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CAVITATION AND SURFACE TENSICN,

1. Generalities and Present State of the Problem of Cavitation.

A study of the centrifugal pumnsg at the stations for unwater-
ing of the Wieringemeer basin which is a part of the Zuidecrzce reclam-
ation, has provoked several series of model tests with the aim not only
of obtaining en increased capacity of the pumps, but also to eliminate
their rapid-deterioration by cavitation. These exveriments have result-
ed iqfﬁbé/elimination of several tyres of impellers among them those
with Three vanes, which although their capacity was excellent they were
subject to the besinning of cavitation (accomranied by a sli-ht noise)
depending on the suction height imposed bv the basin.

“e have studied the cause of the plhienomenon of cavitation
for certain tynes of impéllers.

Great was the disappointment when an intense cavitation
was disclosed at the nurmping stations, Lely and Leemans. This
occurred not only while the basin was being drained bdbut also. a
circuristance more grave, when the puaps operated under a nomnal
suction hsirht and head.

The profiles of the vanes of pump impgllédrs are often
analogous in shape to those of aerofoils. wrich have already been
thorouchly studied.

“e now proceed to a study of the causes oi cavitation.

The concept zenerslly 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, helow 1/100 of an
atmosphere for the mean winter temperature.

In quantitative calculations., we can neglect this small
absolute pressure, and assume that the water commences to boil when
the nressure approaches absolute zero.

The abrupt ccondensation of the <¢leobules of water vapor in
tre zone where the absolute pressure of the fluid vein rises again
to a value greater than the vapor tension causes noise, vibration,
deterioration, and the rupture of salient machine parts. These
constitute the symptoms of cavitation.

Theoretical Invastigation

In order to hetter understand the behavior of the more
important centrifusal purans used in Holland which will serve as object
studies for future pumping stations, the ZSuparintendent of the Zuiderzee
charged Burgers and Van Der Hagge “ijnen with the determination of the
characteristics of the flow through the pump impellers hy the metliod
of conformal transformation.



The scientific world should admire the manner in which
these savanis have eccomplished this task. This work will remain
one of the important contributions to hydrodynamics.

lBerekehing van het verloonp van de stroomsnelheid van den druk langs
een doorsnede van een schoep van een wasier met 5 schoeven van een
der centrifugaalpunpen te Medemblik.

(Calculation of the lLoss of Velocity and Fressure along a Frofile of
Cne of the Vanes of the Five-vaned Impellers of the Centrifural
Pumps at liedemblik, by J. M. Rurders and 3. G. Van der Hecpe %ijnen;
Two volumes, 1933, (in the technical library in Holland).

We reproduce two figures from this vaper. Figure 4 shows
several stream lines (in relative movement); figure 5 cives the
calculated theoretical distribution of the relative velocity and tke
pressure around a profile of a single vane.

This theoretical calculetion indicates that the maximum
vacuun is eaquivalent to a column of water 2.34 meters (30.64 feet)
high; consequently at this voint on tiae nrofile the absolute
pressure is less than one-tenth atmosphere.

“ut a slight modification of the an~le of incidence
resulting, for exampls, in a slight change in the smooth entrance
conditions or farther alonc< the vene, small imperfections in its
fabrication causing roungchness, s*ould create local velocities

greater tlhan the calculated values.

It is therefore certain that a sufficient margin of safety
against cavitstion resulting from water vapor bubbles does not exist
in this pump.

The Different Kinds of Cavitation and their Conseqguences

e can separate the nhenomenon of cavitation into the
follewing categories, some of which overlap:

1. Superficial cavitation: Small zlobules of air or vapor
appear on the walls.

Trey are held by the metallic surfaces and disappear as if
absorhbed by them.

his tyne of cavitetion results in a slight decrease in the
pump capacity and an increase in the suction; this increase in

the suction has been duplicated in venturi tubes.

This tyre of cavitation erodes the wiaterials of construction
at that place wiers the globules of air disappear.

2. lore aecdentunted cavitation: The track of the water vapor
consists of a foam formed by the small globules thet are detached
from the walls. ‘'hese move freely in the water, and except for some
are reabsor¥ed in the watoer current downstream from the place of
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their formation. This type of cavitation affects the capacity
considerably and modifies the characteristics of the machine.

5. Cavitation with localized corrosion of the vanes: ILockets
of air and water vapor oscillate but' are unstable on the metallic
surface, although thev accompany the vanes in their rotation. ' he
flow characteristics are therefore strongly affected.

4. Very accentuated cavitation with intense boiling alon~ the
walls and hetween them: The largest globules of vapor are entrained
by and condense in the liquid with a characteristic noise and
violent vibration wliich can become danserous.

In that which follows we shall study only cavitation of
the first category.

If an increase in the capacity of hydraulic machiues
of high specific speed is linked to the choice of nrofiles for
the vanes or, in other words, to sections comparable to aerofoils
such as have been tested in the laboratory. this a2in is acouired
at the expense of the destruction of important psits of the machine.
This destruction may be 1likened to a conta-zious disease.

Tngineers and nhysicists havinz been searching for some
meens to combat it.

Iaboratories for the investigation of cavitation
phenormena are being installed at cireat exmense in many coantries

2
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Txperiments on cavitation using smzll models of the pumps at
Uileringermeer have been perforried in the Hydraulic ILaboratory

at Delft (in a closed circuit which can be put under nressure).

The description of three laboratorises for investicating cevitation
in hydraulic turbines are found in the following: A. Tenot; Turbinsesa
Hydrauliques (Hydraulic Turbines), wveol. II, 1932, ILibrairie 4' E. T.
Paris, Tenot has described his interesting laboratory for exneriments
on cavitation at l'icole d'Arts et iletiers at Chalons sur !earne; by
means of a stroboscoype with neon lamps, he can watch what is happen-
ing under the wanes of a2 propeller revolvini;; at a speed of about
3,000 r.p.m., and is therefore able to follow the diiferent phasses

of cavitation. :snother of the many institutes has conducted ex-
periments on cavitation of ship screws. "he labor tory of the
greatest repute iz that of the Favitation sAnlage der !lTamburgischen
Shiffbua-Versuchsanstalt G.m.3.H.

N L T =m

It is necessary to recornize that the gravity of the
problem justifies the exnense and tne assiduous work of a numerous
personnel.

Too often machines are out of service in large hydro-
electric plants. =« large nwwber of technicians are cccupied in
revairing metal narts eroded by cavitation.
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Worse still are the difficulties experience by merchant
ships and shins of war in consequence of the cavitation c¢f the
screws. Trnie vibration of steamships is often due Lo this scour e.

The S.2. "Nomnandie" suffered so acutely from the effects
of cavitation that the eroded screws hed to he repzirec aftzr twc or
three voyages. This involved a serious economic loss.

Rapid destruction of the propsllers is the rule for steam-
ships holdins the blue ribbon. . for cruisers und torpedo boats many
examples can be cited in which screws have been destroyed in hours.

In the present state of the art of naval construction the
difficulties occasioned by the cavitation of pronellers. has rendered
an increase in the power of ships impossible.

Fxperimental Contribution to the Study of Davitation;
Influence of the tUuality of the /ater on the Senaration
of the Air Dissolved in the Iliquid.

FPhysicists and engineers have been searching for & better
explanation of this hydrodynamic phenomenon in order to explain the
erosion whick it nrovokes.

The author now presents his swall contribution to the
explanation of the effect of cavitation of the first category.

1. G. Driessen, chief of the mechanical research service
of the Dutech State !ines, has performed some experiments which throw
sore light on the phenomenon.

The pumping station of Haarlermmermeer has experienced a
larze numver of difficulties due to, cavitatiosn which are accentuated
in autumn.

rmmong the reasons which can be the cause of the disagree-
ment betwz2en the results obtained by exreriments on small models =nd
the experience with industrial pumps in service at ‘ierinsermeer. a
difference in the quality of the water has been thRought of.

Our experiments were performed at Delft using the pure
water provided by the distriution system of the city.

In contrast to this, the water a2t ieringermeer was
agitated, and muddied durins .he exgavetion f the canal. The
first question to be investigated is wliether the impurities in thre
water play an essential role in the production of cavitation.

Tigure 6 sliows one of the glass Veaturi tubes used in
the eczperinent. .

The results stiown in figure 7 are surprising.
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Cavitation in pure water szturated - ith air at atmospheric
precsure bhegins at a vacwm equivalent to five meters (16.4 feet) of
water,that is to say, at an absolute pressure of 0.5 atmosphere.
(tiinus 503} .

For water to which 0.5 ~ram of powdered coal per liter
(1/2 ounce per quari) has been added, cavitation commences at a
vecuu: of one meter (3.28 feet) of water. thot ie to say, at an
absolute pressure of 0.9 atmosnhere. (i.inus 10%).

""he vapor tension of water at different termmeratures is
also shown in fizure 7. It is seen to be well :2low this absolute
pressure ¢iven above for : 11 ordinary temperatures.

" Therefore it is not the boiling of the watsr which proiuces
cavitation of the first category. but as Dijxhoorrn remarks in referring
to our experiments. "The sevaration of the air dissolved in the wrater
when the pressure is decrsased 1s the nrimary cause of this phencmenon”.

For winter temperatures, when cavitaticn is often most
marized the vapor tension of the water can be neglected and the
sevaration .f the air considered alone.

The begirning and ending of cavitation are disclosed iy
an increase and a sudden decrease, respectively, in the suction, and
better still, by the characteristic noise ¢f cavitation of the first
category, This reserbies the sound procuced when air is being
liberated during tiile heating of water.

Experimenis Concerned with wxplaining tle “rosion of _olid
Walls bv Tavitationk Influence of Curface iension.

iie believe tat the erosion caused by cavitation is due to
@ force gencrallyv neglected in hydrodynamics because of its small
value - 72 dynes per centimeter, or 0.075 gram per centimeter -
nanely, the surface tension oif' the air bubbkles.

Figure 8 s¥ows the pressure in an ~ir bubble @nd the
pressure in the =zurwrcunding water which ig saturated with &ir at
atmospheric pressure.

If the air in the bubble is not at atmosnheric nressure
it will either be quickly absorbed by the water or air will separate
from the water tintil *+his pressure is established. :.ccording to the
law of De Henri, the air pressure inside a bubble has a tendency to
put itself in equilibrium with the pressure of saturation. In all
cases, even with larse globules of vapor, at the precise instant of
their collapse, they necessarily contain some residuel air at a
pressure of at leaslt one atmosphere.



When eauilibrium exists between the interior pressure of
the globule, thre exterior nressure in the 1iquid and the surface
tension we have:®

27
r

aThe equation of eguilibrium of a hemisphere gives us:
2Aro> =Arzap

Ap and

S - s i m mmme & o aml am L el a e omm RN .

there & = surface tension in grams per centimeter Ap=
the differznce in onressure between the air in the globule and the
pressure in the liguid, and r = dmdius.

When r=0, Ap = ™

The origzin of a ¢lobule implies, thersfore, an infinite
nressure.

Certainly this mathematical result is not physically true.
The surface tension, 2= , sannot be considered constant for globules
with a radius smeller than 10-6 centimeters. It commences to diminish
at first slowly, then more ranidly in order to anproach zero when the
radius, T, approaches zero.

The conclusions, however, are not influenced by the
lowering of & <for very small globules.

Pure water can neither btoil nor cavitate. Air in solution
cannot be liberated by lowering the pressure below that at which it
has been dissolved. .

keyer has demonstrated tuat pure water containing disseolved
air in a clean container can withstand & tension of more than one
hundred atmospteres.®

e

“Muller-Pouillets. Lehrbuch dex Fhysik (Textbook of Thysics). Ed.II,
1926, vol. 3, first half of Thermodynamik, p. 301, labile Zustand
(negative pressure).

The boiling of water can be retarded by the ahsence of
iwnipurities; it czn even be superheated.

According to a law of Kirchoff5, the negative pressure in

SG.Kirchoff. Vorlesungen uber liechanik (lLectures on Mechanics) 1876, p.186.
J.Ackeret, Zxperimentale und theoretische Untersuchunsen uber Hohlraumbildung
im Yasser, (Experimental and Theoretical Investiatlon of Cavitation in
‘later), 1930, p. 8.
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a liquid is maximum along the walls which guide its flow.

According to this law, globdles of air are created on the
walls, or better, on surfaces of solid particles in suspension in the
liquid. These surfaces serve to sevarate the air exactly as catalyzers
promote chemical reactions. It is easy to verify 2xperimentally that
surfaces clean of all impurities are not capable of freeing air or gas
dissolved in excess in the water; it is necessary to consider unclean
surfaces in the lizht of a fourth determining factor called a
"collector" in the technique of treating minerals by fTlotation; in
general, this fourth factor can be any substance containing sixtsen
atoms of carbon or more. '

It seens @easonable to us that the air bubbles are formed
wherever the three determinate factors, solid vmall, collector and
liquid exists together.

An instruetive experiment consists in boiling distilled
water in a vessel whose bottom has been greased a little, then
afterwvards in anothoer very clean vessel to which has been added a
little caustic soda in order to dissolve all traces of 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 below a
certain diameter for algiven pressure in the ligquid.

What is the diameter of these newly created globules?

We have: .
2w . 2o Pi = internal pressure
ks o e |

P Sk Pe =éxternal

In our experiments, pure water began to cavitate at

2x0.075
P‘._Pe - 0.5 atrm. = 500 gr_‘/sz Hence: = —‘—5_% = 0. 0003 crm.

Therafore, globules of a diameter smaller than six microns
cannot exist in pure water. They grow rapidly as the ne :ative
pressure increases absorbing air, but in eavitetion of the first
category they remain small. According to a law in physics. large
bubbles ought to grow at the expense of the small ones; when bubbles
approach and come in contact with each other they ought to combine.

But when water is impure, that is contaminated by particles
of oil or organic matter, there is a tendency to form a foam contain-
ing numerous small globules.



Ixperiments show that many globules remain small and
isolated, particularly if they are in a closed space.

“leter moistens the pores in the metal and forms a quasi-
chemical combination. The velocity of the water in contact with
the metal is zero.

GGlobules of a fraction of a millimeter in diameter are
slowly carried away throuwh the closed laminar space. while the
larger ones which thrive in a turbulent region are either carried
aviay or divided.

For a better understanding of the phenomena of cavitation,
let us consider a single microscopic hubhble moving along a wall in
a constricted region as in, for example, the converging, diverging
tube or venturi tube shovm in figure 10.

The water has been saturated with air at atmospherie
pressure; bubbles are created in the consiricted region at that
place where the vacuum reaches a value of at least one-half an
atrosphere in the case of pure water. at their inception they
have a diameter of say 0.6 micron.

The vacuum increases as the neck of tha tube is approacled.
If a single small bubble is moving slowly in the constricted region
and 1s always surrounded by water satureted with air at atmospheric
pressures, the following formula holds:

- ad
=
where AP is the vacuun.

The formula shows that the neck where APis a maximuwa
the glogule ought to be smaller tran at its inception. and when the
neck is passed 4 P dmcreases, and r increases approaching oo when
Ap= 0. Then when the pressure of the water becomes greater than
atmospheric pressure, tlie radius, r, ought to approach — oo in the
limit. The law of equilibrium demands, thereforé, that for an
infinitesimal vecuum, the radius of the globliles ought to be
infinitely large, and that for a positive pressure the globules
ought to be reabsorbved.

Naturally, the phenomenon does not take place in this
way. %ater is saturated with air only to two percent cf its volume.
When the pressure diminishes until it provokes the spontaneous
creation of bubbles, the anpear in numbers proportional to the
amount of air separated from the water. Therefore these globules
cannot increase indefinitely as the vacuwm decreases. This can be
the case only for a small bubble in water always saturated with air.

=S



In reality, they form a kind of foam in the constricted region
and the air is not supplied.6

61n relieving the pressure in the water containin - air at a greater
pressure, one can conceive how the bubbles are generated, and tell
why at their incepition they kave equal diameters. &ut in a short
time & dispersion in the size of the buhbles is produced. Some
bubbles grow at the expense of others. These by breaking up reduce
to bubbles with a diameter of the ord=r of microans.

It is not possible for us to pursue matliematically the
change in diameter of the glohules of air moving in the constrlcted
regzion which diminish, then grow in size at the exmense of the air
diffused trroughout the water.

We, therefore, pass over this period of very limited
change in the diameter of the globule in order to consider the
problem equally as interesting as the fermation of the globule
whicl dominates the destruction c¢f metallic walls, that of the
quasi-spontaneous disappearance of the globules at the moment

when —
Pe ; /“ ——2ra—

We now calculate the speed of contraction of a globule
and the time required for its disappearance from the instant W' en
its ecuilibrium is upset.

U'e shall neglect the initial speed c¢f contruction which
is then very small.

Ye also assume that the air presents no resistance to
reabsorption.

L

This hypothesis aprears admissible because at the last
moment of its existence wiien the pressure is almost infinite the
roralning residue of the air globule should be absorbed instantaneously.
Furthemiore, the volume of water sarrounding the globule is very
large compared to that of the globule itself.

If 8 is the unit weight of tlie liquid., g the accelexration

of gravity, and considering the notation of figure 11, the kinetic
energy of the Thole masq of water contracting around the glowule is:

A / v——z)za/r w 279 2 rd
 J

In this equation we have used the relation: 4'A4-:= é dm

and the equation of continuity: < 7r?y = £7r2v,



Let r be the radius of the globule at the instant when
the =sudden contraction commences and suppose that the acceleration
is entirely due to the contraction resulting from the surface
tension.

In fact there is a superposed vhenomenon wkich acts in
the same sence and vhieh will be discussed later. However it is
of small impertance fror the noint of view of the differsnce of
pressure.

we can then write that the chani;e in kinetic energy is
equal to tlie chanpge in potential energy liberuted by the contriction
of the surface (change in capillar, onersy):

2 (ri-r?) - 275 2,3 ¥

yEn= 293’(’22—1“'2
S rz

f

It is seen that the speed of contraction becormes infinitely
large when the radius of tihie globule approaches zero. becsuse:
v = when r =0

In order to determine the time recuired for tre =zlchule
to contract from the redius, r, to the radigs, r = O, we have:

(%) a
at
= gin @, we have

] /5/:7 52{ Vsin & d@’ = 0-873 i3

290
¢:

ey

N|:1

The potential energy liberated, transformed into kinetic
energy and finally absorbted in impact is:

A = 477';”07'3* gram -cm.

For the following radii of the globules:'r = ¢.005. r = 0.001.
r = 0.0005, r = 0.0003 cm., the times required for the contraction are:

2.54 2.28 0.803 0.3
t = £:04 t = t = 0.805 t = 0.3
109 106 106 106

seconds, respectively.

=10~



A globule which, at the critical moment, has e diameter
of 10 microns, disappears in 8/107 seconds. ntrained in a current
whose velocity is 12.5 m/sec., it travels, t erefore, 1,100 um.

VI
The Influence of (il on the Variation of the idhesion of the
Globules of ..ir to lLater or to ietal: 0il, a Catalytic

Lgent of Cavitation.

Recently, the following problem was submitted te us:
Four large bronze centrifugal pwins rere tested in Holland and
irdicated a high effigciency. .t Curacao where they were usad to
punp sea water for an oil refinery they incurred exireme gavitation.

e attributed this to the Tact the*t the water was contam-
inated with oil. Some laboratory experiments denonstrated that with
traces of Diesel o0il the vacuum in the venturi tube is increased and
the cavitation more rronounced dve to this so-called catalizer of
cavitation.

“hat then is the role of the 0il? In the first mlace, all
of the experiments showed that the surface tension of the water was
much diministied when contaminated with oil.

Tyrthermore, it is believed that air bubbtles do not attach
themselves to glass surfaces or damp mwetallic surfaces if they are
absclutely clean; t'e result is that the bubhles cannot form as
the exwveriment on boiling water in a clean container demonstrated.

In other wiords, the rresence of the oil in wuter and on
vet walls has a double efiect. First. it diminishes tie surface
tension of the contaminated water, and, secend, it increcses the
cohesion of air budbbles to the greasw surfuces. These twe effects
lead to the same results because they both increase the effinity
of air bubbles for =zolid surfaccs as ooposed to water. .t

Accordins to the tables of Landolt and fornstein. the
angle of capillarity between oil and bracs (in the presence of water)
is from four to six degiees; thig is small tut it is sufficient
to fix nicroscopic globulss o1 air to the walle of the constricted

13 . E
sir bubvles do not att rci+ theiselves to dawp leather
which is e material resiste i to cavi )

For tuis reason moist leather washers are utilized in
househould faucets.

It is possitle thut damp metals which are absolutely vure

n
do not Yave a large enoush angle of capillarity with ¢ ir bubbles :
for the latter tn attach themselves.

-11-



Figure 12* shows a photo-micrograph of an air bubble
one-half millimeter in diameter adhering to a nolished steel surface
cleared with alcohol. The angle of capillarity is 22-1/2 degrees.

This phenomenon sheuld be different when the medlal is
greased. ater discharged from hydraulic turbvines =nd pumps and
water in the wake of ships is always contaminated by traces of oil
for ihichk metallic walls have a large affinity and to which the
slobules of air adhere tenaciously. Figure 13* is a photograph of
a globule of air 1/2 millimeter in diameter adhering to a polished
steel surface grzased with a little vaseline. The angle of
capiliarity is now 90 degrees and the globule is a hemisphere.

The globules in the constricted region can be so conceived.

It is necessary to add for the sake of being complete
that the angle of capillarity is larger when the globules are
contracting than when they are expanding. The globules
represented in th: figures are expanding.

VII

large Local Pressures Subsequent to the Sudden Contraction
of ,.ir Bubbles: Their Zffect on the Erosion of the .alls.

All of the globules are created within the constricted
recion. Lany of them are carried along by the current in which they
collapse. Cthers which remain fixed to the walls destroy material
as will now be shovm.

what are thege forces which destroy material®?

In the limiting case when the anz=le of contact is zero
degrees, that is to say, when the globule is in contact with the
surface at apcint, the rorce of the imnact ig directed azainst the
wall and the capillary energy, 4 =4y, is expended at tle
point of contact.

Iat us assume that in reality the globules are bemi-
spherical in shane as ropresented in ficure 13 arnd let us study
further thz distrivution of nressure at tlie moment of collaps: of
a zlobule.

Mirst, imasine that the globules do not contrzct to a
point, but that the surface possesses liemigpherical cavities whnich
contain weishtless, elastic, incompressible spheres such as shown
in figure 15.

Lecause of syrsetry and equilibrium ths distribution of
pressure ought to be that indicated in the figure.

¥ For photographs, seec the criginal paper.

e ———— _—

e e
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However, in this study it is not a gquestion of =2 static
force but of the impact of water on metal, in other words. of a
collision retween two elastic bodies.

.e cormence by calculating the pressure oi' contact between
two bars of infinite length anc of unit cross section. whose ends
collide with a relative velocity v. Iet A4 and @ be the unit weisht
and tre medulus of clesticity, vespectively of the bars and u
the velocity of sound in the bar. <Consider the instant wren the
pressure, p, reaches a maximum, and let w be the veloclity of ©
seraration at this instant. Consider one of the bhars and the front
¢f the sound wave at rest, thz bar wovine in the onrosite direction
to the velocity of the souad.

It is known that due to the erfect of the collision a
part of the ber is compressed at a uniform pressure, p, the front
of the sound wave {in the region betwiean the conmvressed part and
the rart wkich is not iniluenced by the collision) moving with the
velocity of sound.

It is easily shown that:
ARVE _ P
(zv-w) == u,

I

(3 viw) =
7 (¥4 E, £E o
V= P(— + 2 = Bt
ol B U Eyt e, E, -
Therefore
P i u’/("’ uz /(’(2_ or

al/ulfuz /(’42

The same formulas are obtained for the force transmitted
by an iycorimressible body without mass, inte:vosed between the two
bars; and tiiese feormules are also valid for the case represented in
figure 15. fhe last two forrmlas give, therefore, the unit pressure
for tiie case when thes globule is contracting strikes the incomuressible
internosed sphere, v, being calculated from thie formla on page 10.

When no suck sphere is inte— pused. wiaen the hemisp. erical
Zlobule can contract to a point, v bteomee infiaite and the two .

formulas for the pressure wien v = © reduce to p = Qo .

o material can resist a collapse which creates an
infinitely largs pressure.

~-13- !



VIII
Phenomenon of the Beginning of Contraction of the “ubblss
and the Zone of Zrosion.

Yow do ti.e bubbles begin to contract? Iet us return to
thie case of the venturi tube.

tigure 17 illustrates a case of cavitation of thr first
category potent enough to destroy materials by ercsion. it some
place on the walls the globules collapse.

?ickeret, J. Exverimentale und Theoretische Untersuchunsen uber
flohlrauntildung im .Jasser, »n. 32. Ztossvorgang in einen Lanal
(Experimental =and Theoretical. Investigation of Cavitation in i.ater.
Impact in a iube).

Because of the space occupied by the gmlobules up Lo the
boundary whers they disappear, certainly the velocity of the wmater
in this region is considerebly augmenrted.

“when this limit has been nassed the effective cross
section of the wstew bdc comes normal again and the liquid undergoes
a sudden retardation.

The average increase of iliez abrunt chance of pressure
dve to this retardation from vy to v2 can he calculated fro— the
following equation: 8

Pz_'ca =V25(\/I_‘V1

8 Andre 'Tenot: See footnote 2.

in which s = the unit weight of the liquid. .
his phenomenon (Borde-2ellanger) w' ich is similar to

that produced Qn the surface of the bhlades of turbines, Pumps ,and

propellers is accompanied by a dissiration of cnergy: QXllql)

ner unit weight of water; that is c¢ne cf the causes T Lhciibcrease

in the capscit;’ when tne cavitation is present but it docs not

explain the localized aifference of wnressure capable of eroding

the wells.

This sudden reterdation ¢f the liquid, a veritable earth-
quake, compressss the glcbules until thie state »f equilibrium
between the interior and exterior piessure dificrential and the
surface tension is destroyed.
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The increase of pressure due to the retardation is so
larze that it facilitates the reabsorption of the air. thus the
hypothesis which wie have made in our analysis of neglecting the
resistance o the reabsorption of the air is justified.

We should state again why the zone of cavitation is
not bounded by a well defined frontier.

The flow in hydraulic machines is criinarily unstzble
because of the large amount of turbulence alwsys existing in the
flow and also because of the variation in the vressure in turbines
and pu:ps. The frontier of the globules moves back and forth
because of the turbulence produced in the constricted region.
w!ich has besen studied by Burcers and v. Karman. These globules
do not exist individuvally.

As to why destrictive cavitation manifests itself, it
is necessery to imagine a region in the constriction throuzh
which the foam moves and which conteins enough energy due to the
surface tension thet the sudden release of this potential enersy
becomes dangerous.

Then crecvices commence to form =nd the destruction of
the wall follows rapidly. The foam enters the fissures. Jis a
result of this vack and forth movement the line a-a passaes over
these fissures, the air bubbles there .are compressed because of
the sudden retardation of the water and then their capillary
energy is released.

Je heve remarked that the beginning of cavitation is
characterized by &n increase in the capacity of hydraulic machines.

i¥ith the development of lavoratories =nd the :zeneral
adoption of model testing, there is a tendency to rsgard slisht
cavitation with insufficient knowledge.

I'or high Reynold's nugbers, that is to say, in the
execution of larize scale rrojects, the growth of the constricted
rezion is proportional to the linear dimensions of the mechanical
parts. The dimensions of the globules, the time of thelr dis-
appearance, and the path traversed after the eritical instant are
dndependent of the scale. It follows that for a unit of surface
of the mechanical parts, the excess energy liberated increeses v.ith
thie linear dimensions and for large hydraulic machines as well as
for the propellers of -ships the effects of cavitation can be
important while they are imperceptible in small models.
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TABLES FCR CCRVIERTIMNG UMITS USED IN FIGURE 7

Vapor
Tension
Temperature| Abs. Absolute Fressure
oc| op Ft. of OO R | bk O Cm. of Tto=or
= Water Jater Vlater Water Water
0| 32.0 0.20 350 11.48 710 23.29
i Bold 0.22 360 11.81 720 29162
2l1135.6 0.24 370 12.14 730 23.95
3| 37.4 0)545) 380 12.47 740 24.28
4 | 39.2 Ol 390 12.30 730 24.61
5 | 41.0 0.29 400 1150212 760 24.93
6 | 42.8 O3 410 13.45 770 25.26
7 | 44.6 0.33 420 13.78 780 25.59
8 | 46.4 -0.36 430 14.11 790 25.92
9 | 48.2 0.38 440 14.24 800 DG
10 | 50.0 0.41 450 14.74 810 26 .58
13| 581.8 0.44 460 15.09 820 126.90
PR 863. 6 0.47 470 15.42 830 27.83
13 | 55.4 0.50 480 6% 75 840 27.56
14 | 87.2 9.53 490 16.08 850 27.89
15 | 59.0 0657/ 500 16.40 860 28.22
16 | 60.8 0.61 510 16.73 870 28.54
L7 ING21.16 0.65 520 17.06 880 28.87
18 | 64.4 0.69 530 1395 39 890 29.20
19 66.2 OL78 540 17472 900 29.53
20 | 68.0 0.78 550 18.05 910 29.86
28 11698 0.83 560 18.37 920 30.18
22 (B 0.88 570 18.70 930 30.51
23 | 78.4 0.94 580 19.03 940 30.84
24u] 75.2 1.00 590 19.36 950 &l o L7
280 || 72.7.0 1.06 600 19.68 960 1. 50
26 738.8 1.12 610 20.01 970 31.82
27 | 80.6 150G 620 20. 34 980 32.15
28 | 82.4 26 630 20.69 990 32.48
29 | 84.2 1.34 640 21.00 1000 32.81
30 | 86.0 1.41 650 21.52 1010 DERpIES
31l |'87.8 1.50 660 21.65 1020 3%.46
32 | 89.6 1.59 670 21.98 1030 33.79
33 | 91.4 l.68 680 22.31
34 | 93.2 L3727/ 690 22.64
95 185.0 N7 700 22.97
36 | 96.8 1.98
37 |98.6 2.09
38 [100.4 %o 2L
39 102.2 B0 &
4¢ flo4.0 2.46
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FIGURE S-DISTRIBUTION OF VELOCITY
. AND PRESSURE AROUND A VANE OF AN
IMPELLER OF ONE OF THE CENTRIFUGAL
PUMPS AT THE "LELY" STATION AT MEDEMBLIK

FIGURE 9 - EQUILIBRIUM OF
OF ASURFACE EXTENDED BY
INTERIOR PRESSURE

FIGURE 8-THE AIR PRESSURE
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FIGURE 7 - ABSOLUTE PRESSURE AT THE
INCEPTION OF CAVITATION FORBOTH PURE
AND POLLUTED WATER AS A FUNCTION
OF THE TEMPERATURE
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FIGURE 10 - AIR BUBBLES ADVANCING ALONG THE THROAT
OF AVENTURI TUBE. THE POINT TO THE RIGHT INDICATES
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FIGURE 15 - IMPAC,‘T OF A HEMI-SPHERICAL BUBBLE
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FIGURE 16 - AXIAL IMPACT BETWEEN TWO BARS
OF DIFFERENT MATERIALS
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FIGURE 17 — CAVATATION OF THE FIRST CATEGORY
CHARACTERIZED BY THE SPONTANEOUS DISAPPEARANCE
OF AIR BUBBLES AT THE FRONTIER, a-a, WHICH

OSCILLATES BACK AND FORTH
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