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                                 Summary

   Recent extension  of  the container  transport  system  has lead to the  remarkable  increase

in both  speed  and  size  of  container  ships.  Since there  is a  practical limitation to the maxi-

mum  out-put  of an  individual engine,  multiple-screw  propulsien  will  become  necessary  for

a  large container  ship  to attain  a  higher  speed  with  a  large capacity  of  transport  than  the

speed  of  25 knots. Comprehensive  research  works  have  been  conducted  with  the aim  at

developing a.high  speed  container  ship  with  triple-screw to be  built at  Mitsui Shipbuilding

&  Engineering  Co., Ltd. in 1972, for the service  between Europe  and  Japan.
   This report  deals with  comparative  tests  among  single,  twin  and  triple-screw propul-

sions,  and  with  mutual  interference between  the hull and  propellers, cavitation  researches

and  full-scale measurements  on  the  triple-screw  ship.  Such other  items of  research  works

as  vibratory  forces of  the propellers will be rePorted  in a  later paper.
   Principal conclusions  obtained  are  as follows,

   1) A  triple-screw ship  has a  better propulsive performance  than  a  twin-screw  ship.

   2) For  the  triple-screw  ship  adoptedi,  inwardi rotation  of the wing  propellers gives bet-

ter propulsive eMciency  than outward  rotation,  which  is explained  both by the wake  meas-

urements  by 5-hole pitot tubes  and  by  the results  of  the  self-propulsion  tests.

   3) Mutual  interference between the  center  and  wing  propellers can  be neglected  prac-

tically.

   4) The  effect  of variation  of the  propeller load on  the  self-propulsion  factors ef  each

propeller will  be  negligible,  unless  the' variation  is too large,

   5) Added  resistance  of  the  appendages  is also  subject  to the scale  effect.

   6) Decreasing the camber  of  the propeller section  near  the leading edge  was  shown

to be  an  effective  means  to decrease the  arnount  of  back cavitation,  both  on  the  ship  and

on  the  model.
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ships,  which  requrres  high powered  propul-

sion  (Fig. 1)i). However, since  there is a

practical lirnitation to the maximurn  out-put

of an  individual engine,  multiple-screw  pro-

pulsion system  will  become  necessary  for a

large container  ship  to attain  a higher speed

than  about  25knots. It may  be usual  thought

that  no.  of  shafts  is increased frern one  to
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 Fig. 1 Recent  Trend  of  Speed, Horse Power

       etc. of  Container Ships

two  and  from two  to three with  the  increases

of  required  out-put  of  the engine.  No. of

shafts  should  be properly chosen  according

to the ship's  size  and  engine  out-put,  con-

sidering  the propulsive performance,  cayita-

tion and  vibratory  forces of  the  propellers.

  In a  practical speed  range  of ordinary

cargo  ships  a  single  screw  ship  is most

superior  in the propulsive performance,  and

the superiority  of  a  single  screw  ship  will

be kept unchanged  even  if the ship  became

larger or  even  if the ship  speed  becarne

higher. In a practical case,  howeyer,  limi-

tation to the propeller diameter  will  cause

to decrease the propeller eMciency  remark-

ably,  which  may  not  always  maintain  the

superiority  of  a  single  screw.

  If the propulsive performance  were  com-

pared between twin  and  triple screws  as-

suming  that they  have the  same  out-put  of

the engine,  it will  be clear  that twin  screws

give not  only  lower propeller ethciency  but

also  Iarger appendage  resistance  due to the

larger bossing to support  the screws.  More-

over, twin  screws  will  be inferior in the

was  built m  1972 at Mitsui Shipbuilding

Engineering Co., Ltd.

  This paper  deals with  the researches  to

develop this triple screw  ship. To  begin

with,  comparative  tests were  carried  out

among  single,  twin  and  triple screw  ships.

Then, on  the trip!e screw  ship,  mutual  inter-

ference among  the hull and  propellers was

studied,  and  wake  measurement,  special  self-

propulsion test and  cavitation  test were  per-

formed. At  last, various  kinds of  speed

trials and  cavitation  observation  were  car-

ried  out  on  the full scale  ship.

2. Comparison in Propulsive Performance

   among  Single, Twin  and  Triple Screw Ships

2.1 Mbdel ships  emPlayed

  As  be shown  in Table 1, principal partic-
ulars  and  engine  out-put  are  the same  for

single, twin  and  triple screw  ships.  These

three  ships  have the sarne  forebody shape

deduced from  the  ample  experience3)  in the

hull forms of  single  screw  ships.  The  after-

body  shapes  were  so  designed that the

propeller, shaft  and  rudder  arrangements

may  be suitable  for each  ship.  The  triple

screw  shi'p  model  is just the model  of  the

 actual  triple screw  ship  to be built. The

 twin  screw  shiP  was  designed to have  the

 sarne  form  coeficient  and  similar  bossings

 as  those of  the triple screw  ship.  The  single

 screw  ship  was  obtained  by enlarging  the

 principal particulars of  a  single  screw  ship

 already  in seryice  to have  the same  partic-

 ulars  as  those of the  triple screw  ship.  Stern

 arrangements  of  single,  twin  and  triple screw

 ships  are  illustrated in Fig. 2. The  propel-

 ler of each  ship  was  designed to have the

 optimurn  efficiency  at  the rated  no.  of re-
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            Table 1 Particulars of Single-, Twin- and  Triple-Screw  Ships

LppBda (m)(m)(m)

e.Ebo:pt:'NE

k2snokpt

PositionKindNo.

 of  engine

Out-put (PS)
RPM'

Position

No.  of  propeller

Ne. of  blades

Dia. (m)
HID

Single Twin Triple

252.000

 32.200

 11.0oo

  O.575

CenterTurbine

  180,OOO

   135Center

  1

  6

 7.40

 1.29

WingDiesel

  240,OOO

  119

Wing

 2
 66.701.22

CenterDiesel

  132,OOO

  119

Center
  1

  6

 6.30

 1.29

WingDiesel

 224,ooO

  119Wing

 2

 65.901,29

"iple-screw Ship

TWin-screw Ship

v g)
L

Single-screw Ship

           Iti
 Fig. 2 Stern Arrangements  of  Sin-g-le'-I i[ll-iin-
       and  Triple-Screw  Ships

volutions  of  the  assumed  engine,  using  the

design chartt)  of  AU  6-85. Inward rotation

was  adopted  for the propellers of  the twin

screw  ship  and  the wing  propellers of  the

triple screw  ship,  since  it was  already  known
that inward rotation  gave  better propulsive

performance  than  outward  rotation  for this
kind  of  hull form  and  bossing arrangement,

the reason  of  which  will  be explained  in the

next  chapter.  It must  be  noted  that no.  of

revolutions  at  the rated  out-put  for the  single

screw  ship  is rnuch  higher than  that  of  the

other  ships.

2.2 Model tests

 The  model  tests of  the single  and  triple
screw  ships  were  carried  out  at  the Ship-
building Research Center of  Japan and  those

of  the twin  screw  ship  at  the Ship Research
Institute. All the ship  models  were  made

of  wood  and  8m  in length. Fig.3shows
the  comparison  of  the results  in resistance

and  propulsion tests on  three ship  models

in the  speed  range  between economical  and

maximum  out-pdt.  Residuary resistance  co-

eficient  T:R is the lowest on  the single  screw

ship  and  highest on  the twin  screw  ship.

(1-t) of  the single  screw  ship  is considerably

larger than  that of  ordinary  single  screw

ships.  The  reason  for it will  be in that the

propeller diameter is relatively  smaller  be-
cause  the  assumed  full scale  ship  is too  large

for a  single  screw  ship.  (1-w) of  the center

propeller  of  the triple screw  ship  is quite
larger than  that of  the single  screw  ship,
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 Fig. 3 Results of  Resistance and  Propulsion

       Tests for Single-, Twin- and  Triple-

       Screw Ships

and  (1-w) of  the wing  propellers is nearly

same  as  that of  the  twin  screw  ship. One
reason,  why  (1-w) of the  wing  propellers
is smaller  than  that  of  the  center  propeller,

            XIO'

           10

          <op."E?(-b>sat1EEYI6N

Fig. 4

will be attributed  to  the  adoption  of  the in-

ward  rotation  for the wi'ng  pfopellers, al-

though  the stern  shape,  propeller diameter

and  positien will  have sorne  effects  on  this

result.

  In order  to investigate the effect  upon  the

resitance  of  the  bossings, added  resistance

coethcient  dCA  was  obtained  from the  results

of the resistance  tests  with  and  without

bossings.

       dC.=(R..-R.N)/-ll-p.dS.v.2 (1)

Where,

    RMA and  RMN=total r6sistance  with  and

     without  bossings

    ztSA=(SA-Sie)+wetted  su;face  area  of

     the portion where  the bossings to be

     fitted

    SA and  SM=wetted  surface  area  of  the

      model  with  and  without  bossings

    vM=speed  of  the model

In Fig. 4 are  shown  ACA  on  a base of RnA=
vM(O.5dSA)'12/vM.  Where,  vM  is the kinematic

viscosity  of  the tank  water.  Resistance in-

crease  due to the bossings is nearly  propor-

tional to the wetted  surface  area  of  the

 bossing parts, and  the variation  of  ztCA

 curves  due to RnA has similar  trend to that

 of  Schoenherr's friction line. The  values  of

          Remarks :

             .e=AC,Vce

            2 Trip]e-serew

    1.5

  RnL=!Vlg!ffPitzVF .

Appendage  Resistance

X1ct
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e=:iiCAICF are  given in Fig.4under  the as-  Fvti Eoad Ea"esr

SUMPtiOn  that  llCA  is proportional to CF, Ci'"=e-L'G)
 

"']i=u･L'y)

although  this relation  should  be studied  in

details before a  definite conclusion  can  be
drawn.

2.3 Power estimation  for the ships
 Power  estimation  for the ships  were  done
from the rnodel  results,  and  the propulsiye

performance  was  conipared.  Total resist-

ance  Rs of  the twin- and  triple-screw ships

was  assumed  to be expressed  by the follow-
ing formula.

   R,=Sp.S,,v2.{C..+(1+k.)C.,,+dC.}
        1
      +F2-psdSAv2s･eCFsA (2)

Where,

   CMN=  wave  resistance  coeMcient  at  the

    naked  conditition

   K}v==form factor of  resistance  at  the

     naked  condition

   CFso and  CEsA=:frictional resistance  co-

     eMcient  of the ship  hull and  append-

     ages,  respectively

  The  above  formula irnplies that three di-
mensional  extrapolation  method  was  applied

for the naked  hull and  e for the appendages.

For the single  screw  ship  is used  only  the

first terrn of  the right  hand side  of  the equa-

tion (2). O.10× 10-S and  O.15× 10-3 were

adopted  as  ACi" values  for the  fully loaded
and  ballast conditions,  respectively,  for all
the ships.

  Concerning the scale  effect  of  the self-

propul$ion factors, only  the scale  effect  of

the  wake  is taken  into consideration.  Ac-
cording  to the trial results  of  similar  ships

and  self-propulsion  test results  of  geosims5),
1.10 was  used  as  E=  (1-ws)1(1-zvM) for the

center  propeller of  the tripple screw  ship

and  single  $crew  ship  and  1.05 for the twin

screw  ship  and  the wing  propellers of  the

triple screw  ship.  Strictly speaking,  e values

must  vary  with  aft-body  shape.  But, the

difference will  be too small  to affect  the

results  of  power  estimation.

  EHP  and  SHP  calculated  thus are  shown
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Comparison of Effective and  Shaft
Horsepowers  among  Single-, Twin-  and

Triple-Screw  Ships

5, in a  form of  ratio.  SHP  values

   for the  single  screw  ship  and

   the twin  screw  ship.  According

     
'
 in.speed  around  the eco-

    the triple screw  ship  is superior

     at the  fully loaded condition

O.4 knots at  the ballast condition.

Propellers

  of  the  triple-screw ship  is shewn

6. The  shafts  of  the wing  propel-
  a  inclination of  2311000 vertically

    hQrizontally. In order  to know

   interference between  propellers,

     model  tests were  performed.
    measttrelnents

   lowest
highest for

     comparlson

nomica!  out-put  between the twin-  and  triple-

     ships,

      knots

   Mutual  Interference arnong  the Ship's Hull

    Mutual  inte2zl?3rence between the center  and

  ArYainnggePmrg?netiiof the propeners
 
an6

 
propei-

   shafts'

    have

    "/1000
   mutual

   following

     WZifee

  Keeping no.  of  revolutions  of  the  center

propeller (or the wing  propellers) constant

     the same  as  in the ordinary  

'self-pro-

       test, the model  ship  was-towed  at

the  same  speed  as  the self-propulsion  test

and  the wake  at  the position of the'wing

propellers (or the center  propeller) was  meas-
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           Fig.7  Wake  Contours at

ured  by 5-hole pitot tubes. As  be shown  in
Fig. 7, wake  patterns  are  nearly  the same

between with  and  without  the other  propel-

lers. Difference in mean  values  of  (1-wN)
at  the propeller disc between  the two  con-

ditions is a  little less than  one  percent. Also

there is little difference in the tangential

velocity  at  the propeller disc.
3.1.2 SeifProP"lsion tests with  only  the center

     or  the tviirg  ProPellers worfeing

 Self-propulsion tests only  with  the center

propeller (or the  wing  propellers) working

were  carried  out,  adding  the  balancing

weights  corresponding  to the  thrust  to be
borne by  the wing  propellers (or the center

propeiler).  The  rate  of  the  load obtained

from the ordinary  self-propulsion  tests is

    Mnrks･

                 Wing  Prepelle:  Posit[en

Propeller Positions (Triple-screw, Full Load)

,x+t','ts:,.'zt.o.Ittrx,R･e-x,

t x' L', ,
L, '

'qs...NFt-t tJ ,1'1:a

1k,

dei----t
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Cente:]'rop"11err'x/vMMarks

Workins O.80G-

NetlnstnlledO.Rl)S----F-

   Pa=7b/(Tb+2Tiv)
        for the center  propeller

   P"r=27;irl(7}:+21}ir)
        for the wing  propellers

and  therefore, the  balancing weights

   nR+P.(R..AR)

        in the  self-propulsion  test

        only  with  the center

        prope!ler

   AR+Pc(RM-MR)
        in the self-propulsion  test

        only  with  the wing

        propeller$

where  RM  is total resistance  of  the

obtained  at  the resistance  test and

friction correction  at  the  ordinary

(3)

are

(4)

  model

dR  skin

self-pro-
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pulsion test.

 Pa and  Prv do not  vary  so  much  in the

practical speed  range,  so  that constant  values

were  used.  Moreover, to know  the effect

of  the variation  in the propeller  load upon

the self-propulsion  factors, tests with  vary-

ing P values  were  carried  out  too.

  The  test results  are  shown  in Fig. 8. In

the n' ewt'  diagram, it is shown  that (1-w) ob-
tained from these tests is coincided  well  with

that from the  ordinary  self-propu!sion  test,

which  supports  the results  of  wake  measure-

ments  aboye  mentioned.  (p'Nt') diagram

shows  that vR  values  are  not  different so

much  from those obtained  by the ordinary

self-propulsion  test. However, (rk.vt') dia-

grarn gives a  little different result,  that is,

the values  of  (1-t) become  smaller  with  the

decrease of t'. Variation of  the pressure
field in the vicinity  of the propeller is con-

sidered  to cause  the variation  of 1-t. This

effect  is greater in a  case  of  the smaller

thrust of  the propeller and  for the  center

propeller located at  ship's  center  plane.

3.2 Balance in no.  of revolutions  between the

    center'  and  wing  Propellers
3.2.1 ELt7icct of load condition
  If the draft and  or  trim were  changed,  no.

of  revolutions  of  the propeller at  a  certain

out-put  of  the engine  will  vary  owing  to the

variation  of the  resistance  and  the  wake  of

the ship.  In order  to clarify  the effect  upon

XIO',
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the resistance  and  self-propulsion  factors of

the  trim and  the displacement, the self-pro-

pulsion tests at  various  conditions  were  car-

ried  out  on  the triple-screw ship  model.  In

these tests draft of  the stern  was  kept  con-

stant,  to keep the same  propeller immersion.
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The  test results  are  shown  in Fig. 9. Even
on  the  triple-screw  ship  with  the  peculiar
afterbody  shape  the  effect upon  the  rR and

self-propulsion  factors of  the  load condition

is very  similar  to that on  ordinary  sing!e

screw  ships.

 According  to the  calculation  using  these
test results,  no.  of  revolutions  of  the  prepel-
ler at  the ballast condition  are  higher by
about  2%  for the  center  propeller and  by

about  4%  for the  wing  propeller than  that

at  the fully loaded condition,  respectively.

These amounts  of  difference in no.  of  revo-

lutions will  not  cause  any  trouble  to the

revolution  balance.

3.2.2 SelfPrqPulsion test with  dipZrrent no.  of
     revotutions between the center  and  wiirg

     PrqPellers
 If the  out-put  of  the center  propeller or

the wing  propellers were  varied,  the  thrust

of  each  propeller and  the balancing in no.

of  revolutions  will  vary.  In order  to  know
the  rnutual  interference between  the  propel-
lers in this case,  special  self-propulsion  tests
were  performed  with  varying  no.  of  revolu-

tions of  the  center  propeller or  the  wing

prepellers on  the above-mentioned  model.  In
these tests, keeping  no.  of  revolutions  of

the  center  propeller (or the wing  propellers)

constant,  no.  of  revolutions  of  the wing  pro-

pellers (or the center  propeller)  was  adjusted

to obtain  the  same  ship  speed  as  at  the or-

dinary self-propulsion  test, corresponding  to

the variation  of  the balancing weights.  De-
noting  the skin  friction correction  at  the
ordinary  self-propulsion  test as  tiR,

             Rs=RM-riR

Where,  RM=total  resistance  of  the model.

  Amount  of variation  of  the balancing
weight  was  nearly  equal  to 15%  of  Rs. The
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test resttlts  are  shown  in Fig. 10, m  a simi-

lar form to Fig. 8. 
'Since

 it was  difucult to

adjust  no.  of  revolutions  of  the propeller so

that the model  rnay  attain  the designated
speed,  some  sdatters  will  be seen  in the plot-

ted points. However,  it may  be  considered

that the values  of  self-propulsion  factors do

not  vary  with  the Variation of the amount

of  balancing weights.  Therefore, estimation

of  the power  can  duly be done using  the

values  of  the self-propulsion  factors obtained

at  the ordinary  self-propulsion  test, even  if

the state  of  balance were  changed  between

the propellers.
                                   .

3.3 Et7rect of direction of rotation  of the wtng
    Propeliers 

'

  It was  reported  in sorne  papersG) that in-

ward  rotation  of  the  wing  propellers  gave
the  better propulsive ethciency  than  the out-

ward  rotation.  And  also,  it is gelnerally said

that  the  outward  rotation  of  the propellers

is superior  for the  full hull forrns and  the

inward rotation  for the high speed  vessels.

These results  seem  to be based upon  the re-

lation between the angular  velocity  of  the

propeller and  the  flow near  the propeller

 effected  by the hull form and  angle  of  at-

 tachment  of  the  bossings.

  Where  the propeller  shafts  are  covered

 with  rarge and  long bossings like shown  in

 Fig. 2, outward  turning flow will  be gener-

 ated  and  the  tangential velocity  in the pro-

 peller disc be added  to the angular  velocity  of

 the  propeller, which  will be understood  from

 Fig. 11. In order  to know  this state,  the

 following investigations were  carried  out.

 3.3.1 Streamline observation  around  the bos-

      sings  of the wing  Propelters ...

   Direction of  the flow around  the bossing

                
.,

 lx
                                   vk
                Vx

                                   7              vk

                      blr
  blrIn"'ard

 Tvrning  Ovtv･ard Tvpning

    Fig. 11 Velocity Diagrams
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of  the wing  propeller was  observed  on  a  2 rn

model  by the  tuft grid method  in the cir-

culating  tank, and  existence  of  the flow

turning outward  around  the  bossing was  re-

cognized  near  the  propeller.

3.3.2 Walee measurements  by-5-hote Pitot tttbes

  The  characteristics  of  the  tangential  vel-

ocities were  obtained  from the results  of

wake  measurements  by-5-hole pitot tubes

described in 3.1, as  be shown  in Fig. 12.

Outward  cornponent  of tangential  yelocity  is

larger at  the wing  propeller position than

inward one,  which  agrees  with  the  results

of the flow observation.  Taking the tan-

gential velocity  into consideration,  the  ap-

parent  wake  fractions were  obtained  quasi-
stationarily  frem the results  shown  in Fig.

12, which  are  given in Table 2. Notations

        Remurks  :
          1. N-rit}keut  Ce"ter  Prepet]ur
          z  V･b･IVRi =-O.057

          3 rlRMarks  '
    O,2 1.os2
            O.842  -･･--
  v"

   g, o,i, g:4632: 
::

 r,lfEi::t=i:::.x
  l 

Nf
 

e(deg)
 Z2'i

  lO  6o  i2o  isu  l?2o  3eo  36o

  111i, 
K

N....s-71:{.{r'aZf!1.,.,'.O,iOB.o:1[l,,,on

                        CStarboatd)   -O.3

 Fig. 12 , Tangential 
Velocity at  the Position of

        Wing  Propeller

used  in this table are  illustrated in Fig. 11.

The  results  of  this calculation  agree  well  in

tendency  with  the (.1-wT) values  obtained  at

the self-propulsion  test which  will  be given

in the  next  section,  and  support  the  discus-

sion  that inward･rotation of  the wing  pro-

peller are  advantageous  in the propulsion

point of  view.  
-

3.3.3 llite selyCPrcipulsion  test with'the  wing

     Propellers rotating  intvard and  outwar:d

  The  self-propulsion  tests were  carried  out

beth  with  the  wing  propellers rotating  inward

and  outward  on  the  triple screw  ship  model

described in the  Chapter 2. The  sarne  pro-

pellers were  used  for both conditions  of  pro-

peller  rotation.  The  self-propulsion  factors
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                Table  2 Calculation of  Apparent Wake  Fraction (Full Load)

Direction of
 Turning

Dx/vs  (=1-wN)

D.fvswr/Vs1+"Tttor

Pe/vs (=1-wk)

(1-zv")t(1-wT)

OutwardInward

O.805

-O.057 O.057

1.76

O.968O.832

1.03

1.032

O.780

1.03

Remark

Measuredi by 5 hole
P. Tube

Designed value

Plt=Vxf(1+itr/tor)

1-wr=propulsion
test result

 Dx,Dl=Volumetric mean  of  vx,vk  (see Fig.7)
    jT==Volumetric  mean  of  v.  (see Fig. 12)

Table  3 Comparison of  Self-Propulsion Factors, etc.  between

          and  Outward  Turning  of  Wing  Propellers
Inward

Load  condition

Position of propeller

VRIN/rpROUT

(1-t)TN/(lrt)evT

(1-tvT)INI(1-:vT)otrT

sHP,.ISHP..,

Fullload

CenterO.98 WingO,93

1.04

1.01 O.87

O.94

Ballast

Center1.00 WingO.91

1.04

1.01 O.87

O.94

in the  speed  range  around  the normal  out-

put are  compared  in Table 3. When  the

propellers rotate  inward, (1-w) decreases
remarkably  and  the variations  of  nH  and

(1-t) are  slight,  compared  with  when  the

propellers  rotate  outward.  Supposing a  case

where  the same  no.  of  revolutions  were  given
both for outward  and  inward  rotation  of  the

propellers, shaft  horse powers  were  calculat-

ed.  According to this calculation,  inward
rotation  gives  about  6 percent  less horse-

power  both at  the fully loaded and  ballast
conditions.  It is noted,  however, this fact
depends on  the aft-body  shape  near  the

stern  and  the way  of  supporting  the  shafts.

4. Propeller Cavitation

4.1 ktsPection of the Proble7n
  The  propeller load per a  shaft  is smaller

on  the triple screw  than  on  the twin  screw.

But, wake  patterns at  the center  propeller
have a heavy non-uniforrnity  like a  single

screw  ship.  Moreover, the speed  of  advance

of  the propeller  becomes  larger and  there-

fore, the cavitation  number  becomes smaller.

  Consequently, the center  propeller should

be designed at  a rather  severe  condition  from
the cavitation  

'point
 of  view.

  The  cavitation  problem  was  investigated
in details on  the center  propeller, and  the

methbd  of  improving the cavitation  charac-

teristics was  applied  also  to the wing  pro-

peller.
  When  the  research  was  begun, the  follow-
ing facts were  known.

  1) The  bulbous  stern  intending to make

the circumferential  wake  distribution uni-

form is useless  and  rather  becomes a  cause
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for the  resistance  mcrease,  if the frarnelme

shapes  were  modified  only  within  the limi-
tation  in designing.

  2) It is dificult to irnprove the  cavitation

characteristics  in such  a  design as  the blade

has most  of  the lift by the camber.

  3) In a  case  of  the blade sections  of  the

propeller of  the  ordinary  aesign charts,  the

camber  is determined for a  certain  blade

thickness. Therefore, the carnber  some-

times  becomes  too large because the blade

thickness and  the  camber  can  not  be chosen

independently. On such  a  blade section,

harmful  cleud  cavitation,  liable to be a  cause

for errosion,  often  occurs  at  the mid-chord

and  the  trailing edge.

  If the nose  of  the blade section  was  raised

up  as  shown  in Fig. 13, increase in angle  of

attack  of  the flow to the  blade will  enlarge

the  area  covered  with  the sheet  cavitation

near  the leading edge  but decrease in cam-

ber  will  avoid  the cloud  cavitation.')  This

sheet  cavitation  has nothing  to do with  the

errosion,  and  this amount  of  correction  at

the leading edge  scarcely  varies  the  lift.S)

       (Former des/gn) CPreseni designl'-----

     Fig. 13 Modification of  Blade Profile

  Taking the  fact above  mentioned  into con-

sidetation,  screw  propellers were  designed

and  their  cavitation  characteristics  were  irn-

proved  through  the cavitation  tests. That

is, lift distribution was  obtained  by the

method  to design wake-adopted  propellers,
which  is adopted  at  NSMB.9)  Then, blade

thickness breadth ratio  was  deterrnined from

the cavitation  diagramiO) on' the propellers
with  the AU  type  section,  and  pitch ratio

by Nakajima's  formula.ii) As  the blade sec-

tion were  designed four types  of  blades,

based upon  the  blade sections  of AU  type.

  First of  all, blade A  was  designed by  cut-

ting  up  the  leading edge  of  AU  type  of  blade

section  at  an  aim  to prevent  the cloud  cav-

itation by  increasing the angle  of  attack  and
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decreasing the camber.  Then, Blade B  and

C  were  designed by sharpening  the  leading

edge,  expecting  to suppress  the cloud  cavi-

tation  taking place at  the leading edge  by

making  the pressure  drop larger and  then

the area  covered  with  the sheet  cavitation

wider.  The  blade thickness was  slightly  de-

creased  along  10%  of chord  length for Blade

B  and  aleng  25%  for Blade C  at  the back

side  near  the Ieading edge.  Blade D  was

designed by  decreasing the blade thickness

at  the  back  side  of  the blade section  around

the mid-chord,  the  object  of which  is to-in-

crease  the effect  to prevent the cloud  cavi-

tation by making  the chamber  smaller.  Pro-

files of  Blades A, C and  D  are  shown  in

Fig. 14.

                     A&C
                              A&D

                   Ulade

                    A

                    c -----

                    D m-H-

    Fig. 14 Profiles of  Blade  A, C and  D

4.2 Cavitation test

  A  six-bladed  propeller was  manufactured

with  the  four kinds of blades above  men-

tioned,  and  the cavitation  test  was  perform-
ed  in the  non-uniform  flow. In Fig. 15 is

shown  the wake  distribution reproduced  by

      LO  Full Lnad

                 O.5R

                 O.7R

                 o.9R

)  O,5

Q  1,4l

   e' go' lsu-

               e

Fig. 15 Wake  Distribution (Full Load)
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               Fell leod, KT  
'-O,18e

 e.r222

           [FoTmerdesLgn)

                e=ge starboard

                     Fig. 16

the wire-rnesh  in the cavitation  tunnel, which

is similar  to the longitudinal wake  distribu-
tion measured  by 5-hole pitot tubes at  the

center  propeller position with  the  wing  pro-

pellers rotating  inward at  the  fully loaded
condition.  As  an  example  for the  test re-

sults,  cornparison  of the cavitation  patterns
among  the four blades at  e=9e  is shQwn  in

Fig. 16.
 There were  no  cavitation  on  the face side

of all the  blades, but on  the back the follow-

ings were  noticed.

 1) At the  leading edge  of  O.7--O.9R on

the Blade A  took place  small  pieces of  cav-

itation, looking like the bubble at  a  glance.
This kind of  cavitation  has not  been expen-
enced  and  was  found to be of thin  film by

the. detailed observation.  It is understood

that  owing  to small  pressure  drop  at  the

leading edge  the cavitation  occurred  in this

part could  not  grow  into the sheet  cavita-

tion and  came  out  as  pieces of  cavitation  of

thin fi!m. In the neighbourhood  of  e=180

appears  the  cloud  cavitation  at  e.8e-,O.9R of

the  trailing edge,  which  is considered  to

have been transforrned from the sheet  cav-

itatien caused  by the peak  of  the negative

pressure near  the mid-chord  due to too large

camber  in the vicinity  of  O.8rvO.9R.

  2) The  state  of  cavitation  on  the  Blade

B  is quite similar  to  that  on  the Blade A.

Stationary sheet'cavithtion  took place on  the

Blade C. This cavitation  is considered  to

be caused  by the large pressure  drop due
to the  sharp  profiIe at  the leading edge.

            (Present des/en)

from  the top of screw  aperture

Comparison  of  9avitation Patterns

 3) Expected effect  clid not  appear  on  the

Blade D, which  seems  to be based  on  the

too small  change  in camber.

 According to the resu!ts  above  mentioned,

two  corrections  of  cutting  up  the  blade sec-

tion as  shown  on  the  Blade A  and  sharpen-

ing the leading edge  as  shown  on  the BIade

C  were  adopted for the blade section  of  the

full scale  propellers.

5. Full Scale Measurements and  Correlation
   with  Model  Results

5.1 SPeed trial
  Progressive  sp6ed  trials with  two  or  three
screws  working  were  carrled  out  at  the sea

trial of  th'e triple screw  ship,  and  some  data

with  only  the  center  propeller working  were

taken  during  her navigation  before the trial.

All the  tests were  performed  at  65%  dis-

placement  of  the full load's and  1%  trirn by

the  stern  of  Lpp which  corresponds  to the

ballast condition  of  the  rnodel.

5.1.1 Progi'essive speed trial

  In this test, the engine  Ioad was  varied

progressively by  four steps,  keeping no.  of

revolutions  of  the  center  and  wing  propel-
lers to be those  at  the normal  operation  of

the engine,  and  speed  of  the ship,  shaft

horse power  and  no.  of  revolutions  of  the

propellers were  measured  at  each  run  of  four

groups. .

  The  sea  state  was  not  so  good with  wave

scale  3 and  Beaufort scale  5-.6, and  because
the wind  direction was  coincided  with  the

directipn of  ship's  runs,  difference in speed
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attained  to more  than  one  knot. Correction

for the wind  was  made  by Taniguchi and

Tamura's  rnethod,ia)  and  results  of  meas-

urements  were  corrected  to the  standard

condition  of  no  wind  nor  current.  This re-

sult was  coincided  well  with  the power  curve

estimated  from  the  model  tests described in

Chapter 1. In order  to know  the correlation

between ship  and  medel,  analyses  of  wake

scale  effect  E and  roughness  allowance  dCp

were  carried  out  on  the results  converted  to

thestandardconditien.  Theseanalyseswere

made  by  the usual  methodi3)  and  scale  effect

on  propellers was  not  taken into considera-

tion. E was  1.07 for the  center  propeller and

1.09 for the  wing  propellers, which  are  a

Iittle different from  the  values  estimated  in

Chapter  1. dCF  values  were  very  near  to

O.15× 10"3 estimated  by the three dimensional

extrapolation  method  of  equation  (2), in

which  the  appendage  resistance  was  treated

separately.  In order  to know  whieh  extra-

polating method  will  be suitable,  following

two  Tnethods  were  compared  with  the method

of  equation  (2). The  first one  is expressed

by

   Rs=-ll'PsSNv's{CwN+(1+K}r)CFso+riCF}

      +tPs-dS,,･v2,･;dC.  (5)

  In this rnethod  1/2 of  appendage  resistance

coeficient  dCA, is added  to the hull resistance.

This  methodib  has been used  rather  often.

The  ether  one  is a  method  in which  the

appendage  resistance  is not  separated  from

the hull resistance,  and  expressed  by

       1
   R.-  2 

PsS.v",- {C.,,+(1+KL,)C.,,+dC.} ( 6 )

  Where, suthx  N  implies the naked  condi-

tion and  A  with  appendages.

  Assuming  aCF  values  as O.15× 10-S, effec-

 tive horse power  was  calculated  by  three

 equations  of  (2), (5) and  (6) and  their results

 were  compared  with  the  results  obtained  at

 the  trial of the ship  in Fig. 17. As  be seen

 from  this figure, equations  (2) and  (5) give
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between both runs  of 
'
 and  returning  
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              Speea ot ShipCKne[s)

 Fig. 17 Comparlson  of  EHP  Curves  between

        Predicted and  Sea Trial Results

good agreements  with  the  trial results,  but

equation  (6) gives too large estimation  for

EHP.  So, equation  of  (2) er  (5) seems  to

give better results.

5.1.2 7V;e speed trial tvith center  or  wingpro-

     Peilexs ioosing

 The  ship  speed,  shaft  horse  power  and  no.

of revolutions  of the propellers were  meas-

ured  in a group  of  runs  at  the  engine  load

to absorb  the rnaximum  torque of the engine

with  only  the  wing  propellers (or the  center

propeller) working  and  with  the center  pro-
peller  (or the wing  propellers) loosing. This

test giyes an  interesting data as  an  example

of  quite different state  of  balance  in no.  of

revolutions,  but as  only  one  group  of  runs

was  performed  detailed discussion can  not

be made.  Therefore, paying attention  only

to the  relation  between  the propeller load

arid  wake  fraction, (1-tvQ) values  obtained

from this test on  torque identity method  are

compared  with  the results  of  the progressive
speed  trial, which  is shown  in Fig. 18. In

this figure are  also  shown  the results  of  the

model  tests to give some  idea of  ship  rnodel

correlation.  The  
[Center

 propeller only'  in

this figure rneans  the data obtained  when

the ship  was  run  with  only  the center  pro-

peller and  without  the wing  propellers before

the speed  trial. In this  case,  the  ship  speed

was  read  from  the  indicator of  an  electro-

magnetic  log and  measurernent  of  shaft  horse

power  may  not  always  be done  so  accurately
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                                     tests also  give a  similar  tendency  in this

                                     pomt.

                                     5.2 0bservation of the Propeller cavitation
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 Fig. 18 1-tvq Versus KQ at  Various  Kinds  of

       Propulsion  Tests on  Both Model and

       Ship

as  at  the speed  trial. However, this kind of

data can  seldom  be obtained  on  a full-scale

ship,  so  it was  shown  without  hesitation.

 (1-we) values  are  not  varied  so much  with

the torque coeMcient  Kla, which  were  obtain-

ed  from  the measured  shaft  horse power
and  no.  of  revolutions  of  the propellers. Kle

values  are  considered  to show  a scale  of  the

propeller Ioad, so  it is deduced that  even

this amount  of considerably  large variation

in the propeller  load is not  so  infiuencial on

the wake  fraction. The  results  of the  model

              KT=O,175 O.176

              an=2.207  2.403

ltt:.

I-e

Fig.

 Fu!1-scale observations  of  the propeller cav-

itation were  carried  out  at  the  sea  trial, only

on  the  center  propeller. In order  to make

the  observations  easier  through  the  observa-

tion  window  at  a  suthcient  depth under  the

water  surface,  the  draft of  the  stern  was

taken  larger than  at  the speed  trial, which

resulted  in satisfactory  observatign  up  to the

high speed.

 Observations  were  made  at  four load con-

ditions of  the  engine,  and  in one  condition

of  them  the wing  propellers were  made  near

to be loosen and  the  load of  the center  pro-

peller was  made  considerably  heavier. Ar-

rangement  of  the  observation  windows  and

instruments  are  similar  to  those  described

in the  literature (15).
  An  example  for the  cavitation  patterns ob-

served  is shown  in Fig. 19. 
'Angular

 posi-
tions of  the propeller observed  are  within

a range  of  30N50e  starboard  side  from the

top. The  cavitation  patterns  are  not  so  dif-

ferent in this range  of  angular  positions.
There  occurred  the sheet  cavitation  in 10N

20%  of  the  chord  length at  the leading edge
of  O,7RNthe  tip, and  the  cloud  cavitation

took place near  the  mid-chord  of O.975R and

    O.190 O,296

    2.909 . 3.028

 e=400 statbonrd ttam  the ±op od screw  epettufe

19 Comparison of  Cavitation Patterns of

   Scale and  Model

Center  Propeller between  Full
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from the rear  edge  ef  the sheet  cavitation

of O.85RNO.9R. The  extent  of cavitation  oc-

currence  is narrow  and  the cloud  cavitation

is weak,  which  is considered  to be based
upon  the effect  of  decreasing the  propeller
load by  distributing the horse power  in three

shafts  and  of  adoption  of  an  aerofoil  section

with  large cutting  up  at  the  leading part and

a  little thinner blade thickness of  the lead-

ing part.

  In order  to inspect the correlation  between

ship  and  model,  the  cavitation  test was  per-
formed in non-uniform  flow on  the model

propeller corresponding  to  the  full-scale, the
scale  ratio  being 1/32.5 (dia.=2eOmm). The

wake  distributions reproduced  in the cavita-

tion tunnel  are  shown  in Fig. 20. The  cavi-

tation number  apm used  in the  test is obtained

      1･() BaTlust

                 O.i･,El

                 O,7R

                  D.9R

                  ],eR

L".
 c],5

Cx
 

'Sx

      t)
       t) Y-1 1tiU'

                   0

     Fig, 20 Wake  Distribution (Ballast)

from  the  static  pressure at  the  shaft  center

line and  no.  of  revolutions  of  the propeller
during the  full-scale observation.  The  thrust

coeficient  KhT was  obtained  from the torque
coeficient  measured  at  the  full-scale observa-

tion and  open  test results  of  the model  prg-

peller.

 An  example  for the test results  of  the

rnodel  propeller is shown  in Fig. 19. Sum-
rnary  of  the results  is as  follows:

  1) In a case  of  srnall  K), the sheet  cavi-

tation occurs  by 3 to 5%  of  the chord  length
at  the Ieading edge  of  O.85R.--the tip on  the
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back side  of the  blades. The  cavitation  pat-
tern is different from  that  of  the  ship  and

the extent  of  cavitation  is smaller.  The
cloud  cavitation  takes  place near  O.9-vO.95R
on  the  back  side,  but the position of  the

cavitation  is different frorn that of  the ship

and  its strength  is weaker.

  2) In a case  of  Kin=O.296, the  cavitation

pattern and  extent  of  the cavitation  on  the

model  propeller are  quite similar  to  those

on  the actual  propeller.

  3) In both  cases,  no  cavitation  can  be

seen  on  the face of  the propeller.
  The  difference in cavitation  between  ship

and  model  described in 1) is similar  to the

results  obtained  by  the three full-scale meas-

urementsiG)  on  propeller cavitation  already

done, and  its reason  has already  beenproved.

  Concerning the  difference between  1) and

2) above  mentioned  the followings may  be
considered.  Although the angle  of  attack

of  the fiow to the  blade  element  varies  be-

tween  ship  and  model  due to the scale  ef-

fect of  the  wake  distribution, this difference

does not  vary  with  the  variation  ef  the pro-

peller load. In a  case  of  light load, that  is,
when  the angle  of attack  is small,  the var-

iation of  the  angle  of  attack  influence sensi-

tiyely on  the  occurenee  of  the cavitatien.

In a  case  of  heavy load, however, and  when

the cavitation  has  grown  suMciently,  the

cavitation  pattern does  not  vary  with  the

variation  of  the  angle  of  attack.

6. Concluding Remarks

  In constructing  a  triple screw  container

ship,  many  basic investigations and  various

kinds' of  model  
'tests

 were  carried  out,  and

expected  results  were  obtained  by  introduc-
ing the test results  into the  design of  the

hull form  and  propellers.

  Principal conclusions  obtained  are  as  fol-
lows:

  1) On  such  a  high  speed  container  ship

as  investigated here, triple screw  propulsion

gives the better propulsive performance than

twin  screw  propulsion.

  2) The  triple screw  ship  adopted  showed
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better propulsive performance  with  the wing

propellers rotating  inward,  the  reason  of

which  is explained  by the wake  rneasure-

ments  using  5-hole pitot tubes  and  by the

results  of  the  self-propulsion  tests.

  3) Mutual interference between  the pro-

pellers can  not  be seen  for the propeller ar-
rangement  of  this triple screw  ship.

  4) The  effect  of variation  of  the  propel-
ler load upon  the propeller performance is

negligible  for each  propeller exeept  upon  the

propeller ethciency,  unless  the  variation  ef

the propeller load is large.

  5) In order  to avoid  the back  cavitation

of  the  center  propeller, it is effective  to

change  the shape  near  the  leading edge  so

as  to decrease  the camber  and  increase the

angle  of  attack,  which  is also  supported  by
the  full scale  observation.

  6) The  results  of  the  speed  trial of  the

ship  were  coincided  well  with  those  estimat-

ed  from  the  model  results.  It gives  a key
to the scale  effect  problem. It may  be bet-

ter to consider  that  the appendage  resistance

is also  subject  to the scale  effect.

  Finally, the  authors  express  heartily thanks

to the people concerned  in this research  pro-

ject, especially  to Osaka Shosen Mitsui Sen-

paku  Co,, Ltd. and  Tarnano Works, Mitsui
Shipbuilding and  Engineering Co., Ltd. for

their cooperation  in performing  the fuli scales
measurements.
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