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2. Studyon  CavitationErosion

Ryulchi SATo", Mizmber, ShinTAMIyA*,ILtlember, Hiroharu KATo', Member

                   (From J.S,N.A. ]opan Vol. 134, Dec. 1973)

                            Summary

   In this paper, authors  conducted  experimental  investigations on  cavitation  damage to

specimen$  of pure  aluminum  placed in a  venturi  type cavitation  tunnel.

   The  main  object  of  experiments  is to confirm  the  relation  between  damage intensity
and  flow velocity.

   Conclusions obtained  are  as  follows;

   (1) Cavitation darnage intensity is largely affected  by flow velocity,  for instance, the

number  of  erosion  pits varies  with  the 5th  to 6th  power  of  fiow velocity.

   (2) Erosion pits are  generated  near  the  end  of fixed-cavity.

   (3) Distribution of erosion  pits are  supposed  to be caused  by difference of  initial radius

of  a collapsing  bubble  and  oscillatory  variation  of length of  fixed-cavity.

   Simplified equation  of bubble radius  is solved  numerically,  From  the  calculation  of

pressure field around  a  collapsing  bubble, following results  are  obtained;

   (4) Maximurn  pressure on  bubble  wall  varies  with  the  11th  power  of  fiow velocity.

   (5) Maximum  velocity  of bubble wall  varies  with  the 5th power  of  flow velocity.

   (6) On  the assumption  that damage  intensity increases in proportion to impulse

provided  to the  surface  of  specirnens,  these calculations  show  good  agreement  with  experi-

mental  results.

              Preface

 Erosion is one  of  the  most  serious  problem

concerning  cavitation  generated  on  marine

propellers. Though  many  experiments  have
been  conducted  since  rnany  years, we  are

not  yet given systematized  theory  to explain

thephenomenon.  Cavitation erosion  is con-

nected  not  only  with  hydrodynamics but
also  with  metal  science,  and  approaches

from these two  fields are  considered  inevita-
ble to reveal  its property.
 In this  paper  we  attempt  to develop
hydrodynamic  approach  and  investigate flow
velocity  effect  on  damage  mtensity.

1. Cayitation Erosion Test

1.1. [Tlest E4uipment and  SPecimens
 There are  two  methods  to produce  cayita-

*
 Universityof Tokyo

tion  erosion  on  surfaces  of  materials.  One  is

to hit materials  with  high speed  water  flow

or  to vibrate  specimens  in test liquid at  high

frequency. By  these  methodswecan  produce

cavitation  erosion  rapidly,  and  these  are

useful  to compare  or  determine erosion

resistance  of  materials.  But with  these

methods  we  are  confronted  with  a dithculty

that  the relation  is not  clear  between actual

cavitation  erosion  and  that  produced  in these

experiments.

  The  other  i,s flow-produced rnethod,  in

which  we  set  specimens  in  a  venturi  type

cavitation  tunnel  and  expose  them  to high

speed  flow. This method  makes  it possible
to  inve$tigate relations  between damage

intensity and  some  fiow parameters.  On  the

other  hand  it must  take  long  experimental

time  to produce  cavitation  erosion  in usual

cavitation  tunnels.

  In this  paper  we  adopt  fiow-produced
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method  to get informations on  cavitation

erosion  relating  to hydrodynamic properties
of  the fiow, that  is, relation  between damage
intensity and  flow velocity  and  distribution

of  erosion  pits aloqg  the  main  flow.

 Experiments  were  conducted  in the  high

speed  cavitation  tunnel  of  University of

Tokyo.  This  is a  venturi  type  cavitation

tunnel with  circular  test section  of  30mm

diameter. This  diameter  enables  us  to get
maxirnum  flow velocity  up  to 80m!s which

was  very  useful  to observe  cavitation  erosion

in a short  time.i),2)

 Cavitation erosion  is largely affected  by gas

contents  of  test  water.  In this series  of

experiments  we  used  water  with  low gas con-

tents  to produce  cavitation  erosion  speedily.

Tap  water  was  degassed in the  depressuriz-

ing tank  in 2 hours up  to the under-saturate

condition  (a/as;O.6).
  Fig.1  shows  the  dimensions of typical

specimens.  For the rapid  generation of

cavitation  erosion  test specimens  are  made

of  pure aluminum  whose  composition  is listed
in Table  1. 0ther seft  rnaterial,  lead for
example,  was  considered  too seft  to be tooled.

                            ]
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    Fig. 1 Dimensions  of typical specimens

    Table  1 Composition of pure  aluminum

Shin TAMIYA,

Al >  99.8%

Cu  <  O.02%

si+Fe  <  o.2o%

    Hiroharu  KATo

of  erosion  pits.
1.2. ExPerimental Conditions
 For the investigation of  the fiow velocity

effect, seven  conditions  listed in Table 2

were  selected.  Frorn preliminary  experi-

ments  the exposure  time  of  each  condition

was  deterrnined to generate  approximately

the same  amount  of  cavitation  erosion.  The

length of the  fixed-cavity was  10mm  through-

out  the entire  range  of experiments.  It was

maintained  by  controlling  the tunnel static

pressure and  checked  afterwards  with

photographs.

      Table 2 Experirnental conclitions

             1(mm)IP(kg/cm2)I･ exposure  time No.  of
        l!<mls)
speclmen781251096

304050505060709.69.610101010.6101,042.264.554.784.606.9310.155.0hrs1.0hrs

 15 min30

 min60

 min

 10min

 5min

 In order  to remove  the  effects  of  work

hardening  from  the  surface  of  the test pieces,
they  were  annealed  in Argon  gas at  400eC
in an  electric  furnace in one  hour. After

annealing,  Brinell hardness of  the  surface

was  measured  as  about  23 which  was  suitable

for the  experiments.  The  specimens  were

polished with  a  buffer for easy  observation

 In these experiments  variation  of  fiow

velocity  has so  large effects  on  the appearance

of  the  fixed-cavity, even  if the cavitation

number  is kept  constant,  that the condition

of  constant  fixed-cavity length was  prefered
to that  of  constant  cavitation  number.

 Three test specimens  numbered  12,5 and

10 were  prepared  for the observation  of  the

effect  of exposure  time  on  darnage intensity.
1.3. Microscopic Observation of Cavitation
     Erosion

  Along the straight  mother  line through  the

punch  mark  on  the specimen  surface,  as

shown  in Fig. 2, micrographics  were  taken

before and  after  each  test with  the metal-

lurgical microscope  shown  in Fig. 3. After
making  prints of  100 magnifications,  then

           
pu"
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          Fig. 2 Microgcope  field
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Fig. 3Metallurgicalmlcroscope
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Fig. 4Erosion  pits(V=30mls)

Fig.5 ErosionPltS(V=40m/s)
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connecting  them,  it is possible to obtain  a

continuous  micrographics  of  the  specimen

surface,  from which  the number  of  erosion

pits can  be counted,  In Fig. 4 through  8,
typical  micrographics  are  shown.  The  upper

shows  the specimen  surface  befere experi-

ment  and  the lower shows  after  the exposure.

Each pair shows  almost  the  same  position on

the specimen  surface.

1.4 Sut:face Roughness Meas"rements

 The  surface  roughness  of  the test speci-

mens  was  measured  to  obtain  the depth of

erosion  pits after  each  test. Fig. 9 shows  an

outline  of  the measurement.  The  measured

PEN-RECORDER

                AMPLrFIER

     PROBE

Fig. 9 Outline of surface  roughness  rneasurement

   Table  3 Average  depth of erosion  pits

average  depth
    (p)

Hiroharu KATo

crease  with  flow velocity.

1.5 Damage  intensity Parameters
  Following three parameters  are  adopted  in
this paper  indicate damage  intensity quan-
titatively.

  (1) The  nurnber  of  erosion  pits per unit

      area

  (2) Area  erosion  rate

  (3) Velume  loss rate

  Though the weight  loss of  each  specimens

is another  effective  pararneter, lack of  a

micro  balance capable  of  measuring  so  long

lost weight  as  experienced  in our  experiments

made  it impossible to adopt  this parameter.

1.5.1 Nizmber of Erosion Pits
  Total number  of  erosion  pits were  counted

irrespective of  their size  to obtain  the number

 No. ofspecimen
 

V(m/s)

78125109630405050506070

exposure  time

5 hrs

 1hrs15

 min30

 min60

 rnin10

 rnin

 5min

O.189O.176O.214O,!47O.287O.260O.401

Table  4 Classification of  pits

   25

 N 2e(110'nvm'}

   15

    10

    5

    o

Pit DIstrlbatlon

 Prebe No.7
FtowVeleclty 30m/b-c
CovlryL-npth
     ).04kgk-
Duretren 5,e
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     xCmml
             A  Covlty End

Fig. 10 Pit distribution

 d (mm)

 dmt(mm)

number  of

   pit(1/10J2mm2)

d<3x10-2

 1x10-2

M

3x10-2$
  d<5 × 10-2

   4xlO-2

M

5× 10-2Sd

 5 × 10--2

   M

area  is the  same  as the  microscope  field in

Fig. 2. Magnification range  was  2,OOOX  and

5,OOOX. With  these high magnifications  the

waviness  of specimen  surface  rnust  be

removed  carefully.  The  average  depth of  the

erosion  pits are  indicated in Table 3 ranging

from O.15 to O.40pt with  a  tendency  to in-

 N'(11rmtaec}

 v  Lhitot
 eCITMmtlmumOornageZcne

.  Unha ef  Tdtye
xCIT

    O.OOL
      IO 40  70100  300
           VCmlsec)

Figi 11 Damage  intensity N'
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of pits per 10'2mm2, N[1110n2rnm2]. On  the

assumption  that the time  rate  of  generation
of erosion  pits  is constant,  the erosion  rate

N' [1/mm21sec] is calculated  from  N. Fig. 10
shows  the  d.istribution of  erosion  pits in the

direction of  the main  fiow at  V=30mfs.  The
rnark  A  in Fig. 10 indicates the mean  posi-
tion of  the fixed-cavity end  deterrnined by

photographs.  The  horizontal axis  shows  the

distance from the  start  point of  the parallel
part of  the test specimen.

 Fig. 11 shows  the  flow velocity  effect  on

damage  intensity indicated by N'. N' was

also  adopted  in erosion  test at  CIT, their

result  being shown  also  in Fig. 11S).

1.5.2. Area Erosion Rate

  Erosion pits are  divided into three  classes

according  to their diameter  as  shown  in

Table 3. Denoting the sum  of  the  area  of

erosion  pits in each  class  Se,.i(i--1,2,3), total

eroded  area  Se,. is calculated  as  follows.

           3

      Sero2! Z  Sero i
          t=:1

         "  f t",(dm2i･M･io2)
         =flO-i(M+16M+25M)  [mm2]

   where  dmi: mean  diameter  of  erosion  pit
              in class  i

  Introducing the eroded  area  ratio  k defined

as

           (eroded area)

        
k==r(total

 area)  
× iOO

 [%]

then  we  obtain  the following expression.

         k=SerolrnM2× 100 [%]

 100k
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        Fig. 13 Damage  intensity k'

k indicates the eroded  area  ratio  in %.
  Dividing k by  exposure  time the area

erosion  rate  k' [%fs] is deterrnined.

 Fig. 12 shows  the pit distribution indicated
by k. Flow  velocity  effect is shown  in Fig.

13 with  the  value  k'.
1.5.3 Vblume Loss Rate
  Average  depth of  erosion  pits dm is

obtained  frorn the  measurernent  of  surface

roughness  of  test specimens.  From  the

micrographics  of the erosion  pits, we  can

determine the average  radius  rm  of  the pits.
Investigating these values  it was  found that

d":/rin was  in the order  of  10rr2NIO-i.
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            dmlrmr-.10-i--2

Under  the  assumption  of  conical  pit, volume

loss rate  Q' [rnm3fmm2/s] is calculated  as

follows.

           k' xdm

      Q'=zr.s ×
 3 

rinSxlO-2

        =
 -l-k' d.× lo-2 [mm3/mm2fs]

          3

Relation between Q' and  V  are  shown  in

Fig. 14.

2. Considerations on  Experimental Results

2.1 SPace Distribution of Erosion Pits
  Figs. 10 and  12 show  the typical distribu-

tion of  the  erosion  pits indicated by N  [lflO-i
mmR]  and  ic [%] respectively.  The  erosion

pits appear  to concentrate  near  the  end  of

the  fixed-cavity marked  A  in each  figure.

The  same  results  was  also  obtained  under

other  fiow velocities.  From  this we  can

confirm  that the collapse  of  bubbles takes

place near  the end  of  the fixed-cavity and

erosion  pits are  generated  there.

  As  to the wide  spread  of the distribution,

following iterns are  considered  to be effective.

Firstly, pits situated  on  the head  of  test

specimens  are  supposed  to be generated  by

collision with  srnall  metal  particles in test

water.  It is very  diMcult to  remove  these

small  particles thoroughly.

  Two  facts are  considered  to contribute  to

 the spread  of the  distribution near  its peak,

 One  is the dispersion of  collapse  location due

 to different radii  of  bubbles. Calculation of

 bubble radius  described in next  section  shows

 that the difference of  collapsing  time  between

 two  bubbles  with  initial radius  Ro=e.1 and

 1.0mm  is 3.4× 10-5sec. under  the condition

 V=30  m/s.  Then  larger bubble  travels longer

 distance than  that of  smaller  one  by

      3.4x10-5 × 3× 10, :1.0  [mm].

 This value  can  explain  partly the spread  of

 the pit distribution. But the lack of  the data

 about  the initial radius  and  location of  bubbles

 makes  it impossible to discuss more  in detail.

   The  other  is the oscillation of  the  fixed-

Hiroharu  KATo

cavity  end.  From  the  record  of  the length

of  the  fixed-cavity shown  in Fig. 15, we  can

see  that  the end  moves  fore and  aft  with

amplitude  of  about  2mm.  With  the  assump-

tion  that erosion  pits are  generated  at the

end  of  the cavity,  this  oscillation  explains

also  part of  the pit distribution,

20

to

       Oo  5 10 S

                 L Cmm)

      Fig. 15 Record  of  cavity  length

 We  are  now  not  yet in the position to

conclude  which  of  the above  mentioned  two

reasonings  is more  prevailing, In order  to

discuss the  position of  cavitation  erosion  more

precisely we  must  detect the physical pro-

perties of  the end  of  fixed-cavity using  a high

speed  camera,  for example,  and  observe  the

behaviour  of  collapsing  bubbles  in detail.
2.2 F7ow  Velocily EO2ects on  Damage  intensity

  Damage  intensity has  a tendency  to in-

crease  with  flow velocity.  Quantitative
relation  differs, however, according  to the

chosen  parameter  of  the  erosion  as  seen  in

the following.

  In the first place, the  following relation  is

obtained  from  Fig. 11:

            N,.V3-6  (2.1)

This relation  fits fairly well  to the experi-

mental  results-at  CIT  as  well,  which  were

obtained  the  fiow velocity  less than  30mls.

  Flow velocity  effect  on  damage  intensity

indicated by  the  area  erosion  rate  k' [%ls] is

shown  in Fig. 13. The  following relation  is

observed  from  this figure:

              k' oc  eV  (2.2)

  In Fig. 14 the flow velocity  effect  is in-

 dicated by volume  loss rate  Q' [mmS!mm:!s].
 Though  the  accuracy  ef  surface  roughness

NII-Electronic  
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    makes  plotted points scattered,  the following Pressure Pand  velocity  Uon  the bubble wall

    relation  will  be considered  to hold roughly:  must  satisfis  following relations.

                  Q' oc  eV  (2-3) dp  ap                                                                   ep

      FIow velocity  is one  of the most  important  dt=  ot 
+UiF

 
(3'6)

    hydrodynamic  factors influencing UPOn  du  ou au

    cavitation  erosion.  In the next  section  we  dt 
='h}/fi+UrhT/

 (3･7)

    try a  simplified  theoretical  investigation about

    the  effect  of  flow velocity.  In addition  the law of  conservation  of  mass

                                            is expressed  as  follows:

    3. Simplified Solution Qf  Bubble Radius
                                                  1 ap u                                                              Op eu 2u

       gi,:tiAt:ouannddACcaoi:iUaip"stii.Ogn BOufbbiPeregSUre pc2 7t+pc2 
-s7t+rzsrt+r

 
=O

 (3･8)

    3.1 Bubble Radius  llauation and  its SOIUtiOn where  c is the velocity  of  sound  in water

      Let the  origiri  Obe  the  center  ofa  collaPS'  given  by the next  formula:
    ing bubble which  is assumed  spherical  in the

    l,hO,i,e,.C.Oiga,PSi."g,P,r.O,CeS,Ss,,7,2.e,figYd.M.e,t,\O,l c2-d,P,  c3.g)

    Euler's equation  of  motion  is described aS  From  eqs. (3.5), (3.6), (3.7) and  (3.8), we

    follows, neglecting  external  forces: obtain

             
'gt/ +u  

ee",
 +-l;- ZP, =o  (3.i) Ru  

ddUR
 (i-2-,U)+gu2(i-fii//)

                                                  =,-Ru'ti'i`(Y-iii･i''V･3)'!i..dp"       where  u:  flowvelocityin outward  radial

                direction
                                                                             (3.10)
             P: fluid pressure 

s

             p: density of water  Assuming  that Uis  small  enough  compared

             r: distance from origin  withcand  change  of  p is negligible,  sim-

             t: time  plified bubble radius  equation  is obtained  as

    Under  the  assumption  ofirrotational  rnotion  follows:t>

               u-ge,  (3.2) Ru  Z.U (i-2,U)+gu2(i- 
`,U,)

                                                     RU  dP  P-p.

           :･ 
-lll,-(-g/9)+uZt/+-li-Zp,-o

 (3.3) 
-,,

 ,.+  , 
(3･ii)

                                            In eq.  (3.11) pressure  of  the bubble wall  P
       where  ip is velocity  potential.
                                            is assurned  to be given in the  following forrn.
    Integrating (3.3) with  respect  to r  obtain  the

    
foi'ow'"g

tbl
'

$
P'

.

e'

;
i
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O

,

"
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'

s;.o,p,=o (3.4) 
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g
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V2C
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,i.,lii.il,
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hSij/ll.)31t,,a(
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    Cornbining eqs.  (3.3) and  (3.4) the following Cp: non  dirnensional pressure

    expression  is obtained.  around  
the

 
bubble

        ru'2;/t+-:-  ZP, +C:2  +c!i.. EiiP+cru-g/t 
,,,

C",-

;,P,'s/u(r2 :rVo
2

u)nd
 
the
 
bubbie

                                                      po: initial value  of  interna!
            +L'  ¢t ..o  (3.s)
                                                          pressure  of the bubble              p Or
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         Ro: initialyalueofbubbleradius
          a:  surface  tension of  water

          r==cp!os
            cp: specific  heat of constant

               pressure

            cv: specific  heat of  constant

               volume

Gas in the collapsing  bubble is assumed  to

change  adiabatically.  Substituting eq. (3.12)
into eq.  (3.11) we  obtain  the relation

     Ru  
ddRU

 (1. 
2,U)+g

 u2 (1- 
t3S

      =  
R.u

 g£ .t[-gv2c.-k'
        +PbR,3  R-3r]- 

Ppee
 (3.13)

Neglecting the first term  of  right  side  of  eq.

(3.13) and  assuming  U7c<1 except  the final

stage  of  collapsing,  the following expression

is obtained.

                    Va                          2a 1        dU  3

     RU  dR  +-2- U2 :=  
-iCp-

 
-J-

 i7
             PeR:T 1 Peo

           
+
 P R3r-p

         ..AR-Sr+BR-i+C  (3.14)

   where  A=PoR:r!p

          B=-2alp

          C= -  V2Cp/2 -'Peefp

  Rearranging eq.  (3,14) in the following
form.

                     G(R)       dU  F(R)

     UdR=
 2 

U2+
 2

     F(R)=-3/R  (3.15)
     G(R)=2(AR-3r-i+BR-2+CR-i)

and  putting

            z==U2  (zlO) (3.16)

(3,14) is transformed  into a  first order  linear

 differential equation,

          dz
            

-F<R)･z==G(R)  (3.17)
         dR

 from  which  general solution  is easily  ob-

 tained as follows:

TAMIyA,  Hiroharu  KATo

       z(R)  =2  [ -3(Ar ff 1) R-3r +  {}R-i + g]
                           N
                                  (3.18)                         +
                           R3

   where  N  is integration constant.

    Using nondimensional  variable  P which  is

   defined as

           P=RIR, (O<PS.1) (3.19)

   solution  (3.18) is rewritten  as  follows:
         '

      2(P)=2  [ -3(rA-1)Rsr PnS'+ 2BR, P-i+ !llJ]
             N
               p-3 (3.20)          +
            Ro3

   If we  assume  the  initial velocity  of  the bubble

   wall  U  to be zero,  the final solution  is as

   follows,

      Z(P)=2  [ -3(rA-1)R:r P-3r+ 2BR, PJi+ !l}]
          -2B-3[-3(rA-1)Rgr  + 2BR, 

+g]

                                  (3.21)

   Velocity of  the  bubble wall  is given  as

   follows:

               U(P) ;-V2(P)  (3.22)

   leading to the  expression  for the  acceleration

   ef  the  bubble  wall  U(P).

       . dU
      U(B)=
            dt

          -  dU  .gEZ

            dP dt

          =  rk[[ (r-rAi)Rgr P-3'-i- 2BR,P-2]

            +3pJ{[  -3(rA-i)R:, +  2BR, 
+g]]

                                   C3.23)

   These  equations  (3.21), (3.22) and  (3.23) de-
   scribe  the motion  of  the bubble  wall.

   3.2 Caiculation of Pressure Eield Around

       A  CollaPsing Bubble

     Substituting equation  of  continuity5)

               ur2=UR2  (3.24)
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  into (3-1), we  get the expression

     rli" SPr =-  rl, (2RUi+R2 
ddUt
 )-uaaect

                                   (3.25)

   Integrating (3.25) with  respect  to r, under

   the  condition  ulr...=O,  the following relation

   is obtained.

    
-}(p-p.)=(2Rus+R2ddlil)-li-.zsi:-

            :=;[2Rz(p)+R2[;r(p)]--ll-S,1'z(p)

    ,P..i.,Pco,(,,[ge2R-{lIBJ,'].p,R.;g2d,,,,
                                    (3.26)

   By using  eq. (3.26) we  can  calculate  pressure

   field around  the  collapsing  bubble.

   3.3 Change of Bubble Radius -

     Minimum  value'  of  bubble wall  velocity

   Uthin(Uthi.<O) is obtained  from  the equation

                U(p):.O (3.27)

   Using nondimensional  bubble  wall  velocity  U

   defined as

                0=  U/ Uth,. (3.28)

    we  get the  relation  between nondimensional

    time  r  and  bubble radius  ratio  P as  follows:

                  '  Ulntn
              T=  R, 

t
 (O<r)

               -!:  -dp,
                                     (3.29)

    3.4. Nhrmerical Calcntlations

      In numerical  calculation  of  expressions

    (3.21), (3.22) and  (3.26), Po is given as  vapour

    pressure at  20eC and  pressure at  infinity po.

    is given as the pressure in the  tunnel.

    Pressure coeficient  Cp taken  as  -O.1, and

    initial radius  Ro=e.1mm.  Calculation of  eq.

    (3.23) is stopped  when  the  sign  of  U(P)

    changes.

      Fig. 16 is the  calculated  pressure  field

    around  the collapsing  bubble under  the con-

    dition V=50m!s.  The  location of  bubble

Cavitation Erosion

    wall  is shown  by broken line

    numbers  are  nondimensional
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 and  attached

tirne T × 10'.

F-

PRESSUnE
    FSELD
 V=50MtS

 Re=O.t

        lo-2 10-1 iO

                     plRo

Fig. 16 Pressure field around  acollapsingbubble

       (calculation)

  From  these calculations  it is known  that

the pressure field has its peak  at the  poilt
                                   this                               and
slightly  outside  of  the bubble  wall

peak  approaches  to the bubble wall  with  the

progress  of  collapse.  At the final stage  of

collapse  value  of  pressure peak  attains  10aev

105 times as  high as  the  pressure at  infinity

p.., and  it attenuates  with  distance from the

bubble  wall.

  With  this result  we  expect  that the bubble

collapse  near  the specimen  surface  can  supply

high enough  energy  to generate erosion

pits.
  Fig. 17 shows  the relation  between  non-

                         '
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      Fig. 17 Minimum  radius  of  a bubble
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dimensional bubble radius  at  the final stage
of  collapse  and  fiow velocity.  With increas-

ing flow velocity,  the minimum  radius  of  a

bubb!e decreases rapidly  for the same  initial
radius.  This is caused  by a  growth  of  the

first te.rm of  right  side  of  eq.  (3.14) 
in

            V2.proportlon         to

4. Consideration on  the FIow Velocity Effect

   on  Damage  Intensity

  As  described in 2.2, different pararneters
of  damage  intensity derive different expres-

sions  for flow velocity  effect.  It is dithcult to

conclude  which  expression  is most  adequate,

however, some  consideration  into this pro-
blem will  be described in the  following.

  Velocity of the bubble wall  Uand  pressure
around  the collapsing  bubble are  the  values

which  have  close connection  with  damage
intensity. Assuming  that damage  intensity

increases in proportion to impulse provided
to surface  of  materials,  the  following expres-

sion  is obtained.

      (darnage intensity)oc !ii pdT  (4.1)

   where  Ti:  time  interval from the start

             of  bubble collapse  to the time

             when  U  becomes zero

Fig. 18 show$  the maximum  values  of  U  in
term  of  Mach  number  Mm  as  a  function of

VL From  this figure we  obtain  the  relation:

              M.oc  V5 (4.2)

              Mm

               1

              o.t

                   v(rnls)

  Fig. 18 Maximum  velocity  of  the bubble  wall

                te

                .

                io
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 Fig, 19 Maximum  pressure around  a  collapsing

       bubble

The  maximum  value  of  p  is shown  in Fig.
19 giving the  following relation:

             (,". -i)  oc  Vi' (4.3)

Now  the collapsing  time T is supposed  to

have  the  foTlowing relation:

             roc  11 Uoc W5  (4.4)

With  the  expressions  (4.1), (4.3) and  (4.4),
therefore, we  obtain  the following result:

    (damage intensity)oc Vii × V-5=  V6

                                  (4.5)

5) shows  good  agreement  with  experimental

result  (2.1).

5. Conclusions

  The  results  obtained  in the previous  sec-

tions are  surnmarized  as  follows:

  (1) Cavitation erosion  is deeply affected

by  flow velocity.  The  number  of  erosion  pits
increases in proportion  to the 5th to 6th

power  of  fiow velocity  and  eroded  area  in

  (2) Cavitation erosion  are  generated near
the  end  of fixed-cavity.
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  (3) The  length of  fixed-cavity varies  over

a  range  of  7mm  when  its mean  value  is

10mm,  and  this is one  of  the main  factor of

wide  spread  of  erosion  pits.

 (4) The  maximum  value  of  the velocity  of

the  bubble wall  and  pressure around  the

bubble derived from sirnplified  equation  of

bubble radius  increase in proportion to the

5th and  the  11th power  of  flow velocity.

  Under  the assumption  that damage  inten-

sity  increases in proportion to the impulse

provided  to  the  surface  of  specimens,  calcul-

ated  results  mentioned  in (4) shows  good

agreement  with  the experimental  relation

between the number  of  erosion  pits and  fiow

velocity.
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