves

acceleration  of  wave  at point x 
are

       h,= -hotoe-kZs sin  (wet+ kx)

       n,= -h,co2e"h2s cos  (tn,t + kx)
                              '

  The  hydrodynamic pressure p., is

the  following equation:

          Pcb=Pwd+Pwa

                    lr

          Pwa== 
-Pg

 
Pc,'):

 
iie
 )

          pwa=-pgPli,,w h"e i
    

-
 
--H

     gd'

GAGE  Ps ---

     eof

    za ---

      TO'

       i
    p]--.f

FoRM.  
6er

    
"'NvJ

    .5of

 . 
40

WL

27

 (2.12)

  (2.13)

given by

(2.14)

(2,15)
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  (3) Hydrodynamic pressure obtained  from

regular  wave  potential. This is given by

    p(,)==pgh,e'kZscos(w,t+kx)=p. (2.16)

  The  hydrodynamic pressure acting  on  the

hull in regular  head waves  is sum  of above

three components:

     P=PCI) +P{2) +P(3]

      =Ph+Po+Phd+Ped+P"vd+Phe

        +Pea+Peva+Pwd+Pwa+Pw

      ==Po  COS  (tuet+aP) (2.17)

3. ResultsofCalculationandExperiment

3,l Calculation

  Using the method  of calculation  in previous
chapter,  numerical  calculation  were  carried
                                .

out  on  the hydrodynamic pressures actmg  on

square  station 714! and  8Xt (O.25L and

O,15L  from  F.P.) of  T2  tanker model  the

same  as described in Part I. Section con-

tours of  S.S.7Yli, S.S.8YS, and  the  midship

are  shown  in Fig,2.2. In the figures the

real  sections  of  the ship  are  shown  by solid

lines and  Lewis forms, which  are  determined

by the  following equations,  for the real  sec-

tions are  shown  by broken Iines:

    y,=M{(1+a,)  sin e-a,  sin 3e}

    z,=M{(1  
-a,)

 cos  e+a,  cos  30}

    M==g1(1+a,+a,)

  The  Lewis forms are  used  for the
tion. In Fig. 2.2 a  is the cross

coeMcient,  ai and  a, are

and  a, and  H,  =  (Bf2) !(d).
100,･･･,900  are  shown  by small

the figures.

  Calculated results  of the

pressure amplitudes  at S.S.7Vft and

are  shown  in Figs. 2,3 and  2.4.

son,  the hydrodynamic pressure
e=OO  and  900 at the midship

together in the figures, And

shown  the amplitudes  of  the

level with  respect  to the hull, and

(2,18)

         calcula-

    sectional  area

determined by Ho

 Points for o=oo,
       circles  in

    hydrodynamic

        S.S. 8 va
    For compari-

    amplitudes  at

      are  shown

     broken lines
    relative water

      chain  lines
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 show  the amplitudes  of  mean  pressure on  the

 bottom described in Part I. These calculated

 results of the pressures and  the relative water

 levels are  presented against  the model  speed

 in term of  Froud number  in the forms of

 dimensionless amplitude  p,!pgh, and  ho/ho,
 where  p, is the amplitude  of  the  hydrodynamic

 pressure, p is the density of  water,  g is the

 acceleration  of  gravity, n, is the amplitude  of

 the relative water  level, and  h, is the wave

 amplitude.

   From  Figs. 2.3 and  2.4, it can  be said that

 the amplitudes  of  the hydrodynamic pressures

 on  the fore body  are  larger than those of the

 midship;  the amplitudes  at  S.S. 81tfi are  larg-
 est,  and  those  at  S.S.7Y{t are larger than at

 the  midship.  This seems  to be caused  by the

 yertical  motion  xo.  While the hydrodynamic

 pressure on  the bottom are  distributed almost

 uniformly  at  the midship  as  reported  in

 Ref.i4), at S.S. 7va the amplitude  of  the pres-
 sure  on  the bottom increases little by little

 from center  to bilge part.

 .3,2 
Experiment

   In Figs. 2.5 and  2.6, are  shown  comparison

 of  calculated  and  measured  amplitudes  of  the

 hydrodynamic pressures at  S.S. 71S and  S.S.

 8 l4,.
   The  rnodel  tests were  carried  out  in the

 Meguro  Model  Basin of  the Defense Agency.

 The  model  and  the experiment  procedure
 were  the same  as  those described in Chapter

 2, Part I, The  hydrodynamic pressures were

 measured  at ]ocations denoted by P6, PT,...,

 Pi4 as shown  in Fig, 2,2.

   From  Figs, 2.5 and  2.6, it can  be consid-

 ered  that good agreement  between calculation

 and  experimental  results  is found at  S.S. 7IEi.

 However, certain  amount  of  descrepancy is
 found  between test results  and  calculation  of

 the  amplitudes  of  the hydrodynamic pres--
 sures  on  the S.S.81,h. This  seems  to  be

 caused  by the end  effect.

 4. Conclusions

   In Part II are  presented results of  calcula-

 tions and  measurements  of the hydrodynamic
 pressures on  the fore body (Square Statlon
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7Ki and  81Ei) of  T2  tanker  model  in regular
head waves.  From  these results  it rnay  be

concluded:

  (1) Test results of the hydrodynamic pres-
sure  amplitude  on  S,S. 714i coinside  fairly well

with  the calculated  values  by means  of  the

strip  theory.  However, certain  amount  of

descrepancy between test results  and  calcula-

tions on  S.S. 8V2 is found.

  (2) Amplitudes of the hydrodynamic pres-
sures  on  the fore body are  larger than those

on  the midship;  those were  larger in order

of S.C. 81e!, S,S. 7I6, and  the midship.

  Part III. Pressure Distribution Along

       the Girth in Long-Crested

          Irregulav Head  Aeas

1. Introduction

  In Parts I and  II author  dealt with  the

hydrodynamic pressures on  the hull in regular

head waves.  In ocean  waves  the  hydrodyna-

rnic pressures on  the hull varies  irregularly.

Property of  the irregularly changing  pressures
can  be studied  in statistical  mean  by the linear
superposition  principle. When  we  study  the

hydrodynamic pressures from the standpoint

 of  transverse  strength  of ships, it is noted

that  spacial  distribution of the pressure along

 the girth as  well  as on  a point on  the  hull

 should  be considered.  In Part III, as the first

 step to obtain  a standard  loads for transverse

 strength  calculation,  the  joint probability dis-

 tribution of the hydrodynamic pressure on

 the ship  side and  on  the bottom in irregular

 waves  is discussed in order  to study  the statis-

 tical property of  the spacial  distribution of  the

 pressure along  the girth.

 2. Joint Probability Distribution of  the

     HydrodynaTnic  Pressures on  the  Ship
     Side and  the  Bottom

   Consider the case  when  the ship  goes for-

 wards  with  constant  speed  in longcrested irre-

 gular head sea.  In Fig.3.1 are  shown  a

 sketch  of  the pressure distribution on  a  sec-

 tion at arbitrary  time t=t,. Symbols p,,pbi

 and  pb2 denote the hydrodynarnic pressures on

onaShip  in Waves 33

pointsS, B, andB,  respectively.  Let thepres-

Sures  ps, pbi and  pb2 vary  irregularly with

tirne t as shown  in Fig. 3.2. In regular  waves,

distribution of the pressure on  the bottom is

nearly  uniform  as  shown  in Parts I and  II.

Then  it may  be assumed  that also  in long-

crested  irregular head waves  the pressure on

bottom is uniformly  distributed, and  its

magnitude  is mean  of pb, and  pb, which  is

denoted by pb. For the hydrodynamic pre-
sure  on  the ship  side it may  be assumed  that

the pressure vary  linearly along  the girth as

shown  in Fig. 3.1. Thus, distribution of the

hydrodynamic pressure along  the girth at t =t,

can  be determined by p,(t,) and  pb(ti)- Con-
sequently,  if the joint probability distribu-

tion of p, and  p, is obtained,  statistical  prop-
erty  of  spacial  distribution of  the pressure
along  the  girth can  be known. -

  Ocean  wave  have Gaussian property. The

hydrodynamic pressures on  the hull in ocean

waves  have also  Gaussian property if it is

R(t)

Fig. 3.1.

/k(t,>

hl

%7ft)

1l'

 n,ct,1

",(Q

ltffttct>
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t

t'      J t
            l
            tj

Fig. 3.2 Sketch of  SimuLtaneous  Records  of  the

   Hydrodynamic Pressures on  the Hull.
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assumed  that the  pressure amplitude  is pro-
portional to the wave  height Hence the joint
probability distribution of  the hydrodynamic

pressure on  the ship  side p,(t,) and  on  the

bottom pb(t,) is given by the following Gaus-

sian  distribution:

                1 e-adi(psipb) (3.1)  f{Ps,Pb}=
          2TR,R,Vl-pt

     ip(ps,pb)= 1lp, [ (Ps-Rmk 
s)2

                2p(p,-m,)(pb-mb)

                      RsRb

              + 
-(.p-b

 ftzmb)21 (3.2)

where  p is the correlation  coeMcients  of p, and

pb, Rs and  Rb are the standard  deviations of

ps and  pb respectively,  m.  and  mb  are  the

mean  values  of  p, and  pb which  are zero

because we  consider  the fluctuating pressures.
  The  standard  deviations R, and  Rb are

obtained  by the followings:

        R:=JcoIHsw(to)1!S.(w)dw (3.3)
             rco

        RZ=feOjH,.(tu)12S.(w)dto  (3.4)
             -eo

where  H,.(ca) and  Hb,,(w) are the response

functions of p, and  pb to the wave  and  S.(ct,)

is the wave  spectrum.

  And  p is given also  from H,.,  Hb.(o) and

S.(ca) as follows :

             p-  
Erei･.P,b)

 (3.s)

     E{p,･pb}==rb,(T)..,==f"esb,(cti)dce (3.6)
                       rOe

       Sbs(cti)=Hb.(ct,)･H,.(a,)･S.(ct,) (3,7)

where  rb,(T)  is the cross-correlation  function

of  p, and  pb, Sb,(w) is the croo-spectrum  of  p,

 and  pb･

GoDA

  The  response  function H(to) is complex

number  and  expressed  as follows:

          H,.(ca)=C,(w)+iQ,(w)  (3.8)

         Hbw(tu)=Cb(w)+iQb(to) (3,9)

 Substituting Eqs. (3.8) and  (3.9) into Eq.

 (3.6), we  obtain

  E{p, . p,} =  J 
OO{c,(tu)

 ･ c,(to) + e,(w) - e,(w)}

           Js
M

,,(.)d.
 + if-{c,(.)c,(.)

                      -di

           -Cb(cv)･e,(a))}S.(w)da,  (3.10)

   In Eq. (3.10) the first term  of  right hand
 side is the eyen  function of  w  and  the second

 term  is the odd  function, Then

    E{p,･p,}=2S""{C,(to)･C,(w)
              o

             +Q,(to)･e,(tu)}S.(tu)dtu (3.1l)

 3. Results of  Calculation

   According to the  theory described in the

 previous chapter,  numerical  calculations  have

 been carried  out  on  the response  function,

 the standard  deviation, and  correlation  co-

 eMcient  of  the  hydrodynamic  pressures on  the

 side  and  the bottom in longcrested irregular

 head seas  for the  typical ship  forms of  the oil

 tanker and  the cargo  ship.  In table 3.1 are

 shewn  the  principal particulars of  the ship

 forms. Calculations were  made  for the hydro-

 dynamic pressures on  the midship  and  on

    Table  3.1 Main  Particulars of  Ship Forms.

LEngthfBreadth LIB

LengthfDraft L!d

Block CoeMcient CB

Midship  Area

 CoeMcient Cx

LCB  from Midship

 (forward)
Longitudinal Gyradius
 <about C.G)

1

 Tanker

 6.oo

 17.50

 O. 836

 O,993

 O. 0336  L

l
 O. 245 L

11i1'i1

!l

 Cargo7.

 oo17.50O.7oo

O,986

O. O05 L

O.250L
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Square Station 7 va of  these ships  whose  tranfi-

verse  sections  were  shown  in Fig. 3.3. Previ-

ously  mentioned  p,, pb, and  pb2 are  the pres-

sures  on  the points of  e=900,  Oe, 500 re-

spectively.

3.1 Response Function of  the Pressure

  Calculated response  functions of  the hydro-

dynamic pressures pb and  p, are  shown  in

Fig. 3.4. The abscissa  is the  dimensionless

wave  length s!LlA,  where  Ris the wave  length,

 L the ship  length. iH(tu)1 is response  ampli-

 tude of  the  pressure, and  C(tu) in-phase com-

 ponent of  the pressure with  respect  to the

 wave,  and  Q(ca) is out-of  phase  component.

 The  response  amplitude  of  the hydrodynamic

: eil9･:rS,RE,tg;,/rei, LCIf.(:)g,isv". 
a{iy

 
es.ugLg:

 range  ship motions  are  very  small,  however,

 the  hydrodynamic pressure on  the  bottom

 IHb(ca)1 is not  so  small. This seems  to be due

 to orbital  motion  of  wave  particle.
   Here it is noted  that the response  functlen

 of  the pressure on  the  bottom Hb(ev) is mean

 of  the pressure on  the bottom center  line

 Hbi(to) and  on  the bilge part:

         H,(to)= -li-{H,,(to)+H,,(tu)}

              =-ll-{Cbi(cv)+Cb2(a))}

              +-S-{Cbi(ca)+e,,(to)} (3.12)

    ISSC spectrum  given by the  followmg equa-

  tion was  used  to calculate  2S,.(to):

r

      ll 
       1.

       I
       1

                    Cb)

Sections of the Ships,

      [f(.)]2=o,11 H!.,-i( 
.tu,
 )

-5

              ･ exp  l-O-44 ( .tu, ) 
-`l

 (3.13)

              2rr
          to1=

               T

  where  H  is the  significant wave  height, T the

  average  wave  period. Curves of [f(to)]2/H2
  are  shown  in Fig. 3.5.

  3.2 Correlation Coetficient of  the Pressures

       on  the  Side and  the Bottom

    In Fig. 3.6 are shown  calculated  results of

  standard  deviation, R, and  Rb, of  the hydro-

  dynamic pressure on  the side  and  on  the b.ot-
                              forms, usmg  torn ef  previously mentioned  ship

  the ISSC  spectrum  and  the  response  function

  shown  in Section 3.1. The  abscissa  in the

  average  wave  period T of the sea. The stand-

   ard  deviation R  is shown  in the  dimensionless

  form RlrH,  where  r is weight  of water  per

   unit  vo!ume.  This dimensionless value  R!rH

   means  that the  standard  deviation of the hy-
                                       .

   drodynamic pressure at  the sea  having unit

   significant  wave  height.

     Observing the  calculated  response  func-

   tions, it is reasonable  that the standard  devia-

   tion of the hydrodynamic pressure on  the  ship

   side  is larger than that on  the bottom, and

   the standard  deviation of  the pressure at S.S.

   71,S is larger than that at the midship.

     In Fig.3.7 are  shovvn  calculated  results

   of  the  correlation  coeficients  of  the pressure

   on  the  side  p, and  on  the bottom pb in long-

   created  irregular head seas. From  Fig.3.7
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it is noted  that at the  certain  value  of  average

wave  period correlation  coeMcient  p changes

suddenly  from rninus  to plus, and  in rang

above  that  average  wave  period p is almost

constant.  Fig. 3.8 shows  change  of p against

ship  speed  for the 150 m  cargo  ship  and  the

300 m  tanker. It will be seen  that p slightly

increase with  ship  speed.

  The  joint probability distributions (Eq.
(3.1)) of the pressure on  the  side  p,(tJ and  on
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  Fig, 3,8 Correlation Coeracients of P, and

        Pb at Various  Ship Speeds,

the bottorn p,Ct,) of  the cargo  ship  and  the

tanker  are determined by the above-calculated

valueofR,,Rbandp.  Whenthehydrodynamic

pressure on  the side  at t=ti  is p,(tT), 
the

probability distribution of  the pressure on
 
the

bottom p,(t,) is given by

 h{pb(t,)lp,(t)=ps(ti)}=nd, 2rta----p,) 
e-k"

                                 (3,14)

   ip=da, IF  2) IPb(ti)' 
RRb,Pp,(ti)l

 (3 
ls)

 From  above  probability function the following

 equation  which  gives mean  value  of pb(t,) for

 the condition  p,(t) ==  p,(t) :

            Pb(ti)=t-Rbe-P,(t,) (3.16)

 Graphs of  Eq. (3.17) for the 150 rn,cargo

gh.6ea7,d,th.e,3.00,,[ll.`:,",k,el,2rZ.S,h,O,W,,",i:,i,:,gg
 of  the pressure on  the bottom for the  given

 value  of  the pressure on  the side  are  
about

?di,P,b,('1･'.fRr,gh?,zag,go,geiy,･ 9S,gik('iUme.s
 average  wave  period; those are  

-O.1
 pb(ti) ]n

 the range  of  small  average  wave  period.

O.5

TANKER:Li3eO?1  FR±o.15
                  CARGe

CARGOtLi!50,  F-.O.2e  -

Exdi

 osc

            MIDSHLP
               1

       
u---

 s,s 7i

  -o,sFig.
 3,9 Regression CoeMcients of  Pb on  

Ps,

                           Seas,   in Long  Crested Irregular Head

Pb=The  Hydrodynamic Pressure on  the 
Boitom,

P,=The  Hydrodynamic Pressure on  the  Side of

   the Hull.

4. Conclusion

  Distribution of the irregularly changing

?.y.dg-o,d,xe,2m,ig･,,g,r:?:vre.,"is,ng.,tee,,.g,i:t,h,
'

;n.
statistical  means  for the typical ship  forms

of  the cargo  ship  and  the tanker. Narnely,

spacial  distribution of the pressure along  
the

girth was  represented  by the pressures on  
the

side on  still water  !ine and  on  the bottom.

And  the  joint probability distribution of these

two  pressures for those  ship  forms was
 
cal-

culated.

  The  following conclusions  were  obtained:

   (1) Correlation coeMcients  of  the hydro-

 dynamic pressures on  the ship side  and  on  
the

 bottom are  constant  in the  range  of the aver-

 age  wave  period which  is larger than  
certFm

 va]ue,  and  those constant  value  of  correlation

 coeencient  is about  O,6 to O.9. For small

 value  of average  wave  period, correlation  is
   .

 mmus.  .

   (2) Expected values  of  the hydrodynamic

 ?hr.eSSpU,r,e,,o.n,,th.e.b,ohtgo:df,or,l2e,/j.v:?gglele.o.ff
 the  given bottom pressure for the cargo  

ship,

 about  30%  for the tanker in the range  above

 certain  value  of  average  wave  period; those

 are  about  10%  in minus  sign in the  range  of

  small  average  wave  period.
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