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CAVITATION AND SURFACE T~ISlON. i ~ 

I. Generall,ties end l~.e.9.ent,.State:,:cf, t..he Problem_ of Cavitation.. :.,~: 

A study "of the centrifugal pumps *~ a~ the stations for unwatem- 
ing of the Wieringemeer basin:which is apart 'Of.,,the Zuiderzee reclam- 
ation, has provoked several series/of modei.~.:tests With the aim not only ": 
:of obtaining.an, increased capacitY ~of .the!ipumps~..~bu~ also i.t'0 eliminate "~,~~ 
their,rapid det~oration by cavi~atlon. These :experiments "have - result- 
ed in the elimination of several types ,of.impsllers. among them..those " " ~: 
with three, vanes, which although their capacitylwas excellent they wer~ ii/I:~ 
~subJect to the beginning of;eavitation i accom~nied, by a slight,noise ~'-': 
depending .on the..suction height imposed by.the basin. - ~ 

We have studied the, cause of the phenomenon of cavitation: '" • . 
for,eer~ain types of im~ilers. " .~ 

,Great was the disappointment ~hen art'.intense cavitation ~ 
was .disclosed at the. pumping stations, ~e!y a~. Leemans. This "~ ~~ 

~,_ eccurzed not only.while:,%he basinwas being drained. but .also, a i: 'L .r':, 
~-c.~rcmnstanee more grave, when ~be ~mps operated underh normal ~ " ..~.: 

,,,- ~c%ion height, and ~hea~. ,~' . 

The profiles :,.of the vanes ,of pump. imp~ll~rs are often ...... _ 
analogous in shape to' those of aerofoils, which have already been.~ :'-..~,'. 
thoroughly studied. ~ . . . . .  

-We now proceed... ,o..-a•~:..study of' the causes of cavitation. -.: .. -!., ~',~ .iji! 

The concs~ generally .adopted is that csvitatlon in ~a hydraulic ~ "-'~ 
machine .takes place at' ~y,~point .where ~he absolu%e\opres~urer,6f ~th~ -..:~ /:, .~. 

b" * water .falls slow .~he ~l~w,.I/lOO :'~'O'f '~'/:' :' "'i i:'""'i %,' 
atmosphere for ~he mea ,," :-, : :i i ~,~: :~ i~, 

~:, : absolute p~ssureA, and!~ 
*"~ the p~re s sure ..~pproa ehe:s~ 

• 2•:: -~:.•the !zone~ 

r~ 

'j~ :. 
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The scientific ~vor!d should admire the manner in .~hich ~ 
these savants have accomplished this task, This work will~rcmain 
one f the~important contributions to hydrodynamics. I 

iBerekehing van bet verloop van de stroomsnelhe~id van~ d~en druk langs 
sen jaoorauede van sen schoep van een wasier ~t 5 schoeDen van sen 
tier centrlfugaalptm~Pente Medemblik. ~ i 
(Calculat'ion of/the Loss of~i~Veloclty an~ ~TesSure al6hg a ~rofile of ~' ~ii~ 
one of the Vanes of the Five-vaned Impellers of thelCentrifugal ~' 

Pumps at<Medemblik, i~by 2. E. Burders and B. :G. Van*~der Hegge zi~Jnen; • ~ 

Two volumes, 1933, (in thel • techuical library in Holland). ~~. 

~We reproduca two figures ~ from~this paper, i'~igur6 4 shows .... • ,~ 

several stream lines (in relative moyement) ; figure!/!5 gives the .< ~ 

calculated theoretical distribution of the relative v~locity and~ the i~J~i 
pressure around a proZile of~a single, vane. i:! ~ ~! ~ 

This theoretical calculation indicates that the maximum ~< 

.)<~acumn is equivalent to a column of water 9.34 mete~ (30.64 feet) " ~''~ 
~high; consequently at• this point on the profile the~absolute 
pressure is less than one-tenth atmosphe~, i ~ " ~' 

,But a slight ~ modification of the angle of incidence L~ 
resulting, for example, in a slight change in the ~mooth entrance : 

conditions or farther along the vane, small imperfections in.its - ~ 

fabrication' causing roughness, should create local velocities- ~ 

greater than the calculated values . . . . . .  <, 

,It is therefore certain that a sufficient margin of safety, ~- 

against cavitation rest~lting from .water vapor bubbles does not exist 
~in th~ pump. <~ 

The Different Kinds, o f Cavitation and their Consequencesl ~. ~' ~i~ 

-We can separate the !~henomenon~of ........ ~ ~ <~" cavitation into the ~ : ~ ~ 

following ~ categories, isome ~of v~ich overlap: ': ~ " " " ~ 

~.'SuPe~ficial ca~itation: Small globules of air or vapor ~: i t'~ 
appear on the walls. ~? 

~They~are held by,he metallic ~surfaces and d~sappear as if 
absorbed by them. ~/"~ . ~ ~ ~ :~" ~ . i~. 

• This type of cavi~a~iBn'~resul,ts/in<a sllght decrease in the r" ' ~" ~ .... ~ 
pump ~apacity and an increase in ~he~ suet:ion; ~his increase in .~ . ~- 

t~e suction has been duplicate,~ in~venturi tubes.,,/ :~',~, .'~<,, 

:'~-' ~his type of cavltatlon<erodes the ~teri~Is of~construction ~'~"~ :" '~. 
at tha  place disap  , i!<i 
consists of a foam formed +~y ~the small ~ched-~ • >..'~ 

from the walls ~ C These~ move freely in the ~ter, • an~.~exeept- for sc~e; " ~ C- 
are reabsorWedi% n %he water eurren~ downstream from the place ef i .~ ~i 

• ' ,~ . ~-~ " '- .~, . - . " .~ '<...~ .... ~. ..... 'i~: i.~. -~%1~. ,~. ".i <' 



°. , . 

theirformation. This type ofcavitatlon affects the capacity:-:~ 
considerably and': modifies the characteristics of the machine. 

3. Cavitation with~localized corr~oslon of thevanes: Pockets 

flow c~r~c~erlstics a~'.-the~for~ strongly af£ected, ":::.::~ . . 

4.: Very accentuated cavitation ~ith intenseboiling along:the 
w~lls and between them: The largest globules of'vapor are ,entrained . 
-by and co~ense in the liquid: with,a c~aracteristic noise .and r 
violent vibration which,can become dangerous. . : .. :,~. :., :,~,i'~-i ,~ i.:- 

• ,In. %hat which follows we shall s~udy only .cavitation Of 
the ' first . eats go.~y. : ' ~ i~ " 

" : If .an increase in the capacity of 'hydraulic. machines .: :'. ,.:, . ' 
of high speciTi'c spee~.is .linked to the choice of profiles, for" :- 
the vanes or, in other wor~s, to sectlons comparuble-to aerofoile 

:3 

Engineers and physicists having been' searching ~ .,:::: 
means to combat it, - " .... 

Laboratories"for the investigation: of.cavitation:~' . ~ .~.:. , : .".:~ 
~henomena are being installed at great expense, in:many. . .~e°~t~"~ '.,.. . .... :':~;::" i.i, 

. .L 

2 ~ n t s  ,on eavitatiom using small :models Of.the~pum~s at 
:~ieringermeer have been perfo~d. in. the Hydraulic LabOrator, 
at"Delft ("in a closed circuit :which Can be-put: ~uder: pressu~ 
.:The des=ription o f three .... laboratories .~or investi~ing,/ca~" 

in hydraulic turbines are found :in the .fol~Lowing.,>" • ~'~:.~iTenot ;.L~e., 
Hydrauliques (~ndrau!/ic!Turbi~es),.:.we~i"..ll, .19~," iL~bra~ di~ 
~ ,  Tenor: has ' de~ri-bed •his int Crest in~:labb~to~,: fO~:-e~: 
on cavlta~Io~"at ::~Sco:e d,Arts~ et).metler~: at chs~Lons;.-sur: "~a~i. 
mean n, watch .what-:i'S '~ 
ing at'~ an: Speea:::Of~:..a~ 

ori.c s • ~s: cenauctea"~ei 
~ s c r e w s .  The labor~tory,:'-~of-:.the I~ riment s on .cavltat ion .of .shi~ screw ..... 

:~reatest :re~ute .is';,that: .of the: Karl%at ion ~ge-:-.der Hamb~,..rg~s, 
'~hiffbua-Versuehsanstalt G.m*B..H.-..::-: ~" " ":: :"/:-; :i":~iii.!:~: :i/. ':/.:: ~::!:~'. 

~blnes 

problem Justifle~ .the :~,pense-and the ,:assiduous @C 
: p e r s o n r . e l .  /~i; ~ / "~ !'/ " • : : /  

:maehines:are ou~ :of:Servic~'i-~:-i~ 



. ;" 

~., .J 

'~ Worse .still are the difficulties experience by me~t 
ships and ships of war in consequence of the cavitation 0~f~'the"~"i 
screws. The vibration ofsteam~hips is often due to this scourge. 

The S.S. "Normandie" suffered so acutely from~the ~ 
of cavitatlon that the eroded screws had to be repaired aft~ ,r" . 
three voyages. This. invol~ed.a serious economic loss. • " " 

r - . . . .' 

Rapid destruction of the pro,~llers is ~the:r~le,.for 
s h i p s  h o l d i n g  t h e  b l u e  r i b b o ~ i .  F o r  c r u i s e r s  and  t , , ,~o,~,- :  ~,^~- . . . . . .  : 
examples can be cited in which scraws have been de 

In the present state of the art of naval 
difficulties occasioned by the cavitation of pro pe 
an increase~ in . the. power of ships impossible... . - ~ . ... :--. ....., -~ ~..,,~,' 

o_E~,I~,, ntal ' C.ontribution to the Study o f  0 - ~ + - = + ~ ^ ~ .  ' r" 'I -'~ ":"" @" "" ~" ' ..... ' 'r' " 

. , - ,. _ . . • . . ~ . , ~ ' ~ - ~ v ~  I , , .,,, , ~-;, ~.:-, , :,....~,~:.~',.~'- Influence of~the ualit ,,r . . . .  ..,~ .... ~: ..... ~,.,;~ -- , . , . ~ ~ of the ,,ater on the Separatio n :.... ~.;:/- . .... , ~. 
o f  the Air Dissolved in the Liquid'. ,~ .' ~ '.'~:: .~?..'."i~;,2 ; ,~::~/, ,~ 

PhYsicists and s~gineers have been searching for ~.~!- 

explan~t iOneroalon which°flit his hyd~oayn~miCprovokes. 'phenomenon.. in., order, to ex~. -.-~ ..~ .,i, %..: ,!~ ~;ii~ili 

The author nc~v presents his small con*r~butlon to:'.'~he ,....:: !,. /~ .... ,:~ 
explanation of the effect of cavitation of t e first:c teg0~y..,.., , .... .. ,. ;..~;. : ?- 

Dnessen0 chief of She mechanical; ~seareh se~;/ " .:!-.:: 
some°z the]~h~,Dutch~State:+.~o ~.___Mines" has" performer som~ ,~xperiments:~which!~h~ ~ ;.. ,: i,:.~ S,?I 

T h e  " ptnnp~.n~ s t a t i o n o f ~ H a a ~ l ~ : ~ , ~ m e e r  h a s  . . . .  ' ~ '  
~rge number of difficulties due to cavitation which a~:"acc~ 
in autumn. 

~momg the ~ reas0~s" wh'ich Can: be the:! cause-of.t 
merit- bet,ween the ,r~.sults:obtained.by. experiments:' 'on sins 
~the experience with industrial..pumps in servlce at, Wieringerm 
ai,~erence- in the quality of the water :has ilbeen ~thgought oZ,: "~ 

", ~":,:....;~,-. , wa~eT;~rovided~ '~, );;~ _ by.the, .,distrlbuti°n/ -.. -, symtem-of the. ei-ty: . ; . ~.~ 

, ..- ,' ~" aglt ated ' -and .,~ .. nge rmee~ s .... . -:~ 
, muddie~ during ~:_ the e~,savatlon:of ,the carnal,. The:;:. 

:~.. " ~st ques~on_ to- be.inVostig~tel '. , ie'whe~her. . . tge . . . .  ~mpurities ;~, t~{? 
wa~er !play-,an'ess~A~-~LT:.-ro ....... ' - ,',- -- ' - - '~ _ -- ~ o _ ., " le_i~_ .tgeo. ~rc~uet.ion:of..ca~ta~Ion..- 

...... th~ :experiment.., ~.. :. 

Th~ r~.~ult s~q~m i figur~ ? ar~ 
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-Cavitation in wure water saturated:','Jith ~ air ag atmospheric 
pressure begins at a vacuum equivalent to five m~ters (16.4 feet) of 
water, that iS':~.e say; atri'/an absolutel;~pressure of..O.5 atmosphere, 

For water!to wli'Ich 0.'5 glum of p~wdere~? coall)(Der liter /- 
[7/2 o~ce nor sdart) h~ ~ been'c~hdded, ~ cavitation commences at a 
vacumn-Of one meter~(B.28 feet:)• of v;ater, that is to say, at::~an :.,- 
absolute ~re~sure ~f 0.9~'atmoS~ere-~'~i~LinuS lO%)~Ji " ~!~: .i'~ 

!i:/•- 
also e~own f~ figure 7. lit is~seen tO r e ,well,below t~.is ab'solute :' ,)'i, 
pressui~ g~ven above foriall ordinar~t.em~eratures • ~ " :"")~ ~:,' " 

,~ . - ~. . ,?. ;~.. ~. • 

": ", The~fore it is not .,the bOiiim~ ;f tb~ '~, Wat~r:;:v~hich~i~produ~e8 .' 
avitagion bf"ghe firstrcategory, .but as DiJx~hoOrn re~rks in, ref6~ing .~:~ ,)~ 

to our~experiments; The~ separati.on:/,of the~air .~isso!ved in the water . :: ",' 
when t~e pressure;.~'s decreased is the .primar~ cause of thzs phenomehon",.'~ . .' 

For ~Inter temperatures, ~ h e n .  cavitation is' Often,.-mos~ :~i,'"' .~ ~:i ~ 
marked the vaDor t'enslon,o£ the'watgr~ican be neglectea and the :i-. i:, -)r" . 

• i. - ".y, -separation of t h e . a i r  ~ensi'aere~ alone, ; . :- . ..:-.~ 

'~ 2 . 

. : ; , ;Walls by Cav~.t~tion~:I~nf..luenge .of Surface Te 

.... be! i *e the e  io ca  
,:.;'; :~.~,~', ..: : -m force g~n0~ip: neglected in hYarod~mam~ 

category, This resembles the sound produced when:alr~ is belng , ~ 

ion of Solid . . . . . . . .  

:-"i -; ?i; 

Zt- r 

'" : ,r. • • $ 

e ! is s~h ' bubbl ~ not at atmo eric pressure, ,_ 

i!.i 

", •" "; '/ 7, " ' " 

precise Instant : Of :;'~ L /~ 
sldual airat a ~ ~7: 

r 5 ; ~ 
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,,~ When equi], ri.umlexi between 'th;i: ~._ ~ssure of 
;he e x  ~ ' - - J  - " " ' : . : - :  

tension we.. have:3 ~essure. in the, liquid and tho:~'surface . 

" ' ";~ " " " / 2 ! :  

-'- ~The equation of equilib~of a hem ~ ::" 

o, 

7~ere~,:~,= surfaee<%ension in grams ,per cen%imeter ~:~= ,i'i:: 

" /: pressure in the;li.quid, and r= ~luso-:,: ii,,,.:~":- globuleSand the ¢ii " 
......... the difference -in ~rsssure betwee~ the alr in;!%he ?" 

'::"~ >'~::':''" ';" . " " When ~ ,  'ap = ::~, : " ~':'> " ':":." ::::" ': " " ":': 

':"" ~::? , The origin of-.,-a globule ironieS,, tfieSeforel an Infinite:~, : 

::: '-'-'~-~:: ....., . • ertalnly ,thls ,mathemat Ical result 
:. ::'":i,.- "" . ,. :Thth"urfa.cetensi°n, ? ~ ,-:',?: a eamot be conside: 
:::. ~ ..?::':":, >, " . r~a:us smaller ohan::lO,6 eenti~ters... 
7::;:-:}::".. , .,at first slowly, then ~o-~e:~'pidl~ in-,o~er.,to anprOaCh zerowhen: the 
~:~:'1~)'~'%:~'::~'' a'" :'~ "L ~al~S' :'~ r . approaches zero,:', 'i:; ' ' ' " ': .... ~ " " < " 

':: "? -""'"lowerl o he conclusions, h~Tever ,. are not infiuenoed 
::??:::::",::::ii::::"". ' ':~;: .: ; : ng, . ~ forvery :amai:l. globules. : . . by tile 

.... -:.;, ' : : 

~.~ .. man w,i,%h~tan~ a t'ension"of more: than one:; 
.:~: lred ,atmOe~-nere~.4 . ,. :.: ...,...:-~ . .. . ._ 

-i~er'P°u~ll~ts. I~hrbuch, der l~ys'ik..(Tex%book:~,Of YhYe'les)':~:: " 

@,- 

., ~onan1~ (LeeCure~...on ~tsohani@s - .... -.,.- . -.-_) :s76, 
.und theoretlsehe Unt~rsuehungen uber, Hoh~xra 
~d":Theoretieal InVeStiation of Cavltat 

:".'i :̧  ̧. .:i 
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-~ According to ;:this ia~:,; 
w~is, or. better, on surfacel 

il ~k 

- [e ' i t  s '.fl0v:. ~:' 

~ir areal;created on the 

liquid. These surfaces'/sere 
-"" promote chemical reactions. 

surface s'c~ea~ o f : a l l  ~n~i" 
" dissolved ~n excess" in .~he;water; .it is necessary to}~cOnsld@r unclean 
sur aoes in the light of~a fourth determining factor~,~alled a . 
• eollectox ~. . ~ u  the tee~aique ~of treating mxnez~is b~ flotation; in 
general; thi's' fourth f astor san be.~y substanae C'ontaining'sixteen 
atoms., of earbem or more. ~ ~.: :'- ~ " "" : ,~ 

: . It:seams ~ e a s O n a b l e : . t o  Us!"that the a i r  bubble's are 
.,where~ ,~nate factors, solid wall', colleotor and 

Am instz boiling distilled 
water:':in a vessel _ a little, then 
afterwards in anot~r~cleam.ves~el to'which~ has be, en added a 
little ea.ustic sc~ ~in' ox~er to dissolve all traces of,~!grease found 
in the .air and in ~the t,~.vessel, ~ater will boil-. 

,} 

~egula=ly at :i00o C, 
a ~ d  boils O ~ I y  with ex 

Air bubbles 
certain-diameter for a. 

, .What ~ is the: 4 i a m ~ e r  " o f  them 

. Ne have: - . 

he ~mter Oan~e superheated :~ i'/, i::,- 

swly created globules? 

j -- 

,tate at ~:~i 

2 ~o.o7S 
P[ " Pe = 0.5 Hence: ~.ooo3crn. 

i . - . T h e r e f o r e , .  :iglotrlles o f  a diR~~ter smalle ~ .ro~  ;-; 
cannot e~tBt' in..~pure water. They grow:::ra~Idlyl ~S the .~e~tlve~} . 
pressure %nereases absorbing air,: but in Cavitation O#!the f~rst ,~.:- 
~ t e g o z 7  .they '~in.~all-[ Accord~ngll t~ a lal .~ ~ysics. :large " ~ '. 
bubbles ought to ~ at, the expense Ofthe ~iI 6~es; when bubbles - ~7: 
approach amd co~im eontact witheach.other they ought to combine.'. : • . :~./~,~!~ 

• But when water Is. Imp, tha t, is. eontamlnated by: particles 
of oil or or~uie matter, there i's a tendency-te form a'~Toam Contaia- ~iii :~- 
ing n~merous =m~ll globuleso " -'. :"- 
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• eo~qa 5eeolo a:~l  e~ .MB~ 2~ gl~luo±S~eq° ,beSsloa~ 

-gas~.p ~ am~o~ ~s is0~sm ' eg~ ~'ee~oq ed~ ~.f~e;fB1om ~(e;fsl7 .. 
g~i'~ '~se~f~os nZ ~sSsw e~. ~o..¥~fooiev egT .aoZ~s~kdmoo" isol~eff 9 

.ce~e.~ B/. rs~'en~.ecf~ ". [:! ..,.'::: 

e~ ~l±ffw .eoeqe V..IwolB :!>' .o 

• o . 

.~ Ir.n'~o~" en'T/:!: 

.., :. ,. ,. -:.~ . .. .m~rx~o~v. ~e~;f e ±  

~_,'~ .a~i 

i:!":i ' " ~e£uo'or~ .e~/S -e 

- ~i! ̧ .:.:.. - .. 

's~q eno- ,V.~An 

a .  ~ ?  . . . .  , 2 

:iii~(i !!i~ • e.o~do,, eaad:, 
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iS mot 

-..:+~ - ¢  

,~.±:'e~ aom+ 
+,. , ~ u ~ . ' t . e : p o z  

• '"+ : '  ' . . . . .  ~ h e z f  , +~ , , : ~  

~ii ,: ' i  ~ ,  , .  . . . . . .  .~.: ~.... ,. We ~o.i:'o~a.~ 
+~-" " ~ud+ithe t~me 'required for 

its equ~llbri~m,, is uoset. 

~;,~ . We shall 

' +' We'als6+ assume that the air 

i~( / i  

i !  . ,  

:~ L-.. . ~. -moment ~bf. 
• , .... • . r o s a .  i n i n ~  re~ 

• + - e l ~ u x ' t h e ~ o r e , ,  
~ + . 

• , ~  l a r g e  ~ o ~ p ~ e  

i I. . -" . _ - : ~ . - , ~ f : ,  

+] 
. ~ .+ 

a~issible..because~'~ at ~ the ]..~ +~: i. 

r,~ r 

• n-th~s equatlon we,have+ . . . . .  used therelation.. + . • . d ~ - -  ~ : "  _ 

and ~ the equation of continuity: @ 7rrrmv,-4~'~m V,"'! 

• +. 

'igure,.. !l,!! the klnetl!c 
j aroumd"t, he globule.~iiiis: " ": 

° . 

r+_ 

m 9 w 

,+ 
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Let r be the Lradius o'fthe ~lobule at the instant when 
~the sudden contracti, on commences~,and suppose that the accele~tlon 
is entirely due to the, contraction resultin~ from the surface 
~ension. 

. ~ ~ . . . .  + T .  ~ ,  

• . In fact there is,a: super~sed phenomenon'which acts in 
thei same,sense and which will beTdlscussed later, ~ However. It,,is 

• of ~ammll.lmpor~ance from t~'he point of view"of the difference of 
pressure. ... _ . .,,,: ;. 

• We can ~hen wri,te ;,that the ehan~t'-in kinet~ c energ~ is 
equal to the change ini~oten~lal"energy liberated';by, the contraction 

~. capll lary.~ energ.~ ) ' . ' -  - - 

7. 

i .  ¸.  

~ " . ~ ; ,  . ' % . /  ., , • ~  / . • ~ , ~ 

: It is seen ~hat the ~sweed of.contraction becomes infinitely • " 
• 7~L/~•. ~, . , . l a  r i l e .  . . . . .  w h e n  t h e . .  r a  ~ p p r o a  c h e  s . - z e r o ,  .. b e  c a u s e :  , • 

L,.;: :;~ v . =  i ~  r b ~ n o T  = . 0  : . . . .  . . ,  

• ~ii",i} . " • to contract from the ~eiUs~ :r, to :the radias, r .0, wehave: ="~ 

. ' dl--"l 
~: -v" = t ~ /  ..::; 

-Pult ing r/r o , : :,::. 

..... - " " "" ~ tans formed; into klnetl~ ;~ 

7 . ! : ' . . ' ,  , _ . r = 0 . 0 0 0 5 ,  r . .  : : : !  i , . .  .7 imes~re 
" : :" : qUired f o r  thecontraCt : ; 7 :  

" 7 i-:': '- ' seconds, .;,llspectively. - - ~  

" :  " : . ; - ' . . . ~ m , ~ ' - < . " .  . . . . . .  : - . . . - :  7 ;  - - " - ' J . .  ~ ' :  t : , < ~  , : ;SFT;z~ ;~  , - '-. :;.::,7;,+. : . . . . . . .  ~ V: ; : : ; :~ ~47" ]~ , '~ '~97"~- .  ; - .... " - ~ < . " / ~ V ~ t ~ l  
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Figure 12" shows a photo-microg~aph of an air bubble ;. 
one-half millimeter in d0~ameter adhering to a po!ished steel~surface 
cleaned with alcohol. The ~gle of capillarity:~is 22-I/2 degrees. 

,This !~enemenens~iould be diffe~nt v~hen the: me~ai::is " 
~greased. ~ater discharged from hydraulic turbines and pumpsand 
waterTiTin thai wake "' of ships is always Contaminated by traces of eli 
for which metallic 

" globules ofair a~ 
:~:~ a globule of air I 

steel surface greased.with a little, vassline.:~. .The angle of ,~. . 
capillarity is no~ 90 degrees~ and ~ the globule 

~ ~ The globules in the constric~ed reg~on c" 

i, 

that the angle of capillarity, is larger When ,tl . ~ .  

contracting than~when they,are exp~uding. :Th~"globules " '~ ~ ' ' ~  ~ 

representa~ in th~ figures are expanding..,.~ : ~ ,  . : , ~  . • 

" VII, - ~,' ' ' " , ~ ~ ' ' '~• 

Iarge Local Pressures Subsequent %0 ,the~Sud~em:Contractloh ~'~ " ' ;.,', 

,of AIZ Bubbles " "~' " '~' _ . .. - : , Their Effe,ct ,,9~n the,~rosipn of~:the Walls. ~!!~ 

• • All of the globules are:crea~edwithin ~he cohOrteta:. " ~ ~; 

~egi.on ~. . ~ y  of them,are e arrie~ along:bY ~ the cu~nt In~i~91c~: they :, 

colla~se 0~hers which remain fixed %0 the walls :destroy~i~terlal : : , i% ~ 

as will now be shown.. . - ~ i i 

What are ~these.. forces which destroy material? :-~ ,,,~::: 

In the limiting case when.the angle of contact • is zero ,.. -.~ 
degrees, ,that is te isay, when the globule is in contact with~,t~e~,~ :: ~ ~. ' ~;';/i! 
surface at.a~,int, thel ~mrce of the impact is dif'ected against'~/~he" .,ii 

wall and tha, capillary energy, ~= 4 rr~2 ~-:, is expended ,at .th@ 
point of contact. ~ • ~ • - - , -,~ 

' " L " Let'us assume ~hat in ieality theglabu!es are .he/i.:"' '~ ;: ~.i~~ 
spherical in shape as represented in figure ,.13 and let us study: . . ,, ,~'~.,i~ 
further the distribhtion of pressure at the.moment of collapse~ef • ,~. ~ _ 
a globule. " " " - / : " 

2irSto imagine ,that the globules do not, contract to a ~ ,~1%~i ~ii 
~int, but that the~ ~ surface possesses hemispherical cavities Which 
contain weightless,: elastic, i~omp~essible spheres such as sh~wa : ~° 

in figure LS. " • • 

e use of sy= t quili ri  t ~- ~ ! B ry and e he distribution ~of 
pZeS~t~ ~ught to be that indicaied in t f re ...... ~ .~ • 

<Forphetcgraphs, see the original paper..:. . , ,- .~. ~, ..; ,,-,~ 
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" ,i .... Hollever, , i n  thls study it is not a question of~ static " 
force bu~ ~ of the impact of water on metal~ in other word~, Of ~ 
collision between two elastic bodies, ,,- ': ; " "' 

pressure;:;;.i, tea, 
ee.~azi~t ion +,at tli! 

~ . of the sound wavl 
~ to t h e  Veiocity,;~of. ~., the sOuua~ 

ili. ' 3 , ' 

two+ bars~of in~In%te,,lemgth an~ of unit cross 'section. whose 
collide w~th a relative veloeity~,w Let %1 and E be the unit ~elght <. 
and the modulus: 1 u 

]ireetion 

" " ! < I t  i s < " ~ o ~ <  that';;~due ,~o~the e~ffect of the coll~s!on<,a ~ . . .: 
~ of t ~  b a r  .'is compres-sed a t  e " , u n i f o ~  p r e s s u r e ,  p , "  ; ihe  f r o n t  .. ; 
o f  t h e  so~Ud w~ve  ( i n  "~he r e ~ i o n b e t w e e n  t h e  c o m p r e s s e d  p ~ r t  a~"<  :~  ~ :, :,",., 

! 7 . "  ,~.p, 

:It iseasily ~hown that: 

t # ; ~ #  - 

/c ;  {'L~ , - 

2;7 ,. ,:,- 

Therefore 

by a 
bar~ 
figu 
for 

i~te 

@Io~ 

fo!Inulas for :the ~ ~ressu~ ~when v ;0 ~ = ~  ~- • 

i n f i n i t e l y ,  e I ~ i  p r e s s u r e . . ; i  .. . . . .  • . _ %. 

I , 

% 

,,-!IL 



VII I  

Phenomenon of the Be in.~ .... g _=ng of Contraction of the Bubble~, 
and the. Zone of Erosion. 

How do the bubbles begin to contract? Let us return to 
the case o f  t h e  v e n t u r i  t u b e .  

~gure 1V illustrates a case of cavitation of the first 
category potent enough to destroy materials by erosion. At some 
place on the ~lls the globules collapse. ~ 

' * , L ~  

VAckeret, 2. Experimentale und Theoretische Untersuchungen Uber 
Hohlraum.bildung im Wasser, p. 32. Stossvorgang in eine}i Kanal. .... 
(~xperimental and Theoretical Investigation of Cavitation in Water. 
Impact in a Tube). 

Because of the space occupied by the globules u~ to the 
boundary where they disappear, certainly the velocity of the ~ater 
in this region is cbnsiderably augmented, li 

When this IL~ui~-~as-~een passed the effective cross ~ 
section of the wate~b~comes normal again and the liquid undergoes 
a sudden retardation. " - . 

The~-average increase of the abrupt change of ~ressure 
due to this retardation from v I to v 2 can be calculated from the 
following equation:8 , 

8 ~n~d re " . . . . . .  Tenet: See footnote 2, 

in which s = the unit weight of the liquid. 
,/" i ̧: 

that prodjchdS-~hth°men°n (B°rde'$tllanger)which is similar to 
¥ ur~ace of the blades of turbineS,(v,l~_ ~s. ~and . 

Prr°Puelltrsei~btCCfl~aP~ied bye diss~nation of: energy:' : ~  

in the capacity ~j~' ~-,~'i~-,~s~ oneef the ca~ses of the~decreese • .~,~ 
" -- .... ~ -~ ~v~lon Is present ~%u~ it does not 

explain the localized difference of:pressure capable of eroding 
the walls. _ .... 

This sudden retardation of the liquid., a verltable:earth- 
quake, compresses the ~lobules until the state of equilibrlum 
between the interior and exterior pressure differential and the 
surface tension is destroyed." 

-14- 
%., 

" ~  J -- -~!" r~: ' :~:",<,~ ~, 5-/:, . : .~>~, ,, '.= , ./. ~ ~- . . . .  , ". -" : 



"iv . ~, i  

:::° ~t @ 

The increase, of~, .~ 

large th~at it facilitates• the'reabsorptionof the air.., thus.the 
h.~pothesi's which v~e have made in'~ur analysis of ne 
resistance to the reabsorption o f  t~e~ai:r~ie :Just~ .i 

We should State again why t~e ~ zone', of cAvitat~ ~ ~ - - 
not bounded by a well defined frontier, " ~ .. ~ ~:::~:.!~i: , ~  " 

T h e  f l o w  I m  s:  i ~ g  ordinarily u n s ~ a ~ : ~ i :  '~: -~: i :~:  : 
because of ~he large __ ~e . ~ .  

flow and also because~,o~.~he variation ~n~"  .:,: ".~ 

and pumps. The frontier Of ~e globules~ moves- backl and forth. ~ 
because of the. turbulance,~r~ced, ' 
which has been studied by ~rgel~s a: ~ ,  

donor exist individually.. ,~ ' " "~: .  ~ ~, " : .~:~,,,~:,~ 

beQomes dangerous. " ~ . ~ : :  

~.• . , ~  - % , ~ : .  

~mpressea-~:be~use~ o~; ~ '.~:~ : ~ .  
I their'.' cap$1iary .~..~ ~ .... 

"We .have'. on is ~ ,"- 
Characterized by--a. ....~ mchines ~. ,:~,~ 

W" J ~"~ • , Itn the ~e~al,_ ~:.., ~ :  ," 
adopt ion o f model 
cavitation with -insu.fi~Ic~ent knowledge ~ : 

For 
execution of ,~ . :  • : ". 
region is pro ~ ~ 

l~al~s. : The dimensions of:~the gl%ules,: .th~ ..~ime'.of their~dis~ .... " • ~ 
appearance, and: the path tra~rse~ a~er:the ,~rit.ical'i~stant are 
~mdependent of the~ Seals, ~,: l:t f<~ll~n~thati'-~o~: a ~mnit: of surfa~:.~ : - 

of the mechanical ~rts, ,-the. ~Oess, energy. ;iib@i~ted"inerea-ses ~vith '::"i 
the linear dimene£ons'and,: Zor-large"hy~amllc,~maahi~ne~.as ,well as : " 
for the propellers of. ship~" the:~-ef~ects:-oZ .~VitatiOn can be/. 
important while %hey .are, impercept {ble in-"~ll: m~eis!:-~! ,:~! : .... ~- 

. , .... • . • 

J 

,.f .~ 



TABLES FOR CUNV~ING DNITS US-~ IN FIGURE 7 
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" 37 

~9 
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A=~A~A~U.A~ APO. • ADSOIUX~e ~ I ~ e S S T I I I ~  ' 

t V " ' : 

Water " , " Wete .... ~ ,r ; Water :...LWater~ i 'Water • 

o " o,2o . I : 
111 ~ . S  " 0 .22 .: , ;  ' - .  ~OiL ,  7 ~ - 0 : 2 6 . 6 2  

i~2 l ~ - s  I o,~.4 1 J ~ o  12.14 7~o ~.. 2 3 . 9 5  
~S:lSV.4 I 0i25 I ' I z~o ~.47 ' wo .. ~.4,29 ~ 

I ~e,2 I :0.27 I . I 6 9 o  i~..8o vso 24 .6 i  
~ I  4 i . o  I o.~.9 I : :  1 4 0 ~  . : i ~ i ~  7 6 0  : 2, , .~ 
s 1-42.:B I o ,~ i  1 1 4 i 0  i3,45 ~ v~o ~125.~5 

I I : t , = o '  : 780 . . . .  .. 
I ~-~ l' o.~. I - I ~° ': i 4 . i i  79o j25:92. ! 

9 I ,,~.2 1 o,~ I " il'~° i4,~. Boo 126.~5 
i 0  J 50;0 I 0.,~" J " J '4"50 , 14.74: ~. 810 .... 126:58 
IA I 51 ,8  I 0 .441  I 1 : 1 5 , 0 9 : 8 8 0 - J 2 6 . 9 0 :  
~2 I ~"~ ' I .0.4v::. i I . / ..~ 'J4~° ~'.:. i~,~ 8~0 12v.2s: 
13'I 55.4:; J Oz50 ,. I ~. / ~ ;14801 i !5.75 '; 84-0 .' J27;56:' 
~.4. I $v:2 ~ o.51, J .149o ' 16.qB eSO 127,~89. 
].5 159.o 1o.57 • I: ' ": i:JS°° i5.:4o. Beo -I~.22 
me leO,B I o.61 '"I '~ ; ' 15i° : -16 ;7s :  " 870 12B.54 
I"/ ]62:6 J 0.65 . I " "152o .... 17.o6. : 88o I~B,87 
~.s I 94 4 1 o.59 . I " 1 51,o I ie.39 B90, 129;~.0 

~o IBB.O J 0"7~ l ' 155o Fi~.o5 910 129.s~ ~ 
~ ' i169 ;B  I °'Bs I ~1560 ".l~:zT : ~"9~o j~oiis:: 
~ I Vl.~ I o,B~. I 1 5vo I me.70 . 9~o . ~o.sm 
~ I vS'4 1 0.94 I ' ' l,r~o I i9.o~ -,40 ~ o . ~  

] v5.2 i i .oo i ~ t5~o t i 9 . ~  9~o ~iiiv~ : 
' ~' I ~ , 0  I i,o~ I ' ". :15oo . I le.ss . 96o,. ' $1.50 - 

~ I vs:~ I i.i2, 15zo F 2o,oi i 970 ~z.~i :: 
~-'~ J B°'e I 1.19 :I.62o..: 20.~.  980 32:15 ,' 
B 8 .  8 2 . 4 .  1 i , 2 6  , , " :  1 6 3 0  . ~  2 0 . 6 9  ' 9 9 0  : S2.48 : 

.:~.2 l i.~_ . ". 194o ~i.oo I I000 : > B2'81," : 
~0 i,] 86.0 I i.41 , ~' 1550 :i 2i.z2 1 z o l o :  33.14 "" 
~z ] a~..8 I 1-5o~ ' " : ~55o : . .2i :e5 1 Io2o '! • ~B~.~6 " 
52 I 6 ' 9 . 6  1 . 5 9  , - 6 ' 70  2 1 . 9 8 1  I 1 0 3 0 -  , 33.79 , 

l el.4 .i;ee - .6~o , 22.zi ,~ I ~ ' 
~:/ 9 2 . 2 -  " 1.?'7'. i -, 6 9 0 :  : 2 2 . 6 4  I .  :° ' , 

I 9 ~ . o  i , ~ v  : I ~ o o  j 22.9~ i ]  , 
1.98 . 95.8 

98.6 
100.4 
].02 • 2 
I04.0 

, • J J 

2.09  
2 . 2 1  
2 . 3 3  
2 .46  
_ j,, 
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