


ACCELERATED

CAVITATION RESEARCH

By

William J. Rheingans*, Milwaukee, Wisconsin

ﬁ ?HE CAVITATION—pitting tests described in this article were

made with an accelerated cavitation machine of the vibratory
tvpe. An attempt was made to solve some of the phenomena of
cavitation by warying the amplitude of vibration, by varying the
depth of submergence of the test specimen in the test liguid and by
using alkalis, acids and oils for the test liquid. Other tests were
made to determine the relative resistance to pitting of recently
developed materials and techniques for applying these materials.
Results showed that accelerated cavitation tests can he used to
determine some of the mechanics of cavitation, as well as indi-
cating that some of the newly developed materials may be suit-
able for use on hydraulic machinery under operating conditions
where cavitation oceours,

This article is based upon the paper “Accelerated Cavitation
Research” presented by Wm. J. Rheingans on November 29, 1949
at the annual meeting of the ASME. and published in the July,
1950 ASM.E. Transactions.

*Asst, Mpgr, Hydraulic Dept., Allis-Chalmers Mig. Go,
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An accelerared cavitation machine of the wibritory type was
constructed by the Research Laboratory of the Allis-Chal-
ITErs i".":'!-g. Co, o 1948 and was ]‘.-15{':;:1 in t:p:_'r:!r:inn in
St'pr-r,*nhc: of that year. It has been in continous use ever
since for making hundreds of teses on a large \'.mﬁL‘l, of
[]'l!.ft:rlit‘\ 141 I.II:“:I'I]”I'IL“ thtl]’ Ft:l"'ll,'j".-{' FESISTANCE TO CaAVIL: !IIIUI'I
and hes also been used for making investigations of some
of the phenomena of caviation and picting.

These tests supplement the accelerared cavitation tests
rmale dll]Tlllb the vers 1934ty 1937 lw ML Mousson | I]"'c
and 5 Login Kt:rr {21 who tested 'L'I'.umt all rthe mm:-rulh
available at that time which were suited for use on hiydravlic
machinery. The development of new materials and new
|{'{_‘|‘1[1i{]l.]|;,'i for the ;L|1|'|I1'|;"Lrim1 of marerials since 1937, some
of which have unusually high resistance to pitting or other
|ll!\'JI]L|._E..L‘: Wl‘]LJI U\U':l '\'-l:lf.‘l'(.‘ l.|l'\'l1|l1.|l:3l"l LCCUES, I'I'II.:IL'L |.LL"I.]
tht‘ ['ILLf.‘h.h-lT}" ﬂ\»r LLH'I[]T]E!-'.I.‘\ TG e lrL]l I:‘.-" I'I'Il:‘-. TE."F-(: .lI]I:l I.'L"h-'.l.tL‘\i‘
m the construction of the accelerared cavitation machine
desceribed i chis arcicle,

History of Cavitation

The following is a brief history of cavication and the pra.
bBlems which hm'.ly,'n: about the development of accelerand
cavitation machines.

Cavitarion as wsed chroughour this arcce 15 defined as the
formation of voids wlt!tln i body of moving liquid (or
:I.FUI.IJHH wl .'.ll::ll.l.‘.r' rmwmg II'I ||':!|,'.i|.|:| 1.=.'h::r1 t‘."lﬂ: E'!l:i.rl:'iL'lL!‘i 1'Ir-|ili'|'lllil.:|
Fail to adhere to che boundaries of the passageway.,  This
occurs when there s insufficient incernal pressure to aver-
COHe |.|"||'.' I.I:IL'”i.H. IZ:II- |.|:'|L' E‘.-:lrr:il._'lﬂ'.‘i il:lll.1 :r‘:lri..f_' lI'II.'II] i ti:l.l.'il.'
sulficientdy curved paths along @ boundary which has a
change or variation in shape.

Cavitarion affects the operation of hydraulic maciinery in
\"EL“U'I.[" W..'ﬁ'\ [! [ | R AN L L ]L}‘r‘r <1|- |'l|. TWer .I.I!I:l IL'”'IL I"”":F ll""n'
l]ll"{'u'ilitg r(,'ll"-\."'Ll'ILl:" Lid ||'IE" FII::I"J.' jl Lilfl |"||I""I.|'I|I:_I:, s I.lr'h.l
vibravion and ic can produce picting which is defined as the
actuanl erosion of material subjeceed to cavitation,

‘J.‘I""L' ]'!Ii“.‘Ill;:l]['It rcar HI— Ls L"r'i[ lfi“l_'l Wik !.['I,[il. ii'.l.lf\'. I.I als \'."lrl.':l-' il=
1734 by Leonhard Euler (3) in his cheory on I1',LIr.zul|c_ THE
bines when he noted that an insuflicient pressure in a perfect
llL|L'.I-.| Can Cause a d:\'l_'rg:.-m:_' rebween ||]L'HJ':." and L'x|'-{'ll-
ment wnd cin resule in xero resiscance,

Some of the prictical aspeces of cavitation were firse nored
i connecren with ship propellers operating ac high specds.
Sidney W. Baroaby and Mr. Thorncroft, in a paper pre-
senced to the Institution of Civil Engincers in London in
1899, mentioned the occurance of a new phenomenen dur-
LI‘J;., PEULJL“':JJ crisls of HAMS Davng (4. T ey neted the form-
atin ab cavieies in wacer which rended ro become filled with
water vapor, This condition was held responsible for waste
af [rower and octher difhiculoies, About the same tine Chas,
A, Parsons (3) verified chis by tests oo the § 5 Teebiivg where
loss of power on the first steam turbine driven propellers
wis Craced to civiti L,

The Frst recorded i:l!l:li.t':tlil 11 that ':wi:1‘1|in:11|. |JI‘L:-(||Lr.'r_L|
L'rﬂ‘-h:]l'l oar JYI'ILTJI'I!_h [._'It I_'_I_',ﬂ'[{'[lﬂl.s WILE [I'I AL .II,'I,'II_IL‘ !,"? IL!I| bl'li'.'.
in 1907 by W, Wagenbach (6], in which he described how
the Francis turbine runners of the Jaice hydroelectric works
in Bosnia fled after a few weeks operation in 1890, The
runners were 5o badly eroded by cavitation that they had o
he i'l:pJ;l.l_'l::d. Alver ehis there were numerous rt:E:vm'l:-'u of }:ii-
ting, boch on hydraulic twrbine ronners and on ship pro-
pellers,

However, the wide variation in the resistance of different
materials, o picting is 4 phenomencn thar was firsr ois-

FMNumbers in parentheses refer wo similarly nombered references

inn hih Hography at end al e,

covered during the 1920'. Tt is probable chae prior o tus
reriod some engineers may have suspecred such variations
fmr there is no record (][‘yélﬂ}' published information on
actual comparative tescs.

1o Adkert in his handboeok published in 1*}"6 (7}, reported
the relative resistance of cast iron, casc steel and bronse o
T Crosion oF pircing.

In 1924 the Allis-Chalmers Mfg. Co. fastened 15 patch
lﬂmtﬁ of various types of e rials o the back sides of the
buckers near the discharge ed ge on a cast iron Francis ranner
furnished for the Isle Malign Plant in Quebec. An m';p:_-.
tion of this ranner after Ihrt[*_uw' one half years nl—npl rition
shiowed chat parch plates of stainless sceel cesisced pitting o
a remarkable degree as compared o the case iron in che
runner and as compared o other macerials used inothe e
mainder of the parch plates. About this time sinilar experi-
menes with various macerials including stainless steel were
being made on hydraolic curbine ronners inoa number of
other power plants. However, 1 was soon realized char
using different rypes of material ina hydraulic torbine and
then wairing a number of years for an answer was not a very
savisfacrory method of determining the depree of resistunce
to peting of these macerials. The time interval was entirely
too long, and there was no sansfactory mechod lor com-
paring materials tried in one torbine wich those tried in
another,

Therefore, starting abour 1932 severel types of machines
were developed  which were cepable of producing ac.
celerated cavicarion ‘.'.'l]L'!'{!E:I‘r' the resistance of various mecls
(L8] pilting could be {:.L'tt_'r:n.[uuﬂ HEWS ur:Ll-:rl:,' under |:t|1|>r:1r::-r1lr'
control wichin a reasonable period of tme (8).

The earlier machines used the principal of passing water
at w high velocity through a resoriceed area, followed by a
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Fig. 1=—=>5chematic loyout of vibratory type accelerated covita-
fion machine,



sudden enlargement. This was known as the venturi tube
type of machine,

In 1935, Dr. . €. Hunsacker and Dr. H. Peters of Mas-
sachuseres Institute of Technology developed che vibratory
method of sccelerated caviration. (9 (10} This is the mechad
used for tests described in this arcicle,
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Fig 2—Fhotograph of accelerated cavitation test machine.

Cavitation Machine

Figure ! shows a schemaric layour of the vibratery type of
accelerated cavitation machine. Figure 2 is a photograph of
the machine as buile by the Allis-Chalmers Mig, Co.

The appararus follows the peneral description by 8. Logan
[err [2}2 It comsists of & vacoum twbe oscillacor which
produces an alternating magnetic field through the nickel
tube. When che frequency o% the magneric field is the same
as the natural longitudinal frequency of vibration of the
nickel tube, the tube will vibrate ar maximum amplicude
in the longitudinal direcrion.

The test specimen Figure 3 is attached to the end of the
tube and immersed in the test Auid to & depth of 4 in.
Since rthe test fuid hears rapidly durinﬁ a test oran and
since the rate of pitting varies considerably with the tem-
perature of the fluid, the beaker contaiming the tese fuid is
set in a running water bath ro maintain 2 constant tempera-
L uf'?ﬁ |:|eg, phls ar ménus 1 :]l:g.

Since the frequency and amplitude of vibration of the
test specimen have considerable effect on the rage of piting,
provisions are made to control these quancties at all imes,
The frequency of course is determined by the length of the
nickel tube, 2i’l‘w vacuum tube oscllator circuie is cuned o
the natural frequency of the nickel whe, All reses are made
at a frequency of 6500 cycles per second this being the
natural trequency of vibration of the nickel mbe 12 in.
long, wich test button actached.

An electric strain gauge is attached to the nickel tube to
measure the amplitude of longitudinal wvibration, It is
calibrated at frequent intervals by measuring the actoal
maovement of the test specimen by means of a seroboscopic
light and a microscope with micrometer scale, Al rests
are made with an amplicunde of vibration of 0034 in. Tn chis
paper, the amplitude of vibration refers 1o the total wavel
of the test specimen. The criterion for rate of pitting is the
loss of welght of the test specimen.

Method of Testing

As a check on the relative performance of the vibrarory
machine, it was decided to use a brass test specimen as a
stanlard 1o be tested ar frequent intervals, By comparing
the rate of pirting of the various standard specimens, any
serious deviation in the relative performance of the appara-
s becomes apparenc immediacely.

At first cast bronze was used for this purpose. However,
it was found thatr this marerial would picL up water and
actually increase in weight during the lirst 30 minures of
testing. ‘The standard tese specimen was then changed w
rolled brass, ASTM Specifications DB-16-44, which gave
satisfactory resules,

However, since most materials, particulaly cast marerizls
have a tendency to pick up some moisture dusing the
course of a 2 hour cavitation cest, all of che rest specimens
are placed in boiling warer for 30 minutes, before being
cested and before ]]:]l‘]g wrighed.

All of the test specimens are carefully adjusted to the
same weight within ' gram. They are all weighed ac-
curately to the nearest 110 milligram in a chemical balance
scale. All specimens are weighed every 30 minures during
the tese. [t was [ound thae the race of loss of some of the
metals increases for the firse 60 to 90 minutes bue afrer chat
period the loss approaches a fairly constant rate. The
lengrh of each rtest was cherelore limited o 120 minaces.
Figure 4 shows how the rate of loss of metal varled with
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Fig. 4 —Loss of waight of test specimens.

time. It was ocbserved in several instances that a highly
polished specimen had a slower rate of picing during the
fiest 60 minutes, of testing than the same marerial with a
dull fnish. Howewver, by the end of 2 120 minete test che
highly ﬁmﬁshcd specimen would e picting ac the same rare
s rhff i 15"{‘.1’ ﬁl'lﬂ'{\'ilfﬁl:_'n,

Effect of Amplitude of Vibration

An interesting serics of tests was made on several matesials
o decermine the effece an the rare of pirting by changing
Ll‘lﬁ' ilr'l'l.l.'.lliLllilt' (}:I- \::..I'Il'illii,:ll'l I;J":- ['l:'l(_' (L4 .Eil'lf_'-{_"i”'“_‘l'l_, T]]{'
construction of the accelerared cavicarion machine made it
possible to contol the amplitude of vibration by concalling
the prawer output of the wvacuum tabe oscallarar, The

amplitude was measured by means of the elecoic strain
gauge fastened to the nickel tube. This strain gauge was
calibrared ac frequent intervals by means of a microscope
micrometer. Durning these tests the frequency of vibration
wits the same as for all the teses described i this paper,
namely 6,500 cycles per second.

Figure 5 shows how the amount of pitting decreased as
the amplitude was decreased . There was very licdle diflecence
in the rate of pitdng between 0030 inches and (00335 inches
wriplitude. For this reason an amplitede of 0034 inches
was selected for all the scandard tests made on different
materials 1o determineg their relative resistance to pating.
Thus a slight vararion in amplitade [oe different teses had
very lictle effect on the relative rate of piting of the cest
specimens. 3 i

The results of these tests indicate that a certin ampli-
tuce of vibration of the rest specimen is needed o produce
acrual Tpireing, and thae the magnitude of che amplisude
required varies Tor different metals, The 18-8 rolled stainless
steel type 302 required an amplicude of 0029 inches before
pitting LL‘GLJI‘IL‘ appreciable. The case steel specimen showed
very lictle pitting below 0016 inches amplitude, and the
brass specimen probably would have stopped pit ring below
001 inches if che ceses had been carried o such low values,

Apparently there is a differcnce in the minimum force
required to produce pirding on different marerials and
{'imnging the llllplitude of vibration seems o q_'ha.ng:: the
Lorces that produce pitting. This experimental dara corre-
sponds to some of the feld resules, where cast fron or cast
steel which Pitted I'u]'.-jc”;.l Wi r:rplu( edd with stainless steel
which did not pic ar all under the same operacing and
cavitarion conditions.
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Fig. & — Effect of amplitude on vibration,



Juse whar the forces are thar are created by the vibrating
specimen and that produce picing is scill open o specula-
rion. The mazimum vtl::-cit}r aof the rest q]-:eclmen when
il mng ar 6,500 UJH_IL*- por second, with an amplioude of
0034 inches is only 5.8 feer per second as compured from
the sine wave formula

V=FA
Where ¥V = Maximum Yelocicy
F = Frequency

A= z"l.m|:|lm|u|:: full eravel)

This velociry 1s much oo low o produce any impact

farces sufficient to cause picting. However, the acceleradion
of the test specimen is quite high. Ar 0034 inches ‘11':'11:-![[L-.d£
of vibration the maximum acceleration is 7,300 G5 or about
235,000 (. per second. Ic s wsstblc thar this high
rate of acceleration s I'l.‘.'x'[:llll‘l.'\'.-i\-’:l]r_‘ for the forces that
produce picting.

The most logical explanation is the theery by N
Knapp and A. Hellander (11) thar bubbles Furm in the
cavitahion H:Eion where the shsolure ]i‘II:'E'SSLIrIE' dmps below
the vapor pressure of the surrounding liquid, “They actually
demonstrated by high speed moving picrures that cavirarion
Fubbles form in the ]1r.]l.||<| arvd then L::]Iﬂ]:ﬁe ar velocities
up o 800 feer per sccond, depending upon the size of the
bubble. These extremely high velociries of collapse produce

ressures of upprox[uutely 0,000 p-:‘:unds per sguare inch,
EUE only over a microscopically small wrca,

Ohservation of the test specimens after having been
tested at various amplitudes of vibration showed thar che
pit:u:] area on the bottom of the 1‘:ut:1‘.u1:, angd the v;ll':'ptll of
pitring decreased with a decresse in amplitude. Ooe of the

reasons why the depch of piting decreases with a decrease
in amplitude is apparent when ohserving the test fluid in
straboscopic light. As the amplitude is decreased the sieze
of the yapor bubbles that form beneach the burron also
decrease, According ro the theory of collapse of a vapor
bubble, the smaller ehe bubble the smaller the velocity of
collapse and therefore the smatler the pressures prodoced.

The reason for che decrease in pitred area wich a decrease
in amplitude is also apparent from observation of che est
Auid under stroboscopic light. As the amplicude decreases
the area covered by vapor bubbles also decreases. This is
probably due to the lower vacuums produced under the
eest button at lower amplitudes, and therefore the formarion
of vapor bubbles over a large ares 8 prevented by the
surrounding pressure,

Eunhur TUSTs wre 1'.'{.':i['lg 1]'|L|.|:II:.' in aLIL at':f."l'l'lpt Lo l!EL’ETI]li[lE
what forces are being produced under the wibrating test
specimen, or what is actually making place thar produces the
pitting,

Effect of Submergence in Test Liguid

Another series of rests was made o determine the effect on
['l_'l_l:_‘ Face I;}:F 1'.li['[i.l'|. t_'n( ‘Fi.ll.'i{_‘.-l.].‘i I.'I.':P[hﬁ {_'IE- ﬂllE?lI’lerEﬁ'ﬂL‘E IZIE. [IE'I.E
rest specimen in the Huid, Tests were made on brass raed
on 18-8 cast se.uuleu wee] at wvarious deprhs of submer-
pence from Y in, to 2 in,

The resules of these tests are shown in figuees 6 and 7.
With the rolled brass specimen the material removed in-
r_r{_nf.-:-:! 290 with an increase of El.lbIHEIEEHLT from ¥ in, o
2in, With the 15-8 case stainless steel specimen the marerial
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Fig. &6 —Cavitation lasts to determine effect of submergenze on
brass specimen,

Fig. 7 —Covitation tests ta detsrmine effect of submergence on
stainless stesl spocimens,




FEETh I'\r!‘l!l \El'. rLkI."I‘_"t.t ﬁ[]..l Wi.t]l F ] IITIL'I'L'EH(' ‘]1'- ."il,!ll'l[]'lﬂ_‘FHL"ﬂI:{'
from % in. to 2 in

On boch the brass and the stamless steel cthe area of the
pi'[n’_'gl surface on the :{p-ugirm:_-ma. increased wich an increase
in submergence. However, on the brass the depth of pitting
remained abour the same for all depths of submergence
while on the stamless steel the depth of pi{[i'lg decreased
a5 the submergence was increased. Figure 8 is a phortograph
showing the pltlmg of ;mﬁ*-. and stainless steel ar 4oan.
\I.I]"II'I'II'.'FE{'J'I.U: and ar 2 mn HII'!FHLFiL_‘t:nLL'

The reason wh}. -:u'l|y the cenrral |J-'.th1uu of the spr:n'in‘]t'n
15 crroded or piceed is not quice clear, As the test specimen
vibrates, vapor bubbles form near the cenrer of the bottom
of the boetton and low downward 1o the bottom of the
CONCRNEr 1N 4 CONTINUOUS SIream, Figure 9 shows this
action with a test specimen vibrated in oil. Air bubbles
are alan visible in the ]i-;| uid. r"mp :11&.‘!11[1.-' air is i'.-t'in% drawn
down "Lll.lHE the side of the test burton from the surface of
the liquid. This air lows vnderncath the button o prevent
formation of the 'L-:ll.'ll.lr bubbles at the outer -r:t|H_:1. As the
depth of submergence of the test specimen is increased, the
quanticy of air drawn from the sutface decreases, thereby
permiteing the formacion of larger pitced areas on the rest
specimen.  This flow of air s noc visible on any of the
photographs, but cose observation with  stroboscopic
liEI‘IL indicates that air is un’.‘Lua‘Lfly being drawn from the
surface of the hoguid o the hotrom i_rfb[i:u- vibrating test
specimen.

The reason why the brass specimens pitted o the same
depeh at all depehs of submergence and why the pitting on
stamless seeel decreased wich an increase of depeh, cannor
bae- q-xpl:i:rwcl rt"}i-:':.i]].-'. Ir r1:ight ke :‘.xp:'qr:-d rhar pirring

Fig. B—Photegraph of brass and stainless stoel ot ¥ in, and 2 in.
wbmeargence.

would decrease with increased submeegency because with
increased pressure, the formacion of vapor bubbles de-
creases. los PH‘i‘ii.-I‘.lll:' that the severity of cuvitation acoaally
did decrease with an increase in ﬁu.ubmn:r;,L11,_L but that the
brass specimen was so susceprible to cavitation, that it was
[0 '\'I‘:r}" .‘;Ealﬁ]t!'-t' o ad tl].lllgi‘ III'I ['hl{_' qu‘u.'ll.l.[I{.l.'I_ :I-i_]j'l'_{_'_,
whereas the stainless steel was probahly close to the border.
line berween pirting and not picing and was therefore
ﬁl.'n.'qi‘i'\'L' (L8] il.l:l'!r' ﬁ]igl]l I::liﬁ-f.‘i'f.!ill:l:.'.‘i ilL Thl.‘ t'rl‘r"il,'iil_"il"llr'l fl:_:ll'{_'ll_"_‘i
such as would occur due to an increasc in the depth of
submergence.  This is similar o what occurred when the
amplitude of vibration was decreased as shown in hgure 5,

Effect of Different Test Liquids

COine of the most i:m‘:rtﬁ:ing sertes of tests was made q_LS.Ej‘-_H
different est iquids. Most of the standard ceses co determine
the relative resistance of different materials o pitting have
I'.:I\'_‘r.'r] r'I'EH.(!L‘ E]l \l.i.h'[jl.]L'i:. whLter. ::"-I ].11-5:’;“ K{T: Ir'lii.l:ll_'- ST
rests using salt warer (2) which showed very licde difference
in the rate of piving as compared w fresh water,

The present series of tests used liquids such as sulphuric
acid, hydrochlonie acid, oils and water treared wich
chromare inhibivor. The marerials cested  were  brass,
stainless steel. cast steel and special case irons.

Tahle 1 lists che resulis of tests on vanous casc irons
when rested o distilled warer and in warer treated with
chromare (Ma3d Cr04.)  The chromare solutions  were
alkaline, h-.u.'mg 4 PH number of 8.0,

The purposs of these rests was to determine whether
addition of an mhibicor such as chromare to wacer would
excepiion of the heat weated low

reduce pitcing. With the

Fig. ¥ —FPhotograph of specimen vibrating in oil.



Takle 1 — EFFECT ON INH1BITDR IN TEST LIQUID ON RESISTANCE TCO PITTING

MATERIAL

Low Alloy Gray Iron, as cast— Rockwell A55. .
Low Alley Gray Iran, as cast— Rockwell A55 .

Low Allay Gray Iron, as cast— Rackwell Avs

Loaw Alley Gray Dron, Heat Treaed — Rockwell A71
Lovor -"I-”U} Gray Iron, Hear Treared — Rockwell ATL

Low Alloy Gray Tron, Heat Treared - Jockwell AT

Type 1 Ni-Resist— Rockwell A4 bt i
Type | MNi-Resist—Rackwell Ads,

Type | Mi-Resist—Bockwell Ad3.

Type 2 Ni-Resist—=Rockwell A3S,
]H"" 2 Wi-Resist—Rockwell A5, ..

Tipe 2 Ni-Resist—Raockwell A3

Type 3 Mi-Resist—Rockwell Ad2,
']_'ﬂu_' 3 Mi-Resisi— Roczwell Adz,

Type 3 Ni-Kestse— Rockwell Adz2

alloy cast iren, none of the tese resules indicated chacaddition
of c'{umn:u:r_- increased the resistines o pltting any appreci-
able amount,

However, since the Brinell hardness was determined for
all of the test _lil,jl'_‘l_'ilni_'j'l..:: it was noeted chae the loss of metal
of the varous materials after 120 minutes of tesomg varied
with hardness, ‘This is shown in fgure 10 and despite the
fact chat this curve represents cast iron with varioes chemical
col nl‘uf.ili-::m there 15 a definire relation berween hardness
and resistance o picing

Table 2 hises the J'{:l.l.i-l.'ﬁ of tests on hall hard relled brass
bar stock using various solutions of sulphuric and hydro-
chloric acid umzr-.a.l:;u oils. The first group of tests seemed 1o
'L:ul_ic-u-q_ thar the greater the concentration of sulphuric
q;:i.! he greater the resistance to cavitition. In the second
series however, wh e bath the water and the acid selutions
were wetted to give approsimately the surface tensions of
the oils vsed, there seemed o be very licee difference in che
resistance to pitting berween distilled warer and various
concentrations of acid, The biggest variation was found
when oil was used as the cese hguid, The results showed
that there was a marked drop in loss of weight of the test
soecimen when vibrated in ewcher mineral seal o1 or crans-
former oil. A rese was alse made mixing the mineral seal
oil with chloroform o increase the specific graviey and
decrease the wiscosity, bringing chese values claset to
thas [or water. This mixrure showed an increase in the loss
of weighe of the test specimen.

Table % lists the resules of rests on cast stinless steel,
type 302. Apain the acid soh II:II:ZI!'L'H showed no marked
INCrease or d:m:.w&- bue the test in the seal oil showed a
big decrease in pitting.

Tahle 4 lists the results of teses on case steel. These teses
indicace a definice increase e loss of weight with the acid

Toral less

TEST LECLILY in MG o

120 min.
Warer {discilledy. .., ... ..... s
Q.20 Chromate {Nag Cridy)
oo.g% Wacer PFH = E!- (Ve bt 07
0.4% Chromare (Mag Crldy)
oA Warer PH = 8.6, ..., .. V7
Water (distilledy, . ... =i 49
i2% Chromare I'N1. Lr()a
99.8% Water PH = B4, ... .. 36
0.4% Chromarte (May Cr(y)
9o.6% Warer PH = 86,,,... Al
Warer (discilledy, ., .. ... . ol 136
0.2% Chromare (Ma, Cr(dy)
09.8% Waeer PH = 8.6 . .. i 115
a.4% Chromate {Mag Cry)
wal Warer PH =8,6...,.-.! 122
; Water [lisulled), . . e 16
! 0.2 Chromate | Na; (r{).l
op.a% Water PH = 8.6......, 16363
s A% Chromare (Mo Ol
Qo Warer PH = 8.6, ;.. | 151
Water Cdistilled), : 133
00.2% Chromate {“1.1.. 0 rO,J
09,85 Water PH = 8.6, . 130
Qs Chiramare {Me, (:I"lh |
oG Wacer PH = 8.6, ... ... 115
| ! i | Lo L el
|
1 + —_—
|
ptab ! 2
'.\-\.\. | | | [
-'a’.f": \'\_- } : (B AT O 1~
| % [ (R - EV
L :\\ M- SEsisr CRET dBany A
F o ] L e T [
13 2 |
Ly B !
: Cae? p o = |
ol \ |
spalay -
205
i* i ' 18 b : —3
2
A |: ] b ' ' ]
s | B
g - .
i el |
13‘?{ \
ol = Gt
] ] e, e |
a0 — = =
I Bockhees Hagornvegs 4 |
ar = Fr 2 £ £ T =

Fig. 10—Effect of hardness of cast iran an resistance to pitting.




Table 2 — ROLLED BRASS BAR STOCK,
ASTM, B-16-44, HALF HARD

Cu. 60%,, Zn. 279, PB. 397, 90 Brinell

PROPERTIES
| OF LIQUID

Surface Taral

Vapor  Tension lass in
Tese Liquid Pressure dynes/- MG in
tr H=0 cm. 120 o,
Worer (<iscilled). ... .. ..... o 1.1 76.5 194
3% H: 830, 955 HaO. oo | T6:1 174
259 Hy 50, 73% HaO 7 7L.2 144
S0 Hy SO, s0% HaO. 3 655 7
Warer (wetted 1o reduce surface
tenaion) i . | | 4.6 145
25% Hg SOy, 75% HaO (weteed ). . v 32.0 166
s FICL, 95% HaD {wereed ). . - . 49 .1 156
294 HCL, 75% H20F (werted) i 4l .0 164
MINERAL SEAL OIL. . ... ... .. k. 32.3% 1.2
MINERAL SEAL OIL &
CHLOROQFORM. . ... ... . : 31.% 10
TRANSFORMER OIL. .. . ... ... - 4.7 4.7
Spec, M-2608, Sun Chl Co
TO2304-010 Sun X 2587
ETHYL ALCOHOL 2.0 1.7 {Br i
CARBON TETRACHLORIDE e 0 [8.7
CHLOROFORM. . . . 9.0 26,7 180
ACETONE . . o, 2 23.3 123
TURPENTIMNE, .. 0.2 271 4.6

Table 3 — CAST STEEL, FED. SPEC. QQ-5-681 b
CLASS 2 MED.

PROPERTIES
OF LIQUID

Surface Tatal
Vapor  Tension | loss in
Pressure  dynes/- MG in
fr .0 . 120 min,

Test Liquid

e, . e 1.1 T0.5 104 4
25% Hz 80y, 79% ELO {wented). . .. 4 32.0 155.5
2%% HCL, 75% Hz:O {wetted}.. . .. 2ty AL.0 | 146.0
MINERAL SEAL OIL &

CHLOROFORM . : 31.% 4.9
ETHYIL ALCOHOL. .. .. 2.6 21.7 (1]
CARBON TETRACHLORIDE. ... A 1.6
CHLOEQBORN: oo soiaiiira 9.0 2.7 2.0
ACETOME. e 0.2 235 L3
TURPENTINE ! 0.2 27.1 06

solutions. However, the acad solutions bave a comrosive
effect on casc steel and can cause an appreciable loss of
weight due to comrosion alone, during the two hour test
p(-riuml. This sratic loss of wetght of the rest :.'PL:-:;llm::ns i
the acid soludons 5 shown i able 5. The brass and
stainless steel loss due o corrosion is neglibible,. However,
when the stadc loss due o corosion for case seeel is
subtracred from the loss of weight of the test SpeCimens, 15
determined during the cavitarion tests, there again is an
mdwarion thar the acid solutions do noc effece the resistance
o pitcing.

The general conclusion from all of these rests is that acid
solutions do not change the cavitation forces, and there is
some evidence thar the grearer the acid concentration the
smller the amount of J.‘lilii!l'!:. On the other hand when the
test specimens are vibrated in o, alchohol and ocher
quuidﬁ the \k‘ﬂjgt1r loss is grl:.'ii.LFj,.' reduced. The :_'x|'rl;1|:1;l_|:ic}::|
for chis phenomena probably lies in the correlation between
the rate of pitting, and the vapor pressure, and surface
tension of the liquid. Ploming the rate of pitting againse
the vapor pressure wich liquids of approximarely  equal
surface tension showed a defnite re arionship. This s
similar o the relationship Mosson (1) and MNowotny (13)
founed in their tests when changing the temperature of the
water, Figure 11,

The experiments by Maouvsson were confined 1o the lower
LET]IPL'T..H LITEES i!r'll.l Wil Fl‘l. k1 F"ff_'ﬁs LIS, "-'r']\i_':":_'i‘!ﬁ Nl.?".’.-'li :Illl}'
covered the entire range of temperature from freezing to
boiling. The increase in race Ll[l picting with increase in
temperature at the lower emperatures and the reduction in
rate of pitting with higher temperatures as found by
MNoworny scem to indicate char the vipor point, and the
outside pressure are determining, factors, This 15 indicated
by the conditions of stability of the vapor bubbles whose

Table 4 — CAST STAINLESS STEEL, TYPE 302
189, Cr, 8% Ni, 0.11%, C.

PROPERTIES
OF LIS

| Surface | Tocal
Vapor | Tension | loss in
Pressure | dynes/- | MG in
fr H.O [ em. |i20 min,

Test Liguid

i g | s

Warer {discilled), . ...

25% Ha S0, 75% H2O (wetted), .., 2.0 29
25% HCL, 79% HaO (wetted), , oy 414 48
MIMERAL SEAL OIL &

CHLOROGEOQRM. .0 ool Sy 315 7 |

Table 5 — LOSS OF WEIGHT OF TEST SPECIMENS DUE TO CORROSION WHEN
IMMERSED STATICALLY IN TEST LIQUID FOR 120 MINUTES

MATERIAL

Loss of
"."'."i:i_th[ in MG
in 120 min,

TEST LIQUID

Rolled Brass, ASTM, B-16-44—Half Hard,
Cast Stainless Sceel —Type 303

Cast Sreel —0QOQ-5.681b, Class 2 Medium. , . .

25% Hy SO, 75% H.O 0.3
50% Hy 50y, 505 HAO 22
25% Hq 80, 758 H.O .5
25% HCL, 75% H.O b i
259 He 50, 79% H0 51 .8

25% HCL, 75% H:O 67,3
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Fig, 11 —Relation belween vapor pressure end rate of pitting os
measured by loss of metel in fest spedmen.

collapse produce the mechantoal forces thar cause pitting
crostien. For L'L'|Lli]i.].'lrll'-l'.'| of & wapor hubble we have

Pi=Fe=25

r
Where: Py =internal pressure

Pe= external pressure

§ = surface tension of the lguid

v =radius of the habble

For boiling hguid the internal pressare 15 cqual to the

"r'.'l.'l'";.l] |-|||'_L|l'||||;_ w:'“'..h ih |:'I:|'||:I| o |.|:|L' E?‘s.tf_'fil.:la }HL“-HLIH.
Uwhere the liquid s bailed inan open contuiner the external
pressure is equal to che atmaspheric pressarc) or Pi = Py
Pe where 11y = WILPOT PIUssuTe ), Under this condittan che
bubble continues 1o grow (Fapproaches inhnity) and finally
explodes. Since there is no possibiliy for the bubbles to
l_'l.}“:ll,:ﬁﬂ: |_|'||'_ gl(_':il':l'l_'ﬂ_'[i"-.'l' r’()r{:f'}; e i|.|1'5|_'|:ll.. r].tlt'rd.'l'::l:l't'. .“-'i:]:l
the stability of the bubbles decreasing with decreasing
pressure differences (Pe—Py) and on the other hamd with
an increase in the number of bubbles and their collapse
with increasing vapor pressure (increasing emperature)
the relation hetween temperiture and race of picting 1s
incicaced, [“{nwnl‘ny demaonstrared i 'I‘l}' r'I'.ﬁlkiﬂlL[ LESLS
on alwminum  wesr specimens i vanoos alcohols and
benzines, the boiling points of which were between 68 deg,
and 136 |.|f.'f_5. . Fle tound char ar ll.ll'_']'.ll.li.]i.ﬂl}._’; ]:lr.:ljllt. Pe =
B, the rest samples wore nor damaged regardless of the
liquid used,

Mowotny also demonstrated that by keeping the liguid
at constant room temperature, winch was equivalent ro
keeping the vapor pressure constant, but changing the
external pressure Pe, the limiting condition Pe—Py in
general governed the race of erosion. For high external
pressures where the differential pressure Pe—Py was large,
the rest specimens were badly eroded, For low external
pressurcs  where the  pressure  differentials were small,
Pe—Py =0, no demage was visible,

As o farcher check, tests were made with the water at
1007 € (boiling) bur with an external pressure Pe of 2
armospheres.  This again produced pitting of the rese
specimen, which was quite netural since Peo— Py was preater
than zero,

All these teses indicare defnicely chac che destrucnion by
l:ﬂ\':.l_ﬂ_[i_ﬂ]"; r_l{](_',‘, [Nl%le x|t,'p:'r1n:| [I"I{!]L'J}’ on warer h'ArI'II]'I.{.'f h"l.l'l.

depends vpon bubble Formation because with the vibratory
machine, the liquid impace does not '.Zlum‘%u with a chanpe
i exrernl pressures Peo The reses also indicare the reason
for the various rates aof pitting when using different liquids
with different vapor pressures, as shown in tables 2, 3
wnd A,

All of this adds ¢ our knowledge of the Mechaoies of
Caviation and shows that there is a definire similaricy
berween the cuvitation prodieced by Mousson with o
Yenrur: type of machine and the cuvitation produced wich
the vibratory michine used by the Author,

The rests with various liquids as shown in mbles 2, 3 and
A also seem ro show that che surfuce renston of the liguid
has an imporcane influence on che degree of picing, The
greater the surlace tension 5 the preater the damage.
This is indicared by the nacere of the bubble mechanism.
The capillary encrgy of the bubble, B =4 {ry)" 5, which
'rL']L":l.F“.'I:l l:l'l.l:il:'l!,r |.'hH.' l'(:l”ij?h(.' 1:5{ []Il' %:lll]'ll'll‘.' i'i il IMEELS L TE l;:l{
the attack of each individual bubble, ro denotes the radius
af the bubble before collapse. However, further invesn-
gations along chese lines are necessary before  reladionship
etween surbuce tenston and rate of picting can be definieely
earghlished.

Pitting Resistance of Various Materials

Tables & ta 19 lise pracically all of the marerials cesced m
che accelerated cavitation machine, ‘These macerials were
tested ar o depth of immersion of W in, in distlled wacer
ar Ha00 L'].rt'h.'.x‘ et F.r.'-.'u|u| wirh H 1||t:!l travel :L|1'L|'.-|il'1|t|:.'
of 0034 inches,

Cast and Relled Stainless Steels

Tuable & lists tests on & number of casc stunless steels
which indicare quite p warnaton in resistance e picting,
Even cast stainless steels of the same type bur casc in dilfer-
ent foundries show considerable variarion 1o thetr resistance
te piccing. For example cast stainless steel type 302, which
contins 185 chrome and 5% nckel showed losses of 12,
22 and 33 milligrams as furnished by 3 different foundries.
This 15 & maximum viriation of 300% in the resistince o
piting,
materials being cast for various purposes. Other causes for
variations are the carthon content of the steel, where the
specifications for a particular type permit o wide vaciation
in carbon. The heat tearment of the castng and the
hardness of the marerial also effece ies resistance to piicng,

Some of chese varadoens may be due to che

Table 7 lists the resules of ests on 12%, 13% and 144
chrome case steels with varying Brinell hardness, Figere 12
show the loss in milligrams during a twoe howor rese in
the wccelerared cavitation machime plotted aganst Brinell
hardness, where both the 12% and 13% chrome steel cest
specimens were taken from che same castings, and the
variation in Brinell hardness was obained entirely by
changing the hear rearment of the rwo marcrials, These
tests show the large effect char hardness of o material has
Ofl 1ES resIsian o o [:l”,lllg.

The large wvariations in resistance to pitcing of the
different cast atainless steel ndicace the necessity for
constant checks on such marerial when used i hydraulic
machinery to assure that the desired resistance o picing
is being ohrained,

e



Table 6 — CAST STAIMNLESS STEEL

e —

MATERIAL
Speci- [———————— Brimell Taorl loss
men Cr Mi 55 Hear | Furnished by Hard- in MG in
Ma. % % % Trearment | Type ness 120 min.
159 14 8 |02 As Case | 302 Midvale oy 12
Lo3 18 b 0,12 As Casc 302 Midvale ; 13
137 27 10 0,26 As Casr | 312 g e L i 13
234 28 8 0. 31 As Casr [ American Brake Shoe 220 14
Z31 19 8 |02 | 2050° F¥ Hr. | ... American Brake Shoe 156 17
IR 1t 9 | 0.06 | 2050°-F 1 Hr. ; American Brake Shoe 156 14
230 18 @ .07 | 2000 F t4 Hr. . American Brake Shoe 136 19
Fag 18 0 o.04 | 2000% F Vs Hr, S American Brake Shoe 1465 22
104 18 B ir. 10 As Case 302 Boney Floyd i 22
7 L 12 . 10 . 316 O S R i B s - 24
235 18 14 o008 2050° F 1 Hr, i American Brake Shoe 144 2
139 21 o0 | o As Cast 307 PR kT £ 4l
165 L5 ki 0.1l As Casr 304 Allegheny Ludlum A A3
167 ] ] 0.11 As Cast S0 Allegheny Ludlum ; 45
232 18 10 007  2050° F 4 Hr, e, American Brake Shoe 170 §7
Law PERTECE [Eanainll IR As Cast 227 Allegheny Luclum il a3
| |
Table 7 — CAST CHROME STAINLESS STEEL
. . Total loss
Specimen Mazerial | Cast by Brinell in MG oin
N Hardness 120 min.
182 1200 Chrame. ... _,...| OhioSweel. . . ... .. . 302 20
108 12.0% Chrome, 0.10% €, | | e b e s : 2z
150 13.0% Chrome. ..., SFEAE | Allegheny Lodlam. . .. ... .. 306 5
my 13.0% Chrame. ... .0 .| Ohio Steel. ... - 208 29
204 14.3% Chrome. .. .. .. ; Ohio Steel. . S EREE 265 34
212 14.00 Chrame, ... . ... Ohio Steel. ... i 260 A4
171 13.08 Chrome, 0.12% C.. ... .. Allegheny Ludlum. . ... ., 35
213 14.1% Chrome. ..., i ; Ohio Steel. . i 225 46
205 [3.4% Chrome. ., cialy wasaed || SR B e st = i 215 47
194 13.0% Chrome. ..., Allegheny Ludlam. ... .. ... _. 245 44
209 LAL3% Cheome ... Othio Steel. . . | 22y 49
210 14.1% Chrome. v hio Steel | 187 S0
195 13.0% Chrome . ... ... .. Allegheny Ludlum | 241 51
181 | 12.0% Chrome. .. Srre B o] BT T 1 225 &
195 13.0% Cheome. ... ..., . ,....| Allegheny Lodlom. ... ... ..| 23 o
170 13.0% Cheome, 0125 C. ... .| Allégheny Ludlum, ... st 39
200 13.2% Chrome. - oo v XISy [ s e 187 4
192 13.0% Chrome. ... ... _...... Allegheny Ledlum. .. 207 T
180 | L2096 Chiome, o v ca v aee o 0o Soeel. o0 i 17 141
! —"[ Tahle 8 — ROLLED AMMEALED STAIMLESS STEELS
E .lL"| r"\. - - —————————— -
i |
_.,_‘."' Total
Speci- losg in
] N i mery Marerial | MG in
-gg - —1- : No. | 120 tmin
i | . L i il I T 105 | 18% Cr., 8% Ni, 0.12% C, Type 302, ... . H. il
5 . : o 157 | 18% Ce., 8% Ni, 00125 C, Type 502, ....... 32
AL |
0 ST ——
i
_E; Table 8 lists the resulis of tests on rolled annealed
e stainless steel. The wide weriation in resistance to pitting
e of the rwo rolled stainfess steels of the same type is another
T | reason for the necessity for making careful accelerated
MR Re 2o ke om dw O cavitation tests on all materials of this type before using
Fig. 12 —Efect of Brinell hordness of cast chrome. them for the PUTpose of rcsis{ing Fit[ing_
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Welded Steels Toble 10 — WELDED STAIMLESS STEEL

Table 9 lists che resules of tests on varous welded
matettals. These teses alse show a wide varnation in re-

ON 12% CHROME STEEL

. w : ] Tizizal
S1SCANCE T Flltlillg (I.EP‘.‘[I('H'IE L'I.E}UIL []lE L}"FIL' I:!II— E'I'Iﬂtt!!'lﬂl Sl—ﬂl' Hf‘ll]l’.‘" JDSS in
used. men Material Hurd. | MG in

Mo, Tess 120 mir.
Table § — WELDED MATERIALS e T Al (e Pt
] Lﬁz:’: n_,l"F"r.llfr:r N J.'i»m‘ Merad
= : 188 % Cr, 8% MNi on 12% Cr. Cast Sceel
; : lotal l"rq_]u,_t[cd (e )1 1l 1HG 7.6
Speci- ) Brinell  loss in 186 18% Cr, 8% Mi on 124 Cr. Cast Sreel—
meEn Macerial Hard- MG in Na Prehear. l 195 7B
Ma. ness | 120 min. 187 | 18% Cr, 8% Mi, on 12% Cr. Cast Steel
= Ny iy = e e —_—— \_ e ].’H.]:Iti[l.‘d [44] 'j‘]ﬂ 1 el a ll)_'E- 8.0
248 Lincoln Abrasoweld. e L) 205 184 12% Cr, on 129 Cr. Cast Sreal Preheat
242 | Arcos Chromend uzm. Cr b MNi)...| 275 #.5 ed o 400° F.. 1040 1%
136 | 16% Cr, 7% Ni.... .. Fare | . 9.4 18% 129 Cr, on 12% Cr. Case Steel Prehiear.
250 Crucible ‘HL‘Cl—RC.-'Ii[ I ‘IJ\I-’H ....... . 177 1 o0 F. . 352 14
183 12% Cr, on 1 1249 Cr. Cast Steel—No
134 19% Cr, 9% Ni=Ch, . _. A 13 Prehear, ., ., 347 16.8
247 Smich Co. —.wmrtm*u.r-.m' E: H N:- 137 23
751 smich Co.—Smehway 159
{25% Cr, 200 N ..., .. | o133 2 ) .
15 | Lincoln A5...., L L 27 Some of these materials such as Lincoln Abrasoweld
6 | Sreloo G4 [ 27 showed a wvery high resistance 1o picing,  However, the
254 | Lincoln Stainweld D (25% Cr, 200 Ni) 145 | 27 Abrasoweld has such a high Brinell hardness that ic is
25¢ | Wicror (G.E Co) W23lo:, ... | 156 ) nearly impossible to grind or machine and its use is there-
238 | Wiccor (GE Co) W-23-8.. 0. 0. .. 13 | 3l fore quite limited. The tests indicated thar the 16% chrome
257 | Victor (G.E. Co.) W23i10 Cb 42 32 79 nickel stainless steel also had wery high resistance to
14 194 Cr. 9% Ni—Ch .. ... S : 35 pitling. This material can be HTI,]I,JHIT and machined with-
132 256 Cr, 128 Ni—Ch. ., SE T, ] £ out oo much t]iﬂh‘.uh‘.}'.
o O INCO M RS i ; 37 P .
;!_153: 1’?uL[ﬂ{-c;[ﬂ]_“]I{z,.,H I KAzs # Table 10 shows the results of tests on v.'t;lhh:xl stainless
(tow Cr, 996 NijL ..., .. I 17 steels when welded to 12% chrome either preheated or not
= sreheated, These tests show that preheating of the hase
24%  Arcos Chromend K (19% Cr, 9% Ni). .| 130 A8 I : ; Ay B _ b o
547 | Lincola Stnwsld A-S (14% Cr. g% N | 140 i metal has very litele effect on the resistance o pitting of
246 Lincoln Sminweld A%-Ch the welded dqﬁnﬁir.
[ b1 S o e e e e e 133 41 s ik
In recent years there has been some difference of opinion
133 | 25% Cr, ._'A-]hl—tih and 198 Cr, among engineers a5 1o the type of stainless steel welding
g MNi—Ch_ _ . 41 ] avrsl A b, A T L
rod to be used in prewelding or repairing hydraalic ma-
17 Lincoln Aerisweld AE-124K. . . 5% 2 h e i B TR
253 i s chinery for protection against the effects of picting (erosion )

International Nickel, Monel LAt | 1 phia ¢ )
due to cavitation. The most important differences have

Table 11 — WELDED STAINLESS STEEL

MATERIAL Total loss

I
Specimen - | Brinell i MG in
Mo, L5t ]_;l}'vl:r al Weld el or Final Layer of Weld Hard ness 1200 mie,

15t SERIES

204 17% O, 7% Ni, Type 301. .. TR ¢ . A0 10
241 18% Cr, 8% Ni, Type 308, ; e el 16 24
198 25% Cr, 12% MNi, Type 309, . .. L e : 145 2
204 17% Cr, 7% Ni, Type 301. . I 17% Cr, 7% Ni, T 5 |1:. o 255 4]
194 25% Cr, 12% Mi, Type 309, . ..| 18% Cr, 8% Ni, Type 308. ... 145 Al
202 18% Cr, 8% M1, Type 508, .| 18% Cr, 8% N1, Type 308, . . 151 EE]
200 259% Cr, 2% Mi, Type 309. ... 17% Cr, 7% Ni, Type 301, 175 A%
ey ]
2nd SERIES
237 17% Cr, 7% Mi, Type 301 17% Cr, 7% NI, Type 30t .- 1906 iy
21 17% Cr, T ML 2 Ch, . .....| 172 Cr, 7% Mi, 1% Ch. ... ., _. 355 11
250 8% Cr, 8% Ni, Type 308....] 17% Cr, 7% Ni, Type 301. .. .. 167 14
235 185% Cr, 8% Mi, Type 308....] 18% Cr, 8% Ni, Type 308 = 166 | 1t
2z 17% Cr, 7% Mi, Type 300, . _.! 18% Cr, 8% Ni, Type303.. ... 16 [ 14
238 250 Cr, 12% Ni, Type 309 ... 18% Cr, i, Type 308, ... 164 A
240 18% Cr, 8% Ny, 15 Ch.._....| 188 Cr, @ Ni, 19 Ch.. .., ... (= | 23
234 2300 126N, 1% Ch. ... 18%Cr 8N, 1w Ch........ 168 { 27

12
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Table 12 — CHEMICAL ANALYSIS OF TEST SPECIMENS

Spect- WELD ROD MATERIAL

men e —— | Chromium MNicksl Total
Mo 15t Laver of Weld Ind Layer of Weld (final layer) Carbon
203 179 Cr, 7% Ni, Type 301 A 12,48 4 .90 L9
2l 18% Cr, &% Ni, Type 308 ; il I6.d4% 7.80 i 0]
108 259 Cr, 12% Ni, Type 309 [ i L6, G0 11,20 12
204 I7% Cr, 7% Ni, Type 301 | 17% Cr, 7% Mi, Type 301 15,80 6. 50 05
195 5% Cr, 12% Ni, Type 300 18% Cr, 8% Ni, Tipe 304 19,85 141, 30 L6
202 Law Cr, 8% MNi, Type 308 18% Cr, 8% Ni Type 308 19,50 g.70 o7
200 25% Cr, 12% Ni, Type 309 T7.B0 10

Case sreel used for :.'1:I.$1_- imetal.

been concerned with the composition of the welding rod,
the number of layers of weld to be used, the amount of
dilution of the weld depasic with the base metal and the
effect of the presence ﬂfl columbium in che weld rod.

To answer these questions, two series of teses [specimens
198 te 204, and specimens 235 o 242) were made on
various combinations of stainless steel weld deposis.
The resuls of these teses are shown in Table 11,

Since the investigation was primarily concerned with the
prewelding and repair of ]I}'ull—‘nlllﬁt' turhine runners, case
steel was selected tor the base metal in the preparation of
the test specimens.

These tests specimens were made by applying the
stainless sreel weld deposies to bars 10 in. long by 2% in.
wide |:|}- L in, thick, cast separately with steel conforming
to Federal Specifications QQ-8-681-b, Class 2, medium,
which is commonly wsed for hydraulic turbine runner
casrings,

Six Ly pes of standard commercial stainless steel weld rods
as 1'.11Lr|:h-<lst_--_| from the Arcos Corporation, 1500 So. 50th Sc.,
Philadelphin, Pa. were used as follaws:

Type 300, grade, 174 Cr,
Type 308, grade, 18% Cr, 8%
Type 300, gr:uh‘. 25% Cr, 12% MNi

Special, grade, 17% Cr, 7% Ni, 1% Cb

Special, grade, 18% Cr, 8% Ni, 1% Ch

Special, grade, 25% Cr, 12% Ni, 1% Ch

The chromium and nickel percentages refer to the
commercial weld rod designation and do not refer o the
chemical analysis of the weld deposie,

After the test specimens were welded, they were ground
to a smooth finish. The Brinell hardness of each specimen
wits then determined, For the firse series of tests, standard
bend tests were made on each of che tese specimens, and a
chemical analysis was made of chips wken from the
Uppormast weld glq:pnsj: of each :ipm'inn-n.

The resules of the accelerared cavimation teses on the 1st
serics of specimens show that two layers of type 301
stainless steel welds have considerebly greater resistance to
Pill!:ing thian any af the other combinations of welds.
These tests also show that two layers of weld give greater
resistance to pitting than one layer,

Table 12, shows the chemical analysis of the UppCIMOSE
layer of the weld deposit on the test specimens of the st
series of tests, This able shows thar there is considerable
dilution of the weld deposit when placed upon the hase
meral,  Another INTCTesTing observation is that the weld
dtpu:{it with an acrual concent of 16% chrome and 6155
nickel has the highest resistance o itting. Welds with
chrame and nickel conrtents above :uufhuinw these figures
seemn to be more susceptible ro cavitation. This 15 in

TH-Ce, 7% Ni, Type 301 1712

general accordance with the tese results obtained by
J. M. Mousson (1) as well as with test results on various
welded materials as listed in mble 0,

The bend tests made on the welded bars of the 1sc series
of specimens indicated that the use of only one layer of
type 301 weld deposic resulted in lower bend angles, and
therefore lower tlll{_'[l]l[}" than with one |:1}rt;r of eicher Ly pe
308 or type 309, The bend tests also indicated thae two
liyers of weld regardless of the combination, resulred in
dehinitely higher bend angles and therefore greater ductility
than 1 layer of any type of weld deposit. The bend angles
obtained with two layers of weld indicated sarisfactory
{lutii]il}' |..'nn.‘iix|.(_'ring the face that the weld is a Prutr:uti'.'q_;
coating and not subject to high stresses.

Since there was considerable variation in the resistance co
pirting of the various weld combinations in this 1st series
of tests, it was decided to conduce 2 second series of teses,
using vartous combinations of welds, as well as making
tests on stainless steel deposits made with weld  rods
Ei?l!t:lilli!1g from 0.8 e 1.0% columbiom,

The first series of tests had indicated thar two layers of
weld had a higher resistance to pirting, and had grearer
ductility than one layer. Also from the pracrical 5111:1:1p::in:,
two layers of weld deposic are always desirable for preweld-
ing and repairs so as to insure a [hul‘nug]n coverage of the
surface being prewelded or repaired. Therefore, all test
specimens in the second series of rests had ewo layers of
weld,

The results of the accelerated cavitation tests on this
second series of specimens 235 1o 242 are shown in cable
11. The 2nd series again indicates that two layers of 17% Cr,
T4 MNi, type 301 stainless sceel weld have g greiter resistince
to pitting than any other combination of weld deposits,
The addition of columbium did not increase the resistance
o pitting of any of the types of weld rods tesced. Nor was
there any indication that the addition of columbivm made
the welding process easier. In fact the the presence of
columbium sometimes makes welding with stainless steel
rod quite difficulr. Columbium also seemns to have the
effect of greatly increasing the hardness of the 174 Cr,
7% MNi, weld deposic as shown in table 11, This makes it
difficult to machine and grind.

Although two layers of 17% Cr, 7% Ni, type 301 stainless
steel weld show a very high resistance o |Jit[i:15, it has
several undesirable characterisucs when welded direcdy to
a mild carbon steel base, The stainless steel weld has a
tendency to dilure wich the carbon steel uncil it is no longer
austeninic. It thus may form a boundary layer of marten-
site steel between che base metal and che weld which s
extremely hard and bricle.  1f subjecred to high stresses,
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Fig. 13—Effect of hordness of voricus welded malerials on resistance 1o piting.

cracks Ly q|:c1,'-:_-|np in the marcensice I:'.1HL1IH]'.1.I']." E.-11l,-'|_'r arl
spread into both the welded serface and the base macenal,

However, further teses and expenimencal data will be re-
quired belore definite conclusions can be made regarding
such characteristics.

Welds with higher chrome and nickel vontents have less
tendency to form such & marcensite boundary loyer, 255
Cr, 12% M, ostainless seeel weld as o fisse layver should
eliminate the possibilicy of @ marcensite boundary layer, 1
proper w'tlc',in.;_, technigue is used.  However, the use of
254 Cr, 124% Nl, as i liest ].l}Lr amnd 17% Cr, 7% Ni,_ a5 a
second I.L}Lr does not have the ]ill_jl FESISEANCE B pattang
thae ewo layers of 17% Cr, 75 Ni have, Iris possible thac
]1:,.' I_l.‘.iHE‘ 25% Cr, 129 Ni for a frst Iil‘_r'l_'l' and then LISi.ElH
two layers of 174 Cr, 7% Mi, o higher resiscance will he
obtained.  Tests along these lines are now being made.

The conclusiens that can e made hased on the two series

UE' LCSTS AL is Foall s
['l.‘.r[‘.- I.l.‘.r Ers l::l:l- WL" | E_’I.\'I.' l}Ul[Q‘r I.:IFUH..‘I: ||.1'||! .LI]L{ II.EI.‘\I'L' Er‘L Ell -
er resistance to pitting than one layer of weld deposit.

2, The use of 25% Cr, 124 N, type 309 stainless sceel s
a hest layer of weld rends to reduce che reststance o

itting of the weld deposits.

5, The wddition of columbium o the weld rods has no
benchicial offects as Far as resistnee to picting s con-
{'(‘TF[I!'_"I.:I.

d. Twao layers of 17% Cr, 765 Ni, type 300 stainless steel
weld gives the greatest resistance to pitting,

5, If the weld will be subjected o high scresses, 23% Cr,

2o Wi cype 309 stamless sceel should be used as a first
layer so as to prevent the formaton of & martensice

Boundary subject to the formation of cracks.

Based upon these conclusions i is recommended char
rwo layers of 17% Cr, 7% Ni, rype 301 stainless sreel weld
rods he used for pre-welding aml repairing all hydraulic
I,"I,Il'rtllrl_ﬂ," Il].l{_.'l.ll_'lﬂ_"_l'}r bul"!t‘(r Iy ‘“’Tlr[‘l{,_' Pl 1.[]1& l'.lll‘.' T Ll.'n'|-
cation, where the welds and the base macersals are not sub-
ject to high seresses. Where high stresses exise, ic s recom-
mended thae 25% Cr, 120 NI, type 309 saainless steel be

Table 13 — SPRAYED STAIMLESS 5STEELS

Tesal
Spec- lass in
men Mefacerial 5 LW i_|:|
Mo, 1241 man.,
12 Merco Metealoy Mo, 20000 0eci i | Ta
1l '\-[L[L{r ] Pt o oo e e M PR : o
112 H l::r g4 M5, ']". [e 303 ... e ey 187
L1 I. ]].|i.-"i’[" e e Tl S B L A 14l
179 r'-]r_n..llx:-y Mol g A6
| I
Takle 14 — CAST STEELS
Toeal
Speci- 5 10
men Mlaveral i
M, 124) eenin
178 Fed. Spec, (0.50510 b Class 2 Mecium. i3 4B
154 Fed. Spec, (MJ-5-081 b Class 2 Mediom, ., . Liad
118 Fed, Spec, (H-5-05] b Class 2 Medium 105

wsed for o first |..1:,.'r_-r, The use of weld rods L'tJl:l:ii.:lil'l.L;
columbivm is not recommended,

It is i1'.|::_'rL'§;ri;ng o neee thar for all the welded materials
listed in tables 9, 10 and L1, there is a definite relationship
berween resistance to picting and hardness, even though a
wide wartety of marerials was used, This 15 shown in
['iI;L:ru 1%, TFor & Brinell hardness between 130 and 180
there s apparently quite a variation in the resistance to
pitting depending upon the rype of marerial used. Hiowe-
ever, the peneral trend seems o be the harder macerial, the
greater the resistance to pitting, There also seems to be a
definice upper limit in this respece. In other words any
ingrease in Brinell hardness beyond 200 to 240 does not
|‘n-‘1|:e;i;i.|]:..r increase che resistance to ?iltin'!'_".
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Table 15 — BROMNZES

Total
Spedi- loss in
men tlarerial MG in
Mo 124 min.
| AMPCO ROLLED BRONZES
CFnerninhed by Ampos Co)
111 Ampeo Noo 18 (exireded) Brinell 190 12
AMPCO CAST BROMNZES
[Furasshed by Ampon Co)
1) Ampoo Mo, 20 Brinell 255 5.8
161 Ampeo No, 21 Brinell 28% G X
1462 Ampeo Mo, 22 Brinell 340 9.5
123 Ampoaloy 46 Brinell 190 0.9
124 Ampco Mo, 18 Brinell 170 12
121 Amprooloy A% Brinell 130 22
WELDED AMPCO BROMNZES
([ Furuished &y Ampos o)
163 Ampeotrade 200 an SAE 1010 steel, Brinell 220 3,2
1 Ampeorrade 250 on SAE 1010 steel, Brinell 260 1.3
126 | Ampootrode 160 on SAE 1010 steel, Brinell 185 5.2
127 Ampcorrade 160 en Ampco 18, Brinell 185 5.9
165 Ampootrode 300 on SAE 1000 sceel, Brinell 320 L
18 Ampeotrode 1A0 an Ampeoloy 46, Brinell 180 20
123 Ampoorrode 10 on SAE 1010 steel, Brinell 140 24
122 Ampcotrede 10 on Ampooloy A3, Brinell 140, 31

Sprayed 5Stainless Steels

Table 13 lises the tests on various sprayed stainless stecls,
These tests indicate thar although some of the sprayed
stainless marerials had a resistance ahour u:||_|i|.| o cast steel,
others pieeed very m|‘.-ix|i':'. These differences are }1rc:1'-.1l‘.-]:.r
largely due to the methad [:-f,l|‘lp| ication of the sprayed metal
which accounts for the variance in ficld repores s o their
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Fig. 14—Photograph of cast and welded Ampoc bronze.
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of hardness of Ampco bronzes on resistance to

cffectiveness. Quite a number of the rest specimens had
vo b scrapped before the two howr est perod was completed
because the sprayed metal would separate from the base,
The ht'g.;h acceleration {abour 7,300 Gos)oof the x-ih.r;q;q;}-
rese 15 & severe test on the adhesion of the meral,

If the sprayed material is carcfully applied it seems 1o
have abour the same resistance to picting as casc sceel, but
considerably less resistance than -liJ'l:I'lIF‘-L‘I'l.}' welded stainless
steel, In general the application of sprayed meral is cheaper
than welding with mild or stainless steel, and it sometimes
proves to be a satisfactory means of repair where pitting s
not very severe, and where speed of applicacion and low
mitial coses are a facror.

Cast Steels

Table 14 lists the resules of tests on the case sceel mose
commonly used for h}f-.!r:mh'q turbine renners. The tests on
three Castangs froem three different foundries do not show
any appreciable variation,

AMPCO Bronzes

Table 15 lists an interesting series of tests on Ampco
bronees, Ampco s the made name for g bronze with an
aluminum content \';Lry‘ing from 10% to 1’«p|‘-li]};il|‘|;1tt‘|}' 14,
The Brinell hardness mcreases as the alominum content
increascs,  The results of the tests on the cast bronzes show
thar some of them have twice the resistance o P'["'""H
compared to the best stainless steel castings. The welded
bronzes also show a remarkable reststance o pitting,
Figure 14 shows photopraphs of casr and welded Ampco
bromes tes SpeCImens, I'-i.Hl:II'L' 15 shows how the resistance
to pitting of these matenals varies with hardness.  This
curve shows that while the resistance o pitting increases
with hardness there is 2 maximuam |:-ui:11 ]'-{:1_r'1||1r_| which
resistance to piting  decreases wich increased  hardness.
This same trend can be noticed for welded materials of all
Ly pes shown in I"igun.- 1%, The maximum hardness _Eu]' bese
resistance o piting seems o be sbour the same for both
groups of materials,

[5|:f':3r'-l:lr1-lrr:|y there 15 very lictle mformacion as o how
these bronzes eicher cast or welded stand up under fzld
conditions, which is really the final criterion. In one
instance bronze |.‘lil.[l_']:| phlf.n:.'.‘l were plrernated wich un_ﬁnaw
bronze on the back sides of the blades of a hydraulic
rurbine runner, Afeer a period of operation the ordinary
bronge patch plates had picted o a l_!:_'lllﬁin.lﬂ:r:!bl.{_f ERECOL,
while the Ampco bronee showed very littde signs of pirting.
Several Ampoo bronze runners have been manufactured and




Table 16 — WELDED COLMONOY

| Tual
Spect- loss in
men Mlarerial wIG in
Nao, 120 min.
[Cofuranoy furvsisdhed by Wadl Colmoney Col)
148 Colmoncy WER-100 Arc welded .0 o . )
145 Colmonoy Na. & Arc welded .. 000 H.4
129 Colmonoy—2F layers gas o G R s 1
130 Colmonoy—L Loyer gas welded . . .00 . 23
147 Colmonoy Ne, S are welded ... ... ... | 13
143 Colmonoy Mo, 4 arg welded .. ., .00, . 29
Toble 17 — COLMONOY SPRAYED AND
THEW FUSED TO BASE
Taral
Speci- loss in
mer Marerial MO i
Mo L2401 min.
144 Colmaney Ma, 6, \ Ho0
156 Colmonoy Mo, 4, e e T e R A 9.5
143 Colmonoy No. 5., e e e L
141 Colmonoy WNo, 4. | Tk Lt \ ves| 30
151 Colmonney, Swear.on:Pasre, Arc Application .| 30
150 | Colmonny, Sweat-on-Pasme,
OXI-ACETYLENE APPLICATION P T

e [0 ‘i[l I,)E)L"L'il.l,'!l{'lll'I‘ ]'.Il.]|' '_I]E ]'.l\'."fjl.ll.] EJF l]FlL'T:I.ii.f:l]l I"Iit.q E1{3
been long enough to determine their resistance o pitting
under field conditions.

Certainly che tests of the Ampoo bronzes in the accele-
raced cavitation machine warmnt experimencing wich this
material i held inseallacions.

Colmonoy

Tanle 16 lists wests made on welded Colmonoy, The reses
show thet some types of welded Colmonoy have a high
resistance to pitcing,

Table 17 lists Colmonoy sprayed onre a base and then
fused on ara cemperature of 1830 deg. o These tests show
that some of these macerials also have a high resistance o
pirring.

Colmonoy 15 a trade nume for a marerial consisting prim-
arily of tron, nickel, chromium, bortum, silicon and carbon,
B:;Fr}r:- applying Colmonoy as a spray, the base meal is
thoroughly grit blasted. The Colmoney is then sprayed
uniformly over the gric blasted area o a chickness of
approximately 060 in. The sprayed ared s then heaced
with an oxy-acetylene flame or in a heat treating furnace to
a temperature of 1830 deg. I, Colmonoy has the property

Table 18 — THIOKOL RUBBER

Toral

Spect- loss in
men Mareriz] WG in

M. 120 min.
My CFarniched by U 5. Navy)
Mo, 2| Flame spraved on stainless sweel i 204
Me. 4| Flame sprayed on stwinless steel weld inlay 8
Mo, 1| Flame sprayed on manganese bronee, . Al 0
Ma, #| Flame aprayed on mild welded steel . - ... 31
Me, & Flame speayed o omild steel. ... ... | A3
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Fig. 16-Photograph of Thiokol rubber specimens.

of hecoming very plastic at thas temperature thereby fusing
itself w0 grie Blasted area,

The author koows of no feld reses on this macerial bug
based on the results in the accelerated cavitation machine,
it merits consideration,  One advantage is the ease of
application, whereby the matenal is sprayed on and then
fused with & torch or inoan oven. However, the fusing

rocess presents the problem of possible distortion af the
ﬁ:{ﬁc metal, The cost of the Colmonoy macerial may also
be o detrnment oot g:.'nr_‘r;ﬂ MSE [0 RrCYent E}'H.'tllllg-

Several test buttons were prepared by spraying Colmonoy
to a base, but eliminating the fusing process. It was im-
possible to obtain any pitting data on these specimens
because the sprayed material separited from che base
during the vibraricn rests,

Thiokel Rubber

Table L& lists teses made on Thiokel rubber sprayed on
vitriows materials used for a base. The test specimens were
prepared by the U 8. Navy., The loss of weight of the tesc
specim{*ns 15 not weTy ._'i:{{ih{ul;:LUTY means for dt:l:-:rminin_g
the relative resistance of rubber because of its low specihc
!.;[ﬁ".?il.']f q_'ump:lr:;d ter metal. However, visual I'nb'[H:l'.l ioe of
the test specimens indicated that the rubber overlay gave
considerable  resistance o picting, Figure 16 shows a
photograph of several of the ruﬁbﬂ' overlays after two
houwrs testing in the acedlerated cavitation testng machine,
These photographs show how the center of the rubber
overlay is ::mu;qE dovwn to the base mecal, The composition
of the base metal apparently has very little influence on the
resistance of the rubber o piting, as 15 indicated m
rable 15,

The U, 5. Navy has vsed this rubhber overlay with con-
siderahle success on propeller shafts, rudders and struts
af navy vessels where pitting was being cncountered.



Table 19 — MISCELLANEOUS MATERIAL

Tatal
Speci- | Brinell | [ossin
men | Marerial Hard- | MG in
No. | ness 1200 miin,
Specizl | Seellite, Haynes Mo, 6, Rolled ... 410 0.6
217 Vascaloy—Bamer, Tangrung-(G. ... .| @40 1.6
210 LB T R e ] anl 2.5
214 Mesoro, ., Gy 4.
2135 Wisco Supreme. - ..., prerste e s L 6.2
166 Ni[r.ah’:-',:—-"]l'ﬂr_'n:nl'.\ Mo, 218 ., L L4
My
No, 9 Manganese Brooee. .., .. IR EE 4]
Mavy
Mo, 7 | Welded Mild Srteal, ... o0o0o. . ’ a7
MNavy
Mo, 5 L Aadild Soeel, | i 107
119 | Brags, 70%.Co, 30% En,,..0 0,000 il 156
120 Ralled Brass B-16-44 Hall Hazd Bar
srock used for Stndird Check of
Cavirarion Machine Cu, 608, Zn,
27494 Pl L < 1462

One of the important features of che successful use of
rubber overlays is proper application. The U. S Navy
sand blasts che base meral 1o obtin a cdean surface. The
mietil 15 heased LS Lemperature somewhar ﬂ';ﬁqwc the
surrounding air remperatare. The rubber is then sprayed
on with & gun using the powder and gun developed by the
Schorl Process [_:nrpr'.-rﬁl.‘w_'.-n_

The resules of the tests in che accelerared cavirarion
maching and the results obrained by the MNavy under
actual operating conditions, indicate that it might he
desirable o mvestugare the performance of this rabber
when used for hydraulic machinery parts subject to pitting.

Miscellaneous Materials

Tal:le 19 lists some miscelleneous macerials tested in che
accelerated  cavitacion machine,  This able shows thar
Seellice has by far the greatest resistance to pitcing of all of
the materials rested, which agrees wich the resules obrained
in other accelerared cavieation machines.

The Srellite used in the present cest wis x rolled marerial
consisting of 35% cobaly, 33% chrome, and 0% Tungsten
with a Brinell hardness of abour 410, The Seellire ws
braised o the base metal with silver solder, Seellite can be
cotdined as a casting and tan also be applicd by welding.
Ies disedvantage for ordinary hydraolic machinery is irs
high cosr, and rhe difficuloy of machining and grinding i
because of its extreme hardness. However, it has been used
successfully for steam turbine bl;uljng‘ where the erosion
problems are somewhar similar to pitting i hydraulic
turbines.

The other materials (specimens 217, 214 and 213) which
show such a high resistince o piting are all special alloy
rood steels with a hardness which makes them unsuired for
nrr]fr:ﬂr}' hydraulic cutbine parcs.  They have their Tﬂiac{'
however [or special applications.

Conclusions
The rtesrs on wariation  in amplitude of vibration, on
variaticn in deprh of submerpgence and with various liguids,
answered some of the questions regarding the phenomena
of cavication. Althougl these reses were noc always con-
clusive, they indicated che rype of eddrional investigations
that should be made.

The swandard accelemred  cavitacion made

fesrs wero

mostly on standard  grade  materials to determine  the

qualities of materials readily available to the industry.

These tests showed the fﬂllowing:

1. Thar new materials such as the Ampco bronzes, Col-
monoy and Thikol rubber are constantly. being de-
veleped which might be suitable for hydraulic machinery
and mi_glit have a distnct uﬂw;lul.'agl: over the materials
nowW in use,

2. That the practical application of the materials, such ay
number of layers to he used when making repairs by
welding or when prewelding, mfluences the resisrance o
picting whereas prehearing the base meal has very
little effece on the resistance.

3, Thar hardness has a definize effect on resistance to pitting
regardless of the matenial being used.

4. That ic is imporant to make constant accelemod
civicition tests on the special materials, particularly
stainless steels, to insure "-‘hfiti“in!-'. the desired resis-
tince to ]'.-'u;[ing.

The resules af all of the rests showed chat the acceleraced
cavitation machine s a very useful machine to:

1. Make further investigations on the phenomena of
CRVIGLIION,

2, Test new materials and new rechnigues L}Fﬂ]‘:]}l]i{ﬂ_[fﬂu of
materials for their relative resistance to piccing.

3. Test samples of all special marterials to determine their
reslSCNCE 10 pitl.'ing o awoid che wide vananon of these
gualities when the maeterials wre obained from different
ROUTCES,

Although items 2 and 3 constiteee practically o full time
test program for an accelerated cavirarion machine, any
suggestions as to how it can be used for advancing the
knowledge of the mechanics and phenomena of cavization
and pirting are welcomed.
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Discussions

When this article was presenred at the annual mecting
of the ASME., November 29, 1949, & number of discus-
sions were presenced, Some of these discussions are
reprinted belaw.

W, K. MacMammee® — Anocher source of damage 1o
'tl]rdmulic l:.'l.|l.liplm.':11 which fn:qlu‘.nﬂ]r combines  wicth
avitation is erosion, This is usually noc serious as long as

¥Aszistant Supervising Engineer, Baldwin Locomorive Works,
Philadelphia, Pa,



clear water is used, but when warer at high velocites also
carries in :iu_lip—t:rs."iiuu fard Il‘.lil.T.El'i.':'l"_. such as sand, dﬂmagc
can be very rapid and severe.

Such conditions are not uncommon in Souch America,
where the volcante nature of much of the COUnry, plus it
rainy season of heavy :Lml..pmhmg:.'] rainfall, combine o
carry off large quantities of very finely divided solids of an
alrasive nacure,

The writer's company and the Braden Copper Company
have been engaged in a program of marerials resting o
eviluare boch standard and new macerials under cavitarion
and erosive conditions.

The rest program was carried ouc at the Pangal Plant of
the Braden Copper Company, in Chile, where the nature
of the warer flow vanes from clear water in the dr:,-' SCASOMN
Lo Warer |'|t_'|.1.'i.]}l' laden with silc in the r:n'ny SES 0.

By subjecting samples of various marterials to a high-
velocity jer of clear water, the resulting damage could be
considered Jdue o caviration, Dl.iring the I.:l'i[]':l-' SEASOI,
when turbid water was used, the rare of removal of test
I'II'.I.[t:r]il_] WS ]] Y& IO LN [iru{'ﬁ HES J_-_:".'H.[.. iI.I':II.:I WIS no li.l.:.ll.'lh[
due to erosion by the sand parcicles,

A jer of water Y in. diam. under 650 psi pressure was
direcresd apgainst the tese specimen, The angle herween the
jer and the test specimen was 15 deg. A hole 4 in. diam,
wis purposely placed in each specimen at the point of
impingement to produce severe cavitation, Two spots on
the specimen downstream form the hole were typical of
the qu:r_rm:: prq]('iuci_'J 'i:n_,.' cavitation in the clear-water rests.
When tests were made wich torbid wacer, the damaged area
usually showed a smooth, though irregular surface, quire
different from the characrersie ]:-tJL']cm;'Lri:S of caviration.

For metals, the oime of exposure o the jet varied from @
few hours Tor the soft steels to 20 days for the hardest alloys,

As might be expected, the hard, strong materials were
most reststant too erosion as well as o cavitaoon, The
C:J]mum}}r ;1|.||::1I'5, j1'|::nt'|'1:|n|_';|. l'r}.r the '.lu[lu‘.-r. wele  Out-
standing in their excellent resistance w erosion. In general,
marerls .*:-Iu:awing guuﬂ resistance o cavitarton in the
clear-warer tests also l‘.lt_'F‘I‘HF[I’]L'-.l. well under erosive condi-
tions with turhid water.

It was noced, however, that 18-85 stainless sweel, which
resisted cavitation far berter than mild seeel, performed but
liecle betrer when erosion was combined wich cavitaton,
It may be thar the ;Lhiht}r of 18-8 to work-harden was an
impottant factor in this result, The repeated blows sustained
under caviratton  conditions may  produce  local work -
hardening to a much greater degree than the cutting action
of sand particles in the water.

The straight chromivm  soeels of about 14 percent
chromium, heat-treated, were L'HE}L'L'i:Ll.]:.' H':'.Ii.]\'j i resiseing
EIOSLON.

As tested here, rabber proved completely disappointing,
Two samples, consisting of ¥ in. rubber, vulcanized to
steel plate under factory conditions, were rested wich clear
water ooly. Each failed in less than one min, Each time a
strong odor of burned rubber was noticeable, and hics of
rubber in the pic had the sppearance of being charred. Tt
wppears that impingement of the jer produced sufficiens
warking of the rubber to cause destructive internal heatmg,.

One unexpected varable developed in these tests when
it was discovered thac the rate of picing and erosion
varied with baromerric pressure, low pressure definicely
:!c:,‘tl::ruring rt':'l'l“"-'il] [lf |:|i.:'.LEL‘EE'I.].

B. . Rightmire® —The experiments on rhe effect of

*Assistant Pruﬂ_—_‘.sur af Mechanical F.nﬂilll:'rrill.:r.';._ Massachuserss
Institute of Technology, Canbridge, Mass.
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Fig. 17 —Flow of liquid below test specimen occording o Righimire.

amplitude, depth of immersion, and kind of liquid raise »
number of interesting  questions that the author has
discussed qualitatively. Tn particular, he has suggested that
air drawn in from the free surface reduces the damaged area
more and more as the depth of immersion decreases,
This explanation appears unlikely o che writer, for two
reasons: ) The air bubbles that appear initially under the
\-il_\ml;ing 5i‘:-g_'|:i;|'|_‘,||_"|] do not connnue to form afver dissolved
gis has been pardally removed, as by an extended periad
of vibration, b} Ar small depths of immersion the free
surface of the liguid near the vibrator is slightdy eleviced,
indicating a mean pressure at the fim of the specimen
areater than that ar the same depth in che distance liquid,

In the writer’s opinton, the flow set up by the vibrator
suffices to explain the observed effects of depth of immer-
sion, This Aow can be visualized by imagining the vibrating
member to be replaced by a pipe that alternately injects and
removes liquid,. When removing liquid, the pipe acts
approximately like a poine sink: thar 15, the flow tends
be radsally inward toward the apen end of the ipe. On
the other hand, when the pipe discharges liquid, a jet is
formed, separated by a smé:ce of discontinuity of velocity
from the surrounding liquid. The rapid alternation of these
rwo tendencies resules inoa general circulatory fow ex-
hibiting & high outward velocicy along the normal 1o the
vibrating surface and a low return velocity along che walls
of the container, in accordance with the requirements of
conrnuiry,

If the -Jq-]‘.-ﬂ: of immersion is small l..'t}n‘4|ﬁ:lﬂ.:t| with the
diameter of the '.'i.l.'!lril'[iﬂH member (Y-in, immersion), the
velocity field of this circulation will be as shown in Figure
174, Figure 17k shows the velocicy ficld if the klf.'j'-'Eh 15
large compared with the diameter (2-in. immersion). The
chief difference between these rwo fields s ac che rim of the
specimen, where the l:r.';uh:n(.'}r for 51:p;m1:inn when the
specimen moves upward is obviously greater in Figure 17h.
One would thus expect the damapged area to be grearer,
the larger the depth of immersion,

Further tests along these fundamental lines can be
planned and analyzed more effectively if the independent
variables that are suspecred to be of greatest impormoce
are listed and a dimensional analysis made. Thus, one may
assume here that, for a given air content and a given
material, the independent variables are as follows:

A the amplitude of vibration, in,

f the frequency of vibraton, cps.
R the density of the liquid, 1b sec”/in.!
p—pv the difference between the pressure ar the specime
and the vapor pressure of the liquid, b/in?
v the kinemartic viscosity of the liquid, in.2/sec.
d the diameter of the specimen, in.
h the depth of immersion, in.

.ﬁ D 7 e
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The dependent variable may be conventently taken as

the volume loss af the marerial ar the end of a given period
of vibration, ¥. A dimensional analysis shows that one
possible armngement of the variable is

Vo Py EA T
A3 SCHRSEISSEARRE Y KA

Two series of tests probing the effece of the first two
dimensionless varialiles (caviranon aember and Reynolds
number) were made several years ago at M. I T. It is
haped that the reseles will soon be released for publicacion,

Wilhelm Spannhakef—The consistent tests and their
mose inceresting and pracrically important results remind
the writer of a series of experiments which he initiated at
the Technical University of Karlsruhie, Baden, Germany, in
1939, They have been carried through by Dr. Hans
Moworny and were published in 1942, {13) These teses
rve similar results for the carves showing the relatonship
ﬁt:l.'\‘-'-:.‘t:n the loss of weight and the time of exposure of the
materil o the cavitarion arcack. However, Nowotny
found chac the loss of weight distinctly began after a cerrain
“time of incubation,” during which no loss of weight
could be measured. For instance, with some sort of stee]
he found that during this incubation time, the material
suffered  abour 6x10" hits of collapsing  bubbles,  He
belives that during this tme the material changes its
[‘JEUFIL“Tl'iL'R. L‘ﬁ]'JL't‘l'-l]E;' under the influence of hear creared h}'
the numerous blows concentrated an very small areas. He
came to the conclusion chac ic s difficult ro escablish a
general connection herween the resistance against cavita-
tion damage and the purely mechanical properties of
materials as they are found at room emperature. By the
same reason he finds that those high stanc pressures,
which many authors believe to be necessary for an explana.
ton of the cavitation damage, and which they failed o
measiere by experiments, are actually not necessary.

Moworny went still further in analyzing the details of che
details of che destrection, He applied a very sensitive
w-ray method, taking pictures not only of the various
.‘i:ll!ljﬂl’:h' of material betore and after caviradon, bur also
of the parricles broken our of the sample and fished out of
the liquid. In this way he found that not only the grain
structure was desteayed, bue that even the single grains were
broken. The prains fAshed our of the liguid showed
'l.:li..‘;'ri.!l‘:[ r(:‘l"iLl(_'l,'[{'l'ﬂ |E|. Si.}'.":.

These few decails our of Moworny's article have been
Zven int arder to demonstrate thae the 1.-'”_'!:[;1[{:1’!," method s it
not only for practical purposes, but also for a very thorough
basic investigation in order 1o establish a consistent theory
of the pamicular form of wear and tear inherent in the
cavitition  phenomenon, It might be possible thar by

Faemor Research Scientist, Armour Research Foundarion, and
Adjunce Prof, Hlinois Institote of Technology, Chicago, 11,

means of such a theory we may sometime succeed in
“constructing”’ that material which has the strongese resis-
tance against the cavitation damage.

O the other hand, che weiter would recommend not 1o
abandon the other methods of creating cavitation such as
that in Venturi tubes or around specially shaped bodies.
It is srill importane to compare the effects of different kinds
of cavitation.

At the same nime Nowomny made his experiments, the
writer succeeded in -:re:uing in a h{gh-]:ﬂwcr Ventur tuhe
with a velocity of 230 fps in the throar, the same primary
effects such as discoloring, and the like, after an exposure
of the best steel for only 30 sec,

The scientists of both hydrodynamics and metallurgy
should combine their effores d‘ruar this phenomenon of
cavitation which has obained so great an importance
since high speeds are being applied more and more in so
many fields of modern rechnigue.

Any contribution out of the liberatories of the industry
such as the author's should be |1i.g]:l],' ﬂp]:-r::d_;i:tti_;;l.

A. J. Stepanoff*—It seems natural that the sample
buttons are pitted more in the middle than ac the edges
because water near edges is nearer the free surface and
hence is more mobile than near the center of the burtron,

An interpretation of the air cloud below the sample on
Figure 9 15 as follows:  As a result of local pressure drop
below the sample some air is liberated into the vapor filled
cavity, This air is not reabsorbed when the cavity collapses,
I cannor visualize the mechanism of air L|l'.l1\.=.'j:1;:r i!g:LiHb‘.L’ the
force of buoyancy.

[ do not believe that an increase of submergence of
two inches would have an appreciable effect on the recoil
forces d uring the collapsing of cavity, as two inches are too
small in comparison with atmospheric pressure of 34 feet,

| can ecasily see why loss of metal may increase with a
prearcr sr.hnmlgu.'m;:r. The increase would pn:rh:l.]'u]}-' e
Eﬂl*!’\l‘.]}" near the L'n'H(::i beckuse |‘.l.'|.:|'l'|.i.'Ji.:l: of water become
less mobile with more submergence.  Then decrease of
metal loss with increased submergence would require a
different hypothesis,

[ was interested o notice the effecr of hardness on the
resistance o pitting because in his earlier repore Hunsaker
was not able to detect such relationship,

I understand thar physical dimensions of oil molecules
are greater than those of water since caviration damage to
meral may be on the intermaolecular scale I."-m;-n.u_'jng af ol
molecules against the metal may be less destructive than
that of water maolecules. Penetration of metal by oil in this
process 5 |'-mbah]].r less than that of water. Poulter i14)
has shown that metal particles can be om off by liquid
penetrating into and escaping from the pores of the metal
under successive pressure waves,

*Engineer, Ingersell-Rand Company, Phillipsburgh, N J.
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