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EXPERIMENTAL AND THEORETICAL INVESTIGATI03TS

4
OF CAVI!T+4TION IN ?VATER*

By J. Ackeret

SUMMARY

The~cavitation in nozzles on airfoils of various,
shape and on a sphere are experimentally investigated~.
The linits of cavitation and the extension of the zone of
the buhhles in different stages of cavitation are photo-
graphically established. The nressure in the bubble area
is constant and very low, jumping to high values at the
end of the area. The analogy with the gas compression
shock is adduced and discussed, The collapse of the l)u-h-
bles under compression shock produces very high pressures
internally, which, ~--d&n-gJ&r~a-r-e—r~cen-t --c-c-n-c-ep%-i~n-s, TII”-L1~’-
~ contributory factors to, corrosion. The pressure re-
quired for purely mechanical corrosion is also discussed.

1. GEITERALIT13S

1. Preliminary Remarks

‘In hydrodynamics it iS generally permissible to treat
water and the majority of liquid fluids as incompressible
fluids. Even at the highest pressures attainable (of the
order of magnitude of 1000 m of water) the density of
water is. only about 1/2 percent higher than normal. SO,

while ‘the high-~ressur~: side scarcely holds any surprises
in store;:-t-he zone-of low.pressures involves one important.,.,

*’l&cperimentelle und theoretische Untersuchungcn iibcr
Hohlratmbildung (Kavitat}on) im Wasser. lt Ili<dgenbssischen
technischen Hochschule in Ztir.ich (~erlin), 1930.
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limit: tfi~“si-a%ti-y.at~.on-:%~reasu~e,.0< vap or. once the pres-
sure reaches tk.is value ‘dtir~ng-f-lcmf;..-.”.~Iie “fluid loses its
homogeneity and enters the”phas-e..af fluid and gas”eous
mixture, where%y~th~ $as.eaus .p’has.e,in general, consists
of a mixture of other gase.s~ -This “is:fetimed lfcavitation!f*

.-.
It &“&’har-dZy ‘t.ohe e,xy.ectedthat the complicated

yhenomefia WOUIC1 %e stt{die& iritk special interest from the
physical point of view, and it has %een, in fact, unbeliev-
ingly neglected, despite the fact that in Trinciple it
was well known.

Engineering necessities finally forced the resumption
of the problem about two decades ago; but today, the mat-
ter has already reached the stage where cavitation has a
decisive influence on the clesign of hydraulic machinery
and “il-&finesthe, liiil.l,tsof technical possibilities.---

‘“
J. .

Turbines, as is known, have been built for over a
Htin’dredyears,’ but it remained for the trend toward high-
speed .’engines to discaver the fundamental difficulties of
c&vi_tdtion, just as the introduction Of the steam turbines
on ships led to the most disagreeable surprises lecause
cavitation lecame ~specially apparent at,the,higher ~ro-
peller revolutions per minute. “ ., :

Cavitation nearly always increases the losses, lowers
the efficiency, an~ reduces the transferable energy. But
it may also be accompanied by especially disagreeable ef-
fects, the dreaded corrosion - that is, spongelike pit-
ting which frequently occurs very severely in the most
unexplainable UJay ancl which, even .Voday, has never been
definitely explained.

.4

The present report is an attempt at a reliable de-
scription of cavitation in water and a rational explana-
tion of the O%servationsq Admittedly, the tumultuous be-
ha,vior of all c,avita%iofi ~henotiena makes the use of
average values unavoidable; furthermore, the many c“bn-

: currently a,ctin.geffecks, such as heat conduction, cap-
illarity, friction, evaporation,’ and diffusion per’iaps

*Even before. vaporization dissolved gases are sepa-.-. -
rated at low pre.ssurc (Henryls law], although usually
small in. amdunt compared with the’’vapor masses released
on reach.ir.dvappr pressure, An important exception is,
of course, strongly car~on,ated water.
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always will have to :%e,:glBpsifiedc according to. ord,er,of
magnitude of..effec~ anaU4q~~ k~~~stron~est terms rataine@.~
Yven sOj> the,.problem ’hec~m.es d.ifficv.lt enough roathem.ati-.
tally. .,,

“},.s

The investigations,.. at first only pr,eliminary,.s.tudies,“
extended over Several years. “

. .

The preliminary tests, ‘described in a short n~te (~jef-
erence 1); were carried out i“n the Institute of Applied “
Mechanics at G~ttingen. They served as a %asis for t~e,
design,of a larger experimental cavitation research plant,
constructed in the hydrodynamic laboratory of the %ai’ser :
Wilhelm Institute for Flow. Research, Gottingen, ~ with’””
which the first results described hereinafter were 03-
tained,

2. The Appearance of Very Low3’ressures in Fluids
,.,

Consider, for the present, irrotational fluid mo-
tions - that is, a velocity potential 0. Then tho pres-
sure equation (reference 2) for incompressible fluids
reads :’ ,’

p .$c==po-, .*

‘pat
p)

where

Y
,:

P *- density
~

P absolute pressure

In the stationary case e6_uation (~) ‘b,ecomes the 3crnoull,i
-equatlb’n

..’ ,’

.-. .+>.,,- + .+...m--.m-..=.. - -: ..,. - ,,. . . ,.

If at .any~oi.pt the velocity becomes ~

(la)

. . ,. .,.
.’.. ,$

.’>

f

..,,,an‘“,-,j.~.f... .. .... . -0 ‘~ ““ “- - ~’~:~..-.. ...- ... .. . . ~.’ -t,,-()=-, ‘-—’ t.:!-.,~ ;’-:: C.. :.,

(2)

P“
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1? bedtimes,~ro a} $hatyoi-nt:, ‘and cavitation- sets in. ~‘It
aettially ‘OCCUYS even:at lower ‘velocity ‘because on4!redu.c-
ing the ~ressure the dissolved gases ar’e libera~ed,. and “on
reaching-the vapor tension the fluicl begins to boil. ., J-

The terz .p ~ im equati”on (1) ‘is of import’an”ce in.. ,,..
nonstationary processes. For instance, take (fig.’ 1) a
horizontal condui-t ~ith a plunger moving n“onumiforilly
toward the right at speed u and drawing fluid from the
large tankat the left. The pressure in the tankat the
level of the ‘plunger axis is ‘p. = 3 + pgh (E, bare --
metric pressure, g, acceleratio-n’of gravity), and x is
the abscissa of the plunger travel. , Then,. .,

and in. a certain time interval ,.
L“. . . .

-,
@

--- -.. ,,,. : =Ux. ,j: ”’, ,....”
. ..-. . .. . . . :

x being counted from the start of the pipe. Strictly
speaking, the starting point A is a little forward of
the start of the cylindrical piece, although no exact
IfQ~ifice correction” is attempted.
{

Hence, at point x,

i)$=!&

and the nonstationary pressure portion

au
-P~x

This portion of the pressure. drops linearly, and even the
total pressure may drop readily to zero at small accelera-
tions, provided x is great enough.

If the fluid motion i’s no~ irrotational, then equa-
tion (la) holds for the individual flow filament but not 1
for the tOtal fluid mass, ‘If tlie.floti’’i’s“turbulent, the
pressure itself fluctuates very rapidly in time and place6
The introduction of the mean values of the flow quantities
alone in the motion e~-uations does not give the absolute-i ,~.

—
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lowest pressures (neces-s.ar.y,for the appraisal of the cav-
itation haz,ard) but higher’ phessures (as.pointed out.%y
R. von liises)i

,...l.~

Now it’ is of interest to know these pressure differ-
ences even if onl:~ approximate, simce tur%ul’ent flow is a
frequent occurrence in. technical problems. For instance,
suppose that ,on.a linear flow of veloci’ty U the r.e<in’s
superposed ‘a.turbulent flow consisting of individual vor-
tices rotating in the same direction (fig. 2);, the vortex
axes being ar”rang”ed,in a square screen of 2 Z mesh width,
the rotation being in circles, ‘the remaining corners being
at rest relative to an o%server moving with the lasic ve-
locity u. .The velocity c is distributed parabolically.

‘Introducing ~. = x,’ give%:

c = 4cmax (x - X2)
‘,

The rot’story motion is readily deduced:

Integration ives for the pressure difference between the
7)irortex core pl and a point of the circumference (pa?

P2 -Pi= ~ p C=max (3)

Naturally these assumptions are quite arbitrary; but even
60, the order of magnitude o<f the pressure differences
should be correct, the mQre so as no assumptions need t’o..
be ma,cleregarding the length 1- About .Cm,ax, itself very

little data are available. According to Burgersf measure-
ments, it is abOut 0.05 in a certain case for cmax/U. At

the same time, this gives, however, a relatively unimPor-
,,

~ant pressti-qereduction, .na,mely 2x4x o,.c?52=J-of
3 150

the velocity head L,ua,
2g .-,

. ....— .-a.



“In ve~y t’urbule~t’-dead air (~,&m;n yortices ), the
relative ve’locitiy variati~on~ -ar,e,..of .co~tise, much greater;
the lowest pressures will have t-o tie‘looked for -in the
strongl:.’rotating vortices. This has been confirmed by
experiment:. ~‘(S’a~ sec. 46 ) ,..’.,
., .: .-
-“ICavitation is readil’y.~roduced’ i,~’”thegreat ‘vortices

leaviig “Lhe tips of .a~rfoils ors hip ~ropq,llers, the blade
tips “of hi:gh-speed wat:~::.Qu-{.bin’es(so-called slot cavi’ta-
tiofl) and the hubs of p’uspellers. and turbines. 3?lamm has
sectired some very inter-esiing stereoscopic views of such
vortices. ‘j(See reference 3. )

. .. ... . .
Yor wing vortices Prandtl (reference 4)-gives as

~ b (“o, span; r, = -1---

. .
distance t = radius of vor-

9.16’ -

tex core).

Disregarding the generally small natural notion of
the vortices gives the pressure within the core as

P roa P roa
P= Pa--—”

pro>
-—= Pa-”—

2 4n2r12 2 4n2r12 4n2r12

if ro, circulation of the ti~ vortices; and pa, pres-

sure at great distance from the wing. With E’randtlts
value this Gives

:. 2!:. pr ~ ,..

Pa-P=~ 3.41

and finally, ‘after posing r. ‘according to the Kutta-

Jouko~~ski theorem:.. d
,,

.,!

\
. . .

>,,

. .. .

where ,c .&c
a; Ca! lift coefficients , (reference 5,

p,”32}-;=”ao n . , ,

U, blade velocity relative to water; and t, blade chord
in stream direction (%lade length in turbines):
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..- ,,.,.
“1?; ~ P “;“%

~l. ?05‘“—= cag.‘f?~s .
~ “

(4)

Cao hereby refers to the cen~er section ”(elliptic lift

distribution); Ca is defined by equation (~).

tl
Practical valves are - = 0.30 and — = -; tlenceCao

.- b3

Pa-P
— = 0.12

; TJ2

In turbines this tip vortex occurs as a slot vortex.
However, the slot “cavitation is Rot summarily predictable
on the basis of the preceding formulas ‘oscause t!-levortex
int.ensit~ is clifferent and the natura,l Imotion of the vor-
ti’ce~.~.al~.~ardly be o~el.~ooked. BIIt evei-iso, t:ne values
obtained with equation (4) appear to be in agreenen.t, to
some exkent, with those obtained on the cavitation-turbine
test sta;lcls.

OrL the hub vortex it is not alua,ys the evaporation
that cauges tite cavttati~n. Air is separ~ted even at
much liigher pressure than that of vapor saturation, wherehy

, the ‘oackflow to the k.u”oprevents the air from washing away.
BesidLes, the centrifugal ef.feci drives all bubbles occur-
ring elsewhere to~.~ardt~le ins.ii.e. $ince the hollow spaces
remain , ‘6here is sufficient til,lefor the dissolved gases
to become free.

The pressure in ‘ooundary layers is, to a sufficient
degree of approximation, that of the adjacent untlisturbed
flow. A particle sticking deep e~~olighin tile boundary
layer remains, ho77ever, comparatively iIIUChlonger in the
ZOileS of low pressure ‘than those flowing outside, so that
energetic air is i-eleaseiland vayor is forr!efi. It seems
therefore not at all impossible that by partia> resloval
(-~y--s%~ti’iwn’)b’f‘t%& b%utidary Iayeds the cavitation, V.’hile
not being prevented, is, howevsr, veakened in effect. ~~w

periuents are lacking in this respect.

The irrotational flow, known to be almost realized by

—
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suitalle body forms, is muoh influenced by Kirchhoff ahd
Thomsonts theorem:,.” “if the’ flow is irrotational, the
lowest pressure [the highest speed) always exists sone-
where on the boundary walls, hut not within the fluid.”

ICirchhoffis proof. is as follows (reference 2, P’. 46 and
reference 6):

Since at constant p

@ cannot have a maxinum or minimllm within the fluid, ac-
cording to a known formula of the theory of functions.

But ~ also has this characteristic. Hence, there are
- ax

always” points of greater ~ in the proximity of a point
ax

3?, and of grea,ter velocity - that is, lover pressure,
!?he lowest pressure i.]usttherefore occur sor,ewhere on the
boundary.

This important theorem becomes more plausible from
the. following more circumstantial but less formal reason-
ing:

Take a point P on a stationary streamline (fig. 3).
‘ Plotting axes x! Ys and z with x in the flow direc-

tion gives u = Cp, v = O, w = O.

Then the following statement nv.st ’00 proved: always
there is at least one point in. the p~oxirnity of P where
u > Cp; in general, v and w then will be other than

so that c = U2 + V2 + wFzerO, is even greater than
at P. After writing u - Cp = au, the existence of’

points with positive 8u
A~~gfi;GHOf

in proximity P must be
_prOved.; F in a paralleliped fl,~.t~n stream
direction is endorsed, yo’..~, if tiu, say, were neGative
everywhere - that is, the theorem invalid-it would mean
that, aside from the principal floy, fluid. ‘rould pass in.
ncga;i-re dir~ction through the two sides A3CD and ~.YGX.

In that case, however, 6U cannot be equal to O in P, as
is reaclily apparent when the flow freed from Cp is
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presented %y suit~ahly :di’st%ibut”ettsources and sinks on
A3CD and IU?GH, respective ly,, ‘wfiichis possible when the
flow is irrote.&i.o:nalW- 3n-’-drExEto:-to:obtain ‘ tiu”= O ‘.in 2,
sinks would have to be disposed on X?(X3 or sources on
.ABCD - that is:, “6u:-..would have t“,o%e positive there, at
least in some points.

Incipient cavitation is +her’efore to be expected
particularly at points of highly ‘convex walls, for in-
stance, on the suction side of blade s.*

This conclusion is fully confirmed in the tests with
the previously cited important exception of spheres and
cylinders in pronounced vortex formation, where cavitat-
ion occurs first in the cores of the detached vorticest

<,“.

3. Behavior of Water at Reduced P~eksure “ - ~

At reduced pressure the detached gases,’aie: r’elkased”
first (preferably on rigid walls); then, after the satura-
tion pressure is reached, the actual vaporizatioen,,st,a,rts
with the formation of bvti%les~”

In Van rler Waalsl pilase diagram (fig. 4) this process
correspond”s- to a motion from A toward B, etc. (approp-
riate heat input and removal to provicle for the isother-
mal process). Normally the evaporation starts then at B.
But it was found that B can be undereat. in direction
toward C, This requires a very pure, gas-free fluid in
perfectly clean vessels. J. Meyers has treated this sub-
ject thoroughly. (See reference 7. )..He mot only suc-
ceeded in reaching zero yressure but also in producing
tensile stresses ‘z in the fluid. l?or distillpd water

he obtained ‘z = -34.0 atmospileres, for ethyl ether,

*When bearing in mind the great water falls utilized
today in power Tlants, it is readily apparent that even
relatively small 10cal “over speedsn are potential sources
of cavitation. On the 1680-meter fall (Iullty in Wallis)
the pressure.near the free jet nozzle orifice becomes zero
when the local velocity exceeds the discharge velocity
(177 m/see)’%y onlk 0.3 percent. Such high-pressure noz-
zles mu’st:therefore be d.e:signed with considerable- c-bnver-
gence in’.orderthat’-the:~ressure toward the rnoutli”dYo’ps
monotonic to>:”htmosph”e?’ic“pressure.

.,,
., ,. ...,’: :,. ,...~ ,., -~::--!:;: .~, ---.,-‘-

,,—
/

-- -------- . .

.>
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-72.0 atmospher~s ;.w.it@oWt, .&~at-these figure s:should %s.,
regarded as nat,urql: l.~m<tsl .the m~xinurn negatZiv&-pressure
being largely depely%-qnt-.upo,n.Contingenciese :’:”‘ ~‘ “ .

,. ., . . .,,, :--- -. -.
, Tigurin-g with “tire~~ed.uce’dVan der Waql.s hquat ion

. ..

.“

where
( 3’(3’W -1)n+ —-. =8+ ”.’

,<ST?.) “.

. ,.

lT - reduced pressure .‘ “-. .
., ,:’ !“,.

v reduced volume. ~
,,

$’ reduced temperature

and assuming the critical quantities

~k = 6470 absolute Pk=22J~2 kilog?’~s Per swre cen~imeter absolute
.-.-

giv”es for the pressure minimum C (fig, 4) according to
.

(WC - 1)2 ; PC ~/ ’80 3
VC3 = —- —

\@P )

pk. (5)
48 “ -1c> %2,-

‘the folloving figures:
.

● .“
t = 180 ~z = -1075 kilograms p:er square centimeter

.

50.5° = -900 ‘

82° _- -710
,. .

These figures are consider ably .liigher than lieyer~s
figures, Hence the maximum tensile stresses may %e con-
sidered to he much greater than around 30 kilograms per
square centimeter, even if the reduced equation for water
is considered as not very reliable..-

The tensile strength ”also..can ~e considered from a
different ‘point of view? Visualize .extremely small par-
ticles floating in the fluid or protruding from the
boundary walls, and characterized by the radius r. It

.
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‘ is generally cone’ede,~.that teazi.ng as well a,s ebaporat$on
starts principally at ‘such ‘particles or protuberances,
(See reference 7. ) Reflecting that in this case the tear-
ing consists of the separation of water from the surface
of the particles and the %uhble formed in this manner
grows, the knowledge of the radius affords a relation for
the maximum negative pressure,, That is, with u equal
to surface tensioh and p equal to negative pressure:

.,

‘..

P =: Qr r =
~ .“ .- (,6)
1? -.”

,’.-. .,
.

‘yn
Assuming’ a = 72 — and (according. to Iieyer) “~

x 3Q X 10’ ~ the~~sult is

J,.

P r x 0.5 X 10-5 cen~i~.
cm2

meters - that is, an ultramicroscopic particle. The ‘J”
vapor pressure plays no essential part;” Hence very fine
impurities could, after all, be’ taken into cQnsidel%tiOn
as a cause of the trearing at relatively low tensile
stresses.

.

These considerations “are of significance for ‘the
following reason: although it is certa,in that all indus-
t.ria~ water contains so much of dissolved gases and- iln>:-:
pu.r:iti’esthat i~t always tears with bubble formation, in-the
mor:mai ‘static’t-tensile test, it does not, on the oth.em )
hand} preclude ‘the possibility that the teari~g process..-’
re.quir.e%’”a’iime~ interval which,’ in many practical CaS~Srj

already is shorter.
..

In Bauer!i experiments, for instance,. (described’” .
elsew~ere in the report) the wat”er flowin q past <the sphere
is under low pressure for about 0.6 X 10-’ seconds only.
The water of the boundary layer, of course, is under low
pressure longer, “It would-not be very surprising if they
were actually accompanied by tensile stresse-s- (even though
of-comparatively “little extent). The authar~-s experiments,

hav~< bee,n,<negative, sin ,jhi,srespect., .. “ :so f+a-rr~-,_-,...-*T43..,
.-,.

Once’bu%]les have” bee”n’:fbrmed they, be~come:larger, be-
cause cap%llary tensibn arq~”s ~Uickly with khe. radius and
the water ~tapo’r~tes. The rate ~f evaporation, however,,,::,. .,.
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5.s who Ilj/ gov&tied ‘%y”’ti~eheat -’ifiyutins‘the %ub’ble due to
coid.udtion~ -wtiic’h‘rdni!:.&r-s”the6ntide pdoces~ quite com-
plex.”’ ‘ ..-’. . “i:

!.. -- ,.,, .’
.,,. ,...

.110 EXPERIMMNl?S ABOUT TH21 TORMATION ,.
... . ..

,. ,“.. ~AND DEVB’LOPMENT OF CAVITATION ‘“

1. Prelirainary Remarks

The experiments described hereunder were made in the
Kaiser Wilhelm Institut for Flow Research at Gtittingen,
Their chief purpose was to collect sufficient visual data,
which~ at that time (1926w27), were very few, There may
have %een ad~iti~nal information in some progressive in-
dustrial concerns, but little has ever reached. publica-
tion.*

.,.-!

The, experiments included tests with -closed channels,
a-irfoils (such as emyloyed for ship propellers and hydrau-
lic turbines), spheres and cylinders. The cavitations ob-
served disciosed nany common features~

9~. Tests on Closed Water Channels

A convergent-diver:ent channel offers a good oppor-
tunity for producing and observing cavitation in. simple
manner. According to Rernoullifs law, the lowest pressure
(and hence cavitation) occurs in the narrowest part of
‘the channel, and which is, accordii;’~”to Kirchhofffs theo-
rem, at the walls. *’

If p~ ~ iis the absolute, pressure in the tank “out of
which the’’w-ater flows,’ pa the barometric pressure, and
Pm the pressure in” the narrowest section, then

*Professor DWIIS states that back in 1908 he had made
experiments with convergent-divergent nozzles on the oc-
ca.sioc of a report by CamereT (refebence 8) published in
Dinglers polytechn, Journal, 1902, P-;-.:6.77,The resu’lts
of his pr,essure measurements are” sizxi’lhrto those des-
cribed in pt. 11, Sec. 2, (See also reference 8.)
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for potential flow and ver~ approximately also for real
fluids, because the losses are small in accelerated flow.
In the adjoining divergent part of the channel, kinetic
energy is changed back to potential energy .(dfffuser ef-
fect), hut with substantial~~~ greater losses.

The pressure rise is

P2 - Pm = V ~ (Wmz 2, ‘- W2

.-. .
where ~ ‘denotes the diffuser efficiency. .

Cavitation” starts at ‘1OW Pm (Of the.order of mag-
nitude ‘of’vapor pressure at corresponding temperature).

.

Since pm s o,
.,,

.“
{

p“l - pa = : Wma (1 -$)+ *W22
. ... , ,}

,.
and , since wa is” small,

.“

. . . ,,.
f?’

P~’-P2=~wm2 (l-W) ‘

,‘~fid,w.it,h
P

P1 ‘.~.1Um2,,. ,.
,.... . ,, P2

Pl=—
*’., . .* .

.!,

. “:(8)

Since pz = 10 metei+s of water, V s 0k7,:Ii)trequires
only a30ut ,4.3 meters overpressure to pro’duc’e cavitation.
In fact, ‘cavitation, can be produced easil’y,with ‘the c,om-
mon water line of a house, .-..,.

“In a preliminary ,test on a nozzle with flat side
walls, as illustrated in figu,re 5, the plotted pressure
distribution curves were ob’tained, The pressure was re-
corded w:ith orifices of l/2-millimeter width on one of
the curved flanks, the water flowing from a tank through
the n~zwl.e--a-nda sheet-metal diffuser tothe outside.
The’ tank pressure was raised progressively which, at the
same time, increased the throughflow quantity, This.was
measured directly with a rectangular tank as well as in-
directly in good agreement with it from the tank pressure
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,drop’.to thd’’na.tirow’est:-sectioni- ‘“’Th’6 barometric pressure
was 750.5 ,mtl.l.ime”tdr% -of mercury, the’ water temperature

‘ 10..4° C, and the.rcdrrespcmding vayor pressure 9.2 milli-
.meters of merduryc At 11. O-met ers-per-s.e.cond mean veloc-
ity in tha narrowest section, the pressure-in the enlarged
portion of the nozzle (flow from left to r,ight) still
rises normally, likewise at 15.’1 meters per second. But
at Wm = 14.4 meters per second a distinct divergence is

noticeable; the pressure rise following the minimum iS
very flat, then climbs considerably. At still further in-
crease of velocity the rise turns toward the right so ,
that at 15 meters per second, for instance, it is entirely
out of measuring range, and the pressure behind..t?e narrow-
t3st section is almost c,onstantt Thcro i“s hardly any doubt
that cavitation pr,evails; bebause the recorded minimum
pressures lie, within the limits of error, in the regi’on
of vapor saturation pressure.

It soon became apparent that. this %.ehavior “was typ-
ical and accordingly reyea~ed itself on blades, and so
forth. Observation through a glass Wiildow shOWs the fluid
clear at 11 anil 33 meters per second, but “in the stages
of forming a band of white foam on the sides of the noz-
zles at 14.4 and 15 meters per second. It extends just
as far as the range.of. low ~ressure “an& disappears in the
zone of pressure risem . f. ,,,

The phenomenon is not quiescent, the mercury manom-
eters fluctuate irregular~y. l?irst of all the start of
,the separation was not locally defined and fluctuated er-
ratically. So in these experiments and the subsequent
ones the simple expedient of soldering 0U2-mill.im6ti.er

..”gage wiPes46rosiiwise to the flow directly a$ead Of the ‘
narrowes”t:sectidn was preferred. The foqm then appeared
with great’ “certd~nty at”’that point, and ‘the...entireprocess
remained more uniform, Admittedly, the point of disap-
pearance of the bubbles - that is, of the pressure rise -
was ne’~-ervery a’c’curately fixed; hence, all pressure read-
ings presem”t a~eragos only, ,,‘. .......

.,
..,-

,
.

Aft~r’the firs’t’tests it. w~s sus~ected that the dis-
appearance’ of the l)u}bles and the pressure jl~mp,dissociated
with. it Ybrms an analogy, to t~le stationary compression
shock’ (Riemann, ~todola (reference 9)), The subsequent
tests, served ”.fo’ctin$irrnthis supposition, ..: ~ ‘,...:., ;’”.

.,... . , ,, ‘. ~ .“ t.
,..: ...:,. ,’:. .. ,. -
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‘Then a’new experimental apparatus was constructed
(fig. 6), whidh differed from the first chiefly in the
dimensions with’s view. to photographic and cinematographic
recording (a relatively, thin water sheet),

It consisted of”a~ionvergent-divergent channel with
two flat sides, a minimum curvature of the other walls
assuring a close approximation to a unidimensional flow.
The setup was connected to the water line of the institute. ,

A honeycomb was mounted ahead of the contraction. The
actual test length of the rectangular cross section was
of brass and so designed tha~ the processes could be con-
.venientli observed through two Class pla’tes. In some
pressure tleasurernents one of the glass plates was removed,
and a l)rass plate fitted with pressure leads pa, PI ... PIO.

(See fig. 6,) The test orifices ~~ere of 1/2 ~illimg+jgr cli-
ameter, the edges were not rounded off, though the burrs
were carefully removed., U-tubes containing water on top
of mercury in both legs served as manometers. (See fig.
7.) The leg on the external pressure side of the U-tube
held the rubber tubin~; reaching into a tank filled with
tiater, the level of which was on a level with the test
point, so that height corrections were not necessary, At
such pressure measurements the cavities which naturally
also form in the test lines on the low-pressure side. ,must
be carefully taken into consideration; for the vapor pres-
sure of the water is very accurately reached. All lines
were made of glass so that the bubfiles in the pipes cou d
be observed aild appropriate corrections be effected. 1
Care was taken so that the low--pressure distances ,~e
disposed as flat as possible to keep those corr~ct~ons to
a minimum. ‘The absolute pressure was recorded direct,%y,
from time to time, with a U-tube closed at one end an~ .’-
containing mercury. But the instrument did not prove as ~
practical as anticipated, at first, because it also re.- “:
quired height corrections, wilich, on the whale, were much ;
greater than with the common U-tube. .,

The readings
,-

were taken when the pressure diffet.ence.
Pa - PO) which is a m~asur~ for the throughflow quantity,—.
remained constant ’for some time, This Way even ‘th’eminor
pressure variations in the house water line did not ?)e-

. come d,i~twrb.ing%--@ ..,.,,.--~ -- .. . . . ..
. . .. .

The divergent discharge ljipe was fitted tvith a throt-
tle valve and a’ simple ~e@lating device by means of which,
at constant throughflow, the absolute pressure in the

r-
— .— -— —
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. ...
Whole appa~atug ‘“could l“e‘Faised: or:“Iowe”r6dr. “Tlie-water .
was .mea.sured,‘w’itha calibrated containdf: , ‘

. .
,,

.,:, .,. . . . . . ,,
. . . . . . .

First the::pressure rise p - pa “i’i-the “enla-rtied:

part (diffuser) of the test channel was. ,rnq@F.uTe.da-t flow
without-’ c%’~:it-a%iohand, in addition, computed: from.the
cro’s~-$e-cti.””onaldimensions according t o Bern.o-ul.l:i~s eq.ua-
.
tidn! (figi “8 ); the nondiruension’al formula P’ - & ~a’~”“

.. .. ~’. .- ,.”,
plotted ~as Ordinate, P“i~herely q = - wm2.. The ‘prey~ously

.,7 2
cited diffuser efficiency (or %ettero the degree of pres-
sure conversion) for test point 8, for instance j.,.is ap:

(P* -
,Pa)observed. .

“(bps - pa)commuted
..,,

,
. . .

‘>. . . . ,.

=80.5 percent- ‘“ ‘ .:
r..--

.,
,.
:-.

a value which is .in agreement with experiments elsewhere’.
(S66 reference 10. ) ., ,’

,.,,.!,
As. far as the ‘tiarrowest section the losses are sna’ll$

as seen from a comparison of the direct volumetric wa-ter-
measy~rements with t]iose computed from the pressure drop” .

Po : Pa? .according to 2ernoulli$ if the inflow velocity!

at test point po is allowed for in the calculation. The

volu~netricallv defined water volume is 2,4 percent less: .,
and served in all subsequent calculations. The dynamic
pressu.re therefore” refers to the act~al quantity of :
throughflow. #.

.Zhe pressure, measurements at points 1 to 10 are
given in t~hle I and plotted in-figures 9 “and 10. As in
all subsequent tables the pressure is expressed in meters
of water column. The quantity of water in figure 9 was
always around 1.47 liters per second. and 1.69 liters per
second in figure 10. The character of both families of
curv?.s,.obviously is identical. It is plain that the six
lower: c,uryes of figure 9 merge in proximity of the criti-
cal section : that is3 that across this distance no
change in flow condition takes place in spite of the var-
iation in.%ack pressure on the discharge end. So, not-
withstanding further throttling, it was not necessary to
change the inflow pressure p. (see table I) in order to

.



NACA TM 3To,.’1O78 17

obtain the same thr.oughflow of ..watert The pressure in
the narrowest sect~i.on:,does not increase until the tack
pressur’e is high; w-hen, of course, the inflow pressure
itself ,must be raised in. or-der to assume the same through-
flow quantity. (See talle I, last line. ) This behavior
is perfectly analogous, to that of,the flow of gas through
a Laval nozzle:, where the throughflow quantity also does
not change when the ,hac~ pressure is changed. It is known
that supersonic velocity prevails in the divergent part
and that cl,istur%ances cannot react as long as the momen-
tary sonic velocity -,remains exceeded at some poifit,
Throttling, produces the well-known Rieinann-Stodola sta-
tionary compression shocks which approach the critical
section as the back ~ressure is increas’bd. TJltimately
the shock reaches the narrowest section, every supersonic
velocity disappears and the nozzle operates as diffuser,

Here the similarity of the visual phenomena is such
that a natural temptation arises to push the analogy fur-
ther -qnd see whether the interval mechanism accompanying
the gqs shock also is related with the cavitation shock.

here direct observation alone is decisive; so an at-
tempt was made to render the processes in the nozzle vis-

‘ible,

Chviollsly, visual observation and ordinary photogra-
phy with exposures of the order of magnitude of 1/10 sec-
ond afford only average values, since the cavitation phe-
nomena are, in general, not uniform. Photographs of this
type are shown in figures 22 tQ 26 and 32 to..33.

It became obvious that instantaneous photo~raphs o,f
very sh’ort exposures (lO-s to 10-6 sec. ) should %e taken
hy means of strong electric sparks. In this time inter-
val an ob,ject inoving with the water, ,sucil as a steam bub-
lle, moves alout 0~2 to 0,02 millimeter .at a water speed
of around 20 meter”%,pcr second.; hence, assnrss sufficient
sharpness on the film. Obvio:~sly, ‘the light of the spark
loses much of its optical efficiency during its passage
throu~h glass plates -and layers of water. For this &ea-
son, the dimensions .Qf the test nozzle.;,as previotlslY
stated, were chosen comparatively sma,ll.

However, the cavitation %oundary manifested fluc3ua-
‘.tioils with widely varying frea-uencies; ‘whereas relative-
ly S1.OW changes i.n the “position of the :shock area are

. . . ~.l.



especially desirable for the apyraisa’1 of the p-ressure
readingSD &inbe the mercury manometers’ used had q~~ite ‘ ~
slow natu:ral oscillations and. “c’onseqw.entlyindicated only
average values even of tilose sl’ow fluctuations..,..,, .,

,, In order top~n~trate a little deefier, photographs ‘
were taken with”100 pictures per second; which at least
explain the small frequencies. Despite i~’s-elornetitary
charactbr the setup employed p-rov”edsatisfact’oryi The
rim of a“%icycle wheel was filled with paraffin, tuisned,
and cove~ed with a standard size’ film (’a%out 2 m.long).
The wheel was then placed in a lightproofbox and driven.
from without by a small motor. The lens was- taken, from a

ll-motion-picturle camera.small Ica-llKinamo . The”origixial ~
light source, sparks “oetween copper tips, was given up
after it was found that ele!ctron (consisting largely of
magnesium) gives very brig”ht sparks. A focusing lens.
projected the light through the channel on to the’film.
The high-tensioq current was su~plied by a small trans- ‘
former connected to one phase of the alternating-gurrent -
circuit and hooked in parallel with nine Leyden jars.
‘Thus.thd sparking order was equal to twice the power
~sourc:e:-frequency - that is, about 10C per second. Unfor-
tunatelj~ it was not always possible to achieve uni’forrn
arci”’n:g‘over; although that is more of an error in %eauty
%ha-ri:’anactual impairment of the results. .

Figures 11 and 12 show two enlarged film sections.
,. T~e~flo~;’i’sfyom left to right; the bulible area is shown

‘ as” the w“hite”s’hadolrpicture on the sides, The three pic-
tures weri taken At exact intervals o.f l/10C second each:
‘Fi&ure 12 Shows- th’e foaming by ‘slight t~r,ot”tling, and
figure. 11 with c-onsideratle throttling; hereit has al-
ready retreat.pd mor,e toward the narrowest section: ‘

Next,
.. -,,

sorne’-closely spaced. pressure orifices we”r’e. ‘
drilled into ‘one’side ,(as’i’n the preliminary t’est, fig.
5) for exploring t’he pressure distribution ii the after
portion of the foam area. The results are gi~eri .i~ ta-
bles II and III, and figure 13. The orifices are num%ered
from 11 ‘to 15 downstream, t-he-pr:essure record is given in
meters of water. The individual curves refer almost ex-
actly to the same quantity of,water; but the form strip
extends unevenly as a result of different throttling.
The top curve refers to cavitation-free throughflow; the
next ones i“efer to throughflow at which the shock in ave-
rage time reaches, accord-ing to”direct observation,’ the
text orifices 11, 12, 13,,14; and 15, which a,re s?ac.ed 3

,, ..
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.,. .
‘# . . . . ,., ,

millimeters apart, and as far as points 16, 17, and 18, -
whit.h,a.xe.3,2 6,.and. 9 millimeters, respectively, down-
stream from test point .15.. ,

;f, “fc:.
It is readily seen that tfib pressure rise P15 - P21

is considerably greater when the shock occurG in the zone
of the test length than .w.hen.i,tdoes not reach it or even
leaves. i“tbehind altbgethera .Hence the assumption that
the, enli.of’ th:e foam ,str.i-p,,is the location of ‘a’pressure
jump appbars to be ‘confirmed- Fron, these ffindi’ngsvari-
Ouq conclusions as :to the form” and ‘size of ‘p’reg’surejump
are permissible. “ . ,.,...

I?igure 14 shows ~ whe~e pn’ is t’hb pres-
.,, . q

,,
,.. .,.

sure at one of the test ”points12 to,.1$ i~d q =,% wm2
.’,.

is the dynamic pressur6, th6 mean range of the shock’ serv-
ing as abscissa. The test ]?oints are joined by curves]
having a characteristic, yaximum~ ,. ~ ,

‘,,

. ,,. .“..,.
~OWt-if’thg shock~~ere an actual disc:on$iilpity in;

the pressure, entirely d’ifferen~’ curves woul~ have t,o r’e-
Suit. At “a certain point, say, at 15, the pressure ‘would
have to le high almost constantly :$d;”~ong:as the shock
occurs in the positions 11, 12,. l?:, ox 14. Then on pass-
ing through 35 there would he a sudde;~ &r”dprto zero”:(15
and 14 would have tqe same press~rc). “,Li-ke*iise,the dif-
ference fOr shock.po~itions upstream from ydint ll,wou~d.
have to be. small and ’asqume, the full ambti~t ‘suddenly on “,.
passing’beyond 11. The curve:,,,w,~uld,,vi~&hortJ have to .
be rectangular, .,’) ’’’:----, .

!,..
B~v; ,t:il”~shock fluct~ates, acco’rclin,gto the o:bs’erva-

tions, back and forth. over the test po.i.nt;,wfiilbthe ma-;
n,o,~.eterindicates the time average of,the presspre fairly
:ac<cliratdy. This naturally blurs the relatively steep
p.ressti’r”e’rise “and simulates a more co,tit’inuou’stransition.
The recorded pressure depends upop.the time aver’age ‘as . -
the high- er low-yressure zone downs.tjream or upstream fr,om
the sh6ck hovers over t,hc test point. The curv.qs of fig-
ure 14 a-f-fordan estimation if acco”rn~~~ied by data on the
local flUCtUatiOilQ In- the case in question the position
of the shock point was obtained fro,m the film records at
intervals of 1/100 second. A rougl- a+”erage was +3 milli-
meters ;-”:th~t.is, twice the distaqqe ~f two test orifices.
,IJ.;fu%’th6r is- justifiable to assu~~’th’~t ‘on’th.cav,erage..,,,

.:’ -,
. ,. .., . ~,, ., .

:,-, - ,, . . .
# ,.

‘.
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the “sliObk .os’c&l”l-’ates “back’“and for”thj“at .c”Oii’stan~‘-v:e~lobi~t$;
Then the f r@@e”ric”y,Iiecome-s.s“u-~”or:dina-td for,‘.th~eSU3S ~quent
considerations, .,:, .,

‘T:i:gure15 shows a form- of pres sure J’ump’%h%!%a&k and
fcmtll.‘swin:gof .which to the am Qtmt ~,.of@3: rrrilMrm%kms’.3s; k
fai~ly. accurate picture of”‘the.pressure distkibu+ion+.’ “-~
consi’stin~ essentially of thre~ :stra-ight.line~- of.,dtffer:-
ent slope, . Naturally the ohoice ‘Of s~ope and-’o’f the.
height of jump is--somewhat arbitrary.;. but even’ SO,,- there
are some restrictions, :.. ‘,.”.

,j.!:’.:,-,,:!,’..-,:
Assuming this shock to swing *3 millimeters shout

the ‘median position, or what is’”calle& the mban-:.ran’ae(11
to 18), the average value of the pressure is readily com -
putecl,gra~hica,lly or mathematically, The ascep,ding. S30P,E
of tile up-per a’n’dlower strai~ht piece ar”o so cilose”nthat
the me,a.sured shock values at the extreme left o,?..exrtreme,
right ai~~+correctly obtained, leaving only the slope~’aqn’d~
hei~fi”t””of jump in the middle to- be determined! ‘,,Ts,~@,.~~O,t
example, a certain slope “and a’m’p’lituiieand determine- .;

P12 - p~l
and so fortK; the “result is a sot of, cu”rves

‘~”’ ., .. ,. ...-
as shown in figure 14, which, however, mv.st he reaone!i.?i..ed.
as to scale. and mutual position w~th -the experirn~ntal~’:,..
curves, On ‘the,other hahd, the ‘use b? th& eX~erirneh’t’&l”.’-8
curves to determine the- two missint; pieces rbsul%s” In ‘the
curve of. figure 16, .whtc!h actually is very similar to
the eXperinehtal ct.rvb of: figure”14 in ma~y deta’ils. ‘ - -

... ..

The form of ther pressure juiq? of figure 15 is thti.s ~.
quite plausible. Its theoretical interpret s%.ion~-5k’g’iv’6h
elsewhere.
-.”-... ,, ..,. ---.. ‘.r..,
,,, . . Hence; ff ~ pressure- jump extends over about 5cifIflli-

rneter~, it follows that hn entrained float ing.particlb br
a ~teti~!bubble speeds thfdligh this zolie’at a rate Of.~~”

metbr5 .yer second within about 1/4000 second, !lheuiiti’--,,.
sual phenomena’ fntiolved herein’ are discussed lateri .‘ “~

,,, .
,.. . .. . ... ,.,- -. ,..

.,.,..,,.,” ,.,
,.

:!.’ .,.. 3. Te-ets on”Air f’’b”ils“ “ .,
t .,, ... .,.. ,., .- ,,?,,:

-It,is’.ta:%& expected that phenomenal si’milar to tfiose
in divetige~~t‘nozzle s:will also oc&ur on the suction’~ide
,of ~i~foi~~ ,whe~e, ..in’general, a drop .ill~pies~ll’re’’to.mfnz
inure $s .Tol.ldwed ‘by d pressure ‘rise. Tlie”pressti5e”‘Si”de‘:
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is less involved since the pressure is not lower than on
the suction side even at the locally confined regions of
lower pressure. At higher negative angles of attack, of
course, the bottom surface becomes the suction side; then
the separation starts there first. On thick airfoils and
at very low pressure, or at very high speed, the separa-
tion can occur on both sides simultaneously. .

Cavitation on profiles iS of greatest practical in-
terest, especially on hades in cascade, such as used on
ship propellers and hydraulic turbines. The study of
single blades of itself would not be so important; never-
theless it seems advisable to explore the limiting case’
of very wide cascade spacing first. This case is treated
more completely theoretically and is actually realized
even on high-speed turbines and screws.

The airfoils must be studied in a perfectly closed
tunnel; this involves wall disturbances which are negli-
gible only when the airfoil dimensions are small compared
to the wall distances. No special efforts, however, were
made to avoid these effects ‘ii order to obtain airfoil
dimensions which permitted the pressure measurements’ at
the dri’lled holes. ~ In preliminary tests, to be sure, it
had been successfully attempted to make pressure records
on the bounding side walls rather than on the airfoil it-
self and to extrapolate to the pressure on the airfoil.
(See reference 1.)

But , quite apart from the .trou%le involved, it was
difficult to fit the airfoil tightly enough without at ‘
least partial equalization df the pressure differences on
suction and pressure side, with, of course, errors diffi-
cult to control. For most practical requirements system-
atic cavitation tests on cascades will be difficult to
avoid. Besides, tests ‘on turbine wheels and ship propel-
lers are naturally of particular importance for the engi-
neer, since he is ultimately interested in tlic total ef-
fect.

The airfoil tests were made in the new cavitation
test plant of the Kaiser Wilhelm Institut for Flow Zle-

.>,-,.-—.;...search,-wh.i-ch.operates with a completely closed circuit.
(See fig. 17. ) The centrifugal pump is located about 4
meters (13 ft) below the test stand to assure freedom

.from cavitation. The motive power is an adjustable
direct-current motor of 20 horsepower, The 10-cubic-
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meter tank serves to still the water and to remove the
air bubbles tiefore re+eilt6ring t~hs’te~t.section. The .
space above the-water,’ can .be’evacuated or be put under
higher pressure: !T~~is ~~s the grQ~$Tadvant~ge of being
able fo change the absolute pressure of tho whole system
at will, keeping the same speed (i.:C., the same Reynolds
number), so that the for~at~on and the disappearance Of
the separation can be quickly and conveniently followed.
The experimental pile lines on the upper floor are shOwn
in figures 18 and. 19. ,T~le~vater leaves the tank through
a 450-mill~.meter-~”~ide fitting in which a honeycomb of 20-
millimeter nesh is mounted. !i’hetapering pieces ulti-
mately narrow the cross section to a rectangle of 102.5
X 61,5 millimeters. All .kends have a wido radius. After
leaving the actual test section the water passes through
an elonGated diffuser.

The test section for wing studies is shown in figure
20, It consists of a square box with two round flanges.
Solid brass ?Lates or glass windows can be fitted on the
two flat sides. Sealing the edges of the glass plates
proved ~-&’rticularly difficult. Since the shocklike pres-
sures deformed t%e glass plate, even putty did not pre-
vent altogether the very disagreeable entry of the air
from. without, making it necessary to put the whole side ,
plate under water. Then a small window set in the upper
narrow ‘side permitted spark illumination from above con- ~
cu-rren.tly with observation through the side window. An-i.,..
otheT small window on top ena%led the ill’uminatiQn from ,
above hy spark and observation of the suction side. The ‘
airfoil models extended freely from a brass body a,d-Just-
able from the outside to any .des.ired angular settin~g with;;,
respect to the water flow. ‘ ,. ..

.-,.
The airfoil’ sections investigated. so f.a.rare shown ~n~

figure, 21 as A, B, C, D, and E in order of thickness, A “
and 3 corresponding to airfoil sect,ion.s449 and 398 p~evi=
ou-sly’’’testedin the G5ttingen wind tunnel. ‘ (See reference,
5,-”pp~ ’76 and 82.) All profiles had,l/2-millimeter pre,s-
sure orifices; the three thin profiles could accommodate
only three orifices. The pressure was measured as custom-
ary with mercury manometers. ;

..
.:The study included:

(1) ~find-tunnel tests on similarl~,enlarged mbdels

(2) Determination of pressure and Watcf velocitY at
which separation sets in
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(3) “~ressure measurements on the surfaces in opera-
Elm.**1-,e,” .-.-tion with-and without cavitationq-

,. The narmal wl~d-tunnel ’measurements give (1) the
.crd$g-wi’nd farce: A normal’to the velocity at great dis-
tance from the airfoil, (2) the drag W in direction of
this flow; and (3)-th~ xuometita-M “!about;jacertafn point.

. . . . ..,,>.,, ,..!!
The data are represented in nondimensional form .de-

fined by: ... .!4, i

,,

.

where’

P den

,.
“ 7-

A =;O ~~v? “F,,,

I

a 2 :,, ,
,,

P ~y . .... w =,
Cw Z“y.1’

. .
,, M= fi~z Ft

, , ... ,., Jcd. 2 ,
+ .

. . .

sity 1 “ ‘,.‘ . .:>.
!.-.,,’

v ‘undisturbed flow - ‘ 7 ‘ ,-
.-.;., .

F wing”area (chord tim~~ ~lidfh)’ ~‘.’ . ‘~

,,

,’, fg)
.. .,

-,,

,. ,

,,),

. ,,

.. ,
.,lA— ,. ., ‘.

. ,, . . . . .’:, . ‘:

t ch’or~ : “ - ,“. ,’ ..:,~.,f..... .. .
-., ,,. ,,..,’ . . ,.,,:.. ,..,..,r,. ,;,-, ,,,

The:rnoment re”fer~nce point “is ai%l~~dril~’-’dhbi~~ ,~y~th~ ‘
md$.t~fdrw;ard pof~t~ of the wing chord-o - T’h:~’”+-&su.~,ts.ar~e:i~:
gi,ve%-,in’~~bl”eg‘IV toVIII* -’.. “A: ‘z ‘:: -’ .>,.::-L:.;’
-.-,’,!<;.:<2 . . . ..,, -,, . . ,. .. ... :..
‘-’”:!PNe’angle’ df’attack ‘ am is ‘de;fin,~~-’~s.tilie&~l+;b~-

“~W&:&;T’thewing cho$d and the d’irection o~. -u’n,diiturbiti”‘“
Q O+w. All valu?s are red-u.ced’’to .two-di.qe,nsion,al,,f:+owac-
Co:d:n-$>:(o’t$e P;an,dljl’-~,etz-theo.ry.,(re.~e.rent-e“.$%P.; 36).-.
wwxlroh“a,c,cbunts~t5F ‘the,ef,fec’~of’ the free tip,s,of<:t,he~-~~.
aiff~~-ls ,Sq a perfectly safis$actory; ‘m~anner, . :., ~ i.~

. . .,. ,’
-: .,,

‘j~h~’d~a,g values ’of ai,rfo,~,le,A dncl E ,m~~~f~s~’,t-yF~c&l
diff,erdn,c~s ,f~,o~+‘G, ?,, and X; ,,,’$hedrag:x~r A-and 33“v,ar+es.

‘-- k-~;t~%le~’~v~~’.a$-f.a-frly’~”ide”ran.g.elo.f,angle ‘of-attack;. w,hi+e
C, D, “and ‘E Show .i-’mi’nitillm’atcertain angLes of ~t.t”<ck..,:
The thin ‘sections have very low drag; but the ratio Of ,

0li’f’t’W_CJdyag , $. :;-!o-f p’a’r.tflctil’a’iimportance- i’n’prfactice,.. ... ..... . ........-... .$1,. ,;; . -..:i “’‘ .>
ii, nevertheless, no more favorable than on the thimk.er
airfoil sections.

,. ..,.i .. ... .. . ...’.. :G. .- .,,
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. . ., ..
., The cavitation is especial ly.evidentw henthe pr&-

sure in the.whole system is changed at consta,nt velo’city.

No disturbance is visible at.high pressure; when the
pressure dropsi the spark light shows ’plainly ,visible,in-
dividual bubbles at the surface in proximity of the lead-
ing edge. -:The bubbles are rotind, ,freque!itly also hemi-
spherical, and from 1 to 4 millimeters in diameter, At
this ,stage the upper side of the airfoil does not show
many buh%les at one time (perhaps’a dozen). As the pres-
sure continues to drop the number of bubbles increast?s, o
which, under customary Illumination; then appear as white
foam. Figure 22 is a shdrt time exposure of this stage
on airfoil A; the white form reaches only up to a certain
distance from the leading edge. Upon further pressure
deorease (fig. 23) this shock moves backward in the same
way as on the diffuser. (See fig, 14, )

The spark illumination then reveals a dense mixt.qre
of lubbles of varying sizes; the foam covered area changes
rapidly in size and shape. But the outside appearance
under permanent lighting is surprisingly well reproduci-
?)le by simultaneous adjustment of outside pressure an@
velocity. 13ven then no separation of flow is involved,
which sets in r’ather abruptly at still lower pressure
(fig. 24) and which is also reproducible. ~ In this par-
ticular case two distinct Helmholtz (reference 11) dis-
continuity surfaces as well as Rayleighls flow about an
oblique plate on the %asis of Helmholtzts method were
realized. In engineering, cavitation is usuall,y identif-
ied with separation, ,3ut.according to the present re-
‘suits it is permitted only at very low ‘negatitie pressur~.

,Th,e thin airfQils ~anifested similar phenomena, ex-
,cept that ,the ,st,artof ,separation:is much more i,ndeter-
miziat?, in accor,d with theo’ry, which also predicts ca,vi-

, tation at the sharp l“ead;ng edges at,min,imum vplocity,-
(S’ee figs.’ 25 and 26,) With. the equipment available~ it

I was impossible to rea.c.hseparation on .C, D, and 3!, b,e-
cause,’ at the low pressures necessary for this, the’pump
itself came into the cavitation zone and failed despite
its low situation.

TO fix these phenomena mathematically, some experi.
ments were made on the basis of the following assump-
tions:

The letter
,-

P is any point on the a,irfoil surface;
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Wm and Pm s respectively, are the veiocity and pressure

‘iehrno%e“fro-m the- ai-rf-oili’*With-- w . denot.i.ng.the.velocity,
the pressure at P is, according to Bernoulli:

Take, say, point pml where the pressure is lowest.

Since the veloci..ty existing at that point at equal angle
of attack is proportional to velocity Wm:

,

Wxl=Wmcc ,

Pwith h = (~2 - 1) and q = — wm2
2

(lo)

At incipient separation p will have a certain
small value pd. To each value of the dynamic pressure

q there corresponds a pressure at which separation starts
of

(11)

After measuring the dynamic pressure q as differ-
ence of p. - pa, a sufficiently close approximation is

Pa = Pm~ The result is then a linear relationship be-

tween Pm and a which ca,n be checked. The appearance
of the first bubbles is very much dependent upon circum-
stances (slight protuberances, etc.). It is therefore
recommended t? designate a more advanced stage which can
he accurately adjusted, as IIstart,llin this particular
case the sta<e where the foam formation extends over the
entire profile side and to about one-fourth of the chord.
Then, if the pressure pa x pm is adjusted in such a way

>.
that ‘~h~%~-h’’d~”~w>:~iwaysappdars on the same place of the -
wing, and the recorded pa is plotted against q, the
solid dots of figures 27, 28, 29, and the values in tables
IX and X are obtained. A straight line can always be
drawn through the points, which, as it should be, does not

—.——...—..———————.
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pass through ”the zero pQtrft-but thr,oygh the pojnt pd to

the amount of 0.3 to 0,5-met’ers of”w~~er - that .$s, close
to the vapor pressure of the water..at the test.,tempera-
tures.

The expectation was thus closely confirmed and on
all airfoil sections.

Even more unusual is the fact that the adv;anced
stages”’also afford a straight line variation of p ve,rsus

q and are reproducible. Far it might be suspected that:,
since at different velocities the bubbles have” ‘not the ‘
same dimensions, the shock areas would perhaps shift as a
result of capillary forces. But the matter is substan-
tially simple, Here also there is a p-q straight line
and likewise one for the separation stage (on profiles A
and B). All straight lines pass through exactly the same
point. The (+) points denote the stage where the shock
reaches the trailing edge (as in figs. 23 and 26). The
small circles (0) denote the stage where separation just
starts.

Graphical reproduction of all the test daia”was not
deemed necessary, and the reader is referred to tables IX
and X. It is expedient to indicate only the slope
Pa - pd

= ~ of the straight lines, as in table XI, which
q

distinctly shows the very important distance between in-
cipient separation and separation of flow.

The slope and hence the danger of cavitation is .
greater on thick airfoils and at higher angles of attack.

Admittedly these experiments are not comprehensive
enough to venture an answer to the question of best air-
foil in respect to cavitation. To work wi.thout cavitation,
pressure measurements in the wind tunnel are sufficient,
but work with small cavitation requires drag measurements ‘

Cw ‘
in.order to be able to assess c = —4 It seems as if

Ca
the skin friction becomes less on first appearance of
separation.

It was possible to record, the,pressure. on the points
at the suction side indicated in f~gure 21, .which afforded
merely a survey of the pressure distribution but PO complete
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curve , as it was impq,~$ible .~q accommodate any more pres-

sure orifices within “the con fi~ed “syace of the airfoil,
, . . . . ..- . ...,,
The “r’esult-s~qr-e~’g,ivenin ~~~les:~~~I and “XIII; po-pa. . .

is. again propc~-t)ilenmlto--the dynamiqc”pressure q; all
pressur-e.s are uhs”olute in mete,ks of:.water’. The ratio P/q
is alsO Lnclulcd:.? ..~,... .

-, !,.
Figure ,30 -g,ives as ,an ill~str~tion the pressure

curves for ai.’foil A at m =. 2 . Four stages were exam-
ined: (1) w~tti~out ca~itation, (2) shock at 1/2 chord t,
(3) at 1 c:hord t, and :(4) separation.; The pressure dis-
tribution is exactly as imagined from. cavitation phenom-
ena. Without cavitation the pressure drops as far as
Orifice 2, then the pressure rises. .,

The zero pressure lines are dashes, with the ‘P/q
values plotted upward, The location of the zero lines
was so chosen that they are lower by Pa/q than a fixed

ordinate.pcint.

Visualizing the cavitation as nonexistent, the pres-
sure curve in this representation would then remain the
same at constant q, regardless of the value of pa” -

that is, the depth of the zero line. Then at a reduction
of pressure pa the zero line shifts upward and ultimately

meets this fixed pressure curve, This representation shows
that up to the line of intersection of the zero line with
the original pressure curve there exists a stage with con-
stant low pres~urej and that from, there on the pressure
rises. This affords empirical reference points for the
expected shock positions at ~iven velocity and given out-
side pressure, Accordingly, there remains in first approx-
imation (at cons,tant pressure) the pressure curve without
cavitation, and at Y-ncipient cavitation the piece below
the particular zero” line is simply cut off.,.

! On the whole, “it results in a very intimate rel~t’ion
between the processes ‘in wind tunnels and on airfoils, the

it judicious application &f which may prove quite advan.ta-,
I geous for further experimental studies.

E=-’ -It might %e adde’d that the start of cavitation is ac-
companied by a rattling, detonating noise which, at high
velocities and angles of attack, changed to a very loud
noise even in this small setup. The propeller noise of
ship screws operating with cavitation is well known, so
also the app rehens$ve roar of turbines operating with ex-
cessively high suction gradient!
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- -, .. ., . 4. Sphere Tests “ . . I“ “-.-... ,. . ..
These experiments and observations were made on a 20-

millimete.r sphere mounted in the center of tlie square
test channel, A..pressure orifice permitted the measure-
ment along.a whole circle, .,the sphere being rotatable
from the outside about the spindle axis; but, since the
spindle had to be fairly thick (4.5 mm) for reasons of
strength, the symmetry of flow was nevertheless percepti-
bly affected. (See fig. 31.)

r The observations disclosed the’.following: when the
pressure drops at constant speed, bubbles begin to form
%ehind the body in the vortex cores, -rather than on the
surface as on the airfoil; at still further reduction of
pressure the bubbles begin to form on the body itself,
and ultimately become quite pronounced, .as seen from the
short-time photograph. (See fig. ,32,) ‘

Separation starts directly behind the equator, At a
distance of about one sphere diameter the. shock is again
visible, followed by a gleam caused by. small bubbles.
Under still further pressure reduction complete separa-
tion takes place, appearing as a perfectly transparent
tube filled with water vapor trailing aft of the body.
(See fig. 33.) ,,

The pressure measurements (fig. 34) yieldthe :f&l:
lowing: the forward stagnation point corresponds to the

angle Cp = O, the rear one to ~ = 180°; P ‘ Pa
is.plot-

q>
ted as ordinate.

:$,..

Curve a refers to the nonctivitational ‘titage,’b ~kr,
the stage corresponding to figure 32, and c for the ,s$a&e
of figure 33. The asymmetry caused by the spindl,e’is ..
probably the reason of the maximum depression exceedin~
the theoretical minimum (-1.25), as, in fact,, subsequent
checks confirmed. The effect ‘of tke adjacent ‘wa,lls,1.s.a
slight increase of velocity ‘e’s’timatedat about 5 pe:r-cent
at the sphere equator. ,,

The drag coefficients, defined, by .- ‘,
.“ ..

,.W=C.: ~ D2~ iIm2~ .:-- -: (~~)

., ‘4 2. ;’., : ,,. . .,
5 ,,,: :,.. .$.-

,... .,.
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are obtainsd~.h~f~v~~imxl IiI&t:&&&tixinl~over the sphere
surface; no allowance being made for the asymmetry nor
for the effect .oS-,$a~gfinti&al‘fhiction.

,,

Stage a gives Cw = 0.48
“-,, %7,,..,-:~.., -..,:!:!,+. .,, ., .!.’.

Stage b ~iv~&.::cw ‘=::O;5?.’!:’:”. ‘:,:”..
,!.,.. ~’-. .,,:..,,..l:,,

r’ .,
Stag-e::~.%g$y.e4EC~:‘, =-oii9’.:::l -’~~ ‘ -

+1 >,,1’:,1.“ :‘.-l,!.’: ..$ ::8.:,.
If’, wi~h, a.giv~n ou$si~~.-pmaksn.nei. say~(.a%kb.%~hbivi! pres-
sure, for instance., the.:vslqedty-,.is~cofi$fl%ubusly *increased,
the curies b,c wouldgradual%yi.chAn&~ ~5n~b’bfi&:s~m~lar to
d., because the atmospheric~:pres~tire:’ig ‘~er~’-~titi$~fiparcd
to the then very high dynamic pressure; “Thb.cIo~J~~t nega-
tive value of p/q then signifies cavitation-so that
practically only the positive part of the pressure curve

~,remains significant. :,- ,, -: :!.;,:,’..
......... ...-

.: ., ,.
“Here a comparison with Bauer:s experime’~ii~ are of

interest, (See reference 12. ) He shot steel balls of
about 11 millimeters in diameter at rates 0f bet w;e.,er.n150
and 650 meters per second through water and noasur<e:d the
resistance electrically by determining the d.ecel@rL~+tion,*
The dynamic pressure rises to around 2200 atmosphek’es at
650 meters per second; equally great tensile stresses
would have to be expected if the ~res~ure curve wer~ of
type a, Actually, however, cavit’ati’on ~ets in; theflball

.lshoot:s.,a’hole in the water. This-drag-c oeff-icient is
‘ .’~~,p310~(l~cp’ordingto the present definition),,.

‘Curve’i also

wo”uld g+ve- 0.30 and may therefore repr.esent”’itisofie degree
~the presiure distribution in ?lauer~s experiments. Natu-
rally, it is not permissible to compare ”these

,... c;, values

::‘J with those obtained in the wind tilnqel at the same
Reynolds number;,-, the cavitation iS not adi~table to
Reynolds! law of analogy. .. ,

,’,

,.,- .
*’His calculation of the resistance “from deceleration

records in water is afflicted with an error, insofar as
he ignored the inertia of water which causes an apparent
sphe~.,e(.mass .eml.ar,ge-ment, Tn__P”o,tenTti&lflow the apparent
mass enlargement of a sphere amounts to half tlus displaced
wa.te,rt.%ass;but :he.re:.5t:b:e:c’mmek-’’c@&”taikly less~~ sp $hat
.th~~,.a,p$.uall~rr:o~wight~am.bun-t,‘t&;se~brhl’~ercent in the.,.”..J

,$,?~~,e.>,-o;~~.hjgh~,r,.r.e~lA.t~nc~~! -i .~’.--:’~?-~’[:”’:i-:’ ‘
>-.,:fffi,--.,:.:.,.}-.?’‘“1’:,-. ~,.,.?:i~,:,,;:,:~+”~c,‘:li~;’2’:..”~.;.+:. -. ..

.. . ,-,.- {r..,: .- J;:,. ,
r

;...:. ;J. . .1, ::,,, , ‘:kt..l; :=; tl:; =.”- . . ~
t,-..-
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III, THEORETICAL CONSIDERATIONS

1. Preliminary Remarks

. .

Mere observation of the cavitation processes shows
very plainly their tu~bulent character, and with that the
rather unlikely promise of making more progress with theo-
retical considerations than afforded from actual experi-
ments,. In-what fOllo~s it is att~mpted to find a’ some-
what rational explanation for the facts- observed in part

II. The ‘m”ost’elementary means are employed. As long as’”
the””present ’empir~cal knowledge is not greater, it would ~
not serve munch useful purpose to make the calculations . .
more rt’gar’ous.“ .......,.

,Thus it appears possible to explain the process, ‘ ‘
called compression shock, mechanically. (See sec. 4.)
I?urthermore.j if the shock layer is assumed to be thicker,
sensible’ values result.

. The travel of the position of the shock is’ readily
established; the theoretically deduced pressure edistribu~
tion in the closed channel is largely in. agreement ,wit,h~:
the observed. ., ,

!.,

Lastly, it is found that, on passage of the butibles :
through the ‘shock area, an almost instantaneous pressu’re”
ch~nge. actually takes place, which the theories of mec~~”-
ani%a~ -corrosion had heretofore assumed withcfit. suff,i-- “
ciknt-:rnechanical basis. The estimation of the tiaximtim ,’.~,:
pressures in the subsequent compression of the bubtlb~ “
(sec. 4)’affords value; according to which the ex’t~’eine.1~~
severe tiorrosion, which often occurs,
to mechanical effects,

can be trzce”d’back...
The considerations of’s~c~i~oh 6-”1

regarding experiments elsewhere indicate that the calcu-
lated pressures might be high enough for it. Here the ~
present empirical ’knowledge is particularly ,in,c,omple,te.
Hence any sp~c.ulations which could be eailly- made WOuld ,
he premature, .,:$ , . ,.

., ,, . ‘. .-,

- 2. Compression -Shock in the Bubb’le “~’ixtu.qe‘ ,’.

The most important result of the .~x,pe:qirnentsde-
scribed in part II appears to tie the identification of
the shock processes, In the earlier so-called compres-
sion shock the pressure jumps ly considerable amounts,
whereby bubbles disappear almost entirelyP
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It suggests itself to place this compression process

on ‘a parallel with the un~%fo~m Jl$emann gas Compression

shock, which occurs when gas with supersonic velocity
..A-—_

strikes an obstacle. Admittedly, the mixture of w,at”er
an-d”,y’”apofibubbl’esmanifests a.relatively coarse”,strudtu”re,;
henc~. t~e ensui’ng considerations refer to statistical, av-’
erage. values= ,, ,.-.,.,..:,., ... , ,.,,,,. ..:‘,

olti i-s:’~dmissible ‘to’sp:ea~ ‘of sonic velocity even in’””
connection with such mixtures, provided the propagation 6;’
audible signazs, which obviously would le very complicated,
is discounted.

,,.,!
Visualizo a l-cubic-centimeter mixture cofitaining X-

parts)by’volume of’ air or vapor and (1 - x) part’s of water.
The, density of the mixture is accurately enough expressed ‘
with PO (l’- x), where p. eti.ualsthe density of Pure “
water, or in mother words, the gas mass is disregarded as” :
being vanishing. On” the other hand, It is obvibutily.per~ “
missitile to visualize the elasticity of the mixture as .’“>.

being solely caused by the enclosed gases - that is;’to
exclude the small elasticity of the water?.. ,,’

The velocity of”sound a, the ra,te of propagation
of small disturbances, is, generally,’

f

dp
a=

~

,., ,., .’ .,.

(13)
:.-

‘It,!can be expressed numerically, if p =.,f,(p) is ! ‘ ,
kn’oi;n.~that iS, ‘make.a statement re~arding the; phy.sical~ ‘ ~ .
ch’a.n~es:acc,Qmp,anying the passage of the small,”dist~r.bance;. .

.,,....:.-: ..,,, .[:.’i“-,
.~~?,~uming, t,o begin’ tifth, a polytrope, namely: “~~: ~J”

.,
., p’xm’ = cohstant ,..

then
P“

x =“1 - —
P.

or

.>. ,. .,

,,. , “.
w. .

...,, -,,

,-- .
‘,‘.‘.’

..
[:’ -
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rm~a= (14)
., ,.l,y .. . ~ ‘,- :[; ;:,..... /.

.,,.:.’

If, for.fin-stance; .,p. = ,2:x 10$.“~yn’::~erjq~are cen~i - :
meter & 0.02 atmosphere)’; .pn,=’I ~ram per cwbia, centi - “:;

meter; x = 0,05-’ ‘A:nd:‘m“=“1.20~ -~fie~r.’a= 692 “’c&’”ntim’e’ter’s-
per &e’mcond<~“@hi6 is ‘a’”readily ~btairi~ble velocity; hence ‘-~
the appearance of compression shocks seems per fe:itlyfea - ‘
sible..: . . . ... ?“” ., ~.

,. .; ::
,. .,...,: ,.,C,.

3, The Stiraiglht“Compression ‘Shock “ : “

The premises are: Q system of coordinates solid ly,.
connected with the planie of the shock, a rigorously u-ni-
form shbck; pl “ velocity, plequals densityl ul pres- -

sure, and’ XI ‘ vapor content b“efore th”e shock, and’ ~2.’,’ .
u~, pa, and Xa the corresponding values after th’e
shock. The gas mass iS always disregarded ‘relative ‘to c ‘ ‘ ““

the,water mass.
,..,.
-.

Thbn, the equation of continuity giv’es , ..
. 7... .

p~u~ = p~u~ (15). “
,, ,.’:’ ,.

the momentum equation: ,, !.

(16)

The energy squation should be added as the third; ‘it would
state ‘essentially that compression heat is released during
the shock, 3ut this heat is transferred through the pipe
on to the water, which becomes heated to a usually negli-
gible degree. Then, if the control area for equations (15)
and (16) is kept far enough away from the place Of the
shock, isothermal processes must’%e as6Umed and

xl—-.PEZ (17)
X2 PI

substitutes for the energy fcrmula.

From equations (15) and (16) there follows:

“UW”3=P2-P’
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. . .. P2 xl
Then the introduction of

x’s’
gives ~ = s, ani’

$
wj.th it: .,. .,- ...

,,,. ..

p1:123”2x)1 “’i, - 1/s )

.$
‘(-Pi”’ 1:- x.l/,s)

..
and ., ~

. .

,., ,:

( P:) (

~ + plula “ “
s = xl =Xll

.

To illustrate: for

. . . %
>../ ., ,- ,

‘,., ;.’.

-1.
,.

=s - -: 1““’:’ -.,. ‘,,. .

(18),.

+ po(”l - xl~)u.la”~.: .,..,;

PI )

P1 = PO(1 - xl) = 0,95 gram per cubic centimeter

U1 = 4000 centimeters ~er second ‘= 40 meter’s ~’er second

P1 = 2 X1104 dy,n”‘per square cetitimeter . ‘ .
,...

s = 38 “’ ,.,.;. ,,
,. ,..

A very ‘con&idera%le cofipression hd<’ taken place.
.’

.“
~ Given U1 and ?10 ,.: becomes maximum for

.../. ,.4.
. .

;( $1’:) “ ,
%’1 = —’, 1 + -

.; 2, a

(1;),. p~u~-:. . . .

Since ”the:second -summand ‘in parenthesis is a,lways small,

X’l 1~— If the bub%les are visualized as spheres
2“

n 47 .,
xl = —= 0.74 is obtained for the densest packing;

6
hence the previously calculated value of X’l is p&-
sible. NOW it seems that -xl assumes lower values.

The highest water velocities employed in engineering
probably range around 150 meters per second. For xl
= 0.5 and p = 1 x 104 dyn per ,square centimeter, the
highest feasible pressure rati”o is s = 5625; and hence
P2 z 56 atmospheres.

. . ,-., “.
It is not very likely that such pressures would pro-

duc:e mechanical, corrosion. d~irjectly. Hence the theories
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.’-: “.-
! ,“.:,. ~, ., ...

assuming mechanical ‘corrosion mu.s’~p’r~~id”e‘fu.rthe’&.a me-
chanism that raises these pressures to an entirely diff~r-
ent order of magnitude. (See sec. 4.) Equation ~18) ‘is ‘
hardly suitable for water vapor, since,,eondensation occurs.
But , at the same tixce,-it is readily”-apparent that the
pressure rise, even by complete .condens.ation, varies but
very little from that established with equation (18); ,
which results in: .. .

,,-
,. .. . ...- --- Pou,a(l- X1,)X1.

-‘s =1+”.
P1 ,’

(20)

., -
,.

4. Structure of Plane Compression Shock. .:
. ,. 1, ,

The calculation so far afforded a summary prediction
of the processes accompanying the shock. The, final stage
after the shock was obtained from the stage before the
shock. NOW an attempt is made to explore the intermedi-
ate values and, in particular, to compute the thickness
of the shock area...

visualize moving along with a lubble. The shock is
accompanied by the approach of a pressure rise wherein
the shock actually occurs not mathematically nonuniform
but rather over a relatively ”great distance. The %ubble
thus becomes a little smaller, the pressure in it in-
creases as a result of the compression of vapor. It iS
.ess.ential that the outside pressure is not, in general,
completely in accord with that on the inside and for the
following reason: ?

Continuity demands

I I pu = constant

The momentum theory gives for the outside pressure pa
,,.}.,*. .“,

..-, :.
.> PIU1(U1 ‘U) ‘pa-Pl , .,+ f-: .’‘

..”,- ,.

or, when introducing ‘x:

., :;,
“ Po(l - x~)u~a ~= pa - pl (21)

-x
. .
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f’ -”.:’-”

Now there exists between x and pi the pressure “

within. the bub31e~ a relation which is,ogiven through heatj
conduction,

-e
evapor~tlon, ‘and g~’f~rth~’. If pi were ,..

identical to- pa, this relation,w~uld have” *O have pre-

cisely the form of equation (21), which naturally in no
way can occur. Rather, the process is such that at first
the interval pressure lags behind the outside pressure
and laier ove~hau].s it. The p,ressu,redifference acts to
accelerate or decelerate the collqp:sin~ m.otiOn of the
bubble. *

,= ...,,- ;
,.,.

Ncw it would be extremely difficult to solve the
simultaneous ,system of equations, which, on one hand, de-
fines the inside pressure,- and on’the other, contains
equation (21), because the time factor.becomes an essen-
tial eleuent in the equation for the “inside .pressurr?
(heat conduction).

The problem can be materially simp~ified by specify-
ing the relation between pi and x, perhaps in poly-

tropic form with, for the present, arbitrary exponent m.
In that case,’ pi is known for each x, and, accord-
ing to the momentum theory, or equation (21), respec-
ifvely;’ the outside @’ressvre ,pa as well. The pressure

difference Pa - Pi compresses the bubble .--’Tfex~-ox~’o-
nent of the pol’ytropes nust be determined from a special
consideration. ‘,Th-ebubble’ is to remain spher:i,cal during
the contraction; “which is possible only when the shock
a;re.ais ~,gre,at,com-~ared to the radius of the bubble.....,. ..-

?... , ..: ,, :.. . .’-. ,
. .,, 1

Let
,“ .., ,,-,...

r equal “the rad;ius~‘of “a round. bub.blQ,~att“a..~er~-’
t.ai~~..timqinterval. The radial motion of the surrsundin>g
water during the conir’a”ct”f:dn’‘is given by .’,’:,.:,,, .,.. .

t 4.

.. ()’
.2

dr
V=—zri..- dt s

..- .. ..

*The conditions are similar to tlhose in Riemannls
gas:shock; if assuF.ed.unifornl. . ,There, the,,::essure Cal-..
culated from the equation of continuity and-horn~n%um:: ‘: ‘.
theory does not, at first, agree with the pressu-r.e‘o’b-‘.’:
tained from the gas equation, w.hcn the t~mperaturc is
defined according to the energy formula. The explana7..,-
tion in this case is found in-the friction stresses which
cannot be neglected rel.?tive to the gas pressure.

., :.
----- . . -,. ..-

.>,
,! ,..

.

.$
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,..!,.:*-2.J-
.,. ..,

rad:ius,of the’ ‘sp-he;~’c,alb
,1 and., s is” the’distance
The kinetic pnergi’bf th
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which, With the

radius”), and v]

new var

4= - mr
3

iabl

3
II

r
—*rl

(r, equals
.

.i”n”i:t,ial

;’
:

P.

r

.,
,(24)

.’.,,

#&’ , .

E=

;

,.

Then the work performed by isthe pressures compu

a.
—

Outside pressure Pa.

Pa ‘Pi’+ Poul’(1

According to ,ation,,e .,
,’
.,.

,-..
..

(X1 - x)

(1 - x)
xl) . ‘.

. .. ...

In general,
hence it is

x and xl
permissible

,11 with respe
rediction of

Ct
th

to unity;
,e period

,,- ,1

are
in th

sma
~P

1
;,

- xl
e to put — ap~roxima~’e”l,y ,&qual

1 -x

,, 1:

Pa = P1 + Poul 2(X1 - x)
4.

to-uiiity.

(25).

of collaps
.!,.,..

Then

For a cubic centimeter containing
volume vl ..

n hubbies, ‘da.ch of

.

nv =

!.’
x . ..

,.. .
.,that

and

is
nv 1

. .-

,=

(1+ p-ou12nvlPI

or
Pa P1 + POu,l’xl(l c=) (26 )
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,,’ .. ,., .” :.” :.-,..... ‘.. . ...... ----- -;+. “,~t...

!. .!. .f-, .“.”,.-’,: -“... 4.,’”’’”3”’

The variation of is indicated by the curve ACB inPa, . .-------..
figure 35. - :--:.+’ ; 1-

;,..-’; --------%-----e..=,c.+,.., .s.~! ,?:“’.. .... .---- .-. -...----......
,

b, Interval pressuf’~ Pi. : The interv~$ pressure
,.-

follows the law of polytr’’opic change
.“.”

or
plvlm = pivm-. “ -..-,- (27)

-‘.;,:,
..
...’..a.rn

;.~:.-.,,, j
Pi*

()

1 !, ‘“ ‘ “ ‘“’—= ;-
{“’

(27a)
Pl

wi.+~ m as the polytro~ic exponent. “ Th&:’curve”’”-4CDof
figure 35 was obta”in.ed. ,., ,,-,.4..,”:- J.,. ,-’,,/.,,., .-L:’:’.”’

As the bubb”le becomes smaller’ “the “p’res%ilr~~pe’rf’or’m”
work, the difference of which is utilized to raise or
lower” the kinetic energy ~E of the wateY’ ar-ound t-tie~ub-
ble. Fr,om . ,-, .;.’..

,
,-,

v [’;; -’-” “:’’:’:~’~ “:’

_r r

.,. . ...,!:,)-.,7;,,.-
E=- (Pa - pi) dv = - (pa- - ‘ ,,,.:

Pi.).:?.?c2dt. :. .!..{

_“

there follows, after insertion of pa fr.pm.~eq-uation (26)!-.
and< of pi from equation (27a): . ,.,’~’ .:< G:; ,( ..;

.1
,- ,., . . . ,!...’J’.

E= -3m+ 3.”:I; .~ : - ‘
Plvl(d + BC3 + Y~6 +’(j~ ) (28)

whereby .,.,

,(
pou~ 2X1,r, ,.

P

.)l”

..
+ .. . ‘-l+=-,

..,“,..::. .“:.,. . P1 ,. :..,*

,.
,’

y _ PO-U12X1 ‘“:-.:—— . .
2D ~

.,

..--...

6 1=-—
m- 1 J
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.,

By equating E according to equations (24’)‘and”(28)- t’here
is obtained after elementary transformations:

,./, > . ... , . . . J
5, J’:I > ., . . .,.. ‘.! ,.,

,

., .,dt .. ,: :2,
rl t
.,.

(30’)

and

?t~ccn-rd.i-n,g,l.y,.if Rl\ ~1$ PI.* and -p are g,ive-p,the
time interval for the collapse of t~e.,bu,b%le %o,a;~em$.sin:
fraction [ of its original radius increases in propor-
ti;gnto the radius itself, ~ :. .-’ * ~,; ,“’:*:’,>’:.:

,!,>,.,. ..-1>,< ‘. .--<,,... ,.*
“Since m can assume any v“alue-,.betwe’en.1: and’ ,l,~4nin).’

diatomic gases, a closed integration is irnpossib,le~lbut. -.’
the graphical method is available. In any case the inte-
grand near the zero -places can le developed and.~approxi-

mate expre~sions established.
,-.
i

j. ;,’, !!.=.-,.:,..... ..J, ,
The: pertinent zero places are: -“

:-,, I
\.,

-.

1, t, =1, the starting goint

~:::a,$ ,, ,J.,,

2i[~L g<:i, the stigeoj rnaxirn~~rnCOx~ieiSi(Ok-0f2~:

the bubble that is of inte~est- from tfie:~oiti”t-~of[view]o~~’
pressure and temperature. In point of fact, there the
l@,ear contraction velocity di~appea~s , - . ;:

The solution c, = 1 can he directly verified; ~z is,
as will be shown Zater, so small in all practical cases,
that ~’ and [7 can be neglected.

(33)
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. .

. .

or, ‘with equation (29):
.--.. , . ...... *.. - --------.--:--- -... ....*----.,, ,>~-: ..

-,,,., . . .

(

-.

““)- ~

ti .“”:;
[2= ~ 1’.’”- :.’.

(“33a),.
poulzxl “

m+ (m - 1) —
‘2p1.

.. . ..,--
,.,, ,,” .-.’

At Cl and ~, the graphical integration fails, because
the integrand becomes infinite, and approximate terms
must be developed.

cPutting = 1 - 0 in proximity of the starting
point, where a is to be very sr.all compared to ‘unity,
the integrand of equation (31) is

(1 - a)2
—-—

$

C3)’+p(l - tJ)4 + V(1 - U)7+ 8(1”- d)
-3~+4

*(1 -

. .

1$ ,-is.readily scan that in the,.devel’o,prnen’tof “ -

(1 - a)n according to powers of u, quadratic terms
must be included. For, in first approximation, the root
assumes the value zero.

In second approximation
.,,. .~.

r3P0
dt=—
.,

,.
. 2P:%+ *-’

and , accurately enough, f,or ,the direct proximity’ of
.,”

4
..

,.,

t 1,2 = —

, %+?’g’:
,L.

.

tIf=l apd al = ,0, tl,~ becomes logarithmipal,ly .

..r.-

.’.,

,,
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infinite, which physically means that without impulse by a
suitable disturbance the shock is not started, But , if a
slight compression o E O already exists, the bubble col-
lapses very quickly.

In the vicinity of L2 “ “’ -the roo,t again becomes very
small, The integrand is approximately

C2 .. : : ‘f’ .’ ‘“-
,>- 4.,

..witll.,! = ~a(l + a) the integrand becomes: “r’i, :,,>.
....,’,., .. fL
,. ..” -,-,::,.’”.

~22(1 + a)z
—.—.—

J=;)+ ,~2-3m+”~1. ~j-.m+. -,
—.

. ..-.
,!

.,

and , according to equati’on (33), with allowance only of
the first power of a: ,“;,,,.

“:,- ‘.‘.’[--’: .
!.-!,,- t;,.:> ~r.. .t22(l + 20) ;’” “ ‘\,’;“; “;.-

,.7..-:.-.,.:’”
“zGr:i70= ~’ “: “;’” ‘ “

..’

The integration with this integrand gives

Then, if the transitional zone is graphically integrated,
the c:oll,apse..can be traced in ‘respect to time.”’

I?or instance, with

u= 400~:,jce.n,timeters..per--.s-econd; m h 4/3... ........... ...--.,
~‘-

PI = 2X 104 dyn. pgrL”iqui,:r’e’’,,centimeter; xl = 0.05,-.,--.-- ,

values which are feasible in practice, and where the ex-
ponent 4/3 for water vapor would almost give ad~abatic ‘
compression;.’thtis,’.t~~eq-uatldn (2’3)

:.
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a= 24,;. $=*41; Y= 20;, 8=-3,
. . . i . ..”..

and, by equation .(~l).:t“”: . ,, , .e -
.

,tt .&rl;,&.&kl*
2’

‘, , \

By equation (33), ~a = ~., With consideration to ‘

the logarithmic character of equation (34), ~ = 0,99 is ‘
chosen as the starting point and the interval time tl,2
computed according to ea.uation (34) with c = 0.90 as the.
second limit.

,,,
...,,

In proximity of ~a the integrand has the form- ,
,.

. C2

JxtT

C6with a minimum at ‘=”& This is the location o’f the
,.,

highest linear compression velocity
,,.,
,,
.,

d(—=
f

~ 29.4
‘1 dt P.

,.

The t’ime,interval from C = ~ to state of rest [2 ‘=.~”.

is calculated graphically according to equation (35),’,.~s-

Ctween = ~ and t = 0.90. -
,:’,

,,

By knowing the time interval for each x and L,
the local variation of the compression is readily ascer-
tained. In the time interval dt the bubb~,e travels the
distance dl = u dt or, in bubble r~di.i,, ~

which, with equation (31), gives:



Since r = rl~, the compression can be completely
indicated (fig. 36); it essentially takes plac.e”-over a
very short distance; the pressure ,jurnps over a distance
of 4,2r1 to about 2700 fold. The bu%ble diameters are
also shown in figure 36. The temperature rises con~id-
erably; with a maximum of 2300° absolute the heat conduc-
tion must o%viousl;~ pla~ an important part and.tbe eXPO-
nent’ m must certainly ,be quite remote from the adia-
batic. For the point at issue the correct choice of m
is not important. The compression very likely is”’not
purely polytropic. The present lack of knowledge of- the
heat condition of bubbles likewise precludes any exact
prediction ag to what occurs when the stage of maximum
compression is exceeded. The cooling fiaturally is very
pronounced; the simultaneously resultant condensation of
the hot vapor depends upon the heat transferred to the
water.

.13esid.es, neither the presence of other bu%bles nor ~
the fact tha,t the bubbles do not have to collapse concen-
trically is considered; they possibly coul’d be stretched
and torn by the locally widely varying pressures. Al 1
these prolJlemS need to be followed up in much more exact
experim~ntal studies of the individual processes, Hence
the decision to omit the results of a fajrly comprehen-
sive analysis concernin~ the approximate solution of the
hedt conduction problem at this time, except for a tabu-
lation of the maximum pressure
ferent

and temperatures at dif-
u~, x’~, and m, which are of interest with ‘regard

to the corrosion theories.
.,

The equation

L=?= ‘(” 1’

,poul~xl
m+ (m-’l)

2p ~

1,

)
3(m-1)

was found valid, .for small values .Of x. From comparison,.
with the polyt’rop”ic formula

., ..,. . ,,. . .
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.
A,

.Y2. .

()

R
_,.-!.A+. ---- --

—.
VI g

.,

follows

T2 poulax~
—= m+(m. l) —-—
TI 2p3 , ~

Carrying the approximation further ‘ .

‘.”

‘.

‘“ (37)

‘,

hence, in’known ‘tianner:
, .,

P2 TL

()

2 m-1,. —!=
P1 ~ ,-

,.

Tal)les 14 and 15 show very plainly that powerful
pressures and temperatures are to be expected at the
shock areas, even if. the numerical values are recognized
only in order of magnitude.

Calculations of the pressures accompanying the col-
lapse of luh?)les from the point of view of cavitation
phenomena have been made repeatedly (reference 13; also
reports %y H. Ttittinger and D. Thoma of reference 1), but
always on the more or less vague assumption that the pres-
sure outside the bubble was somehow greater than on the
inside, and so caused a collapse. It always involved
either completely empty bubbles - that is,
(Parsons and Cook,

a vacuum
also Rayleigh) or else isothermal

changes (Rayleigh, Tbttinger). However, it-may be stated,
on the basis of the present investigation, that the pre-
requisite for the collapse (namely, the very rapid varia-
tion of the outside pressure) has now been established.
And one of the fi~st- problems now consists in ascertain-,
ing whether the corrosion actually occurs, as it seems,
at the place of the collapse. Nearly all the availa.bl@ .
experiments, although very numerous, are obtained in pr&c-
tical o~eration, where the conditions for a clearly de-
fined shock position piobably never are exactly compli’ed

&
!-’!. ;

, )4



44 NACA .TM NO. .1Q78

with, At any rate, it is very well known in practice
that the corrosion occurs behind the spot at which cavita-
tion begins,

5. Compression Shocks in Channels

The processes in divergent channels described in the
preceding chapters can, to some extent, be treated mathe-
matically; in particular, It is possible to gra,sp the
shifting of the shock areas in flow direction under de- ..
creasing back pressure. .-,.

The actual process is visualized somewhat schema-
tized. The separation is to start in the narrowest sec-
tion E-E (fig. 37) and abate completely at the shock area
s-s; the pressure rise is to occur in a relatively small
area from A-A to 3-3, where 1? is the c,ross-sectional
area at B-B and w is the average velocity. The fric-
tion is disregarded.

Since the -pressure from E-E to A-A is very approxi-
mately equal to zero, the assumption that B-B lies very
close to A-A, gives, with the momentum formula,

,,

For ,simplicity it is assumed that the space filled 3Y
bubbles. contains very little water.

i
Since TOWO = Fw,

. ,

(38)

,,.
.t, Ap:l .

The, relative pressure jump,., computed for
,.

,. &PoYo-2 .

the srnal,ltest nozzlk’ in figuii 38 according to equation
(38) is~-indicated by dashes. This. discontinuous pressure

1 .P’o F. ~
rise ha’s,a~,ma~imua Apl =.--,7 V302 at ~ = ~ As the..

,, ., .
c,ro;sssecti~o.n.~:f:terthe shock continues too expand, a I
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see,ond ,gradual pressure rise:.occurs, which is :calcul.ated
according tQ.~e,rIYOulli .,. -‘‘- ‘...,--,,!,*<,9+. ‘.--,,,- . *.-*- !J... t 4

.,.. . . . .
.,. . .

:,
. . ..

,,, .,. ,
,,

P-o ‘(w’z - W22) = !y’wa

, K=!iY} ~

-. .
. .

. . ,. Apz.= ~ , (39)

..~-..,- ‘., i“
,., . . . . . ,.. .

,.
‘Yl%e”.plotting of this pressure rise then gities,,.ap-ic-,.

ture which qualitatively corresponds to the test ‘data in
figures 9 and 10, except for the smoothed transitt,ions.
‘Tlie’-pras”surejump’ deduced fro”m the pressure measurem,e+nts

., .-t... “’“1 S.J
Pow~2in figure 15 e’quals’ ‘0.33 — ‘while at the point ,.,- 2’ ‘

where t-he pressure was measured, it should, at the” most,

Po~02amount to about 0.45 —, Even the variation of the
,1“-,..:-. 2

“ pres-su-ne.curves after shock is closely reproduced in,fig-
ure 38”. .

The place of the shock on the suction side of an air-
foil travels, in principle? the same way; safe that a .,
summary treatment, as in the closed channel, is not p“os-
sible.

6. Appendix-
,.: .,-

“The Destruct-ive Effect of Short-Period Shock Stresses

In connection with the previously cited m6cfi~nic&l

corrosion theories. the experiments by E. Honegger (ref-
erence 14) are of interest,

:’,..; He studied the strength of various structural mate-
rials against corrosion under violently impingiqg water
droplets, His method consisted in.”rnoving test bars
mounted on a fast rotating disk at high epeed against one

,,OT more jets of water. He foun,d that the weight 10SS due
““to corrosion is no longer perceptible at relative speeds
of v < 125 meters per second, and at speeds of v > 125
met,er% perasecond can be represented a.ppmxxi!matel~’b~~ ,
a(v ~ 125) , where a is constant,

,“
,>>J,(:!. ,.:.~ ,.-..,.-.!:(;”) ‘“>. ,’ ‘

Wti~ri~ flat su’rface sirikes a cylindrical jet of
w,ater ,running pazal.lel tq it,...- Qn-1~ *he pal?’t%cles .&ir_eot-ly
adjacent to the po-int o,f..ia.~a~~.-a~!mcceletia”titeded !at. the: .
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moment of impact; those farther away do not feel the mo-

tio”n change. The conditions are exactly as in the pres-
sure line of a water-power plant when the discharge open-
ing is suddenly closed. Alli6vi1s theory (reference Is)
may be applied. But it is necessary, if more than the
first approximation is to be made, to consider the rate
of propagation of the pressure as being dependent on the

~ order of magnitude of the -pressure jump rather than con-
stant. - . .

*:
,.

(
A’system of coordinates is used in which ‘the~S~Ock

6{/
“wave rests. For reasons of simplicity it is fur$her as-

+ sum~~at the process is linear - that is, such as OC-
curs in’ a pressure resistant pipe, for instance.’ This-is
permissible, since only the maximum pressure value is
considered: I ;-J ::

“If tlie water, viewed a%solute, is at rest~ while the
wall moves with velocity v, then, if u is the rate of

~ropagation of the shock, the relative velocities are

WI =U and W2 = u - v
.. ,.

The equation of continuity gives ,! -“L.
...,-> , ● .+ ,-

Plwl = p~w~ .:..“:

the momentum equation:
,.

‘-lW1-.:(W,l - ‘2) = p2 - PI = A?? = p~UV->.,....,”:..:. -4.s, .,. ,:... .‘.- “.’;.””.- ““,$’C ;----,.. ?!
The elimination of v leaves

---- ‘-J..,e ,’-”!.‘.-:,., .:.:.r:.’..,ta.’ .,j. !.,...,...:.,,, ..
,. :, ::J

.,, .,,, ,.-./” !. :,

r’

-;,,...,,....
~2 “AP ,,

u=—— ‘(40)
,, P1.AP. , .

if Ap:@2~”pl ”’. ‘., ,;,,.and .....- .’

r ,.,,..~,, PI AP ,,.
u- v = —— (31)

62 AP ,..’ .!

ior small pressure jumps, . ,the expressions in equations’,.

f

i-,

(40) and (41) change to sonic velocity ‘a =$ ~, “because

P2 =,il and the qubtients;of the differences must be re-
.-plaCed by’differential quotients, ‘

,,.
.- . .:,....
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.:

But an attempt at .an.,a,ctual,prediction of u is
pr.edicat ed ..on.the..kn!owledge.-o.f=~the..phy-ii:cal..chang.e.s.at=.
companying the shock. Strictly speaking, the energy
equation is sufficient, but ‘the lack of knowledge of the
specific heat of the coefficients of expansion,
forth,

and so .
at the ensuing high pressures call for a simplifix

cation which is permissible provided the.pressures are .,
not excessive (p < 10,000 atmospheres). It readily can’ ‘
be proved that the heating of the fluid on impact is not
so great that the isothermic pressure-vol-ume- curve ObT,
tained by Bridgman (reference 16) up to very great pres-
sures (fig. 39) could no longer be properJ.y used. ~ext
calculate u and u-v for any one point of the curve
according to equations (40) and (41) or, conversely, begin
with the velocity v and obtain the pressure jumps Ap.
(See fig, 40. ) The pressures are comparatively small.

It is surprising, nevertheless, that such a hard and tough
metal as chromium-nickel steel is so severely attacked,
especially when considering that the true pressures in
the test could scarcely have been high’er than those in.
figure 40, since the pressure waves tare reflected with
the inverse sign from the free ‘surface of ‘the:water jet
and tend to reduce.

The results are equa,lly a~plicable:to t,h~ subject of
the present investigation to the.extent that ,a very simi-
lar type of stress is involved at the severe, rapidly
changing cavitation shocks’. The maximum pressure at
v= 125 meters per second is around’2100 kilograms per’
square centimeter, and is reached according to table 15,
at 40 meters per second water speed;’” m =.1.2; xl = 0,06.
The behavior of ordinary grey pig iron’ is.worthy” of note.
Its low resistance under practical cavitation stresses,
as in Honeggerts experiment:.s,”is sur-prisingP ~Honegger
ascertained a marked depe-ndence on “the -jet thickness ‘and,

. specifically, that thinner jets were less effective.
Perhaps the air entrained by ‘tlierota$ing.disk sets the
thin jets into motion even before the shock and that ‘the
relative velocity is reduced; however, -a m~re,detailed
discussion of this problem is ’without the scope of tfie
present report. .. .

.
— . . ,:

,,

,.,
. ,
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After completion of this article, Mueller (reference
1’?) published some experiments which may be considered as
a continuation of those described here. 1%s outstanding
feature is the- collection of clear photographs-of the
I)ubbles and the compression shock oltained with a Thun
slow-motion picture camera. .’

P

Translation ’by J. Vanier,
lTational ’Advisory Committee
for Aeronautics.

,

.::
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Table I. Pressure distribution on the back wall of the nozzle.
(Pressure in mm of water.)

.—
Pl) P, 9 PI P2 P8 P4 P5 P6 PI P8 P9 Plo

23,68 0,55 22,65 0,38 0,09
28,63

0,34
5,39

0,48 0,82 1,24
22,67

2,00 4,90
6,82

5,97 6,91
11,05

23,8
14,89 16,24

0,53
17,22

22,80
18,07

0,38
18,74 19,67 20,31 20,87

0,18
19,11

2,77
0,49

6,00 8,35 9,86
18,21 0,27

10,81 12,27 13,20 13,88
0,08

19,11
0,51 0,95

0,46
1,85

18,25
8,01 4,07 6,03

0,27
6,95 7,71

0,07 0,30
19,11

1,21
0,46

2,39 3,62
18,24

4,81 6,76
0,27

7,81 8,49
0,08

19,11
0,65 1,48

0,46
2,74 4,21

18,24 0,27
5,40 7,18 8,27

0,07
8,U3 ‘

19,11
1,07 2,37

0,46
4,11

18,24
5,66 6,70 8,27

0,20
9,22 9,85

0,08
19,11

2,22 4,48
0,46

6,40 7,61
1S,24

8,36
0,16

9,54 10,48 11,07
1,55

22,38
7,17

3,42
8,49 9,51

18,57
10,26

4,68
10,77 11,78 12,39 13,12

8,11 11,20 12,24 13,10 13,78 14.35 15,18 15,77 16,24

Table II. Ressure distribution in

Wat
-

PCJ

shock. [Pressure inm of Table III. Distribution of pressure

tr c )lUII
.— )=

Pll

rise in shock.
=
P12

10,38
8,69
7,48
4,91
2,96
2,22
0,72
0,62
0,50

——

Pa 9 P19 P14 P15 P12—P1l

9
P18—PI1—.

9
P14—PII

9
Pm-h

9
18,60
18,22
18,22
18,22
18,22
18,22
18,33
18,90
18,22

1,50
0,81
0,83
0,91
0,92
0,92
0,80
0,80
0,96

16,76
17,05
17,01
16,92
16,91
16,91
17,15
17,12
16,90

9,86
8,05
6,62
3,42
1,62
0,92
0,44
0,46
0.97

10,78
9,28
8,12
6,41
4,3s
3,23
1,60
1,01
0.64

11,16
9,62
8,66
7,23
5,74
4,70
2,61
1,58
0.75

11,47
10,09
9,12
7,86
6,82
5,89
4,15
2,80
0,96

11
12
13
14
15
16
17
18

0,038
0,056
0,088
0,079
0,077
0,017
0,010
0,008

0,069
0,092
0,175
0,160
0,136
0,067
0,033
0,016

0,092
0,123
0,224
0,243
0,2223
0,121
0,066
0,022

0,120
0,150
0,261
0,306
0,293
0,216
0,137
0,086

Table IV. Coefficients for 4LirfOil A. Table V. Coefficients for airfoil B.
—

—
—

cm
e =—

Ca

-0,67
0,085
0,049
0,087
0,026
0,022
0,017
0,014
0,016
0,017
0,022
0,027
0,054

~=cw
l%

— 0,32
— 0,12

0,41
0,10
0,059
0,039
0,080
0,020
0,018
0,019

Cm
am I Ca I cm

Ca cm
Cm

— 8,9”
— 6,7
— 6,6
— 4,5
— 8,6
— 2,3
— 1,1
-–0,1
+~

4:5
6,9
9,7

— 0,026
0,17
0,28
0,38
0,49
0,57
0,67
0,77
0,88
0,96
1,13
1,27
1,32

0,018
0,016
0,014
0,014
0,013
0,012
0,011
0,011
0,013
0,017
0,026
0,034
0,071

0,11
0,15
0,18
0,20
0,22
0,26
0,27
0,29
0,82
0,34
0,88
0,48
0,47

— 10.8°
— 8,8
— 6,1 I

5.1 \
— 4,0 ~
— 2,8 /
— 1,8
+ 0,5

2,6 ,
4,9
7,3 ‘
9,9 :

— 0,30
— 0,16

0,087
0,14
0,23
0,34
0,44
0,64
0,84
1,02
1,17
1,26

I 0,096
0,019

I 0,016
0,014
0,0136
0,013
0,013
0,0126

, 0,015
I 0,019
i 0,028
: 0,066

– 0,031
0,064
0,10
0,12
0,14
0,17
0,19
0,25
0,90
0,34

0;024 I 0,37
0,044 I 0,40

Table VI. Coefficients for airfoil C. Table V I. Coefficients for airfoil D,
~ —.-

Cm

———

cm cm am Ca
am Ca

— 7,8°
— 5,1
— 8,1
— 2,0
— 0,9
+~

3:7
5,9
7,6
8,5
11,7

— 0,43
— 0,21

0,019
0,12
0,28
0,88
0,40
0,59
0,77
0,88
0,88
0,83

0,088
0,045
0,019
0,013
0,009
0,007
0,010
0,018
0,037
0,070
0,098
0,16

— 0,19
— 0,22
1,01
0,10
0.04
0,02Z
0,026
0,031
0,048
0,081
0,106
0,19

—0,11
0,01
0,088
0,11
0,14
0,16
0,17
0,21
0,24
0,29
0,31
0,33

— 7,7°
— 6,6
— 3,8
— 2,2
— 1,1

0
1,1
8,3
6,8
8,8
9,3
11*4

— 0,82
— 0,12

0,093
0,19
0,28
0,88
0,47
0,62
0,81
0,94
0,95
0,00

0,082
0,043
0,02
0,014
0,011
0,007
0,008
0,016
0,03
0,066
0,091
0,16

— 0,26
— 0,36

0,21
0,078
0,088
0,02
0,017
0,026
0,037
0,070
0,097
0,17

– 0,062
0,062
0,14
0,15
0,17
0,20
0,22
0.23
0,27
0,80
0,82
0,36
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Table IX. ~,q values for different

Table VIII. Coefficients for airfoil E stages of cavitationon
airfoils, A and B. (+ indicates air-
foil A. d, 2°; the other designationsCmCa

are accox h*O).qyaili
—.3===0.Stait .! e% I— 7,1°

— 4,9
— 2,8
— 1,7
— 0,7
+ 0,4

1,6
!2,6
8,8
4,9
5,9
7,2
7,8
8,6
10,2

— 0,46
— 0,29
— 0,047

0,066
0,17
0,82
0,67
0,47
0.56
0,66
0,76
0,88
0,84
0,84
0,88

0,078
0,041
0,017
0,012
0,OO8
0,006
0,009
0,014
0,020
0,081
0,049
0,065
0,080
0,11
0,18

— 0,17
— 0,14
— 0,86

0,21
006
0,92!4
0,024
0,03
0,066
0,047
0,064
0,079
0,006
0,18
0,16

– 0,1%
– 0,027
0,0B8
0,068
0,10
0,1s
0,16
0,17
0,19
0,21
0,24
0,28
0,30
0,81
0,82

,andx f

pa q

2,02 1,40
8,40 2,w
5,61 S*91
9,10 6,77
18,01 9,49

2,04 0,97
3,25 L88
5,41 8,67
7,94 6,81
12,80 9,78
14,21 —

2,36 2,85
2,19 3,83
5,66 9,37
6,45 9,66
7,18 6,04
9,21 6,65
9,752 8,72
11,34 9,66
— 11,28
— 13,60

0,90 0,71
2,06 —
2,49 2,19
6,05 8,91
6.80 6,76
11,91 8,66
15,01 11,00
17,18 12,85

A2 . . .I
1,64
2,48
4,03
7,07
10,10

3,00
4,60
6,64
11,48
15,40

1,48
2,46
4,08
6,90
10,00

1,18
1,66
2,40
3,60
4,76

AB . . .

I

1,21
1,98

.8,81
6,09
8,01
10,18

2,68
4,21
7,40
12,12
16,94
19,81

1,26
1,99
8,60
5,74
7,61

0,88
1,s7
2,42
4,81
6,92
—9,60

Table XIV. T2/Tl against m,al

for pl=201& ~/~2. 2,42 9,43 2,38
2,46 8,58 2,43
4,41 6,60 5,89
8,07 11,86 7,76
0,00 18,09 8,66
10,61 14,69 10,10
10,72 16,93 11,62
12,88 17,97 18,80
14,37 19,83 —
14,52 21,70 —

1,07 2,29 0,83
2,14 4,60 2,02
2,34 4,72 2,28
3,69 7,12 3.82
3,81 7,00 4,51
8,47 14,84 8,20
10,78 20,14 10,70
14,55 26,60 13,00

1,39
1,68
1,68
1,77
2,65
3,69
4,08
4,ii6
6,22
6,44

—

nt= 1,1

m = 1,2

m = 1,3

m = 1,4

0,02 0,05 0,10 \ 0,20

1,3
1,9
4,3
1,6

%

?7
10,9
2,2

18

if
9,1

2,2

lW

2,8
7,3
—

3,4
9,4
—

2>0
Y

1% –

3,0
8,4 1?0
— —

6,1
12 —
— —

“5,0 7,8
— —
— —

-
0,66
—
1,38
2,89
4,11
6,23
6,52
7,72

Table X. Values k.q for different stages of cavitation on
airfoils C to K

~tTralling edge.—railing edge—— St
q
1,70
1,76
8,84
4,76
7,78
8,66
9,76
12,67

1,15
2,86
4,96
8,21
8,60
8,68
10.04
12,62

0,605
1,94
2,94
8.09

_sJ
q
3,21
6,66
6,26
8,68
10,90
18,40
18,61

1,68
3,42
3,49
6,26
8,34
10,18
—

pa

2,02
3,06
3,46
4,23
6,04
6,38
—

q

1,64
3,44
4,88
7,18
8,76
9,75
12,60
—

1,16
2,87
4,73
8,14
8,44
9,74
12,24

I
q
2,51
6,76

Q 6,67. .
8,60
9,69
18,22

ql

72,478,88
6,77
8,86~
9,76I
14,10

1,64
2,16
2,88
4,47
6,94
8,25
13,80
—
—
—

1,186
2,56
3,416
8,58
4,80
6,99
8,44.
10,26

pa
——

1,42
1.87

pa

0,60
1,78
2,39
3,28
4,6T
4,60
6,76
—

1,01
2,66
4,70
6,97
7,66
8,22
10,08
—

2,83
8,82
4,89
9,12
9.62
11,29

1,77
2,67
4,14
6,34
6,63
9.29

2,42
3,92
4,88
6,00
7,70
10,82
10,07

3,16
5,85
6,46
8,80
10,48
12,18
—

0,78
0,96
2,38
3,66
6,66
6,09
?,06
0,42

2,08
4,79
7,88
13,92
15,67
15,34
17,80
21.29

.

%.,
2;92
4,22 D2..
4,39
6,84
.—
1,46 —-
2,09
3,03
4,19
7,31 Ds. .
8,34
14,01
—

r 1,61
2,18
2,06
3,35

o~.., 6,19
6,97
7,46
8,40
10,4b

\12,90

/ 0,68
1,32
2,62

o~ .’.% 3,69
6,25
7,22
8,77

.10,82

2,48
3,29
4,29
4,77
7,79
10,44
10,74?
12,26
16,27
20,44

1,46
3,16
6,78
7,88
18,18
16,68
18,60
22,46

2,71
6,6a
6,70

lo,3a
13,89
16,62
—

1,58
8,38
3,40
4,86
4,91
8,88
9,60

1,62
8,85
3,68
4,72
6,82
7,69
9,40

——
1.08
2,68
4,21
6,20
7,96
8,80
10,70

2,46 0,98
5,89 2.61
9,34 6,77
13,96 6,88
18,36 7,68
19,48 8,60
24,03 10,48

1,17
3,39
7,19
8,26
10,07
11.71
14,23

—

1,861
2,87
4,47
7,94
8,69
9,61

1,61
3,16 D,..

1,2?
4,31
6,9F
M),3f

4,31
6,266
6,16
8,14
10,87
12,936

ET .

9;90j22,8(

–l–
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Table XI. Values ~=pa-pd/’qfor different stages of cavitation and
differeti~airfoils.

..-______ ___ __ . ____—.i-- —. —. .——

Airfoil A, 1A, B, B, G G c, U D5 ‘D7i E2~E, : E,

start 1,621 1,90 1,43
;:~;~ :dge 1,29I 1,45 0,86

1,79 0,69 1,44 2,09 0,71 ‘ 1,61 2,20 0,75 1,69 2,80

f
1,87 0,46 1,05 1,25

0,46I 0,68 0,46 0,68 — — - I 0t7 ‘T 156 ‘:0” 0f4 ’28

TableXII.Pressuremeasurementson airfoilsA andBO

pa

o—p!

_Pl_

o—p<

Ps

PO— pa

0,026
0,316

1,187

1,87
1,844

0,041
0,283
0,264

1,64

2,55
2,46

1,73

1,015

0,289
0,038

2,286

1,826

0,685

0 —pa P4 P5P2 P9

4,16 0,30
9,165 0,31

13,76 0,29

14,88 1,48

4,91 0,26

9,45 0,25

16,336 0,24

23,32 2,13

16,10 4,80

10,5050,22

7,255 0,19
3.11 0,71

19,62 0,84

16,78 0,24

11,2350,33
4,26 0,24

8,39
8,45

8,725

8,00

7,74

7,79

8,19

8,14

7,64

7,59

7,36
7,59

7,41

7,59

7,25
6,95

0,31
0,28

0,31

0,91E

0,30

0,28

0,30

4,71

5,18

0,20

0,21
0,21

5,48
5,23

0,36

0,33
0,26

0,31
0,32

0,35

4,08

0,31

0,57

0,53

.1,42

8,21

0,69

0,46
0,26

9,94
.0,44
8,80
8,17
1,05
0,36

0,31 0,21
1,07 2,66
5,75
7,58

9,92

704 10,95
, 10,76

0,28 0,32

1,44 2,20
2,05

~g: 12,62

20,78
16’30 20,02

:y2; 13,03

6:66
6,41 7,71

0,56 2,13
0,28 0,29

13,27616,93

10,88 13,84!

2,20 4,96
0,26 0,24

0,037
0,033

0,036

0,114

0,039

0,036

0,037

0,679

0,687

0,026

0,029
0,028

0,74
0,705

(l,046

0,046
(),037

0,037 0,037
0,127
0,66
0,87

0,88

0,496
1,085

1,576

1,86

0,635

1,214

2,00

2,87

2,14

13,85

0,986
0,41

2,66

2,21

1,54
0,614

0,036
0,037

0,033

0,185

0,034

0,032

0,029

0,261

0,57

0,029

0,026
0,094

0,113

0,032

0,046
0,035

0;038
A,

fm= 16,5”C

A5
fm= 16,50C

B,
k=16°C

B6
fm=lc”c

0,04

0,511

0,04

0,511

0,065

1,38

1,09

0,091

0,063
0,084

1,34
1,41
1,16
1,076
0,145
0,052

0,036

0,185

0,99
1,24

2,00

1,344
1,36
0,878
0,846
0,076
0,037

1,79

1,368

0,304
0,037

Table XIII. Pressure measurements on airfoils C, D, and E.

P2

po — pa

1,16

0,316
0,088

2,1
0,741
0,107

1,61
1,413
0,163

1,288
0,198
0,041

0,039
0,397
2,35

0,036
1,197
2,414

P3

po — pa

1,27
1,256
0,295
0,038

2,26
0,868
0,236

1,764
1,678
0,326

1,31
0,255
0,042

0,4)39
0,44
2,39

0,043
1,29
2,49

p.
po — pa

2,65

1,92
1,66

2,68
2,64
2,12

2,25
2,04
1,105

1,71
0,645

PI
p. — pa

1,138

0,167
0,037

2,017
0,748
0,07

1,58
1,877
0,079

1,29
0,226
0,039

0,027
0,379
2,34

0,083
1,195
2,39

PO — pa pa PI P2 P3

(72
t~=16°C

10,25
10,13
2,36
0,30

18,13
7,00
1,86

12,84
11,89
2,38

9,01
1,70

8,06

8,01
7,95

8,03
8,075
7,89

7,29
7,54
7,31

6,88
6,68
6,78

6,68
7,21
7,31

6,68
6,96
7,1

21,37

15,38
13,175

21,54
20,44
16,72

16,39
15,40
8,075

11,78
4,81
0,30

3,61
5,505
19,71

3,77
11,68
20,37

9,18

1,34
0,295

16,33
6,03
0,55

11,51
10,38
0,58

8,88
1,51
0,265

0,18
2,73
17,12

0,22
8,32
16,95

9,36

2,53
0,30

16,87
5,98
0,84

11,70
10,65
1,19

8,83
1,32
0,276

0,26
2,86
17,15

0,24%
8,33
17,12

(75
tm=16°C

{

C7
&=16°C

{

D2
tm==13,2°C

{

E2
&=13,2°C

{

E, /
t,.= 13,2“C

I

0;28 ‘ 0;046
0,26 0,54
3,17 0,763
17,44 2,7

0,285 0,565
8,985I 1,678
17,67I 2,87
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m = 1.1

1.2

1.3

1.4

Table XV. Pa/??l against Tz/!Cl and m

2070

64.0

20,2

11.5

4.27 X 106 3,63 X 10~

4096 4.65 X 104

408 2350

127 524

8

3.75 x 10=

2,62 X 105

8130

1440

--- _—-z.

10

1011

~06

2.14 X 104

3170



lIACA TM Noo 1078 Figs. 1,2,3,4,5,6

“E&r-
Figure l.- Negative pressures

produced by acceleration.

Figure 3.- Para21elepiped flat
in stream direction.

Figure 4.- Van der Waals
isotherm.

Figure 2.- Vortex curves in
turbulent motion.
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Figure 5.- Preliminary
nozzle tests.
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-....,.....~------I
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‘Test orifice

--
L

“Gl;~late

valve
diam. 0.5 mm’

Figure 6.- Test nozzle with pressure taps.
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I?igure 7.-
Set-Up

of test

nozzle.

and

manometer.

Fi~nre 19.- %xperi~e~tal arra~~eme~t.
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T

a5—

1,,

Test points

Figure 8.- Pressure rise in
flow without cavitation.

Iw
mm

Figure l’0~- Pr6ssure at through
flow of 1.69 1/s

with different throttling.

Figs . 8,9,10,13,14

?J

s

:
~

w
o
Ei

Figure 9.- Pressure at through
flow ,Of1.47 1/s

with different throttling.

m l!%?
n I

3

8’

P&

7

/
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5
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.?

z

1,

Test points

Figure 13.- Pressure6
Pll to P15

at different positions
of pressure pumps.

Figure 14.- Relative pres-
sure rise

(direct measurement).
Mean range of shock, test points



Figure 11.- Film
records of

bubble formation
in divergent chan-
nel, severe throt- = m!
tling.

=!=!!! be~~.~.~:::’ion~

Figure 32.- Bubble ~

Figure 33.- Cavitation
Figure 12.- Film behind sphere.

records of
bubble formation
in divergent chan-
nel, slight throt- -
tling.

%1

Figure 22.-AirfoilA. Figure 23.-AirfoilA. Figure 24.-AirfoilA.
Start of separation.

w%’
Separation extends Complete separation. @“

beyond trailing edge. “mw
m w

,
. trailing

edge.
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Figure 15.- Hypothetical form
of pressure pump.

M

Figs. 15,16,1?,18,20
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f - .’
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\

at n \

●

\ \

Mean!csnie o; sh~ck,=tes% po’’nts
Figure 16.- Relative pressure

rise (by assumed
form of pressure pump of figo15).

Figure 17.- General
arrangement

of the-large cavita-
tion-test plant.

Figure 20.- Frame
for

.- attaching airfoils.
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A
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a

c

D
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Figure 21.- Alrfoil sections.
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Figure 217.-

for airfoil
d= 50.

P-q
plot
A at

Figs. al,a7,a3,29,30

7’ ‘No c3avitatit?rn
Shook at l/2t $!hord
Shook at chord t

+Traillng edge
OSeparation

Separation.-—

E
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Figure 30.- Preoeure
distribution

on suction side of
airfoil A at 2° angle
of attack (A2).

Figure 28.- p-q plot
for airfoil

Batd=2°.

Figure 29.-

for airfoil
d== 7~.

P-q
plot
C at
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NAOA TM No. 1078 Figs . 31,34,35,36

Figure 31.-
Arrangement

of experimental
sphere.

?L7

as

or$

-Qs

-lo

-15

0

&iiazo w 60 80 ~ ‘w
720 7W Iv Tmo

(a) Without cavitation.
(b) Cavitation as in fig.32.
(c) Cavitation as in fig.33.

Figure 34.- Pressure measure-
ments on sphere.

Figure 35.- Variation
of inside

and outside pressure.

m%Qy‘=’2”1
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Figure 36.- Slze of bubbles
during shock.
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Figure 37.- Shock process
in a channel.
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Figure 39.- Den8ity of
water plotted

against pressure
.(Bridgman).

Figure 38.- Pressure
distribution

in a channel computed
for different back
pressures.

Relative velocity
Figure 40.- Shock pressure

plotted against
relative velocity.
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