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                               Summary

   Many  researches  have  been carried  out  on  sloshing  forces of  liquid in a  ship  tank.
But  most  ofthem  have 

･focused
 on  sloshing  phenomena  of  a  ±ank  which  has consider-

ably
 large gas space.  And  only  a  iew resu!ts  have  been  reported  about  nearly  fully

loaded tanks. This  may  come  from  the fact that  there are  some  internal structural
members

 
in

 usual  tanlc tops  which  prevent the  occurrence  oHarge  impulsive pressure.
But  ip the case  of  a  tank  which  has  a  large fiat tank  top without any  internal mem-
bers,

 it is considered  important  to  predict the magnitudie  of  impulsive pressure.
   In this report,  authers  present  the  results  of model  experiments  iocused on  im-
pulsive pressure of  a  nearly  fully loaded ,tank, The  experiments  -rere  earried  ollt  under

the  following  conditions:

   Fillingratio: 90N98%tankdepth

   
Kind

 of  ship  motion:  Pitch, Roll, Surge ana  Sway

   Mode  of motion:  Regular  and  Irregular

Besults are  summarized  as  lollows:

   (1) Everi in 
'the

 case  of  a  tank  fiIled up  to more  than  90%,  considerably  Iarge im-

       pulsive pressure eccurs  at  maxginal  paJ t of  tank  top.

   (2) Considerably  large impulsive pressure occurs  in long  period range  in pitchin'g
       androlling.  ･ ･'

   (3) Large impplsive pressure oecurs  in a  very  small  area  at  each  moment.

   (4} Pressure  increases proportionally to the amplitude  Qi motion  in some  eases.

       but it shows  saturation  in manv  other  cases.                                " ･

    
(5)g.t,gs,c,).n.'ide,reS,,?.p,t.;,2e.p.r,:b,,abigi`y..a,e,f,i;,y･,f:,",,Ctie,"..O,f.i.M,PZi.S,ii8e..Pi,?･2I

       distributioas in the  case  of  regular  motien.

            1. Introductiofl

  Many  reseafches  have already  been made  on

the motion  of  liquid In tanks or  the load caused

by  sloshing,  However,  the main  object  of  the
researehes  has  been the slacl{ loading condition,
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that  is, the loading condition  in which  there  is

a  considerable  void  space  under  the tank  top,
and  iew researches  have  been  made  of  the  loading
conditioll  close  to the full load conditien.  This
is probably because such  a  high  load  that poses
a  problem  does  not  oceur  in most  cases  under  the
tank  top  where  free motion  oi  liquid and  gas
is  prevented by structural  members  installed
there. However,  in rectangular  tanks  as  those  of

internally insulated I.NG  tankers having no

structural  members  underneath  flat tank  top,
there is a  possibility that  a  considerably  high
impact  pressure  talces place. Especially, when

panels subject  to pressure are  small  in size  and

their natural  frequency  is high, the panels are
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likely to undergo  a  much  higher  load  than  ordi-

nary  hull structure  panels. Under  these  circum-

stances,  in de$igning rectangular  tank type LNG'
tankers  having  insu'1aftien space  inside tanks, a

research  was  conducted,  focused on  the  sloshing

load at  a  high fi11ing ratio,  Thls  ig the  first report
en  the research,  outlining  the results  of  model

tests.

            Z  Te$t'Method -'

  pitch  and  roll  were  IEken dp as  rotary  motiQp,

and  surge  and  sway  as  horizontal  motion.  =he

former was  tested by  Mitsubishi Heavy  Irrctustries
Ltd, and  the latter' by' Hif'aclii' S'hipbuilding' &
Engineering Co. Ltd.
  2.1 Test Model  and  )Ceasurements

  Tests  were  conducted  on  a  iorward  part t4nk
model  (No, l model  tank) Shown  in Fig, 1 {a)', and

on  a  parallel･ part･ tank  model  (Nol' 2 model  tank)
shown  in-Fig, 1 {b), Fig. I also  shows.the  artarige-                              t l

ment  and  iaentification of  pressure'gagges.  1/ The

models.･are  1/44 scale,  made  oi  actylic  .resirt.
VSrater ･was used,as-  Iiquid for ease  of  testing arid

measurement.  Strain  gauge type pressgre gauges
with 5.05mm  effective  diarr}gter gf prelsuge
sensitive  surface  were  used  for measurgment,  . ,

  The  pressure  gauge$  wei'e  irrstalled at  11,NI8
                             '                                   '                             '
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points whlch  weTe  selected  from  the points shown
in Fig. I, taking  into account  type  of motion,

fiIling ratio,  etc. The  liquid motion  was  recorded

by a  video  recorder  and  a  I6 mm  movie  camera.

  2.2  Test Conditions

  (1) Regular  Motion  Tests'

  The  following conditions  were  combined  as

conSidered  appropiie.te.

  i) Type  and  amplitude  of  rnotioll

  Tests were  conducted  at  80 pitch, at  12a roll,

and  at 4e mm  surge  and  sway.  For somc  eendi-

tio.ns, tests were  conducted  at  different amplitude

te obtain  theiT relation  with  amplitude.

  ii} Liquid level CFilling ratio,  h!D)

  Liquid level was  varied  at  an  increment of

2%  between  90 and  98%.  For  some  conditions,

tests were  condugted  4t 30/L60%  als6111 
"
 

"
 

''"'''
 

'

  iii) Period' of'motion  , 
'-M''1-

 1'
  Period ef motion  was  vaTied  b6tween  O.8A.
2.8sec. Increments  ef  vatiation  were  sipaller                                 '
near  the resonance  period than in the other                         '                     t t ttttt tt tt
periods.
  (2) Irregular Motion Tests .

  The  motio'n  of  a  ship  

'running
 on  the  sea  which

can  be expressed  by  ISSC  sperctum  was  calculat-

ed', epid the oscillatien  table wqs  driVeh  bY.a

tape  which  was  p:epared so  as  to  possess the  same

speetrum,  The  tests -can be classified'into  the

iollewingtwotypes. . 
'
 , ,'. 

'
 

i/.'

  i) Pitch

  Tests  were  cotiducted  at  94% ligdid tevel''hhd
5e significant  value  bf pitching amplitude.

Average encounter  peTiod was  varied  between

1.51 and  2.4r sec.

  ii) Surge 1 
'
 

'

---Tests were  cOndllcted  at  94%  liquid-level and

44mm  significant  value  of  motion  amplitude.

Ayerage surge  period.was  varied  between  1,PO
and 1,25 sec.
  2.3 Recording  and.Reading  ofData  

'

  Pressure gauge- outputs  were  recorded  on  a

magnetic  tape data recorder  thro'ugh an  amplifier.

In processing data, a  method  of directly reading
the  data ef  an  oscillograph  transferred  from  the

data recorder  (fer rotary  motion)  and  a  method

of  reading'the  data by rneans  of  an  electrQnic

gomputeT after  AID  conversion  (Eoij horlzontal

motion}  were  used.  When  the  two  meth6ds

were  compared  under  the same  conditionS,  the

ioTmer showed  a  slightly  higher  value,  but  the
difference was  not  significant.  

'''
 

'

    3. Test Results and  Considerations

  (l} Pressure  Time  History

  Fig. 2 shows  an  example  oi  pressure time  history

obtained  trom  the tests. It indicates that  peak
pressure amplitudes  scatter  very  widely,  some-

times  showing  vibratioll  type. The  axis  oi  time
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Fig, 3 (a) Typical  time  histories of  pressure
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.4Cb)  Example  of pressure

      (Surge)

t6

respense

in the  part  of  impact pressure is expanded  in
Figs.3 (a) and  (b). Fig. 3 (a) sho"rsa  case  in which

pressures e± the same  phase appear  in the adj  acent

part, and  it seems  that  this is apt  to occur  in the
case'of  vibration  type  pressure tirne history.
On  the other  hand,  in Fig. 3 (b), a  peak  is seen
separately  in each  pressure gauge, and  a  band  of

high pressures seems  to have swept  along  the

tanlc top at  a  high  speed.

  (2) Periodic  Response  oi  Pressure

  Examples  oi  pressure  response  in regular  mo-

tion are  given in Figs. 4 (a)N(d). Pressure re-

sponse  to  variation  of  period is sharp  in rotary

motion  while  it is dull in horizontal motion.

Response  is dull in irregular motion  as  a  matter  of

course,  and  even  in rotary  motion,  it produces
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Fig. 5 (b) Infiuence  ei  filling ratio

Fig

srruch a ge]tle cuTve  as  shown  in Fig. 4 (e), (At
TE== 1.5 sec.  in the figure, a  considerable  amount

of  resonance  region  components  is ineluded.> In
the case  ef  rotary  inotion  a  relatively  high  pres-
sure  is produced in a  long  period region  far away
from the resonance  period. This is because even
when  liquid is not  rnoving,  the  rotation  of  a  tank

tends  to cause  the  tank  top to strike  smoeth

liquid sutface,  and  this is a  distinctive feature  in

rotary  motion  at  a  high  fi11ing ratio.  On  the
Qther  hand, in the case  of  horizontal motion,  a

high  pressure is produced in shott  period region.
This  is because  the acceleration  in horizontal

direction increases in inverse proportion to the

square  of  motion  period. (The gravity component
in the  direction of  tank  length (breadth) which  is

predominant  in iotaTy  motion  has  no  relation  with

peried.) In 8e pitch motion,  the  maximum

pressure was  close  te 5 tlm2  in significant  value.

Since  this is a  value  obtained  in a test using  a  I!44
scale  model  and  liquid with  specific  gravity oi  1,
it becomes a  very  high value,  1OO tfm2, when  sim-

ply converted  in terrns of a  full-seale LNG  tanker.

  (3} Effect of Filling Ratio

  The  effect  oi  fiiling ratio  observed  in regular

motien  tests is given  in Figs. 5 (a)N{c). In  the
Fig. 5 (a}, the  maximum  value  is seen  at 94%  fiI-
ling ratio  while  in Fig. 5 (b>, pressure tends  to in-
crease  as  filling ratio  decreases. HoweveT,  there

are  some  instances in which  a considerably  high

pressure  is preduced  even  at  98%  as  seen  from
Fig. 5 (c), and  so  it is diflicult to give a  general
tendency.
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  (4) Effect of  Amplitude

  An  example  of  iegular  motion  tests is given-in
Fig. 6 (a). The  effect  of  amplitude  increases al-

most  proportionally  in surge  while  it is hardly
seen  in sway.  The  only  difference betwee4  surge
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and  svv,ay  is whether  there is a  small  obliq'ue  

'part

between .the side  wall･and  the tanl('top, so  it wpuld
be premature tQ say  definitely,that it indicates
an.intrins.ic  difference due,to difference of rpption
type. If should  r'ather  be  cotisideted  as an  indica-

tion of  the complexity  of  the phenGmenon.  The

effect  of  amplitude  in irregular motion  of  surge  is

shown  in Fig. 6 (b). In  the case  of  DA33,  pressure
increases nearly  in proportion to amplitude  in

the range  of  amplitude  shown,  but in the case  of

D33, a  tendency  of  saturation  has already  ap-

peared, .             t.. tt t t.
  (5> Distribution of  Pressure  11i                                    tttt
  To  know  in what  part ef  a  tank  a  high  impact

pressure  occurs  is an  important task  in deSigning.
Fig. 7 shows  distribution ef  peak  values  df iniPact

pressure chtained..in irregular pitch. mption

tests, In the  figure, a  high  pressure is seen  in 

'the

middle  part of a  side. At  a  corner,  the  pressure
will  be  much  higher  actually,  combiked  xvith

a  pressure  caused  by  perpendicular motion  such

as  roll. The  pressure decreases significantly  as

the distance  from a  tank wall  increases.

  (6) Simultaneous Di$tribution Qf Pressure

  In the.preceding parag'rapb, the place where

pressure  becomes  high irrespective of  time  was

discussed. In examining  tank  strength,  it is also
irnportant to know  pressure distribution at  each

mement.  Fig. 8 shows  hew  much  pressure occur-
red  in adjacent  part at  a  moment  when  the max-

imum  pressure was  observed  on  a  pressure  gauge.
It is seen  from  the figure that  the range  in which
high  impact  piessures occur  simultaneously  is

very  small.

  {7) Probability Distribution of  Pressure

  Scattering  of  pressure will  be studied  in more
details at  the  next  opportunity,  Here,  the  results
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ef  tests are  briefiy explained.  Fig, 9 shows  a his-
togram  of  an  example  oi  probability  distribution
in regular  metion.  It is close  to Rayleigh distribu-
tion but gives slightly  higher  probability in high
pressure  part. For  further examination,  the cumu-

lative value  was  plotted on  probability  paper  as

shown  in Fig. 10 {a), Points marked  with  
"e",

which  show  pressures directly plotted iorm a

curve.  and  the  higher  tlie pressure, the  gentler
the slope,  which  means  a  distribution pattern with
poor convergence,  E[owever,  when  P-30  g!cm2  is
plotted instead ef  P,  pressures fall in a  nearly

straight  line as  marked  with  
"x",

 in the figure,
producing a  pattern close  to an  exponential  dis-
tribution. On  the other  hand,  when  the results  of

irregular motion  tests are  plotted in Fig. 10 (b) in
the same  rnanner,  points showing  P  directly plot-
ted iorm a  linear pattern, and  its slope  is very

close  to an  exponential  distribution, More  data
should  be examined  to know  general characteris-
tics, but an  examination  of the above  figures alene
leads us  to consider  that distribution pattern wM

be different in a  part where  probability oi occur-

rence  is very  low, and  that  it is very  complex  in
nature,

              4. Conclusien

  Introduced  above  were  tests results  on  the

sloshing  load  at  a  high fi11ing ratio  on  which  few
Tesearches  had  been  made.  It is iinportant to
determine the  characteristics  of the  sloshing  load
by examining  these data and  to establish  a  method

oi  estimating  the  load taking  them  into account,

but  this point was  not  discussed  here. Prepara-
tions are  under  way  to publish at  the  next  op-

portunity a  method  of  taking  into account  the
scatter  and  saturation  oi  load, together  with  a

comparison  between iiregular motion  test and  re-

guiar motion  test, Thus,  this repart  is rnerely

a  summary  of  inodel  test results,  but the follow-
ing have  been  found,

{1> In  regular  motion  test, resonance  appears

   more  elearly  in rotary  motion  than  in hori-

    zontal  motion.  In rotary  motion,  a  relatively

   high  pressure occurs  even  in long  period Te-

   gion, which  in hoTizontal motion,  a  high pres-
   sure  occurs  in short  period region.
(2) The  effect  ei  liguid level varies  with  period,

   etc.  m  a  complex  manner,  A  considerably

   high impact pressure sometimes  eccui/s  even

   in a  condition  close  to the fuli load condition,
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   which  requires  dlle attention.

<3) The  effect  of  amplitude  is also  complex.  There

   are  a  case  in which  it increases in proportion
   to amplitude  and  a  case  in whi ¢ h it saturates

   in a  Telatively  small  amplitude.

(4) The distribution of  the maximum  values  ef

   pressure is limited  to a  part close  to side  walls

   at  tank  top  (ship sides  and  transverse  bulk-

   heads), and  pressure decTeases marked!y  as

   the  distance from them  increases.

(5) The  range  in which  high  impact  pressures
   are  distributed simultaneously  is small.

(6) A  distribution close  to Rayleigh distribution

   or  truncated  exponential  distribution was

   obtained  from  an  examination  of  several  ex-

   amples  of  pressure, In the case  of  irregular

   motion,  a  distribution close  to an  exponen-

   tial distribution was  obtained,
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