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CAVITHfION AND SlTRFAC.E TE-1SION. 

l. Generali ties o.nd Present State of the Problem of Cavitation. 

A study of the centrifugal purrrs at t},e stations for w1water­
ing of the 'Nieringemeer basi!l which is a pnrt of the Zuiderzoe reclam­
ation, has provoked several series of model tests \'Ti th the aim not only 
of obtainin� en increased capacity of the pTh�ps, but also to eliminate 
their rapift/4eterioration by cavitation. These exueriments have result­
ed in t>e' elimination of several tyr,es of' ir.i.pellers among them those 
with t'hree vanes, wl 1 ich although their capacity was excellent tl1ey were 
subject to the ber-:inni 11r:; of cavitation ( accompanied by a sli,·:J1t noise) 
dependinr, on the suction height imposed by the basin. 

'·e have studied the cause of the phenomenon of cavitation 
for certain tynes of impellers. 

Great was t}1e disappointment when an intense cavitation 
,-,as disclosed at the :r111r.rpint;'. stations, Lel;7 and Leerna.ns. This 
occurred not only while the basin was bein� drained but also. a 
circur:istance more r:rave, when tho purnps operated under n nonnal 
suction heiri:ht and head . 

The profiles of the vanes of pump impiHlers are often 
analogous in shape to those of aerofoils. ';-;hich have already been 
thorou�hly studied. 

:e now proceed to a study of the causes of cavitation. 

The concept t'enerally adopted is that cavitation in a hydraulic 
machine takes place at any point where the absolute\pressure of the 
water falls below the vapor pressure, for example, below 1/100 of an 
atmosphere for the r:1ean winter temperature. 

In quantitative calculations, we can neglect this small 
absolute pressure, and assyune that the water co:mmences to boil '"hen 
the pressure approaches absolute zero. 

The abrupt condensation of the <�lobules of water vapor in 
tr,e zone w:1ere the absolute pressure of tl:e fluid vein rises acain 
to a value creater t:i--.a,, the vapor tension causes noise, vibration, 
deterioration, and the rupture of. salient machine parts. These 
constitute the s�ptoms of cavitation. 

Theoretical Investieation 

In order to better understand the behavior of the nore 
important centrifu::nl pumps used in Holland vrhicll v1i1J serve as object 
studies for future pumping stations, the 2Up3rintendent of the ::.,uiderzee 
charged Burgers and Van Der F..agge Zijnen with the deteXT1.ination rJf the 
characteristics of the flovr throueh the pump impellers "ny tr,e 1net'1od 
of conformal transf(Jnnation. 



". 

., 

• 

The scientific world should ackire the manner in which 
these saw.1.nts have accomplished this t.ask. This work v:ill remain 
one of the important contributions to hydrodynamics.1 
---------

1Berekehing van het verloo-p van de stroomsnelheid van den druk langs 
een doorsnede van een scLoep van een vrasier met 5 schoenen van een 
der centrifueaalpurnpen te kedemblik, 
( Calculation of the Loss of Valoci ty and I'ressure alonr,; a Frofile of 

One of the Vanes of the Five-vaned Impellers of the Centri fun:i.l 
.Pumps at :TedeT"lblik, by J. l'. Rurders ands. G. Van der Eer:re i�ijnen; 
Two volUI'.J.es, 1933, ( in the technical library in Holland). 

�·Je reproduce t1'·JO figures from this Daper. Fi1711re 4 shows 
several stream lines ( in rele.ti ve movement) i figure 5 rives the 
calculated theoretical distribution of the relative ve1ocHy and the 
pressure around a profile of a sinGle vane. 

This theoretical calculation indicates that the maxirrrum 
vacuum is eq_ui valent to a column of ,mter 9. 34 meters ( 30. 64 feet) 
hi[;h; consequently at this point on the profile the absolute 
pressure is less than one-tenth atmosphere. 

'
0ut a slight modification of the an-le of inci dence 

resultinr�. for example, in a oli�ht cran;-e in t'1e SI!looth entrance 
condi ti<)l1s or farther alonr� the vrne, small imperfect ions in its 
fabric�tion causing ro1r,bness, s'ould create local velocities 
greater +,i'an the calculated values. 

It is t]:,erefore certain that a sufficient margin of safety 
ac;ainst cavitatfon resulting from water vapor bubbles does not exist 
in tMs pmnyi. 

The Different Kinds of Cavitation and their Consequences 

, e can separate the phenomenon of cavitation into the 
followinc cate6ories, some of which overlap: 

1. Superficial cavitation: Small .:;lobules of air or vapor 
appear on the �alls. 

Tbey are held by the metallic surfaces and disappear as if 
absorbed by them. 

r,,r.is tyne of cavitation results in a slight decrease in the 
pu.rn.p ca:pacit�,r E,nd an increase in the suction; this increase in 
tr e  suction has been duplicated in venturi tubes. 

This type of cavitation erodes the ,·iaterials of construction 
at that place t'l;·,ere +he {-;lobules of air disappear . 

2. Kore acdentur,ted cavitation: The track of the water vapor 
consists of a foarn forr1ed by the small globules that are detached 
from t:rn v,alls. •: 1hese move freely in the water, and except for some 
are reabsorved in the •,mtor current dovmstream from the place of 

, 
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their format ion .  This type of ca.vi tat ion affects the capacity 
considerably and modi fies the characteri sti cs of the nachine . 

3 .  Cavitat ion with localized corrosion o f  the vanes : Pocket s 
of air and water vapor oscillate but are unstable on ti'e r;etallic 
surface , altholl[-;h they f t cc0in1Jany the vanes in their rotation .  · li e 
flow characteristics are therefore stroncly affected . 

4. Very accentuated cavit ation  with intense boiling alon - t he 
walls and betwee n  them :  The largest elobules of  vapor are entrained 
by and condense in the liquid w i th a characteristic noise nnd 
violent vibration -�rLi cl-. can become dan;_;:;erous . 

In that which follows we shall study only cavi tation of 
the first catecory .  

If a n  increase in the capacity o f  hydraulic nachine s 
of hifh specific speed is linked to the choice of nrofilcs for 
the vanes or, in othe r words , to sections coT'1pamble to aerofoils 
such as have been tested in the labor3tory ,  tr.is  ·e..in is acf!_uired 
at -t;he expense of the destruction of ii;iportant pa ::..·t s of ·Lhe ma chine . 
'I'his dest ruction may be likened to a conta ·0.ioun d i i:iease . 

�ngi neers and nhysicist s  lrn.vinr,; been searchi. nc for some 
means to conbat i t .  

laboratories f o r  the invest igation of cavi tation 
2 phenomena are be inr installed at c;reat cx1)ense in ,,,any co.mt ries 

� EX],Jffim�nt;-�1----;;\ri.-tation 1�sing small models of the pumps at 
·.-a eringermeer have been perforried i n  tho ��ydrauli c  Laboratory 
at :Uelft ( in a closed circ uit wl: ich ce.n be put unde r ri re s sure ) . 
The description o f  three laboratories for investic:-utL1,z cc.vitati on 

in hydrauli c turbine s are found in the :followi ng :  A .  Tenot ; ''c'urbines 
Hydrauliq_ues ( Hydraulic 'l'urbines ) ,  vol . II , 1932 , l..ibra.irie d '  E. T. 
'9'arlhs , Tenot has described bi s int ere st ing laboratory for exueriments 
on cavitation at l ' ;�cole d 'Arts et Let iers at Chalons sur l arne ;  by 
means of  a strobos cope with ne on lamps, be  can watch what is hanpen­
inc under he vanes of a propeller revol vin;� at a speed of about 
3 , 000 r .  p, 1"\ . , and i s  th ere fore able to follow the different p!1o.ses 
of' cavitation. :�not her of the many institutes rias conducted ex­
pe riments on ca.vi tat ion of ship screws . '�he labor tory of the 
great est repute is that of t he Ya.vi tat i on J:.nlae:e der JT8.l11bursischen 
Sl:.iffbua-Versuchsanstalt G .m.  "'3. H.  

It is necessary to  reco1_ nize that the gravity of' the 
problem justifies the exnense and t�o assiduous work of a nu"1e1·ous 
personne l .  

T oo often machi 11es are out o f  se rvic� i n  =.arr-;e hydro­
electric plant s .  .h. large nu2,1ber of technj ciar. s are oc cu-oied in 
repairinr ""'' 1 certs eroded by cavit ation . 

. · · . j 
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VJorse still are the difficulties experience by merchant 
ships and ships of war i n  consequence of the cavi tn t ion c,f the 
screws. T:w vibration of steamships is often due L o  thi s  r.cour, . e .  

Tbe S .  2 .  "Normandie" suffered so acutely fror-1 the effects 
of cavitation that the eroded screws had to he repaired aft :H two or 
three voyages .  'l'his involved a serious economic loss . 

Rapid destruction of the propellers i s  the rule for steam­
ships holdin.r� the blue ribbon . .  1"or cruisers ::..nd torpedo boats  r-,any 
examples can be cited in v1hi ch scrt,WS have been destroyed in hours . 

In  the presont state of the art of naval construction the 
difficult ies occasioned by the cavitation of propellers , has rendered 
an increase in the power o f  shi ps iriposs i  ble. 

Exnerimental Contri bution to the Study of Oavitationj 
Influence of the i�uali ty of the :ater on the Sereration 

of the Air Di ssolved in the Liquid . 

Physici sts and engh.eers have been searchine for a better 
explanation of this hydrodynamic pbenomenon in order to  ex�lain the 
erosion which it provokes . 

The antbor now presents his small  contributi cin to the 
explanation of the effect of cavitation of the first category . 

r .  G. Driessen , chief of the mechanical research service 
of the Dutch State � -ines ,  has· perforr.1ed sor.1e experinents \'Jhi ch throw 
sor::ie light on the phenonenon . 

The punpinr, station of Haarlem1ermeer has experienced a 
large nunoer of difficulties due to. cavitat ion whi ch are accentuated 
in autumn. 

1®ong the reasons wbich can be the cause of the disagree­
ment betw·Jen the results obtained by experiment s 0n small models ?nd 
the ex�erience with industrial pumps in serv ice at : ierinp.errneer .  a 
difference in the quality of the water has been thlour,ht of.  

Our experiments were perforned at Delft usini; the pure 
water provided by the di stri 'mt ion system of' the city .  

In contrast to this, the water a t  · : 1eri ngermeer v1as 
agi tated t and rmddied dur·inr 1,he ex9avatio.1 f the canal . The 
first q_uest ion to be investigated i s  wl ietber the impurit ies in Ue 
water play an e ssential role in the production of cavitation . 

i! igure 6 sl ows one of the 5lass Venturi tubes used in 
the experir,ient.  

'rhe results shown in  figure 7 are surprising .  
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Cavitation in pure vmter s::,t ur., ted · ith air a t  atmospheric 
pressure begins at a vacuur'l equivale nt to five :;ieters ( 16. 4 feet ) o f  
water, that i s  t o  say, at an absolute pressure of 0. 5 atmosphere . 
U 1inus 5�: } . 

For wate r  to  \'Jl:ich O. 5 '" Inm of  po•:Jdcred coal ner 11  ter 
( l/2 ounce per quart ) has bcon ad<leci ,  C'.J.Vit aticm c ommences at EL 
vocutn.1 o f  one meter ( 3 .  28 feet ) of v.iat e r. v-w t ie t o  say, at an 
absolute r,ressure of  0 , 9  atmos:phere . ( : ,i nus 10',{ ) . 

'J.1he vapor tensi on of 1.1,iter nt differe11t t or11J0mtures i s  
also shmm i n  fL�u1·e 7 .  I t  i s  seen t o  b e  ,.,e} 1 ; e :  ow ·n i s  ubsolut3 
pre ::,s ure �- i ven above for : 11 o rd:inary te,nperctures. 

· Therefore it is not the boilinr, of the water v;bich rn·oc: 1_1ces 
cavitation of the fi rst C9.ter,ory.  but o.s I'ijxhoorn rerrn,. rks in referrinr 
to our experi1�.ents.  "Tre seT',aration of t he air dis solved in the ·. 1£.ter 
when the pi-·essure is decreased is the prir1C1 r-f cause of tb.is phenrn:1,,mon" . 

For winte _,:· tm".pe rRtures ,  wben cavi tati cn is often r1ost 
rnar;;;:ed the vapor t ension of  the 1:ater can le nor.lectcd :md the 
seuaration .,Jf the a i r  cor-sidered alone . 

The becinning and end i ng of cavitat ion are d i s c losed t y  
an increase and a sud den decrease, respectively, in t:w suct i on ,  and 
bet ter still, by the characteristic no i se ::f  cavita tion rj f 'Lbe first 
catecory, 'l'his reser ,b-:.e s the sound procuced wl :en air is bc inf; 
liberated durin'-' t.he heating r;f V-'9.te r . 

!!E_eriments Concernecl with ,,,:,Xplaini�f tLe ·=rosion of ,olid 
Walls bv •;avi tat i onl. Inf1uonco of ��urf'ace i ens ion .  

�e believe t' - at the e ro sion caused by  cavitati on is  due to 
a force cenorally noclected in hyurod:."namics because of its small 
value - 72 dynes per centimeter, or 0 . 075 gram per centimeter -
namely ,  the surface tensi on of' the air bubbles. 

Fieure 8 s1· ows the pressure in an '"' ir bubble 2-nd the 
pressure in the su:r-:i.'l ·undine water v;hich io saturated wi th air at 
atmospheric press�re .  

I f  the air in the bubble is not a t  atmospr:eric pressure 
it will e i  tJ1e r  be  qui etly absorbed by tbe vmter or  air will separate 
from the water unti l  tl-i i s  pressure i s  e sta1Jli shed . , .ccordin-::: to the 
law of De Henri, the air pressure inside a bubble has a tendency to 
put itself in equilibrium rrith the pressure of saturation . In all 
cases, even _with larr�e globules of  vapor, at the precise instant of 
thei r collapse, they nece ssarily contain some residU8.l air at a 
pressure of' at least one atmosphere. 
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When e q_uilibrillfl exist s between the interior pressure of 
the clobule,  th.e exterior Jlre s sure in the 3.iq_uid  and the surface 
tension ·we have : 3 

2 'O 
r 

3The equat ion of eq_uiJ.ibri um of a hemisphere e;i ves us : 
2 A r" o :c: A r 2 t'J p  

.11 p a nd 

VJhere i3" = surface tension i n  e:re.:r:.s per centimeter "1 P = 
the di  fferenco in nressure between t1 ,e  air in the elobule and the 
pressure in the liq_uid ,  and r == thtdius . 

'Yhen r=O , Llp == ex, 

'rhe orirsin of a ,?,lobule implies ,  there fore ,  an infinite 
pressure . 

Certainly this mathematical result is not !)hysically t rue .  
The surface tension, c)'" , eannot be considered constant for elobules 
with a radius smalle r than 10-6 centimeters . It corrm1ence s  to diminish 
at first s lowly, then 111ore ra:1idly in order to approach zero when the 
radius, r, approe. ches zero . 

Tbe conclnsions , however, are not influenced by the 
lowerinc of zr for very small c;lobules. 

Pur-e water can neither b oil. nor cavi tat e .  l\ir in solut ion 
cannot be liberated by lowering the pre s sure. below that at v;hich it 
has been di ssolved . 

l,J.6yer has demonstrated that pure water containing d i ssolved 
air in a clean conte.iner· c an withstand a tension of nore than one 
hundred atrnospl' e res . 4 

4Muller-Pou11lets . Lehrbuch der Physik (Textbook o f  Ihys i c s ) . Ed . II ,  
1926, vol . 3,  first half of Thermodynamik, p. 301 , labil e  Zustand 
( negat ive pressure ) .  

The boiling ·of water can be retarded by the absence of 
impurities ;  it c::-.n even be superheated.  

\ccordin� to a law of K1rchoff5 , the negative pressure in 

.,. 

5G . Kirci,off. Vorlesunr,en uber Eechanik ( Lecture s on Mechanics ) 1876, :p. 186 .  
J ,Ackeret , .::::xpel'ir1.entale und theoretische Untersuchuw�en uber Hohlramnbildung 
im 'Nasser, ( Experimental and Theoret ical Investiat ion o f  Cavitat ion in 
· 1atar) ,  1930 , p .  8 .  
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a liquid i s  maximum along the walls which guide its  flow . 

According to  this law, elobules of a ir  are created on the 
walls ,  or better, on surfaces of solid parti cles in suspension in the 
liquid .  These surfaces serve to se:pa.rate the air  exactly as catalyzers 
promote chemical reactions . It is eas:,' to verify experimentalJ.y that 
surfaces clean of all impurities are not capable of free ing air or gas 
dissolved in excess ·  in t he water ;  it  is necessary to  consider unclean 
surfaces in the light of a fourth determining factor called a 
" collector" in the technique of treat ing minerals by flotation ; in  
general, this fourth fact or can be any substance containing sixteen 
ato:ms of carbon or more .  

It seems areasonable t o  us that the air bubbles are fanned 
wherever the three determinate factors, solid vmll ,  collector and 
liquid exists together . 

An instrueti ve experiment cons ists in boiling distilled 
water in a vessel whose bottom has been greased a little .  then 
afterwards  in another very clean vessel to which has been added  a 
little caustic  soda in order t o  dissolve all traces o f  grease found 
in the air and in the water. In the first vessel ,  water will boil 
regularly at 1000 C .  while in the other the water can be superheated 
and boils only with explosive violence . 

Air bubbles in a closed region cannot exist belovr a 
certain d iameter for a given pres sure in the liquid . 

What i s  the diameter of  these ne fly created globules? 

We have : 
2 er _  2i 

r -= Ll p - �Pe 
) P,· � infern a l  pr� ss u re.. 
l Pe :: &xfe. rn a. l  

In our experiments ,  pure water  beean to cavitate at 

. I , J  2 )( 0. 0 7S 
� o. 0003 C n? .  P,· - Pe =- 0 - 5  afn?. == ,!ioo 9r.1crn 2 nen c e :  r =  500 

Therefore , globules of a diameter smaller t1,an six microns 
cannot exist in pure water.  
pressure increases absorbing 
category they remain small . 
bubbles ought to  grow at the 
approach and come in contact 

They grm·• rapidly as the ne :at i ve 
air, but in cavitation of the fi rst 
According to  a law in phys ics ,  lar1;e 
expense of the small ones ; when bubbles 
witH each other they ought to  combine . 

But when water  is impure , that i s  contaminated by particles 
of oil or organic matter, there is a tendency to  fonn a foam contain­
ing numerous small globules .  
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Experiments show tbat 1:18.UY globules remain srnall and 
isolated, particularly i f  they are in a closed space. 

�!e.ter moistens the pores in t he metal and forms a quasi ­
chemical comb inat ion. The velocity o f  the water i n  c ontact with 
the :metal is zero. 

Globules of a fract ion of a millimeter in dianeter are 
s lowly carried away throur ·h the closed laminar space. while the 
larger ones which thrive in a turbulent region are either carried 
av1ay or divided . 

For a better un�erst an din� of t he phenomena of cavitat ion , 
let us consider a single microscopic �ubble moving along a wall in 
a constricted region as in , for example , the converging , diverc-ing 
tube or venturi tube shm·m in figure 10. 

TI'e water has been saturated with air at at�ospheric 
pressure ; bub�1les are created in the cons � ricted region at that 
place where the vacuum reaches a value oi' at least one-half an 
atrtJ.osphere in tl1e case of pure water. ;,t their incept ion they 
have a dia.l'leter of say 0 . 6 micron. 

The vacuum increases as the neck of tte tube is approached . 
If a single smalJ bulbible is moving slowly in the constricted region 
and is always surrounded by water saturated -..vi tri air at atmospheric 
pressures , the following formula holds : 

where L\ P i s  tl0 e vacumn. 

The fonnula s hows that the neck where Ll P is a maximum. 
the glot,ule oush t to be smaller tl::.an at its inception . and when the 
neck i s  passed L\ P decreases,  and r increases a11proaching oO when 
L'.l P"" O. Then when the pressure of the water becomes greater than 
atmospheric pressure, the radius , r, ought to approach - o0 in t he 
limit . The law of equi libriu.rn de,ilands ,  therefore ,  tbat for an 
infinitesimal ve cuum, the radius of the globfrles ought to be 
infinitely lar;;,;e , and that for a pos i t ive :pressure the globules 
ought to be reabsorbed. 

Naturally, the phenomenon does not take place in this 
way . 1::atcr is saturat ed with ai r only to two pe rcent o f  its volume. 
When the pressure diminishes until it provokes the spontaneous 
creation of bubbles ,  then anpear in numbers proportiona.1 to the 
amount of air separated from the water . Therefore these globules 
cannot increase indefinitely as the -vacuum decreases . 'l'his can be 
the case only fo.r a small bubble in water always saturated v,i th ai r ,  
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In reality, t hey form a kind of foam in the constri cted rer;ion 
and the ai r i s  not supplied , 6  

6In  relieving the preEsur0 in the nater containi:i - air at n breater 
pressure, one can conceive hov1 the bubbles are p,011er-ated, and t e l l  
v1hy at their ince:ryi; ion they have equal d iar:1et e rs. :ut in  a short 

t ime a dis:_nersion in the s ize of the buhbles i s  produced . Some 
bubbles grow nt the expense of others . '.'..'hese · by b l'eoking up reduce 
to bubbles i� i th a diare.eter  o f  the or& :-�r of mi crons . 
--------------------------------------

It i s  not possible for us to pursue mat 1 1 ene.ti cally tl,e 
change in diarri.eter o f  the glo�nles of air rr.oving in the constri cted 
region whi ch dinini sh, then grow in c;ize o.t the ex11ense of  tl1 e a ir 
diffused ttroughout t he water.  

We, therefore, pass over t h i s  period of very limited 
change in the d iar,·eter of the globule in order to consider the 
problem equally as  interest i ng as the fornintion of the e;lobu.J e 
W!'.i cb dominates the destruct ion c f'  metallic walls ,  that of the 
quasi-spontaneous di sappearance o f  the globules at the moment 
when 

Pe ::; I 2 J­> - � 
r 

We now calculate the speed of contraction of a globule 
and tbe time required for its disappearance from the instant ,1' en 
its eouilibrium is UDset . 

•:'e shall neglect t he initial speed o f  contmction w_ i cb 
is then very small . 

We also assume that the air presents no resistanc13 to 
reabsor:pt ion. 

This hypothesis ap:,ears admissible because at the last 
moment of its existence vrhen the pressure is  al.111ost infinite the 
rC31'.lalni ng residue of  the a i r  globule should be absorbed instantaneously . 
Furthermore , the volume of water surround ing the r;lobule i s  very 
larce compared to that o f  the globule itsel f. 

I f  S is  the unit weight of the li quid ,  g the accele rat ion 
of gravity ,  and considerine the not ation o f  figure 11 , the kineti c  
energy o f  the v:hole mass o f  wate r  cont ract i n[s around the globule is : 

r, ;:. ell 

A ==f 
4 7T r, z s (v __c_: )  2 dr ' 2 9  '7 

r; � r 

2 TT s  v2 r 3  
9 

In this equation we have used the relat ion : d A =  � drn 

and the equation of continuity: 4 -rrr 2v = 4 rr� 2 v, 
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Let r be the radius of the 13lobule at the instant vrhen 
the sudden contraction commences and suppose that the acceleration 
is ent irel:r due to t he contraction resulting from the surface 
t ension . 

I n  fact the re is a superposed :phe nomenon v1rich acts in 
t he same sense and ,.bi er Y:ill be discussed later . Howeve r it is 
o f  small _  inportance fror- the roint of vie'·T of the difference of 
pressure. 

';.'e can then writ e that the cban: ;e in kinetic 01;er�:; is 
equal t o  the chance in potential ene rgy libemted by the cont r ,cti·m 
of tbe Sl)rface { chance in capil lfar. ,.mer�7 ) : 

4 TT  ( ,; 2 - r 2) � � 2 TT 5  vz r 3 i.. 

9 
V 2 s 2 � d' ( ,: 2 �: Z) 

It is seen tbflt ·the speed of contract ion beco�1es infinite ly 
large ,:hen the radius of the c;lobule ap-proach.es zero .  be cause :  

v = a, , w!len r = 0 

In order to det e rmine the t iirie recuired for t:r':l ·:lohule 
to contract from the radius, r ,  to t'; e  raditils , r = 0, we have : 

== sin �= ;1e have 

J s,n ,,. V Sin ¢ 

?= f 

d{[) _ :  

dt 

d <f s: o. 8 73 {!J;s 
2 q J-

The potential energ,J liberated, transfomed into kinetic 
ene rgy and finaJ ly absorbed in impact is : 

A -::: 4 " ro 2. er qra YYI - c m .  

For the followinei: radii of the ,;lobules : '  r = 0 ,005 . r = 0 , 001 . 
r = 0 ,0005,  r = 0,0003 cm. , the times required for the cont ract ion are : 

t = ..§.:_54 t = 2 . 2B t = 0. 803 t "' 0. 3 
105 106 106 106 

seconds ,  respectively .  
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A BlobuJ.e which,  at the critical moment, has a diameter 
of 10 r1icrons, disapnears in 8/107 seconds . '.':ntrained in a current 
whose velocity i s  12 . 5  m/se c . ,  it trave l s ,  t· erefore , 1/100 mm. 

VI 
The Influence of Gil on the Variat ion o f  tl1e i,.dhesion of the 

Globules of :.ir to · . . ater  or to I .etal : Oil , a Catalyti� 
• gent of Ca.vi tat ion . 

Recently , the f'ollm·1 i nr proble111 w2. s submitted to u s :  
Four large bron.ze centri fusal pw�;,s '. Ie :r.'e testod in  ,�ollanc1 nnd 
i"dicatec'i a hi Gh cffi( iency . )t Curacao v;he re they were used to 
ptnp sea wate :::> for an oil refinery tl�ey incurred ext l'8TT\6 vavi tat ion . 

''1e attributed this to the fact thdt the water was contam­
inated with oil . ,'3or1e la boratory experiments demonstrated that v1ith 
t races of Diese l oil tl G vacuum in the venturi tube is increri.sed and 
the cavitat i on ''lore .,..,renounced d 1 e to this so-c"tlled catal ·zer of 
cavitation . 

·. :hat then is the role of the oil? In t]:,e i'irst T,J.ace ,  all 
of the ex;.1e riment s showed that the surface tensi on uf  the water ·was 
much dir.1inis 1 1ed when contarn.inated '.v i th oil. 

:?urtbe rmore , it is believed thn.t air bubbles do not attac:1 
tl:enseJ.ves to Glass  surfaces or damp met£-tlJ .ic  surfa ces if'  they are 
absolute l:' clean ; t' .e re trnlt is that tl1 e bubbles cannot fonn as 
the ex1Jerirnent on boilint watel' in a clean C <:Jntainer demonstrated . 

In  othe r· ·. 10rds , tlie 1,rosence of  the oi l in V! .... ter and on 
v:et vmJ ls has a double ef�'ect . First . it dininishes t1"e surfa ce 
tension of .the contaminated ...-1ate r, and , second , it  increc. ses  the 
cohe sion of a i r  hubb ] es to the �reasv surf8 ces . The se two e ffects 
lead to the saJ11.e res·.1.lt s Le cause they both increase the affinity 
of air bubbles for solid surf'acos as OclfO:c:ed to water. , • 

Accordi:!1.;' to the tables of I..andol t L.1.nd t\Ornstein ,  t 11e 
an,:;] e of ca::ji l larity betueen oil and b1·c.1oe  ( in the pre sence of water ) 
i s  from four '.;o s i x  d9crnes ; tbJ P i s  sn12 2 1..  l,ut it is sufficient 
to fi:: 1icr0 sconic slobulss o l'  air t o  the v;a 1 J.r: of t he constric ted 

." .ir bubbJ c; S  d0 not utt .rc1 • th ·.:,1 tselve s to damp lea ther 
vrh i ch is a nat eria l resi n� r ,  · t  t o  eav i t ::1t i 0n. 

For tLis reason moist J.ea.tLer "mshers are utilized in 
househonld faucets . 

It is  possi1,le tb.1t damp metals Fi'1icJ, ars absolutely r:iure 
do not 1 ave a larr;e cnou,;h angle of capil larity ,,,, i tl1 '- ir bubbler: 
for tr.e le.tte 1· t n  o.ttech themselves . 
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Figure 12* shows a phot o-micrograph of an air bubble 
one-half millimet e r  in diarriete r  adhering to a polished ste e l  surface 
cleaned with alc ohol .  Th.e angle of capi J.larity is 22-1/2 degrees .  

Thi s  phenomenon sh0uld b o  di fferent wl1 e n  the medial is 
greased. :ater d ischarged from hyciraulic turb ines i-::nd pumps and 
wate ::' in tha. vmke o f  ships is always cont aminated by traces of  oil 
for i 1hicl: rrietaJ.lic walls b.ave a large affir_it�- and to v:liich the 
"lobules of air adJ1ere t enaciously. E'irure l�* is a _µ}�otograph of 
a globule of  air 1/2 1'1.i :! liueter in diaraeter 0dherinE,; t o  a poli shed 
steel surface  greased 1·, i th a little vase line. 'l'he angle of 
capillarity is now 90  degrees and the globule is a he�isp�ere . 
1 he globule s in the const ri cted reci on can be so conceiyed , 

It is  necessary to acld for the sake of bein:; complete 
that the anr;le of  capillarity is larger when the globules are 
contracting than when they are expanding .  'The globules 
represented in t h� figures are expanding . 

VII 

larti_e Loc al Pressures .Subsequent to the �;udden Cont raction 
of ;dr Bubbles :  Their Effect on tbe Erosion of t�,e , . alls . 

All of the globule s  are created v:i thin the c0nstricted 
rer;i on . Lany of them are co.rried along by tl10 current in \\'ri ch they 
c ollapse . Cthers which remain fixed to the walls destroy mate rial 
a s  �ill n ow be sho�m. 

·1;hat are these forces whi ch de stroy material? 

In the l��it in� case vd1en the ansle of cnntact i s  zero 
degrees, that is to say , when the globule is in cont act with tbe 
surface at apc i nt , the force of tho in1yiact is d il;Acted a c�ainst the 
wall and. tlle cay,illary ener(,,y,  A =  4 rr r;, 2 2" .  is expended at t e 
point of c ontact . 

Let us as sume that in ree li ty ti. e .r_:;lob11l0::; are l' ecri.i­
sphe rical in shane as ropresented in fif.'.Ure } 3  and let us study 
further t1u distrirmti m of s>ressure at tLe JT1oment of c olla.ps•j of 
a globule. 

11'irst , ina.r-,ine that the globules do not cont ract to a 
po int , but tl"iat tLe surface posse s ses :1erl.ispheri cal c::iviti es ·, ;r1 i ch 
contain wei;J1tless, elastic , incompressible spheres sucb as  shown 
in figure 15 . 

Secause of synr:1etry and equilibrium th ,;:) distribution of 
pres sure ought t o  be tt.at indicat ed in the figure . 

* For photograrhs, sec the ,,rip;ii ,al paper . 
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Eowever , in thi D study it  i s  not a q_uest ion of :1 static 
force but of the impact of water or, netal, in other words .. of a 
collision between two elast ic bodies . 

. , e  commence by calculat i n'-: the pre13 sure oi' cont act between 
two b3rs of infinite length am� of unit cross section . wbose ends 
collide with a relative velocity v .  :_et .,I,(. and ": he t1,e unit wei ·:ht 
and tl0.e modulus of elastid ty, I·es pecti ve ly of tbe bars and u 
t)w velocity of sound in t he bar . Consider tre lnstant wr.en the 
pres sure, p, reaches a maximum, and let w be the velocity of ··· 
seriaration at this instant . Consider one of the bars ar..d the front 
o f  the sound wave at rest, t·1 , e  bar Y,tovinu in the oprosi te direction 
to the velocity of the sound . 

It  i s  knovm that due to the effect of the collision a 
part of the be.r i s  conpressed at a uniform pressure, p ,  the front 
of the sound wave ( in the rei:;ion between the coi::pr-essed rzrt a:id 
the !'art wl:::ic11 is not inl'luanced b:r t:te coll i sion ) movin:; wit:-i the 
veloci ty of sound , 

Therefore 

It is easily shown that : 

( i v- w) ::: p u ,  
£, 

(-f: v-1- w) -::: 

p ( .,/I -f-- !!_2) 
Er E 2 

/ 

P= £, E 2.  
tt, £

2 
f u

2 
E, 

U, .).,(. ,  U 2 µ 2 
p :::- --------- o r  

L.t, µ ,  f /.;,/. 2  µ. 2  

Bu f 

·:'he sam.e formulas 0.1--e obtn.ined for t::1.e force transmitted 
hy ail ittcor:nress:.  ble body without i:.ass ,  inteJ:posed bet•. rnen t he two 
bars ; and t: :ese forrnules are also  val id for tLe case represented in 
fieure 15 . 'l he last two forrmlas eive, therefore, the unit pres sure 
for t:rn case ·,ri 1en the globule is cont ract ins stri 1·es the incoml> essi ')le 
inter1iosed sf,ere , v ,  be inc; ca1 culated fror,1 t1-, e fo:rnula on na:re 10 , 

11.'hen no suet sphere i s  LJ te_·posed . w,:_en 1.he her.,.is!J- '='ri(:al 
,!lobule can contract to  a point, v be ones ir fL: i  te and the t,ao . 
forr;mlas for the -pressure w;;en v = o:, reduce t o  p = oo . 

i·.o material can resist a collapse which creates an 
infinitely large pressure . 
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VI II 

Tuenomenon o f  the Beginni ng o f  Contraction o f  the "ubbles 
and the Zone of 2:rosi on . 

Fow do t i , e  bubbles begin to  contract'? I.et us return to  
the case of th0 venturi tube. 

:ngure 17 il2-ust rates a case of' cavitation o f  t l ·  J first 
category potent enoue;h to destroy !'18.terials by erosion . :.t smne 
place 0n the walls the Globules collapse . 7 

7�·i.cke ret , J .  Exno ri1,1entulA und '�heoretisc'f1e Um; e rsuchun.-en ube :r  
Ilohlrauintildunc; i m  , .'asser, p .  32. :-;t ossvorganG in einen E.anal . 
( cxperinental and 'l'heoret i caJ. In vostigc.tion of Cavitation in · .ater .  
Impact in a ·�·ube )  • 

Because of the space occupied by the c,:lobulcs uyi L; o the 
boundary ',,be re they d i sappear, ce1·tainly the veloc it�r uf 0he .. iater 
in this ree-ion is considerably aue;r·ie:r.ted . 

� hen this linit has been nassed the e ffective cross 
section of the wa ter# b6comes normal again and t h e  l iquid under'3oes 
a sudden retardation . • 

The averae;e increase  of  t11 e abrunt chan1·e of :iressure 
due to  tl;is retardation from v1 to  v2 can 1:>e cc.l culated fro•1 the 
foJ lowin; e q_uation : 8 t 

P2 - P, : v2 s (�7) 
9 

8 Andre 'l'enot: See footnote 2. 

in whi ch s = tbe unit weight of the liquid. 

'l'his phenor:1.e non ( Dorde-'3el2-anger )  1,1' i ch is sir:iilar to 
tho.t · riroduced Qn the surface of  t:1e blades of turbines , Pumps 2and 
propellers is accompanied by a dissiix,tion ,f oner;:;y: � 
r,er uni t  vrei�ht of water ; that is e nc c f  the causes f tric 9decrease 
in the capa.c i t: uhcn tr,e cavi trrtion is pre sent hut it d (,O:J not 
explain t he localized d. i ff'e rei.:co of' r,res sure capable o f' eroclinp-
t11e waJ._s . 

.,,his sudden retardation o f  the liquid , a ve ritc.ble eart'1-
quake, coI1r::iresses tl1 e slobules until tl:e ::itate ,f equilibrium 
between t:ne j_nterior anrl exterior  p1·essure diff'e re:r:tial and the 
surface t ension is destroyed. · 
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The i ncrease of pressure due to the retardation is so 
large tl:at it fac ilitates the reabsorpt ion of t he a i r. thus the 
hypothesis which tie have made i n  our analysis o f  ne{'.'lectinr, tbe 
resistance t o  the reabsorpti on of the air is just ified . 

T,ie should state again why the zone of cavit at ion i s  
not bounded by a well de fined frontie r .  

The flow in  hydraulic machines is ordinarily unstable 
because of  the large amount of turbulence alvrays existinf; in the 
flow and al so because of the variati on in tbe p:r:·es sure in turbines 
and pur�ps .  The frontier of the globule s moves back and forth 
because of t he turbulence produced L1 the constricted re;;:-ion. 
wl i ch has been studied by Burcers and v. Y.arman. These globules 
do not exist indi vidu.ally . 

As to why de strJctive cavit t i on mani fe st s  i t se lf,  it 
is necessary to i:magine a region in the constriction throuGh 
which tlle foam moves o..nd which contains enough energy due to the 
surface tensi on that the sudde!1 release of  thi s pote!1tial ene rgy 
becomes dangerous , 

Tben crevices commence to  fol!:1 l'md the dest ructi.on of 
the wall foJ. lovrs rapidly. 'I'he foam enters the fissure s . As a 
result of  this back and forth movement the line a-a pa s se.s  over 
these fissures, the air bubbles there . are com1Jressed because of  
the sudden retardation of the water and then their capillary 
energy i s  released . 

','J e have :r·eroarked that the be_gin!1ing of cavitat ion is  
charact erized by  an increase in  the capacity o f  hydraulic machine s .  

With the developnent o f  labora t ori es  r:md the ,;;eneral 
adopt i on of model testing , there is a tendency to recard sli;:ht 
cavitat ion wit h  insufficient knowledge . 

For high Reynold ' s  nutjl.bers, that is to say , in the 
execution of larc:e scale proj ects, the growth of the const ricted 
re�ion i s  proporti onal to the linear dimensions .::,f t he mechanical 
part s . The dimensions of tho globules,  t�e t ime o f  the i r  dis­
appearance , and the path trave rsed after  the crH ical instant are 
Independent of the scale. It follows that for a unit of surface 
of the mechr.nical part s, the excess energy liberated increases ,,i th 
the linear dimensions and for large hydraulic machines a,s well a s  
for the propellers of ·ships the effects o f  cavitation can b e  
important while  they are impercept ible j_n small models . 
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TABLES FO�� CON"V:ItzrHTG Ul.':ITS USED IN FIGURE '7 

Va:por 
Tension 

Temperature Abs.  Absolute Pre ssure 

Ft . of v1n, OT l' 1i .  or Gm. or F1i . or 
oc OF Water Water Vifater Water Water 

0 32 . 0  0 . 20 350 11 . 48 710 23 . 29 

1 33 . 8  0 . 22 360 11 .81 720 23 . 62 
2 35 , 6  0 . 24 370 12 . 14 730 23 , 95 
3 37 . 4  0 . 25 380 12 . 4'7 '740 24 . 28 
4 39 . 2  0 . 27 390 12 . 80 750 24 . 61 
5 41 . 0  0 , 29 400 13 , 12 760 24 , 93 
6 42. 8  0 , 31 410 13 . 45 770 25 . 26 
7 44 . 6  o .  3�') 420 13 . 78 780 25 . 59 
8 46 . 4  · 0 . 36 430 14 . 11 790 25 . 92 
9 48 . 2  0 . 38 440 14 . 44  800 26 . 25 

10 50 , 0  0 , 41 450 14, 74 810 ! 26 . 58 
lit. 51 .8  0 , 44 460 15 . 09 820 , 26 . 90 
12 53 . 6  0 , 47 470 15 . 42 830 

1
27 . 23 

13 55 . 4- 0 , 50 480 15 . 75 840 1 27 . 56 
14 S? . 2  o . 53 490 16 . qa 850 27 . 89 
15 59 . 0  0 , 57 500 16 . 40 860 28 . 22 
16 60 . 8  Q . 61 510 16 , 73 870 28 . 54 
1'7 62 . 6  0 . 65 520 17 . 06 880 28 . 87 
18 64. 4  0 , 69 530 19 . 39 890 29 . 20 
19 66 . 2  0 . 73 540 17 . 72 900 29 . 53 
20 68 . 0  0 , 78 550 18 . 05 910 29 . 86 
21 69 . 8  0 , 83 

1 560 18 . 37 920 30 . 18 
22 71 . 6  0 . 88 570 18 . 70 930 30 . 51 
23 73 . 4 o . 94 580 19 . 03 940 30 . 84 
24 75 . 2  1 . 00 590 19 . 36 950 31 . 17 
25 7 7 . b  1 . 06 600 19 . 68 960 31 . 50 
2G 78 . 8  1 . 12 610 20 . 01 9 70 31 . 82 

27 80 . 6  1 . 19 620 20 , 34: 980 32 . 15 
28 82 . 4  1 . 26 630 20 . 69 990 32 . 48 
29 84. 2  1 . 34 640 21 . 00 1000 32 . 81 
30 86 . 0  1 . 41 650 21 . 32 1010 33 . 14 
31 8 7 . 8  1 . 50 660 21 . 65 1020 33 . 46 

32 89 . 6  1 . 59 6 70 21 . 98 1030 33 . 79 
33 9 1 . 4  1 . 68 680 22 . 31 
34 9 3 . 2  1 . 77 690 22 . 64 
35 95 , 0  1 . 8 7  700 22 . 9? I 

\ 

36 96 . 8  1 . 98 
37 98 . 6  2 , 09 

38 100 . 4  2 . 21 
39 102. 2 2 . 33 

. ' 
40 ll04 . 0  2 , 46 
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F I G U R E  4 - SO M E  STREAM L I N E S  RELAT I V E  
TO T H E  V A N E  A B O U T  T O  ATTACK A N  I M PELLER 

OF ONE O F  tHE C E N T R I F U G A L  P U M P S  AT 
M E D E M B L I K A C C O R D I N G  TO B U RG E R S  

A N D  V A N  D E R  H E G G E  Z I J N E N  

The f igures outside the 
contour ind icote the relat ive 
ve locity i n  centimeters per  
second ; The numbers in the 
i n ter ior a re the gage press ­
ures in centimeters of water. 

F I GU R E  5 - D I STR I B U T I O N  OF V E LO C I T Y 
AN D PR E S S U R E  A R O U N D  A VA N E  OF AN 
I MPE LLE R OF O ME 'O F  T H E  C E NT R I F U G A L  

PUMPS AT T H E  aLELY" STAT I O N  AT MEDE M B L I K  

------ ---
--------=-�-IIA . --= 
-- ( ---
-- � ---
--- I AT M.  -- g -

'lr 

o� 

C U R V E  A @ TU B E  I DR I N l< t N G  WATE R 
C U RV E  B Ill T U B E  I POLLU T E D  WAT E R  

C U R V E  C ... T U B E  5 DR I N K I N G  WAT E R  

C U R V E  D • T U B E  5 POLL� T E D  WAT E R  

1 0000: 

: goooi---,P:....++:.:J,..,r.L.1--=i --
� ' 
C 

' 

lll eooa1r---,r--t--+--+-� '> T U BE ® 

� / 

• 7000 '� ..
...... 

� 
( T U B E  0 

Z 600011-_J����:!l!k:C'...J / 

i ::1 r @ t ,� rs-:1 fl) 
fl) 

� 30001 I I I I I I ii CL 

� 2000L-l-�i--Jf:-:-::-:-:-i:----t-:71"-7 

� 1 0001 I I I ·• t.,rl I I C 

0o 10 20 30 40 50 60 70 
TEMPERATURE ,  DEGREES CENTIGRADE 
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·,,.® F I GURE 9 - EQU I LI B R I U M  OF 
OF A SU RFACE E XTEN D E D  BY 

I NT E R I OR PRESSU RE F I G U R E  I I  - BU B B L E 
CONT R ACT I N G  CO'N C E N T R I C A LLY F I G U R E  8 - T H E  A I R  P R E S S U R E  

WIT H I N T H E  B U B BLE FLOAT I N G  
I N  W AT E R  S ATURAT E D W I T H  A I R  
A T  ATMOSPH E R I C  P R E S S U R E  
ACQ U I R E S  EQ U I L I B R I U M  W IT H  

T H E  WAT E R  P R E S S U R E  A N D  
SUR FACE T EN S I O N  
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F I G U R E  1 0  - A I R  BU B BLES A D VA N C I N G  ALO N G  T H E  T H ROAT 
O F  A V E N T U R I T U B E .  l1 H E  P O I N T  TO T H E  R I G H T  I N D I C AT E S  

W H E R E  T H E Y  S U D D E N LY D I S A P P E A R  
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F I G U R E  1 5  - I M P A C� OF A H E M  I - SP H E R I C AL B U B B LE 
CO N T R A CT I N G  O N  A N  I N C O M P R ES S I B L E , W E I G H T LE S S  

S P H E R E  R E STi N G  I N  A SU R FA C E  CAV I T Y  
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