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Self-Excited Vibration of  Propeller Nozzles
on  Ocean-Going Tugboats

-lstReport-

Experienced

by  Yasunosuke  Ogawa*,  Member  Shinji Kumazaki*,  Member

     Makoto  Maeda*,  Member  Katsuya  Fujii"", Member

          Isao Neki*, Member  Masatetsu Shimono*

                Yasuhisa Okumoto*,  Member

                                 Summary

    Despite every  means  available  at  the  time  of  construction  applied  to prevent
vibration,  violent  vibrations  were  reported  on  two  ocean-going  tugboats construeted
by  IHI,  of  size  that  places them  among  the  world's  largest. Measurernents  made  of

the vibration  of  aft  part including nozzles  and  analysis  of measured  data revealed  that

the  vibrations  of  nozzles:-

    -were  constant  in freguency,  irrespective of propeller or  engine  revolution,  and

      attained  values  of  acceleration  Teaching  8,eOO Gal;

    -were  generated  only  under  certain  cenditiops  of  operation,  and  diminished to

      very  low levels under  all  other  cenditions;

    
-corresponded

 to what  is known  as  fiow-induced  vibration,  and  were  closely  as-

      sociated  with  the water  flow  arollnd  the  nozzles.

    Two  possibly  ascribable  rnechanisnis  inreTe  considered  as  cause  of  the self-excttcd

vibration.

    (1) Locked-in vibration  induced by  Karman's  vortex  street;

    (2) Oceurrence of negative  damping  (known as  
"galloping'').

Neither of  these  two  mechanisms  have  so  iar proved  conclusively  assignable  as  cause:

(l) Karman's  vortex  streets  on  account  oi  uncertainty  in estimating  the exciting  force
under  lock-in condition,  and  (2) gallopin.cr for lack of  definite tendency  of  the negative

slope  of nozzle  lift vs. attack  angle  curve,

    The  vibrations  observed  being of  such  amplitude  as  to permit no  delay in remedial
action,  measures  were  taken  to counteract  both the  mechanisms  considered  above:

{l) KaTman's  vortex  streets  by  attaching  fins to the nozzles  te decrease their trailing
edge  thickness, and  hence to modify  the shedding  frequency  of the vortex  streets,  and

avoid  resonance;  (2) galloping by  strutting  the two  nozzles  together  so  as  to constrain

them  to in-phase vibration  mode,  which  was  considered  from observation  of the damp-
ing behavior to be conductive  to marked  modificatiQn  of  the structural  and  mass

damping  performance, and  consequently  conveit  the  damping  to  positive value.

    Vibration measurements  reperformed  after  applying  the  above  measures  preved
the violent  vibrations  to  have  been completely  eliminated,  evidencing  ample  effee-

tiveness of  the measures  adopted.  Further  token of  the effectiveness  of  the measures

is provided by  the complete  absence  of  reports  from  either  tugboat  on  violent  vibra-

tions, throug. hout  the two  years that have  since  elapsed,  during which  the tu.crboats

have  each  marked  over  4,OOO  liours of  active  service.

 
*
 Shipbuilding & Offshere, Ishikawajima-

   }{arima Heavy  Indllstries Co., Ltd.
**  Yokohama  Research Institute, Ishikawa-

   jima-Harima Heavy  Industries  Co., Ltd.

              1. Intreduction

  Two  ocean-.croing  tugboats-of ca,pacity  that

places them  amongst  the world's  largest-were

completed  by  IHI  in October and  December  I979.
At the time  of  tineir construction,  everv  means
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 currently  availab!e  was  applied  to prevent vibra-

 tioni), but  nevertheless,  after  their delivery, the

 crew  of both tugboats  reported  violent  vibrations

experienced  in the accommodation  space  and  the

 aft part where  the propellers and  nozzles  were

 equiped.  In January 19B2, an  extensive  series

 of  vibration  measurements  was  carried  out  jointly
between  IHI  and  the Owners  oi the tugboats.

 The  rneasurements  were  made  with  underwater

 accelerometers  mounted  on  the nozzles  and  sur-

rounding  paTts.
   It was  established  as  a  result  that  the  vibiations

 occurring  on  the  nozzles  and  aroulld  stern,

  
-were

 constant  in frequency, irrespective of

    propeller or  engine  revalution,  and  attained

    values  ef  vibration  acceleration  reaching

    s,ooo Gal,

  -were  generated only  under  certajn  conditions

    ef  operation,  and  diminished to very  ]ow
    levels under  all  ether  conditions,

  -corresponded
 to u,hat  is known  as  flow-

    induced  vibration,  and  were  closely  associ-

    ated  with  the water  fiow around  the  nozzle,

The  foregoing factors were  indicative oi  a  phenom-
enon  that  was  hardly loreseeable from  the  state

of  knowledge  of ship  vibrations  at  the tirne ef

construction  of  the  tugboats.

  Based  on  the  information  thus assembled,

together  with  the  data  that  had  been recorded  at

the time of  construction,  measures  for eliminat-

ing the  violent  vibrations  were  planned,  and  were

applied  to the  tugboats  in April and  September
1982. Vibration  measurements  were  then remade,
to verify  the  effectiveness  of  the  measures  thus

applied,

  Two  years  have  elapsed  since  then, and  the
tugboats  have  each  already  rnarked  over  4,OOO
hours oi  active  service,  but no  repoits  have  since

been received  of  violent  vibrations  experienced

in either  tugboat.

  In this paper, the characteristics  oi  the vielent

vibrations  are  noted,  their probable  causes  are

discussed, the measures  successfully  applied  are

indiicated, and  the  effectiveness  of  the  rneasures

are  verified.

   2. Principal Particulars of  the Tugboats

  The  Tough  arrangement  of the tugboats  is
shown  in Fig, 1; Table  l presents the principal
particulars, Notable  characteristics  are:  Twin-

engine,  twin-screw,  controllable-pitch  propellers
rotating  in fixed nozzles;  20,800 SHP  engine  out-

put, 200 tf tewing  force, 19.4 kt service  speed,

  As  shown  in Fig, 2, the 4 m  diameter nozzle  is
connected  above  through  head box to the stern,
and  below  to the  lower  end  of  the shaft  bracket by
means  of strut.  This arrangement  of  nozzle  sup-

port  was  adopted  on  considerations  detailed in

Tablel  Principal particulars
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Fig. 1Rough  arrangement

Fig. 2Plan  of  nozzle

Referencet).

         3. VibrationMeasurements

  3.1 ATrangementfbrmeasurements

  While the tugboats were  docked, underwater

accelerometers  were  mounted  on  the nozzles  and

surrounding  parts protected by  watertight  seal-

ing, as  indicated in Fig. S, and  vibration  meas-

urements  were  made  after  undocking.

  Theconditions  at  measurement  are  presented in
Table 2. Runs  I and  3 were  made  with  tugboat
running  free, of  which  Run  1 was  made  under

normal  conditions  of  auto-program  control,  in

which  tugboat  speed  was  controlled  by  propeller
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Table 2 Ship's condition

NO. 1 2 a 4
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   Fig. 6 Vibration acceleration  V6(T)

tion level at  826 cpm  ior each  propeller revolutions
is shown  in Fig. 6; Fig, 7 represents  the  vibration

mode  measured  at  l25 rpm,  at  which  the highest
acceleration  was  recQgnized.  During  these

.A

L'I

1

   Fig'. 3 Arran.vement  of  measuring  points

blade pitch at  110 rpm  propeller revolution,  and

above  this revolution,  controlled  by propeller
revolution  with  blade  piteh fixed at  about  320.
Run  3 was  made  with  propeller revolution  held

coRstant  and  xnrith  tugboat speed  controlled  by

propeller blade  pitch. Runs  2 and  4 were  made

while  maximum  towing loads of  45 and  l53 tf,

respectively.

  The  measured  revolutions  and  propeller pitch
an.crles  aie  indicated in Fig. 4.
  3.2 Results ofmeasurement

  3.2.1 Run  1 (auto-program centrol)

  Measurements  were  made  with  propeller revo!u-
tion varied  from llO to 163 rpm  in steps  of  3
rpm.  The  stron.cr. est  vibration  w[ts  reeognizect  at

the measurin.v  point  V6,  the frequencies com-

posing the vibration  at  this point being  as  repre-

$ented  by the  spectrum  of  Fig. 5. The  aceelera-
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      ments

140RPMat 150,e,170

vibration  ineasure-

measurements,  the  tugboat  speed  changed  as

shown  in Fig. 8.

  The  foregoin.cr data indiczte that:

(1) Vibration  was  prominent in the  range  of

    revolutions  from  ll3 to 140rpm;  outside

    this ran.ve,  the  vibrations  diminished  marked-

    Iy.(2)

 The  violent  vibration  was  generated uniguely

    at  the constant  frequency of  826 cpm.

(3) The  nozzles  vibrated  laterally in anti-phase

    mode;  vibratien  xvas  slightly  hi.crher level on

    the port side  nozzle.

C4) The  violent  vibration  was  generated at  14

    to l8 kt tug speed.

  3.2.2 Run  3 (pitch controll)

  This run  was  made  to examine  the relation

between propeller blade pitch and  vibration.  The
accelerometer  readings  from the measuring  point
V6  at  125 and  140 rpm  are  reproduced  in Fig. 9,
where  the time  scale  is reduced  ior claiity.

  It is seen  that  vibration  is negli.uible  when  the

propeller blade, pitch  is below 300, beyond  which

it increases sharply,

  3.2.3 Runs  2 and  4 (towing condition)

  An  example  of  vibration  analysis  is presented
in Fig. IO. which  reveals  that  when  towing,  the
violent  vibrations  observed  when  Tunning  free
were  no  longer  generated, the highest  acceleration

recorded  being enly  32 Gal at  measuring  peint
V6  in both Runs.

    4. Discusision on  Cause o.{ Vibratien

  A  diseussion is presented on  the  probable mech-
anism  that  generates the extraoidinary  vibra-

tions noted  in the  precedin.cr Section g.2.

  4.1 Measuredvibrationmagnitude

  Fig. I l presents the  rela ±ion between  propeller
RPM  and  frequencies  of  the  measured  data  given
in Fig. 5.
  It is revealed  that the violent  vibrations  cor-

respond  te none  ot  the  frequencies that  would

normally  be  considered  to affect  the  stern  part of
hull-i.e. multiples  of propeller shaft  revolution

<1, 4==Number  of  blades, 8== Twice number  of

blades, ･･･}-and  that  the  frequency is collstant

and  irrespeetive of  propeller revolution.  This
frequency of  826cpm  is. as  sho",n  in Fig. 12,
close  to the  natura!  frequency, of  800  cpm  meas-

ured  with  vibration  exciter  applied  to hull stern

whiiel  mooredi),  and  the piesent value  can  be
considered  to represent  the coriespondin.cr  natural

frequency  while  running,

  ['he above  behavior  of  the inordinate  vibra-

NII-Electronic  
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 tions is characteristic  of  what  is known  as  self-

 excited  vibration.

   4.2 Selfiexcited vibration

   Upon  examining  the  varieus  ±actors  that

 govern the  self-excited  vibration  affecting  the

 nezzles,  the  probable causes  were  narrowed  down
 to:

 {1) Locked-in  vi'bration  caused  by  Karman's
     vortex  street

 (2) Self-excited vibration  generated  on  account

     of  the  nozzle  damping  characteristics  be-

     coming  negative-i.e.  phenomenon  known
     as  

``galloping".

   4.2.1 Karman's  vortex  street

   We  first examined  the  likelihood of  the  cause

 of  violent  vibyations  being Karman's  vortex

 street,  which  is rarely  experienced  in practice.
   The  exciting  freguency should  in such  case  be

    f=60･Uo･c/d, (cpm) (4.l>
 where

   Uo: FIow  velocity  {m/s>
    a: Nozzle trailing edge  thickness (==O.1 m)

    c:  Strouhal coeficient(==O.15-O,20)

 Substituting into Eq. (4.1) the tugboat  speed

 derived in Section  3.2.1 (4), the estimated  excit-

 ing frequency

    f= 648-  1, 1 10 cpm  
,

 is obtained.

 The  frequency of  826 cpm  obtained  irom  aetual

 measurement  is situated  in the mid  range  ef this

 exciting  frequency,  This suggests  tlie violent

 vibrations  in question te be assignable  to what  is

 known  as  forced self-exeited  vibration  by Kar-

 man's  vortex  street  with  the vertex-shedding

 freguency in the  above  range  lockedi-in to the  826

 cpm  oi  nozzle  natural  frequency.

  The  exeiting  iorce can  be  estimated  practically
ras ioliews2),

     w=1/2･pUo2dCL9,  (4.2)
 where

     w:  Exciting force per unit  length oi  nozzie

        (kgiXm)
     p: Specific gravity of  fiuid (=: 104.6 ]{gf･s2!
        M4)

    Ci: Lift coefficient  for round  bar2) (;O.15)
     e: Magnification  factor (=:80),
 Thereiore, in the flow velocity  range  Df  l4 to 18

 l<t which  corresponds  to  the  vielent  vibrations,

    w=  3255-5'382 kgffm  .

 If the  vortex  street  exciting  force is coiisidered  to

have  been  generated in the part indicated  in Fig.

 I3, the total exciting  force

    F==w･n･D･l201360  1{gf 
.
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Fig, IS Assumed  range  of  Karman's  vortex

       street

where

   D: Nozz!ediameter(=4m).

Therefoie,

    F=13,635-22,544  l{gf .

  The  spring  constant  of the nozzle  structure  is

calculated  as  180tf!mm,  as  derived from  its
transverse  rigidity  which  had  been determined at

the  time  of initial design. Hence,  the  amplitude

oi  vibration  that would  be  excited  by  the  Kar-
man's  vortex  street  would  be

    s=Fflse,ooo

     =O.076-O.125  rnm  
,

which  is 2 orders  of  magnitude  smaller  than the
measured  value  of  around  10 mm  and  this is one

element  of  doubt  on  the cause  by  Karman's
vortex  street.  Another element  of  doubt  is
whether  the  vortex  street  would  actua!ly  exert

a  force conductive  to  lateral vibration  ef  the  noz-

zles, when  continuity  of  the vortexes  is eon-

sidered.

  On  the  other  hand,  it has been  found3) that
once  Karman's  vortex  street  would  be locked-

in, the value  oi  Ct  in Eq, (4.2) can  depart widely

irem that  of  iorced vibration,  and  the  results,  the

vibration  amplitude  can  be  extraordinary  in-

creased.

  The  effect oi  this lock-in would  net  permit
Karman's  vortex  street  to be  immediately  dismis-

sed  as  possible cause  of the violent  vibrations.

  4.2.2 Selfiexcitation by  negative  damping

  (1) Mechanism

  A  freely damping  system  oi  1 degree of  freedom
wi11 be governed by the equation  oi  motion

    v+2eg+v"y=]O, (4.3)

which  represents  a  periodic rnotion  when  e<v,

and  a  general solution  can  be obtained  as

    y==Ae-e`･cos  ( Vp2-e2･t+B) , (4.4)

where,  letting the peried T=-2TfVv!-e2,  the

ratio  ef  amplitudes  between the instants te and

te+T  should  become

Fig, 14 Model  oi iree

 E.S
    2m

 v7  .±

    m

vibratien

    ly;-=to+Tl/Iyt=t,1=e'sT, (4.s)

which  indicates a  vibratien  attenuating  with  each

cycle  if E>O,  whereas  when  s<O  an  amplifying

vibration  that  strengthens  with  each  cycle  is
indicated.

  The  latter case  represents  the  mechanism  of

self-excitation  generated by  negative  damping.

  (2) App!ication to the  present  instance

  The  nozzle  placed in fluid stream,  modelized

ior simpli,city  to  represent  one  degree oi  freedom,

is illustrated in Fig, 15, in which  diagram,

    FL=l12pU.2D2CL

    FD=  l12pUn2D2CD  ,

where

   FL:  Liit for one  nozzle  king (kg>
   Fo:  Drag  for one  nozzle  ring  (kg)
   UR: Resultantvelocity  (mls)
   Ct: Lift coefficient  of  one  nozzle  ring

   C.: Drag  coeff1 ¢ ient oi  one  nozzle  ring

  We  here assume  that:

    di=O. Ux=Uo;

    Uv=:O, lY]<Ue, ct:t-er1Uo;
    UR2'=: Uo2+pt2 .

Now,  the resultant  force in the  v-direction

    Fv  ==  FL cos  ct+FD  sin  ct

        =  1/2p U.2Da(Cl  cos  ct+CD  sin ec) .

Hence,  the  equation  oi motion  governing
model  of  Fig. 15 becomes

    (m+m.dd)ti+Cpt+hy==Fy,
where

    Madd:  Addedwatermass.

ts-y
 Ve

L

(4,6>(4,7)

(4.8)
 the

<4.9)

x

Fig, 15 Model  oi  nozzle  in fiow
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       By  letting

           Fv=I12PLi

       and  substituting

Architects  of  Japan
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 Architects  oi Japan, Vol. I56

            ,xD2cv.  (4.1o>
              this Fy  into Eq.  (4,8), we  have

    Cy  ==  (CL eos  ut+CD  sin  ct)(  U.!U,>2  . <4.11)

  On  the  other  hand, since  a  is very  small,

    cL(ct)=ci(o}"(OoC.L).=,･ec+ocecz)

    CD(a)=CD(O)+(0oCecD).;,･ce+O(a2)                                  (4,12>
    cosct=1-O(a2>

    slnct=ec

    (URIUo)2=1+O(ec2) .

By  substituting  Eq.  (4.l2) into Eg. (4.11),

    Cy=  Ci (O)- 
fi
 (OoC,,` ) .=,+  C"  (e) l (Y/Uo) '

                                  (4.13)
In this equatien,  CL(O) is a  static  load, so  that  the

dynamic  component

    Cy=m[(0eC.i )...,+ CD (O)](Z)IUD) ' (4" 14>

  By  substituting  Eqs.  (4.14>, (4.10> into Eq.

(4.9), we  derive the equation  oi motion

    <M+M"d`)Y+[C+(1/2)PUOD2[(OoCecZ).=,

         +CDCO)]]Y+kY'-nO, (4,15)

where

     C:  Structural and  mass  damping

      112PUoD2i(OaC,,`).=,'l' C"(O)] :

            Dyllamic  damping  ,

  In  order  ior Eq.  (4.15) to constitute  the  self-

excitatl,on  referred  to in Item  (!), the coeMeient

of  the  2nd term  of Eq. (4.15) must  have a  nega-

CL

Fig. I6

tive value,  Now,  gcnerally, C  and  CD(O) are

positive, so  that a  necessary  condition  for the

abeve  requirement  weuld  be (aCLfOct).--o<O.
Thus,  yiolent  vibration  could  be  induced  in the

case  indicated  in Fig. 16, where,  for fiow  attack

on  the  nozzle  at  angle  a==P,  the nozzle  ]ift shows
a  ne.crative  slope.  The  present nozzle  can  })e con-

sidered  to present such  a  case.

  (3) Measured  negative  damping

  "Te  derive in what  iollows the actual  negative

value  of  e in Eq. (4.3) from the measured  data at
the violent  v･ibration  given  in Fig. 9.
  It was  found  that  the  difference of  vibration

amplitude  "ras  quite smaR  for Ai=T,  and  so  e

was  deris,ed for At==  1OT:

  From  Eq. (4.5) with  T  replaced  by 10T, we

have

    e'-  -(lllOT>  ln (ly:..:,+ioTlflyt..e,D . C4.l6>
Substituting  into Eq.  (4,16)
    T=2zfyrt  , g=etvd ,

where

      vd=  Vv2-e! ,

we  have  the damping  ratie

    g=-(1!20rr) ln <an+iefan) . <4･17)
where

  an:  Deuble  amplitude  of data at  ve-th cycle

The  actual  values  oi  an  corresponding  
LLo

 the

measured  data are  presented  in Table 3, irom
which  a  ne.gative  damping  ratio  was  oftained  as

    g:=-o.oo26 .

  This  means  tliat the  violent  vibrations  are

based on  the  assumption  ei  negantive  damping
adepted  in Sections 4.2.2. {l) and  (2), thoug'h the

   Table 3 Calculation oi  negati've  damping

                    fi."1fttt2n (II }S ari'; 
.PtOSb.it"a
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An  example  of ct-CL  curve
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nozzle  liit characteristtcs  oE  nagative  slope  have

not  been verified.

    5. Measures Adopted for Preventing
             Violent Vibration

  The  acceTeration  affecting  the nozzles  in ques-
tion being  oi  quite prominent  intensity, as  indi-
cated  from  the data shown  in Figs. 5, 6 and  7, it
was  ielt that  delay  in implementing  measures  for
abatin.cr the vibration  risked  serious  dama.cre.

For this reason,  measures  to this end  were  im-

mediately  applied  against  beth the  causes  con-

sidered  probable in the  precedin.cr Chapter 4,
while  the  studies  ior further pinpointing  the true
cause  were  continued  in parallel,
  5.1 For  eliminating  vibration  due  to Karman's

      vortex  street

  Fins  were  mounted  on  the trailing  edge  of  the

nozzles,  so  as  to decrease  the trailing edge  thick-

ness  from 100 inm  to 16 mm,  hence to modity  the
vortex  shedding  frequency of  the Karman's

vortex  streets,  and  thereby to avoid  the  reso-

nance.

  5.2 For  eliminating  selfiexcited  vibration due

      to negative  damping

  The  measure  devised to eliminate  vibratien  due

to the mechanism  discussed in Section 4.2.2 was

as  described below.

  Vtre simplify  the  expiession  of Eq.  (4,i5) by
representin.ff  its 2nd term  in the form

    eT=:C,T+l,.., (5.I)
where

     g.: Total dampin.cr ratio  oi  nozzle

    gsT: Structuralmassdarnpingra+.ioofnozzle

   gss;･: Hydrodynamicdampingratio

  XVe  have seen  in Section  4.2.2. <S) that

    l.=-O.O026 .

 

Fi.ff. 17 Rough  slcetch  of  new  fin

Self-excl'ted vibratien  sliould  be suppressible  by
rendering  this value  of Cl'T pesitive.
The  results  of external  exeitation  applied  to hull

stern  while  mooredi)  (Fig. 12} indicated that  there

"'as  a  marlced  difference in peak  shape  between
the anti-phase  and  in-phase  modes  of  vibration,

which  strongly  suggested  a. Iarge difference in

damping ratio  between the two  modes  oi  vibra-

tion. The  actual  i'alues  ef structural  and  rnass

damping  ratio  estimated  froxn measured  clata by
Half Po".er  Point  methed  are.

    IsT=O.O056 ior anti-phase
        vibration  mode  of  nozzle  (5.2)
    gsr=O.0326 ior in-phase

        vibration  mode  of  same  , (5.3)
thus  prov･ing the  damping  ratio  to be 6 times

larger fer the in-phase  in comparison  with  anti-

phase  mode.

  Substituting into Eg. <5,1) the  value  for gsr
giv･en by  Eq.  (5.2) and

    g. =-o.oo26  
.

we  have

    g,.,.=-o.eos2 <s.4)
ior anti-phase  vibration  mode  oi  the nozzles.

Assuming  this hydrodynamic  damping  to remain
unchanged  and  using  gsT in Eq. (5.3), we  can

calculate  the total damping  for in-phase  mode  as

    g.=o,os26-o,oes2
      =O.0244  (>O). C5.5)

This is resulting  in a  positive value  of  damping
ratio,  which  should  serve  in eliminating  the  seli-

excited  vibratlon.

Thus,  the in-phase mode  of  vibration  was  imposed

on  the nozzles  by  strutting  them  to each  other  in

the  arrangement  illustrated in Fig. 18.

  5.3 Effectiveness of  the  measures

  Aiter applyin.cr  the  measures  vibratSon  meas-

urements  were  reperformed,  again  using  under-

watei  accelerorneters,  in order  to verify  the  effec-

tiveness of  these  measures.  The  rneasurements

:[IB

                      I

Fig, lg Rough  sketch  oi  new  strutt
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Fig. 19 An  exarnple  of  spectrum  analysis

       V6(T)  after  measures  were  adeptedi

were  conducted  4 times--twice  on  each  tugboat-

which  revealed  complete  suppression  of all  violent

vibration  such  as  observed  in the previous Runs
1 and  3,

  As  an  example  oi  the measured  data, Fi.cr. 19
reproduces  the spectrum  analysis  of  data from
the  measuring  point V6,  which  had  recorded  the

largest acceleration,

  It is thus  revealed  that  the  seli-excited  vibra-

tions that  had  affected  the  nozzles  have  been

completely  suppressed  by the  measures  described
in Section 5.5.

         6. ConcludingSummary

  Two  twin-engine  twin-screw  tugs  built by IHI
rankin.ff  amongst  the  xvorld's  largest-2e,800
SHP,  200 tf towing  force, 19,4 kt  service  speed-

and  equipped  with  controllable-pitch  propellers
and  fixed nozzles,  were  found after  entrance  into
service  to be affected  by  vielent  vibration  oi  the

nozzles.

  The  vibrations  were  measured  and  analyzed,

from  which  it proved  thati

(1) The  vibrations  occurred  only  in the range  of

    propeller revolution  between  113 alld  l40

   rpm,  and  when  the propeller blade pitch  was

    at  an  angle  exceeding  SOO.

C2) The  vibration  frequency  was  invariably  826

    cpm  irrespective of  propeller and  engine

   revolution,

  These  facts pointed toward  self-excited  vibra-

tion induced  by  interaction between water  flow
and  hull structure  as  cause  of  the vio}ent  vibra-

tions, a  phenomenon  that  had  hardly  ever  been

considered  previously in ship  vibration  studies.

  The  two  probable  mechanisms  considered  as

¢ ause  oi  this self-excited  vibration  were:

(1} Locked-in  vibration  induced  by  Karmanis

   vortex  streets  occurring  downstream  of the

   nozzle  trai!ing edges.

(2) Occurrence  oi  negative  damping,

Examination  has so iar proved neither  of  these

probable mechanisms  te be conclusively  as-

signable  as  cause  of  the violent  vibratiens:  <a)

Karman's  vortex  street  was  found upon  calcula-

tion to previde  excitation  amplitude  2 orders  oE

magnitude  smaller  than  actually  observed;  the

other  surmise  Cb) oi  negative  damping  remains  to

be substantiated  by  clefinite tendency oi  the  noz-

zle  liit characteristic  presenting a  ne.aative  slope

against  attacl<  angle  ct around  OO.
  Nonetheless,  the  vibrations  observed  were  of

such  amplitude  as  to permit no  time  to  be lost
in investigations  before  taking  remedial  meas-

ures.  For this reason,  action  was  taken  to coun-

teract both  the mechanisms  considered  probable:

(a) Karman's  vortex  street  by  attaching  fins to

nozzle  te modify  the  resonance  velocity,  and

hence the exciting  frequency, and  <b) negative

damping,  by  strutting  between  the two  nozzles

to modity  the  damping  to positive value,

  Vibration  measurements  reperformed  aiter  ap-

plying the above  measures  proved the violent

vibratioRs  to have  been  cempletely  suppressed,

evidencing  ample  effectiveness  of  the measures

adepted,

  Thus, while  the  immediate  practical need  of

eliminating  the  violent vibrations  affecting  tug-

boat  service  operation  has been satisfactoTily

selved,  studies  have  been centinued  to investi-

gate the true  cause  of the seli-excited  vibrations,

as  -rell  as  the pattern oi  flow past nozzle  that

induces the  vibration.  Other questions  remaining

to be  ans"Tered  include defining  the  range  of

operating  conditions  {propeller loading  etc.)  that

should  leave  the nozzles  iree from  vibration,  and

the elements  of  nozzle  design  that  should  contri-

bute to avoiding  vibration  excitation.  The  results

will  be reported  on  the 2nd Repert.
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