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From the t ime that Rayleigh published his book on the hydraulic implosion that accompanies the col -  
lapse of a cavitation bubble it was assumed that the erosion of a solid in contact with a cavitating liquid is 
caused by this collapse of this cavitation bubble which had been brought to a region of elevated p res su re  
f rom a region of reduced p re s su re s ,  where these bubbles had, in fact, been formed (by the "boiling up" of 
the liquid). 

In discussing the Kornfel 'd report  submitted to the Leningrad Physicotechnical  Institute in January of 
1940, the author of this paper  cr i t ic ized the standpoint (which Kornfel 'd himself  supported at that time) by 
contending that the erosion of solids resul t  not f rom the collapse of bubbles pass ing nearby,  but by the 
vibrations of the cavitating bubbles formed at the very  surface  of the solid mater ia l  (the screw) and which 
remain attached to that mater ia l  for a ra ther  prolonged period of t ime. 

The test  per formed in Kornfel 'd ' s  laboratory [1] in 1940 fully confirmed this concept. Fur ther  d i s -  
cussion of the problem of sc rew-prope l l e r  erosion and the appearance of cavitation leading to such erosion 
must therefore  be based on the above-elaborated ideas. As will be demonstrated below, such an approach 
also offers new paths for an effective approach to the control  of s c rew-prope l l e r  destruction.  

The Appearance of Cavitation Bubbles in a Liquid Volume and at the Surface of Solid Materials in 
Contact with that Liquid. As is well known, in boiling water  vapor bubbles are  not produced uniformly 
throughout the entire volume, but - in pract ical  t e rms  - only at the bottom and at the side walls of the con- 
ta iner  vessel .  Only on reaching a specific size do these vapor bubbles separa te  f rom the surface and enter  
direct ly  into the volume of the liquid. 

It goes without saying that the vapor bubbles can be generated direct ly within the liquid volume. This 
Wvolumet cavitation is, however,  encountered only with some more  or  less substantial superheating of the 
liquid, in the case in which dust part icles  or some other solid colloidal part icles  are suspended within the 
liquid and then, under conditions which make "surface  cavitation" difficult, i.e., the evolution of vapor  bub- 
bles at the walls of the container vessel .  We will examine these conditions in detail below. At this point 
we would make mention only of the fact that the evolution of bubbles at the surface  of finely fragmented 
part icles  suspended in a liquid essential ly is a surface cavitation phenomenon in the above-indicated sense,  
ra ther  than one of volume cavitation. 

The absence of, or  at least  difficulty in achieving, purely volume cavitation in a liquid heated to the 
boiling point or superheated is usually explained by the fact that the p res su re  p of the saturated vapor in a 
tiny bubble of radius r is smal le r  than over  the level surface of the liquid at the same tempera tu re  (pr162 
According to the famil iar  Thomson formula  

In P =  2a v 
p~ r kT  ' 

*The Frenkel '  ar t icle  on cavitation and its effect on the condition of s c rew-prope l l e r  surfaces  (equally ap- 
plicable to turbine buckets) has not been published before and was only recent ly  discovered in the archives .  
The publication of this paper,  not obsolete even today, and written in Frenkel ' s  charac te r i s t i c  lively and 
"phys ics-or ien ted"  manner,  will serve  not only as a sign of our respect  for the memory  of this remarkable  
Soviet scientist ,  but will se rve  also for fur ther  p rogress  in the resolution of this par t icular ly  important  
problem in the field of engineering; in this ar t ic le  Frenkel '  has proposed a possible approach toward the 
solution of this problem (The Editors) .  
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where ~ denotes the surface  tension of the liquid, and v denotes the volume per  1 liquid par t ic le .  Thus, for 
the nucleation of a bubble within a pure liquid we need ei ther  substantial superheating, or (given a specified 
temperature)  a substantial reduction in theouts ide  p re s su re  close to zero.*  

However, these considerat ions by no means exhaust the problem. Moreover ,  they contradict  the 
f i rmly established fact that liquids exhibit considerable strength,  i.e., the capacity to res i s t  omnilateral  
tensile forces  or,  in other words,  the capacity to withstand negative p re s su res  of great  magnitude. 

This fact is descr ibed in qualitatively c o r r e c t  fashion by the van tier Waals theory according to which 
the liquid i so therms,  given sufficiently low tempera tu res ,  contain segments of negative p res su re  (see Fig. 
1)o Fur the rmore ,  this fact is also confirmed by a number  of experiments  - f i rs t  per formed by Mueller in 
1912 - on the tension of m e rcu ry  enclosed in a sealed glass tes t  tube. 

As is well known, m e r c u r y  exhibits a coefficient of thermal  expansion that is substantially g rea t e r  
than that of glass .  As the test  tube together with the mercu ry  was cooled, the lat ter  should therefore  have 
"boiled up" through the generation of cavitation bubbles (discontinuities) within its volume or  at the wall; 
af ter  the appearance of the gaseous phase, the l iqu id-mercury  volume may change regard less  of the change 
in the tes t - tube volume. This "boiling up" was actually found in Mueller 's  experiments ,  but not when the 
p re s su re  within the test  tube dropped to zero (because of the tension inthe mercu ry  filling the tube), but 
only when it reached a level of approximately minus 100 aim. The mercu ry  underwent no volume discon-  
tinuity (volume cavitation) in this case,  but separated f rom the glass wall at some point, and a m e r c u r y -  
vapor bubble was formed there instantaneously. This separat ion is accompanied by a c lear ly  audible sound 
(a c rack  or  a ring). 

The phenomena descr ibed here  were found only when the mercury  had been repeatedly purified in ad- 
vance through distillation to remove dust and all types of colloidal par t ic les ,  and after  the vessel  walls had 
been repeatedly cleansed inhydrochlor ic  acid and after  the normal  contaminating coatings had been removed.  
Under such conditions, the m e rcu ry  exhibited its charac te r i s t i c  internal s trength,  exceeding 100 aim, and 
on reaching this level, it exhibited its charac te r i s t i c  bonding strength (adhesion) with the glass walls of the 
vessel  in which it is contained. 

Of course ,  these phenomena do not represen t  anythingunique with regard  to mercu ry  or the glass with 
which it is in contact.  These phenomena must be encountered in the case of any liquid in contact with any 
solid mater ia l  when the above two conditions are satisfied: 1) removal  of dust par t ic les  and other  colloidal 
par t ic les  at whose surface  the boiling up of the liquid is possible; and 2) thorough cleansing of the wails to 
remove adsorption layers  which reduce the bonding strength between these wails and the liquid. 

Thus we see that the boiling up of a liquid with a drop in p res su re  to zero and beyond, to negative 
values,  is made difficult not only by the drop in the p re s su re  of the saturated vapor in the bubbles being 
formed,  as specified by the Thomson theory (a capi l lary drop in vapor pressure) ,  but by the capability of 
the liquid to withstand substantial  negative p r e s su re s  without discontinuity (without "internal cavitation") 
and the ability to adhere s t rongly to the surfaces  of solid mater ia ls .  The general ly  held view to the effect 
that dust par t ic les  facilitate the boiling up of a liquid because they reduce the initial curvature  of the bubbles 
forming on their  surfaces  and thus, according to the Thomson theory,  ra i se  the initial vapor p res su re  with- 
in these bubbles must be regarded as incor rec t  or, at the ve ry  least,  as only part ial ly co r rec t .  Indeed, 
f rom this standpoint vapor  bubbles should be formed on the fiat surfaces  of the vesse l  walls without any 
superheating of the liquid or they should form as soon as the p r e s s u r e  drops to that of the saturated vapor  
( p J  over  the fiat surface.  Indeed, as demonstrated by the Mueller experiment,  bubbles need not form with 
a drop in p res su re  beyond zero,  all the way to tens and perhaps even hundreds of a tmospheres .  The effect 
of the dust -par t ic le  sur faces  on the boiling up of the liquid is consequently not governed by geometr ic  fac-  
tors ,  i.e.,  it is not governed by the initial curvature  of the bubbles, but by physicochemical  factors  which 
determine the bonding strength between the liquid and the surface of the solid material ,  which is achieved 
without regard  to the curvature  of that surface.  

We should take note of the fact that f rom a purely thermodynamic standpoint the state of the liquid 
under tension cannot be regarded  as stable. It is not difficult to prove that as the liquid separa tes  f rom the 
walls of the vesse l  subjecting the liquid to tensile forces  and as the newly freed volume is filled with a 

*Its l imit value can be calculated f rom the previous formula,  if we assume there  that r ~ v 1/3. In the case 
of water  at room tempera ture  (T = 300, ~ = 100, vl/~ = 2 �9 10 -8) this yields ln(p/pr162 = 200 �9 4 �9 10-16/10 -1~ 
= - 4 ,  i.e., p = pr162 Fur ther  details in this connection can be found in the paper by Doring [2]. 
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Fig. 1. 

Fig. 2. P r e s s u r e  of incompressible  fluid near  vacuum bubble versus  distance f rom it at various 
stages of bubble existence (from origin to break). 

Fig. 3. Time-dependence of bubble radius.  

saturated vapor exhibiting a cer ta in  positive p res su re  (depending on the temperature) ,  the free energy of 
the entire sys tem or, more accurately ,  its thermodynamic potential diminishes.  However, this t ransi t ion 
can be achieved only through cer ta in  intermediate states associated with a r i se  in the free energy,  in which 
case the potential b a r r i e r  separat ing the original state f rom the final state is so great  that the original state 
is vir tually stable ("metastable") .  

For  simplici ty,  we propose that the vessel  volume V remain  constant as the liquid separa tes  f rom its 
walls.  We will denote by V a the volume occupied by the liquid af ter  its separat ion,  while V b will denote the 
volume occupied by the vapor that is formed,  i.e., V - V  a. Fur the rmore ,  M and M a will denote the mass of 
the liquid pr ior  to and after  separation; M b = M - M  a denotes the mass of the vapor.  The thermodynamic 
potential of the l i qu id -ves se lwa l l  sys tem pr ior  to separat ion is equal to 

r  = M~.  (p,, T) + S~, 

where S denotes the inside surface of the vessel ;  a denotes the surface tension of the boundary separat ing 
the inside surface f rom the liquid; and (Pa(Pl, T) is the specific thermodynamic potential (i.e., r e fe r red  to 
unit mass) of the liquid at the initial (negative) p r e s su re  Pt. After separat ion,  the potential of the liquid 
- v a p o r - v e s s e l  wall sys tem (given the same tempera ture  T) is equal to 

r = M ~  (P2. T) + Mb% (P2, T) + Saa +Sb~ + s~, 

where r denotes the specific potential of the vapor;  Sa, Sb, and s are,  respect ively,  the contact surfaces  
between the liquid and the wall, between the vapor and the wall, and between the vapor and the liquid, while 
a, fi, and y are  the corresponding surface tensions.  

Since the specific potentials of the vapor and the liquid must be equal when these mater ia ls  are  in 
equilibrium, we have 

MJPa (P2. T) + Mb% (Pz, T) = M~a (Pz, T). 

The change in the potential of the entire sys tem on separat ion of the liquid f rom the vessel  walls is conse-  
quently equal to 

r  - -  r = M [(pa (p~, T) - -  qD a (p~, 7")] - -  S b (8 - -  a) - -  sy. 

Denoting the difference P2-Pl by Ap (when the saturated vapor  p res su re  P2 is small ,  this quantity is 
vir tually equal to the absolute value of the initial negative pressure)  and if we assume that quantity not to be 
too great ,  we have approximately 

1 0z~a 2 q~a(Pi, T)--~b (P, T) = - O q ~ a  ap+-~---~p, p(Ap) . 
Op p, 

The derivative O(pa/Op is equal to the specific liquid volume Va, while D2q~a/Dp 2 = OVa/O p is equal to the 
product of the lat ter  by the compress ibi l i ty  factor  u .  

Thus, 
V •  

r162  = --  V IAp[ + -~ IAPl~-- Sb (~ - -a ) - - su  
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Since the overall  volume of the sys t em remains  unchanged, it is advisable, in the place of the t he rmo-  
dynamic potential, to consider  the free energy F - ~ - pV. The change in this quantity in this case turns 
out to be equal to 

F~ - -  F 2 = 1 • (hp) 2 - -  S o ([~ --  a) - -  sy. (1) 
2 

The f i rs t  t e r m  in the right-hand member  is the elast ic energy of the liquid under tension. The last  two 
t e rms  determine the change in the free energy of the wall on exposure of the surface portion S b ear l ie r  
covered with the liquid, and they also determine the free energy of the newly formed liquid - v a p o r  s u r f a c e  
These are  obviously smal l  in compar ison with the f i rs t  t e rm,  provided the vesse l  volume is not too small .  
The change in the potential ~ consequently reduces  to the virtual liquidation of the energy of the elastically 
s t re tched liquid, as was to be anticipated. 

We can now turn to an examination of the conditions which govern the bonding energy between the 
liquid and the solid walls. This problem is of decisive importance for the clarif icat ion of the factors  af-  
fecting the appearance of surface  cavitation, and for determining means of combating the erosion of solid 
mater ia ls ,  where this erosion is a resul t  of cavitation. 

This bonding energy can be measured either by the force (per unit area) needed for the separat ion oi 
the liquid f rom the surface of the solid mater ia l ,  i .e.,  by the maximum negative p re s su re  needed for  the 
destruct ion of this bond (APmax), or  by the work which must be expended in this case,  i.e., by the increase  
in the free energy per unit surface .  

With removal  of the liquid f rom the surface  of the solid material  through a distance 6 on the o rder  of 
the radius of the sphere of molecular  action, the increase  in the free energy per  unit surface is equal to 

~ = ~ + ~ - - a .  (2) 

This quantity can be equated to the product of the force APmax by the distance 6. We thus obtain the 
following formula  for the approximate evaluation of APmax: 

APma x q -~ -~-. (3) 

We note that in entirely analogous fashion we can evaluate the force (the negative pressure)  which must be 
applied to cause the actual separat ion of the liquid; here  we need only t rea t  cr as the quantity 2y, i.e., the 
doubled surface  tension of the liquid. For  water  in contact with some solid mater ia l ,  assuming cr "~ 100 
e r g / c m  2 and ~ m 3 .10  -8 cm, we have 

APmax ~ 3" 109 dyn/cm 2= 3000 kg/cm z, 

i.e., about 3 thousand arm. This theoret ical  value for the force of liquid (water) adhesion with the solid wall 
is markedly exaggerated (by a fac tor  of approximately 100) relative to the values which can be found ex- 
per imental ly ,  at least  under s tandard conditions. This contradiction between theory and experiment is 
quite analogous to the contradict ion found by Ioffe in 1924 in comparing the theoret ical  strengths of solids 
re lat ive to the breaking force (on the o rder  of severa l  hundred k g / m m  2) with the comparat ively  low strengths 
found in actual pract ice .  This la t ter  contradict ion is explained, as is well known, by the existence of in- 
homogeneit ies and, par t icular ly ,  by surface  cracks  at whose edges s t r e ss  concentrat ion is found - a  con-  
centrat ion which approaches the theoret ical  ul t imate s trength and leads to the breaking up of the mater ia l  
through the gradual development (enlarging) of c racks .  

A s imi la r  mechanism may be used to explain the compara t ive ly  low bonding strength between the 
liquid andthe solid mater ia l .  However, here  the role of the c racks  must be taken by the places c h a r a c t e r -  
ized by par t icu lar ly  low values for the theoret ical  strength,  i.e., "the adhesion energy" e. Beginning at one 
such "weak" point, the separat ion of the liquid f rom the solid mater ia l  must rapidly expand as a resul t  of 
the boiling up of the liquid, i.e., the formation of a cavitation vapor bubble. If the la t ter  does not separate  
f rom the surface during the initial stage of its development, this development will lead to the separat ion of 
the liquid over the entire surface  of contact with the solid mater ia l  or,  in any case,  over a macroscopic  
portion of the surface.  

The problem of strengthening the bond between the liquid and the solid and the problem of eliminating 
or,  at least ,  reducing the sur face  cavitation thus reduces  to the elimination of these "weak spots,  ~ c h a r -  
acter ized by par t icu lar ly  low values for the adhesion energy.  
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Prec i se ly  what are  these weak spots? It is natural  to assume that when metals come into contact 
with water  such spots are  those segments of the solid surface that are  covered with adsorption layers*  
of hydrophobic substances.  Such substances include, as we know, the various organic mater ia ls  containing 
the hydrocarbon groups,  in par t icular ,  for example, cer ta in  sur face-ac t ive  substances (adsorbent on the 
free surface  of the water ,  serving to reduce its surface  tension). The molecules of such substances are  
general ly made up of the hydrophobic group ("residues") and f rom the active group (carboxyl COOH, hy-  
droxyl OH, etc.), which exhibit a s t rong affinity for water  and becomes immersed  in the water ,  whereas 
the hydrophobic "residue" stays on the surface (in the form of a float). 

On introducing such substances onto the surface of separat ion between the water  and the metal we 
find that, as a rule,  such sur face-ac t ive  substances should weaken the bond between the water  and the metal 
surface,  since hydrophobic molecular  skeletons are  situated between the metal surface and that of the water,  
whereas  the active ends attach themselves to the metal surface (to which they are  at t racted even more 
s t rongly than to the water) .  

However, it is possible to select  substances whose molecules exhibit a hydrophobic s tem and two 
active ends, one of which exhibits s t rong affinity for water,  while the other exhibits a s t rong affinity for 
the metal.  When a substance of this type is introduced into an aqueous solution it must be adsorbed at the 
boundary of separat ion between the water  and the metal in the form of a monolayer capable of strengthening 
the bond between them. 

Talmud [3] proved the existence of a large number  of substances capable of functioning as a "molec-  
ular  solder"  between two solid mater ia ls  such as, for example, metal and paraffin; he demonstrated that 
this "so lder"  is achieved in the form of a monolayer  situated between the surfaces  of the two solids and 
bonds one to the other.  In the Talmud experiment the substance forming the solder  between the paraffin 
and the metal was introduced into molten paraffin f rom which it was adsorbed at the surface of contact with 
the metal, and here  it remained in the form of a monomolecular  layer  (monolayer) during the hardening 
of the paraffin. A discontinuity formed within the paraffin when an attempt was made to tear  away the 
lat ter  f rom the metal, and the strength of the paraffin was thus reduced relative to the strength with which 
it was bonded to the metal surface.  

It was also found that cer tain soaps can function as a "molecular  solder"  between water  and solid 
mater ia ls  (glass, metals).  

Thus we see that while a number  of organic substances weakly soluble in water  - in par t icular ,  fatty 
acids and other sur face-ac t ive  substances - in the case of adsorption at metal surfaces  weaken the strength 
of the bond between the metal and water  (thus facilitating the appearance of surface cavitation), a number  
of other  organic substances whose molecules exhibit two active ends can, conversely,  be used to strengthen 
this bond. 

Hence it follows that to reduce surface cavitation in water  we must remove organic contaminants of 
the f i rs t  kind f rom the metal surfaces  and, where possible,  to replace them with substances of the second 
kind, capable of functioning as a molecular  solder.  

As demonstra ted by the Frumkin experiments [4], organic contaminants can be removed f rom the s u r -  
face of a metal in contact with an electrolyte solution by the introduction between these of a potential d i f fer-  
ence on the order  of 0.5-1 V (of any sign). Since sea water  is a r a the r  concentrated electrolyte  solution, it 
is c lea r  that a possible means of combating erosion in screw propel lers  - since it is governed by surface 
cavitation - is a low-voltage (on the order  of half a volt) al ternating current  and a ra ther  high frequency 
f rom the screw propel ler  or its most vulnerable surface portion to the wa te r . t  

It goes without saying that the use of this method involves substantial s t ruc tura l  difficulties associated 
with the need to insulate the appropriate  portions of the propel ler  f rom the shaft and hull of the vessel .  

If this method is impract ical  or insufficiently efficient, we must attempt another method - t h e  coating 
of the propel ler  surface  with substances of the second kind (to ra ise  the bonding strength) provided that they 
are  capable of expelling the substances of the f i rs t  kind (lowering the bonding strength) and that they r e -  
main ra ther  strongly bound to the propel ler  surface.  

* In par t icular ,  with layers  only one molecule in thickness.  
tWith direct  cur rent  the propel le r  surface,  or  the water ,  would undergo e lec t ro lys is .  
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The p r a c t i c a l  solut ion of these  p rob l ems  is ,  of cou r se ,  imposs ib l e  exc lus ive ly  on the level  of theo-  
r e t i c a l  cons ide ra t ions .  It r e q u i r e s  fundamental  r e s e a r c h  that is pure ly  expe r imen ta l  in na tu re .  

We now have to turn  to an examinat ion of the p r ob l e m  re la t ing  to the appearance  of su r f ace  cavi ta t ion  
bubbles  and to the mechan i sm of t h e i r  de s t ruc t i ve  (erosive) effect .  

As r e g a r d s  the format ion  of bubbles ,  this  
of a sol id  by a flow of a l iquid under  condit ions 
a negat ive  p r e s s u r e ;  and 2) by v ib ra t ions  of the 

In the f i r s t  case ,  the p rob l em of zones of 
equation 

may be governed by two d ive r se  fac tors :  I) the s t r e a m l i n i n g  
in which a reduced p r e s s u r e  is developed,  and in p a r t i c u l a r ,  
so l id  and liquid s u r f a c e s .  

bubble format ion  is solved by appl ica t ion  of the Bernoul l i  

_pp + I__ u2 = const (3a) 
p 2 

to the l iquid flow s t r e a m l i n i n g  the sol id  su r face  (p is the p r e s s u r e ;  p is the l iquid densi ty;  u is the veloci ty  
of the l iquid with r e s p e c t  to the sol id) .  Equation (3a) should be applied in this case  to the boundary l a y e r  
of the l iquid, without making any p rov i s ion  for  the v i scos i ty  of the l a t t e r  and the ex is tence  of a Prandt l  
wall  l a y e r  in which the ve loc i ty  d rops  f rom the above- ind ica ted  value to ze ro ,  s ince  this  drop is not r e -  
f lected in the magnitude of the p r e s s u r e  in the d i rec t ion  norma l  to the su r face .  

In the second case ,  we must  p roceed  f rom the following e xp r e s s i on  for  the p r e s s u r e  ampli tude:  

5p = pcAu, (4) 

where  Au denotes the ampl i tude  of the ve loc i ty  of the l iquid or  the sol id  at the sur face ;  p is the l iquid den-  
s i ty;  and c is the speed of sound within the l iquid.  Denoting the ampli tude of the o s c i l l a t o r y  d i sp lacement  
of this  su r face  by a, and the osc i l l a t ion  frequency by v, we have 

hu ~ 2~va 

and consequent ly ,  

Ap = 2~vcpa. 

When v = 104 see -1, c = 1 05 e m / s e c ,  p -- 1 g / c m  3, and a - 10 -3 cm this formula  y i e lds  

Ap=6.104. 105. l0 -~ -- 6.10 ~ dyn/cm 2 = 6 atm. 

Thus in the case  of a "nonsepara t ion"  v ib ra t ion  of the l iquid,  it should exper ience  negat ive  p r e s s u r e  up to 6 
a im.  It is na tu ra l  that  under  no rma l  condi t ions,  i .e . ,  with ex i s tence  of points of reduced  bonding s t rength  
between the l iquid and the sol id  su r face ,  such nonsepara t ion  v ibra t ions  of the l iquid could not take place  
and the v ib ra t ion  of the so l id  would n e c e s s a r i l y  lead  to the format ion  of cavi ta t ion bubbles ,  if not over  the 
en t i r e  su r face ,  then at l e a s t  over  some por t ion of it .  

Fo r  purposes  of compar i son ,  we note that  when p = 0 in the case  of u = 0 the Bernoul l i  equation (3) 
would lead to the e s t ab l i shmen t  of a negat ive  p r e s s u r e  of 6 a tm for  those su r f ace  segments  in which the 
ve loc i ty  of the l iquid flow were  to a t ta in  va lues  of 

1/2 
(2.6.10 e) ~3.103cm/sec = 30 m/sec. 

We see f rom this  compa r i son  that  the v ibra t ion  of the sol id  and, in p a r t i c u l a r ,  the v ib ra t ion  of a p r o p e l l e r  
b lade ,  is an ex t r eme ly  s igni f icant  fac tor  in the development  of su r face  cavi ta t ion,  and in any event it is no 
l e s s  s ignif icant  than s t r e a m l i n i n g  at ve loc i t i e s  on the o r d e r  of tens of m e t e r s  pe r  second.  However ,  while 
s t r e a m l i n i n g  can compete  with v ib ra t ion  as a f ac to r  governing the appea rance  of su r face  cavi ta t ion bubbles ,  
it is to ta l ly  ineffect ive with r e g a r d  to the v ib ra t ion  of these  bubbles ,  which, as was shown above, is a fac tor  
d i r e c t l y  r e spons ib l e  for  the e ros ion  of the sol id  su r face .  The v ibra t ion  of the su r face  bubbles  is pos s ib l e  
only when both the sol id  and its s t r e a m l i n i n g  l iquid exper i ence  v ib ra t ions .  

Hence it follows that the su r face  cavi ta t ion  of wa te r ,  on ro ta t ion  of a s c r ew p r o p e l l e r ,  would be en-  
t i r e l y  h a r m l e s s  if the ro ta t ion  of the p r o p e l l e r  could be accompl i shed  without any v ib ra t ion  whatever .  

Unfor tunately ,  it is ha rd ly  l ike ly  that  this  condit ion can be sa t i s f i ed .  In conjunction with the hull of 
the v e s s e l  and the wa te r ,  the p r o p e l l e r  makes  up a s e l f - o s c i l l a t o r y  s y s t e m  whose v ib ra t io  n - p a r t i c u l a r l y  
at high speeds  of p r o p e l l e r  ro ta t ion  and v e s s e l  motion - cannot be en t i r e ly  e l imina ted .  
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Fig. 4 Fig. 5 

Fig.4.  Bubble oscillation at solid surface body (dashed 
line, expansion phase; solid line, compress ion  phase). 

Fig. 5. Schematic dependence of p r e s su re  at solid body 
surface on distance f rom center  of bubble at the surface 
at the instant of maximum bubble compress ion .  

Nevertheless ,  these considerat ions show that even partial  reduction in propel ler  vibrations (for ex- 
ample, by eliminating par t icular ly  dangerous resonance frequencies) should reduce the erosion associated 
with cavitation, if it cannot weaken the lattero 

We can now turn to an examination of the erosion mechanism generated by the vibrations of surface  
cavitation bubbles. These vibrations must be generated in approximately the same manner as those of the 
volume cavitation bubbles situated at some distance f rom the boundaries of the liquid. In the case of low- 
amplitude vibrations for which the p re s su re  in the liquid remains  positive the entire t ime, as is the case 
in a gas (or vapor) filling these bubbles, the vibrations of the la t ter  are  purely l inear (harmonic) in nature,  
a fact which is expressed by the reduction in p res su re  with a maximum expansion of the bubble that is 
equal to the increase  in p r e s su re  with maximum compress ion  of the bubble. 

With an increase  in the amplitude of liquid vibrat ions,  the bubble vibrations become increasingly a s y m -  
metr ic ,  and they distort  the vibrations of the surrounding liquid ever  more intensively. When the amplitude 
of the p res su re  oscillations in the liquid becomes so substantial at great  distances f rom the bubble that in 
the half-period of liquid s tretching the p ressu re  within the liquid attains negative values, the bubble within 
which the p r e s s u r e  must remain positive throughout the entire period of t ime expands much more  markedly 
than it is compressed  in the second half-period.  On compress ion  of the bubble the liquid tends toward its 
center  and, decelerat ing sharply,  develops p re s su res  near  and within the bubble that are many hundreds 
and even thousands of t imes g rea te r  than the average maximum p re s su re  at points in the liquid distant f rom 
the bubble. Fixing a bubble to the surface of a solid exerts  no significant effect on the nature of its v ib ra -  
tions, only slightly weakening the intensity of the hydraulic implosions experienced by the metal surface 
in the bubble zone and its immediate surroundings.  

In the case of a vacuum bubble of an incompressible  liquid, examined by Rayleigh, the p res su re  d i s t r i -  
bution near  the bubble on compress ion  of the la t ter  can be represented by the following ser ies  of curves 
(where 0 corresponds  to the initial state and ~ corresponds  to the instant of bubble collapse).  

The formation of a p r e s su re  maximum near  the bubble (in whose cavity the p re s su re  remains  equal 
to zero) is associated with pronounced decelerat ion of the liquid, caused by the reduction in the volume 
which it seeks to fill. At the instant of bubble collapse this p ressu re  maximum concentrates  at the center  
and reaches infinity. 

If the liquid were in fact incompressible  (and inviscid), the matter  would not end here.  Because of 
the law of conservat ion of energy and the principle of revers ibi l i ty  of motion, the velocity for all points of 
the liquid at the instant of bubble contract ion to zero  should change, its centripetal  flow should be replaced 
by centrifugal flow, and the compress ion  of the bubble should be replaced by its expansion, with exact r e -  
production of the above pattern of p r e s su re  distribution, but in r eve r se  sequence. This resul t  can be il-  
lustrated by the dropping of a solid sphere onto a solid horizontal  surface f rom which it should bounce to 
the same height f rom which it fell, if a portion of the energy - on impact - did not convert  into the energy 
of elastic vibrations of both mater ia ls  (i.e., into sound and heat). In considering the elast ici ty (compres-  
sibility) and thermal  conductivity of the liquid, we find that a portion of the kinetic energy picked up by the 
liquid as it compresses  the bubble is dissipated in the form of heat and sound waves. Therefore ,  following 
the collapse of the bubble, it no longer expands to its original dimensions,  and its vibrations are gradually 
attenuated. The approximate variat ion in bubble radius with t ime is shown in Fig. 3, f rom which we see 
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that the vibration period is constantly reduced together  with the amplitudes of these vibrat ions.  As the bub- 
ble contracts  to zero,  the p r e s s u r e  maxima should remain permanently infinite. Indeed, a bubble filled with 
a gas dissolved in the water  and with water  vapors  does not contract  to zero,  but to some finite magnitude. 
This cor responds  to a finite value for the p re s su re  peaks, gradually diminishing as the bubble vibrations 
are  attenuated. It was demonstrated above that the thermal  effects associated with these vibrations should 
lead to extremely rapid attentuation of the vibrations and may even entirely eliminate the osci l la tory p ro -  
cess  (an aperiodic regime).  This is the reason that in the absence of external forces  capable of maintaining 
the bubble vibrations these ~free" or  "natural" vibrat ions cannot yield a significant mechanical  effect, even 
if the bubble is in the immediate vicinity of a solid surface or sit direct ly on that surface.  

An entirely different picture is found in the case of forced bubble vibrations caused by or supported by 
periodic oscillations of p r e s su re  in the surrounding liquid - b y  oscillations which in turn are associated 
with the vibrations of the solid mater ia l .  Of par t i cu la r  significance in this case is the resonance condition, 
i.e., the coincidence of the vibration period with the periods of the free bubble vibrations (or one of its h a r -  
monics).  In this case the vibration amplitude of the bubble may attain a very high magnitude and the p r e s -  
sure  peaks both at the surface of contact between the bubble and the solid material  and, in par t icular ,  near  
such a surface,  may prove to be sufficiently high to resul t  in the destruct ion of the surface  layer  (of even the 
solid mater ia l  itself) within a very  br ief  period of t ime (as a consequence of "fatigue"). 

It should be noted that in the case of rapid vibrations the c i rcumference  about which the bubble is in 
contact with the solid mater ia l  may be regarded as constant,  so that the bubble vibrations can be reduced 
to the swelling and compress ion  of the surface in contact  with the water  that is rest ing on that c i rcumference  
(Fig. 4) (the solid line corresponds  to compress ion ,  and the dashed line corresponds  to the expansion of the 
bubble; the c i rcumference  radius r remains  constant). 

The constancy of this c i rcumference  follows f rom the famil iar  phenomenon of wetting hys te res i s ,  or  
of the boundary corner ,  whose equilibrium value can be established only comparat ively  slowly. With con-  
stant r the p r e s s u r e  peaks at the instant of g rea tes t  bubble compress ion  (i.e., minimum value for bubble 
"height," h = hmin) should be somewhat weaker  in compar ison with the case in which the bubble experiences 
omnilateral  compress ion ,  since the decelerat ion of the liquid associated with the constr ict ion of the flow 
near  the bubble in the case of omnilateral  compress ion  is more  pronounced than in the case under con- 
sideration,  where the compress ion  passes  at the l imit to a unilateral  form, and the decelerat ion is governed 
exclusively by the compress ion  of the gas in the bubble. However, even in this case this p r e s su re  may be 
quite high, especial ly because the compress ion  of the bubble is initially omnilateral  in nature (given its sub-  
stantial convexity). 

The p r e s s u r e  distribution at the surface  of a solid material  at the instant of the maximum, i.e., the 
greates t  bubble compress ion ,  is shown schemat ical ly  in Fig. 5. 

The p res su re  maximum, in pract ical  t e rms ,  should not be found within the bubble itself, but at some 
distance from its edge, just as in the case of the omnilateral  compress ion  examined by Rayleigh. In the 
negative phase, i.e., at the instant of g rea tes t  bubble expansion, the p re s su re  within the bubble should drop 
vir tually to zero,  whereas the p re s su re  in the surrounding liquid and, in par t icular ,  at the surface of bubble 
contact with the metal, it may assume negative values.  It is possible that during the negative phase the 
edges of the bubble will be able to shift apart  somewhat,  re turning to their  original position on completion 
of the positive phase. 

Ea r l i e r  we considered the condition for the appearance of surface bubbles and the nature of their  
vibrat ions,  but we failed entirely to touch on the problem of the duration of their  existence (which for the 
specified amplitude governs their  destruct ive effect, nor  did we consider  the factors  involved in bnbble 
breakup). 

Surface bubbles should originate as a mass at the weak spots of a vibrating (or streamlined) surface.  
Here they attain cer tain averge dimensions which are  governed by the vibration amplitude (or speed of flow), 
as well as by the vapor  p r e s su re  and the amount of gases dissolved in the water .  The problem of the re la -  
tionship between bubble dimensions and the above-enumerated  factors  requires  special  investigation, which 
we have not yet  undertaken. 

The Kornfel 'd experiments  show that individual bubbles can move away f rom the surface  and merge 
with each other.  If the vibration period of the la rges t  bubbles formed in this manner is randomly close to 
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the vibration period of the solid mater ia l  and that of the surrounding liquid, the bubbles will undergo pa r -  
t icular ly  intensive vibrations which will lead to erosion effects. The bubbles, in this case, may break apart  
again or separate f rom the surface.  Such separation may also be experienced by weakly vibrating non- 
resonance bubbles, provided the dimensions of these bubbles are sufficient for their  lift force to overcome 
the force with which they are  held to the surface. 

All of this requi res  thorough study. 

Of significant interest  with regard  to this problem is the question of the various kinds of secondary  
effects which occur  within cavitation bubbles, as well as in the immediate vicinity of the bubbles (at the 
boundary between the solid mater ia l  and the liquid). 

One of the most  interest ing side effects associated with cavitation in water  is the formation of free 
oxygen or  the hydroxyl, which leads to various oxidation react ions.  The existence of such react ions on pas-  
sage of ul t rasonic oscillations through the water  (for example, the luminescence of phenobarbital dissolved 
in water,  the reduction in the v iscos i ty  of polymer  solutions because of their  depolymerizat ion under the 
influence of oxygen, and many others) has been established by a number of r e sea r che r s ,  in par t icular  [5]. 
The fact that the react ions are not the direct  resul t  of the ultrasonic oscillations,  but brought about only 
indirectly by the cavitation bubbles which ar i se  under the influence of these oscillations is proved, by the 
fact that the chemical  effects cease when the average liquid p r e s s u r e  is ra ised to two or more a tmospheres  
(depending on the intensity of the oscillations).  As regards  tile mechanism involved in the chemical  r e a e -  
tions under the action of cavitation, the author in [6] indicated that this mechanism reduces to electr ical  
d ischarges  which pass through the cavitation bubbles at the instant that they are  formed.  These discharges  
may resul t  in the dissociat ion of molecular  oxygen, the formation of hydrogen peroxide, etc., e i ther  direct ly,  
or  through a photochemical procedure ,  since these discharges  must be accompanied by the emiss ion of u l t r a -  
violet r ays .  

It was assumed in [6] that the cavitation bubbles in wh ieh electr ical  microdischarges  take place are  formed 
within the liquid volume inthe form of gradually expanding lenses. However, it is present ly  regarded as more  
probable that these bubbles are formed at the surfaces  of solid mater ia ls  and that the subject effect, roughly speak- 
ing, conventional electr i f icat ion as a resul t  of contact, friction, or the separat ion of various mater ia ls .  

As is well known, a double e lectr ic  layer  exists between a metal and an electrolyte,  such as that formed by 
ordinary fresh water  and, in par t icular ,  by sea water,  with a portion of that layer  in direct  contact with the 
solid mater ia l  (the Helmholtz double layer), and the other portion a diffusion layer.  This last layer  is 
formed,  on the one hand, by the surface of the metal charged with e lec t r ic i ty  of some sign (usually negative), 
and on the other hand, by a ra ther  thick liquid layer  in which charges  of the opposite sign prevail.  Thethiek-  
ness of this layer  (Stern or  Debye) is the smal ler ,  the g rea te r  the average concentrat ion of ions of either sign 
in the water  (i.e., the g rea te r  the e lect r ical  conductivity of the latter),  and it eanbe calculated f rom the formula  

5 = 1 /  ~kT 
V 

where ~ is the die lect r ic  constant of the water; ~-e is the ion charge; n is the average ion concentration at 
a great  distance f rom the metal. Assuming that n ~ 101~ cm -3, which corresponds  approximately to f resh  
water  (for salt water  n ~ 1018-1019), and e = 80, we have 

5--  9 / 4.10-14 =4.10_7cm. 
5-10 -s [ 10" 

The potential jump between the metal and the electrolyte usually amounts to 0.1-1 V. Taking the lower 
limit, for  the average value of the e lec t r ic- f ie ld  strength in the diffusion double layer  we have 

0.1 
E -- ~. 2.10 ~ V/era. 

4.10-7 

This field is retained in the cavitation space when the water separates  f rom the metal, corresponding 
to the surface density ~ of the charge on the metal (according to the formula  E = 47rrl), and this density should 
obviously not change as the water  separates  f rom the surface,  since it is offset by an opposite charge in 
the surface layer  of the water.  When the cavitation space (initially in the shape of a lens) is filled with wa- 
ter  vapor and with gases dissolved in the water,  an electr ic  spark should jump across  this space, provided 
the thickness h of the cavitation lens is at least several  t imes g rea te r  than the mean free path of the e lec-  
t rons in the gas filling the space. Thus, for  example, in the case of water  vapor at room tempera ture  (a 
p re s su re  of 50 mm Hg) this path is approximately equal to 10-5-10 -4 cm. The e lectr ic  breakdown of the 
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cavitation lens will consequently occur  as soon as its thickness reaches 10-4-10 -3 em. This value is com-  
pletely commensura te  with the experimental  data on bubble dimensions for bubbles which are formed on 
surface cavitation. The lateral  dimensions (diameter) for these bubbles are  even g rea te r  in magnitude 
- on the o rde r  of 10 -2 era. 

We should take note of the fact that for the passage of the electr ic  discharge through the gas filling 
the bubble the la t ter  must grow with sufficient speed, since otherwise the discharge will pass within the 
liquid surrounding the bubble (the potential of var ious points in the liquid on separat ion f rom the metal will 
grow in direct  proport ion to the distance of these points f rom the surface of the metal). 

The t ime required for this "liquid" discharge is determined by the time of liquid relaxation 

T - -  

4 g ( 7  

where a is the e lect r ical  conductivity of the liquid. In the ease of fresh water  with the above-indicated ion 
concentrat ion,  in o rder  of magnitude, this time is 10 -l~ see.  The rate  of surface-bubble formation,  i.e., 
the velocity with which the liquid surrounding the bubble moves away f rom the solid surface,  must thus be 
on the o rde r  of 10-4/10 -1~ = 10 ~ c m / s e c ,  i.e., on the o rde r  of the speed of sound propagation in a liquid. 

For the question of in teres t  to us in connection with the erosion of screw propel lers  the mic rod i s -  
charges which occur  in surface  cavitation are  extremely significant, since the active (atomic) oxygen formed 
as a resul t  of these discharges  must be responsible for the cor ros ion  of the metal surface and this will 
facilitate its fur ther  destruct ion under the effect of p r e s su re  oscillations within the bubbles themselves .  
To reduce this effect, the metal surface  must be coated with ant icorrosion films; however,  we must bear  
in mind that here  it is neces sa ry  to strengthen the bond between the water  and the film covering the metal 
so as to reduce the overal l  cavitation effect. 

The reduction in the sparking associated with surface cavitation can also be achieved through an a r t i -  
ficial increase  in the e lectr ical  conductivity of the water  flushing the metal, and this is done through the 
introduction of an additional potential difference (on the order  of 0.1-1 V) to offset the natural  potential jump 
between the water  and the metal or,  finally, through the reduction of this jump by means of some special  
coating. 

The chemical  effects experienced by the metal surface (the screw) as a resul t  of the sparking a s so -  
ciated with surface  cavitation cannot resul t  in the destruct ion of the metal, but they do facilitate this de-  
s t rue t ionunder the  action of mechanical  forces  (pressure peaks). To some extent, they thus determine the 
"induction," i .e. ,  the t ime during which the metal is not subject to the destruct ive action of a mechanical 
agent (pressure oscillations).  

With regard  to the effect of this agent, it is not limited to simple action on the metal surface,  leading 
to destruct ion as a resul t  of fatigue. Penetrat ing into the c racks  formed at the surface as a result  of sepa-  
ration of coordinated layers ,  the water  exerts  a "wedge-like" effect which, as was demonstrated in [7], 
catas t rophical ly  acce lera tes  the p rocess  of destruction.  

Summarizing all of the above, we see that the effort to combat the erosion of screw propel lers  must 
proceed along the following lines: 

1. To increase ,  as much as possible,  the adhesion of the water  to the surface of the propel ler :  a) by 
coating it with appropria te  "adhesives;"  b) by removing all contaminants which normal ly  reduce the adhesion 
of the water ,  e.g., with the aid of a (variable) voltage on the o rder  of 1 V between the propel ler  and the wa-  
ter .  

2. To reduce sparking in surface cavitation: a) by increasing the conductivity of the water near the 
propel ler  or b) by liquidating the natural  contact potential jump between the water  and the metal. 

3. To reduce propel le r  vibrat ions,  since only in the presence  of such vibrations cm~ surface  cavi ta-  
tion lead to erosion.  As regards  the methods of combating vibrations,  to find these we f i rs t  have to study 
the factors  leading to vibration. This problem is present ly  most significant and urgent  in the effort to ove r -  
come the erosion of screw propel lers .  
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