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ABSTRACT

Cavitation damage to specimens of stainless
steel, carbon steel, aluminum, and plexiglas, placed
in a cavitating venturi using water and mercury as
test fluide is mostly in the form of irregularly
shaped piis which do not change with additional
exposure to the ¢avitatisg field within the limited
durations utilized. The rate of damage is very high
initially, decreases for a relatively short periced of
tipe, thon increases again up to the maximum test
durations of 150 hours with water and 270 hours with
mercury., Observation ef damage effects by several
independent techniques, using a variety of specimen
materials, with tvo different fluids under various
fluid dyrnamic conditions, leads (o a suggested
corvelating model in terms of the cavitatiown bubble

density snd emergy aund specimen material strength,
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Introduction

Damage to structural materials by cavitation, perbaps
assisted by ordinary ercosion and cor?osi@ﬁ, has long heen a
serious problem t6 the manufacturers and users of fluid-flow
components., It has often been possible in the past to aveoid
the problem to some extent either by sufficiently reducing the
performance-ratings of components, or by increasing system
pressures. In numerocus present-day applications, such as
those in the aerv-space field, such compromises may not be
feasible, because of the over-riding necessity of minimizing
sizés and weights of é@mponentﬁo‘ Hence, there is a strongly
?én@wed”inﬁerest in understanding the fundamentals of the
cavitation damage process, s0 that meaningful predictions of
damage to be anticipated with a variety of fluids and struc-
tural materials over a very large temperature, pressure, and
velecity range can be made. While much data on various
instances of cavitation damage are available in the litera-
ture, it is necessary that further systematic investigations
bé made under very carefully contrelled and well kuown cone
ditisns, covering & broad range of fluid, material, and flow
paréme%@rse This paper discusses some of the results from the
initial phases of such an investigstion.

Because ©f the considersble complexities of the damage
phenomenon, it is desirable that the test conditions under
vhich damage is obtained match as closely as possible the
actual operating conditions of applicable fluild components.
However, this approach, if carried to an extreme, does not

represent a practical ideal, because 0f the lack of generality
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entailed, as well as the prehibitive budgetary requilrew
As the best compromise solution available, the insertion of
damage specimens into z cavitating venturi test section was
selected for the present inves%igati§n° it was felt that this
solution combined the close applicability of flow-induced
cavitation in a flowing system with a highly-simplified flow
pattern. In addition, the equipment requirement in order %o
operate over a cbnsiderable range of fluid, flow, and material

paraneters is relatively modest.

Test Apparatus (1)

The test facility is a closed loop, powered by z centrie
fugal pump, and imcludes a pléxiglas venturl test section
(Fig, 1). The venturi (Fig. 2) has a 6o included angle nozzle
and diffuser, separated by a cylindrical throat of 0.81 inches
diameter and 2.35 inches length. The two damage specimens ave
inserted with their midpeint 0.79 inches downstream of the
throat exit. They consist of planar sections, located parallel
to the stream with tapered leading and trailimg edges (Fig. 3,
4), They are 0.74 inches long by 0.06 inches wide, znd are
submorged to 2 depth of about 0.20 inches into the cavitating
stream, They a2re located symmetrically about a vertical plane
passing through the venturi centerline, s0 that they are cach
at the same elevation, with their axes inclined at 45° o the
vertical.

The facility has been operated with both water and mercury,
This paper is concerned mainly with the water tests, since the

mercury data are not yet fully evaluated., Throat velocities

B
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Fig. 3 Damage test specimen.

Fig. 4 Damage test specimen. The upper shadowed surface
is the polished surface.
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The cavitation condition canm be adjusted beiwesn "visaal
initiation” and "second mark" (definmed im Appemndix). Water
temperature can he varied betwesn about 50° F and 160° ¥,

With mercury, the attainable throat velecities range
between about 20 and 50 f£t/sec, over the same range of cavi-
tation conditions,

Test materials 0 far have included carbon steel, auste-
nitic stainless ﬁé@@l, aluminum, and plexiglas, in water; all
but the last in mercury. In 2ll cases, the specimens are
metallogrephically polished prior to a test.

Further details of the facility and its operation have

been given previously, (1, 2}

Operating Procedure

To the present, the mazimum test duration is of the order
of 100 to 200 hours. However, the specimens are removed at
frequent intervals during this pericd for examimation., Theas
examinations always include:

i) Tabulation of pits according to size and number

ii) Weight neasurement of specimen

i1i) Photomicrographs of unusual pit formations.
In some cases, the following items have also beea included:

1) Pit tabulation according to type and location (1)

ii) Heasurement of pi%t profiles using precision "profi-

@@rd@rl (1, 33

A”Lin@ar Proficorder” manufactured by Hicrometrical MKanufac
turing Company, Ann Arbor, Michigan.
G
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structure (1) (this destructive examination prevents
further specimen use)

iv) Irradiation of test specimens with subsequent measure-
ment of radioactive éontamination in wat@r; and
of cavitation particle size distribution using stacked,
precision filters (1, 4)

The experimental observationms, to be discussed later, are

drawn from all of the above sources.

Experimental Observations

The experimental obserxrvations of this investigation are
s0 far largely concerned with the early phases of cavitation
damage, i.e,, relatively small individual pits, primarily,
before gross damesge has occurred. Since the key to an eventual
understanding of the mechanisms producing gross damage must
lie ir an understanding of these initial phases, and since
previous precise observations of the initial phases are notf
pumercus, it is felt that the present observatioms are of sube

stantial interest.

A. = Damage as Punction of Time

Ia the present tests damage has been evaluated using two
techniques
i) Irradiated test specimen (4)
ii) ﬂﬁlgula&ion, based on plt size and number tabulation,
using o typical pit profile (1)
Direct measuremert of weight loss in the water tests has not

been feasible sirce the loss, as a proportionm of test specimen

e



measurements have been achieved in the mercury tests where the
welght losses are much greater.

The absolute magnitudes of damage obtaimed from the
irradiated specimen test (only one has so far been conducted)
and from the pit velume calculations do not at present agree,
although the shapes of the weight loss vs., time eurvés are
virtually identical (Fig. 5). However, inm the irradiated
specinen test, there ave various significamt sources of eryror
which, it is hopad, will be reduced by subseguent development
of the procedure; Qbviously, there are also substantial unger-
tainties in the pit volume calculation involvimg the assumption
of a typical pit shape, im the extrapolation of pittimg den-
sities from a relatively small monitored surface to & larger

unobserved surface, in the relation between pit volume and

£

 otc. 1In the future it will be

material volume removed,
possible to obtain a direct comparison between the pit calcu-
lation results aad the results of direct weight measurements
in the mercury tests. However, these data are not as yet
available. |

Even though the absolute magnitudes of volume or weight
losses are subject to uncertainty, it is believed that the con-
sistency between tests is good, so that meaningfuvl ccmparisons

between the difforent materials, fluids, and test conditions

can be drawn, This statement is based upon the reasonably

-
51% has so far been assumed that these are equal, Hewever, it

is known that this is not exactly true Iov any of the pit con-

figurations and is probably in gross error for gome (erateis).

mgm
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specimens as determined by pit counting technique

and by radioactive technique.
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sneoth curves obtained for volume loss as a function of time,

7

as well as upon the virtually ideﬁﬁi@al shape of the curves
produced from the irradiated specimen approach and the pit
calculation: two very different methods of observation,

The damage has been presented in terms of volume removed
per unit area e#posed, i.e., specific volume loss (cmB/cmz or
simply em, representing a’gggg depth of penetration if the
wear were unifor@ rather than in the form of pits). It is
felt that presentation in these terms allows the most meaning-
ful c@mpariégn possible between different materials and test
arrangements.

The specific observations are discussed below.

1. 1Initial Rapid Damage Rate

Figures § and 6 show cavitation damage with water as a
function of time for "standard” cavitation at 65 ft./sec.
throat velocity. Damage for other cavitation conditions is

2lso shown in Fig. 6., Although these curves are for szomewhat

similar conditions, their shape is typical of all the curves
for either water or mercury. It is noted that there is a very
rapid imitial rate of damage (more apparent ié Fig. S where
greater detail is shown), showing substantial pitting after no
more than one hour of exposure (first examination). After the
first one to three hours, the damage rate decreases substan-
tially, remaining relatively low for a period (up to the

order of 35 to 100 hours, depending upon @avita%ion\conditi@my
material, etc., Fig. 6), and then climbs at an accelerated

rate, at least ¢o the maximum duration attained for water %o
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test duration; for several cavitation conditions
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for a maximun duration of 270 hours, shows a subseguent levell-
ing-0ff and then 8 second accelerated climb,

it is felt that the above results are significant in three
respeeis:

i) The absenée of any "incubation period" is noted foyr
these tests., Since the initial rapid damage rate does not
result in a significant weight loss, it 1s felt that this
initial damage may bhave been missed in some of the previous
investigations which relied only on weight measurements for
damage detection, Im Fig, 5, the initial weight loss is clearly
shown by the irradiated tracer test as well as by pit counts.
It is noted that an apparent incubation period would resuli if
the later, rapid damage portion of the curve (Fig. 6) were
extrapolated lincarly to zero.

ii) Large pits, i.e., of the same gemeral size as the
3argesﬁ noted in any of the rumns, are formed within the first
hour or so., (Fig, 8)

i11) The wear rate generally tends to increase with time,
in the present investigation, no limit to this trend has yet
been found. There are, however, periods of relatively short
duration during wvhich the wear rate appears to reach z minimum,

The above 2ifects are believed more a function of the
properties of the materiasl surface than ¢f the cavitation ¢on-
dition, It is postulated that the initial rapid wear rate is =2
result of removal of surface defects such as inclusions or
other "weak spots”, Once these relatively few "weak spots"

have been removed, the wear rsite decreases drastically. As

=18 s
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Fig. 8 Typical cavitation damage on carbon steel, for stand-
ard cavitation condition with water. (Specimen 1-19,
after 3 hours; throat velocity 64.7 ft/sec; x 100.)



che test procesds, however, the surface tends to workebarden asg
the endurance limit is approached. In addition, as the amount
of damage increases, there are flow perturbations due to the
damage and additional area is exposed. The fimnal shape of the
damage-~time curve is a result of the interplay of these various
influences, and perhaps of others as yet unsuspected. In the
reléﬁively short duration tests of the present investigation,

it is doubted ﬁhat the feedback between surface roughening and

flow perturbation is yet important.

B. Single-Event Pitting Theory

It has been experimentally verified, within the durations
of the present water tests, that the surface outline and depth
of a pit, once formed, does not, in general, change during
subéequent testing. This is illustrated by the photomicrographs
of Figures 9 ard 10, showing two particular areas, one after 15
hours of testing, and one after 30 hours, and both again after
150 hours, Intermediate duration picfures are also available, (1)
as are other series taken at different locations and on different
specimens, (3) ‘These have not been included in the interest of
brevity. They all illustrate the fact that while new pits may
be formed in the area of an old pit, the oid omes are in
general not changedg at least in surface appearance., It has
been demonstrated in addition, (3) that their depth profiles
are also unchanged (Fig.ll). Also, as previously mentioned
and as illustrated by Fig. 8, typical "large"” pits are formed
as readily early in the test as later, These facts sre con-

sistent with the assumptioh that the pits, at least in this

] & -
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(b)
Development of cavitation damage on type 302 stain-
less steel, for standard cavitation condition with
water. (Specimen 3-5; location (a) after 15 hours;
location (b) after 30 hours; throat velocity 64.7 ft
sec; x 100,)
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Development of cavitation damage on type 302 stain-
less steel, for standard cavitation condition with

water. (Specimens 3-5; locations (a) and (b) after
150 hours, throat velocity 64.7 ft/sec; x 100.)
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relatively early phege of ga, do pot act as nucleil fov

further attack. EStatistically, it is unlikely that 2 second
large pit would overlap & previous one if their location is
entirely random, since in the longest duration water rumns, only
about §% of the exposed area has been affected.(l) If the
location is perturbed from the random case by effects upon the
material, it is likely that the bias would be such as to tend
to prevent 2 se@énﬁ pitting of the sams area because of the
effects of local work-hardenisg.

Since the plis are not chéuged after their formation, they
must have been formed im a single event, 1f not necessarily by a
single blow, Many of the pits are virtually symmetrical craters.
It is inconceivable to the writer that these could have been
formed in other than 2 single blow because of their symmetry.
However, those of irregular shape could be either the resulit of
a single-blow or the @uﬁmlative effect of many weaker blows
{fatigue failure). In any case the sctual material removal
nust have occurred as 2 single event, or pits would necessarily
continue to grow as exposure time is increased.

The above remarks are further corroborated by the resulits
of the irradiated specimen run where the size distribution oF
the cavitation damage particles was actually measured (4)

(Fig. 12)., It was found that about 50% of the removed mass
would not pass a filter of about 2 mil pore size. Numeriecally,
of course, the great majority of particles are then less than

b
2 mil, but a substantial number are greater.” This roughly

3§he largest single~event pits observed in the water tests are

of the order of 10 mils,

-lOw
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corresponds to the visual observatiouns of ;

C. Types of Pits

As mentioned briefly before, the pits are either approxi-
mately symmetrical craters, or are characterized by an entirely
irregular comntour, (Figures 8, 9, and 10) The proficorder
traces (3) have shown that im all cases exaﬁined the diameter
to depth ratio is large (order of 20), Hence the pits of
irregular contour have beer called slabs, It is postulated
that their shape is a function of the irrvegularities of the
surface structure (a2 test with an etched specimen showed, for
@xampieb that in some cases the pit outlines followed the grain
boundaries) rather than ¢f the fluid-dynamic parameters, A
plausible mechanism for their formation is that the fatiguing
of the underlying material results in the loosening of a small
slab which is "peeled off" in the downstream direction by the
$$ream velocity., This mechanism was suggested by Boetcher who
included in his paper (5) a picture of such a slab, apparently
ready to leave the surface. This mechanism bhas been somewhat
corroborated in the present investigation by the following:

i) In about 90% of the pits examined with the proficorder (3)
{no true crater has been so examined to the present) there is 2
ridge of material on the downgtream edge of the pit only. This
suggests the pealing away ¢f a2 slab in the downstream direction,

ii) Slip lines have been photographed below pits im the
present imvestigation (1) (Fig. 13) as well as in previous
investigations {5 and 6 for example), indicating the presence

of lzrge mechanical stresses. These have also beern indicated

=Bl
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Fig. 13 Typical section through irregularly shaped pit in
stainless steel, showing slip lines. (X2000, oil
immersion, slightly oblique illumination.)



elzevhere by H-pray diffracition technigues (7) and by the use of
photoelngtic material (8),

in a limited pumber of cases in the present investigation,
a very detailed pit tabulation has been made to discover the
proportion of piis of the two types and their locations as =
function of the various applicable parameters. The results of
one such tabulation are presented in Table I. It is noted
generally that t&e eraters represent only 10% to 20% of the
t@éai pits in these water tests with no definite trends evident
with thevwrliows tost parameters. Since pits of this type arve
presumably formed in & single very intense blow, it seems
likely that this proportion may increase for combinations
invelving demser flﬂid$, more intense cavitation, or weaker
materials, The tabulations bhave not as yet proceeded faxr cnough

to draw any conclusions on these matters,

Do Pit Size Distribution

Further reforence to Table I indicates that the number of
pits in a given size rabge is always substantially increased
as the size under consideration is decreased. For example,
there are hundreds of pits in the ramgey0°4 to 1.0 mils,
whereas there are well less than 100 in either of the larger
categories (5 to 10 and 2.5 to 5 mils, respectively). The
large pumber of pits in the relatively uncountable smaller
ranges does not introduce large errors in the volume loss
caleulation since the pit volume is proportiomnal to the diameter
cubed, and even the disproportionate number of pits in the

smallest category has only a relatively negligible influence

on the volume loss,

=@ 3o
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TABLE I

PIT COUNT TABULATIONS*

Tabulation A

Pit Count and Various Sizes

VWL
(10 >D >5)
% Cir. Total
Sample NO. eeseeenasssl=3 Polished 10.0 10
Surface
Sample Position.. Numbered Side 21.75 23
Standard Cavitation Opposite Side 18.75 16
Throat Velocity.......6k.5fps Subtotal 20.5 39
(2 sides)
Duration of Run.......150 hrs.  Total All 18.4 L]
Surfaces
Sample NOu vennns eenas5=3 Polished 15.% 13
Surface
Sample Position...... +Back Numbered Side 11.1 9
Standard Cavitation Opposite Side 6.3 32
Throat Velocity.......64.5fps Subtotal 7.4 41
(2 sides)
Duration of Run.......150 hrs, Total All 9.3 54
Surfaces
Sample No. suevvevsesslB-3 Polished 0 1
Surface
Sample Position.......Front Numbered Side 0 29
Cavitation to Nose Opposite Side 0 13
Throat Velocity.......64.5fps Subtotel 0 2
{2 sides)
Duration of Runs......50 hrs. Total All 0 53
Surfaces
Sample No. . P 125 Polished 9.1 33
Surface
Sample Position.......Back Numbered Side 5.3 19
Cavitation to Nose Opposite Side 11,1 9
Throat Velocity.......6h4 5fps Subtotal 7.1 28
(2 sides)
Duration of Run....... 50 hrs. Total A1l 8.2 61
Surfaces
TOTAL ALL 4 SAMPLES 8.75 217

VL VL
(10>p>5) (5>D>2.5)
No. Pos, Cav. Condition Vel. Duration Pol. Side Pol. Side
4-3  Front Standard 64.5fps 150 hrs. 1.79 0.87 3.05 1.49
5-3  Back Standard 64.5fps 150 hrs. 2033  0.915  3.22 0.7
18-3 Front Cav. to Nose 64, 5fps 50 hrs. 5.91  2.81 12.38  3.M
19-3 Back Cav, to Nose 64.58ps S0 hrs. 17.75 1.87 3 2,00
Tabulation C
Summaxry
VVL VL

% Cir. Total % Cir. Total

k-3 Total All Surfaces 18,40 b 210 8l
5-3 Total All Surfaces 9.26 Sk 17.65 51
4-3 & 5-3 Total All Surfaces 13.6 103 20.0 135
18-3 Total All Surfaces o 53 5.4 T4
19-3 Total All Surfaces 8.2 61 1.7 9l
18-3 & 19-3 Total All Surfaces 439 11h 8.95 168
4-3 & 5-3 + 18-3 & 19-3 Total 8.75 217 13.87 303

Tabulation B

Pit Size (mils)

VL

(5 >D >2-1/2)

% Cir. Total
23.14 7
18.7 48
21.1 19
19.4 67
214 8l
22.2 18
21.1 19
7.2 14
15.2 33
17.7 51
k.5 23
5.0 o)
9.1 1
5.9 51
5.4 T
17.2 64
0 14
0 16
[ 30
11.7 9k
13.9 303

Pitting Intensity

# Memo, L. Barinka, Nov,, 1961,

L

{2-1/2 > > 1)

% Cir.
17.33

16.05
1k,55
15.45

16.1

25,4

15.9
10.2

13.%

19.4

6.8

5.9
9.1
7.2

15.0

9.3
7.7
8.7

1.3

Total

75

81
55
136

211

110

63
49
112

222

Th

51
33
8

158

100

b3
26
69

169

T60

Totsl pits/in.? - hr.

L
(2.5 >D > 1)
Pol. Side
13.44 3.0k
19.7  2.50
39.8  5.62
53.8 b.62
L
% Cir. Total
16,10 211
19.4 222
17.8 433
6.96 158
12,4 169
9.8 327
16,34 760

s
(L>D>.4)
$ Cir. Total
12,5 400
15.1 325
b9 ks
9.1 7%
10.3 119
25.8 480
16.3 320
12.9 350
1k.5 é10
19.2 1150
15.0 320
13.5 200
12,3 130
13.1 330
1.0 650
10.2 365
18,7 150
8.6 105
1k.5 255
11.9 620
1k, 3610
s
{1>D>.4)
Pol. Side
7 19.6
86.0 1k.9
172.0  22.1
296.0  17.1
s
% Cir. Total
10.26 1190
19.2 1150
14,67 2340
14,0 650
1.9 620
13.0 1270
14,07 3610
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size category is reduced witheout limit below the O.4.mil Limiw
mentioned sbove., However, this is aot important from the viey-

peint of the volume loss caleulation,

B, Test Material Effects

The tests reported herein mainly involve water, at approxi-
nately ambient temperature and at close to saturation alr con-
tent, as the working fluid. In a few cases mercury has been
used. The test materials bhave been:

i) Stainless Steel (type 302 annealed)

ii) 1010 Carbon Steel {(annealed)
111} Aluminum: a) Type 1100-0 (annealed, and b) Type 608L-
T6(61-8T-6 , age-hardened)
iv) Plexiglas {(polymethyl methacrylate)
Mechanical properties of the tested materials are listed im
Table II, |

On 2ll these materials the general appearance of the pili-
ting is similar. There are, hovwever, significant differences
between rates of pitiing. Also, in the case of the carbon
steel, there is signlficant corrosion in addition to the mecha~-
nical pitting., The damage rates for the stalnless steel and
carbor steel are of the same order of magnitude, with the
volume loss of the carbon steel being about twice that of the
stainless, prior to %hé@'peri@d where corrosion becomes very
significant (about 20 hours). In mercury the ratio iz of the
order of 4 at 20 hours but only 5/3 at 100 hours, based on two

specimens of each material,

BB
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compared to that of the steeis., In fact the volume loss from
the aluminum in a five-minute test is of the order of 1.5 times
that of the carbon steel for an hour test under the same fLlow
c@nditi@ms, although, as shown in Table i1, the hardpesses and
strengths are roughly the same. No explanmation for these some-
what surprising results is available at present. No quanti-
tative test of the soft aluminum has been made, although it was
noted generally that its pitiing rate was many times that of
the age-hardened aluminum,

The plexiglas was surprising in that its resistence to
damage in the water tests was very high, superior even to the
ﬁt@eisa Although no quantitative tests were made with plexi-
glas in water, it was noted that virtually no visible pitiing
occurred on the walls of the plexiglas venturi after bhundreds
of hours of exposure, and that a2 plexiglas damage specimen,
in a r@latiéely short test, showed considerably less pitting
than the stainless steel under the same conditions. It was
felt that this relative immunity to cavitation damage probably
resulted from the low elastic moﬁulué (about 1/70 that of
steel, Table II), combined witk relatively high strength
(about 1/5 of carbon steel), in that relatively very large
deflections would be reguired to cause the material sirength
to be excesded, Since the high-pressures generated by collaps-
ing bubbles are extremely lecal in nature, such deflections
might remove the material from the critical area. A similar

argument bhas beep applied previously to ezxplainm the relative



with rubber o OLLer

materials (9, for example), However, the volume loss for
plexiglas lested im maﬁcary/was found to be greater tham that
of carbon steel by a factor of about 10, The reason for the
inconsistency of the results between water and mercury is not

at present known,

¥, Fluid Effects

{nly two fluids have been involved so far: approximately
ambient teomperature water, and mercury., Whereas an initial set
of water runs has been completed, the imitial mercury tesis are
8till in progress. However,'@ertain significant trends avre
evident.,

i} The wear rate with mercury is apparently several
orders of magnitude greater than that with water. At present
there is some uncertainty regarding the exact ratioc for any
given test since the welght losses with mercury are learge
enough for dixect measuremenﬁ with good precision, while those
with water were not, s0 that the somewhat tenuous calculations
based on pit tabulations were necessary. Al@hough‘the Lrra=
diated specimen test with water is a form of direct measure-
ment, there are various possibilities of sign.ficant error
which cannot be evaluated until additional tests are made.
Hence 2 precise comparison is not possible uniil the test pro-
cedures have been developed to better precision, and the pit
count date obtained with mercury have been reduced and compared
with the direct weight losses. However, a "best guess” damnage

ratio between mercury and water damage rates ot approximately



the sang fluld-dynanis conditions is the ovder of %0, Ingi-
dentally, because of its ability to produce damage rapidly,
mereury ls a very useful cavitation damage test fluid.

ii) The type of pitting encountered with mercury and water
is generally similar, However, the mercury test series and the
examination of the data produced are not sufficiently advanced

to allow more detailed conclusions,

G. Fiow Parameter Effects

The flow parsmeters which have been varied sigmificantly
in the present tests are cavitation condition and throat
velogity, Their effects are discussed below.

1. Cavitation Condition4

Independent of throat velocity, the cavitation condition
{"degree of cavitation") can be varied from "zero cavitation"
through initiation to fully-developed conditions (First, and
Second Mark), vherein the region of visible cavitation termi-
nates considerably downstream of the trailing edge of the test
specimen, From the viewpoint of cavitation damage, the ﬁigm
nificant difference between these conditioms is the pressure
existing im the vicinity of the test specimen. As the degree
of cavitation is adjusted toward the more developed conditions,
the pressures in the vicinity of the test specimen decrease,
sventually reaching values close to the vapor pressure. Suck a
direction of adjustment results in two diverse trends:

i) The number of bubbles in the vicinity of the test

é@@ﬁiﬂeé in appendix.
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specimen incresases as the degree of gavitation is
increased .

ii) The driving pressurs differential for bubble collapse
decreases., (Typical axial pressure profiles are shown
in Fig. 14 for all the eavitation conditioms.)

When the degree of cavitation for the water tesis is
reduced to “visual initiation", for example, there is no cavi-
tation visible on the test specimen, However, small, local
cavitation r@giéﬁgs induced by the test specimen itself must
arist since the damage in this condition ic significant. Thus
it appears that a small pumber of highly energetic bubble
collapses can be more harmful than enormously greater numbers
of less energetic bubbles., This trend is further evidenced by
the fazt that very little damage is sustained when the cavita-
tion region entirely envelopes the test specimen, Un the other
hand, "sonic initiation", wherein no cavitation is visible, alse
produces very little damage. (Even though a large pressure
differential is available in the vicinity of the test aspecimens
for bubdbble collapse, teo few bubbles for significant damage
penetrate far emough.) Fimally, if the throat pressurs is
raised considersbly above that corresponding to sonic initige-
tion the pitting rate is reduced another order of magnitude
{apparently pure erosion from single-phase flow also produces
pitting of similar appesrance, but in comsiderably reduced
quantity). These results are illustrated graphically for watewx
in Fig. 18.

Although not yet emtirely evaluated, the results with

mercury appear different im that the bubbles do not penetrate

oo Yen
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C
24 \ Stainless Steel Specimens
§ Throat Velocity 64.7 ft/sec
- Cold Water,Air Content -
2 22 Saturated
2¢ 'E20
o =2 }
Fee 5 e

; \

o N
C
—]

5/ Hours
A\R §> 40 Hours

6
\7 27 Hours

MEAN VOLUME LOSS PER UNIT AREA EXPOSED (cm3/cm2xl07)

4

/ /12 Hours
2 (§ QO 3.5 Hours -
/ | ‘

0
ZERO SONIC VISIBLE CAVTO STD CAVTO cavTO ¥
NOSE BACK END MARK

DEGREE OF CAVITATION (ABITRARY SCALE)

Fig. 15 Mean volume loss per unit area of specimen exposed to
fluid vs. degree of cavitation, for pairs of stain-
less steel specimens in water.




a0 far lnio the high pressure reglons. Fovr example, sosic apd
visible imitiations, and even cavitation to the specimen nose,
produce relatively little damage, so that the maximuw damasge is
proeduced by the relatively well-developed conditions of stand-
ard and first mark. These results are shown for a typical case
in Fig. 16. The reason for the inconsistency in this respect
between water and mercury will bave to await a theoretical
analysis of the épplicable bubble mechanics problem, which is
presently being attempted.

2., Throat Velocity

Throat velocity for either fluid has been varied over 2
factor of about two., The effects upon wear have not been as
great for any of the materials as expected judging from the
observations of previous investigators (for example, the

5 observed by Knapp {(10) and

approximate 6th power effect
others (11, 129 13))., However, it is mot obvious to the writer
that ina an arrangement such as the venturl of the present

tests, an increase of throat velocity should c@rrespond to a
large increase in damage, unless the pressures in the vicinity
of the test specimen are also substantially increased, without a
corresponding dimunition in the number of bubbles, The fulfiil-
ing of these conditions is of course a functi@ﬂ of the degree

of cavitation used. In any case the mechamism in the present

flow arrangement whereby the throat velocity affects damage

rate is neither clear nor simple.

5 M
Assuming Qamagecmﬁgu
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25
‘g Vi =34 ft/sec
9 Mercury-Cold
E. . Stainless Steel
é : o0 |_Specimens > 87 Hours
" 3o
509
s wi

~
/

\5 57 Hours

MEAN VOLUME LOSS PER UNIT AREA EXPOSED (cm>/cm?x 10°)

10
5
Y 27 Hours
0 —
ZERO SONIC VISIBLE CAVTO STD CAVTO CAV TO
NOSE BACK It MK

DEGREE OF CAVITATION (ARBITRARY SCALE)

Fig. 16 Mean volume loss per unit area of specimen exposed to
fluid vs. degree of cavitation, for pairs of stain-
less steel specimens in mercury.



e available comparisgons Irom the present tests with
water show 2 maximum velocity-damage exponent of about 4.9 for a
12-hour test of stainless steel for standard cavitation. Other
exponents obtainad are:

) 3.9 for a 3.5 hour test under the above conditions

ii) 2.4 for a 1.0 hour test of carbon steel

ii1) 1.7 for a S-minute test of age~hardemed aluminum,
It is noted thaé all the preseantly available tests are for
standard cavitation, wherein the pressure in the viciaity of
the test specimen is relatively moderste for all veloecities
(Fig, 14), It may well be that greater velocity effects would
be observed if a less-~developed cavitation condition, with
higher and more velocity-dependent test specimen pressures
had been used.

The damage-exponent is plotted im Fig. 17 against test
duration, It is noted that a very smooth curve results even
though the materials used for each duration (except the tweo
longer) are different., Whether or not this result is purely
coincidental is not presently known. Furtber corroboration
from additional tests must be awaited.

The preliminary data from the mercury tests do mot indicate
aven as great a velocity effect as that found with water.
However, more precise comclusions are not yet possible.,

There is no indicatiom im the prégent tests of the exist-
ence of a threshold veleocity as sometimes reported im the
past (11, 13, 1450 However, the velocities have not been
carried low enough s0 that definite statements in this regard

can be made.
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Fig. 17 Value of exponent, n, vs. test duration, for several
specimen materials in water.
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it is possible to obtein fairly comprehensive resulis in
an investigation similar te that described herein by testing a
yariety of materials with different fluids, and under different
fluid-dynanic conditions., However, some unifying hypothesis or
correlating method is required to bring order out of the other~
wise somewhat chaotic conditions which result., A bubble euergy
guantum approach was previously suggested by the writer for this
purpose., (1, 15?5

A bypothesized bubble energy quantum spectrum is shown in
Fig. 18 in a shape suggested by the data and the existing
knowledge of bubble dynamics. The ordinate; n{(E), is the number
of bubbles from those "in the vicinity"” of the damage specimen
which deliver, upon their collapse, an energy quantum, E, to the
surface of the specimen. The abscissa is E, the energy quantum,
The shape of any of the individual curves is 2 function of the
cavitation condition, whigh is thus the paraveter distinguish-
ing the different curves. Generally, the hypothesized curves
show a maximum number of bubbles of relatively small energy, and
increasingly smaller &ﬁmbers of more energetic bubbles. The
curve shape could be quantitatively investigsted by using high-
speed motion plctures to delineate the bubble-size spectrunm,
and by using bubble-dynamics studies to compute the energy
quantum delivered to the surface per bubble, under the known
external pressure conditions {(corresponding to the cavitation
condition and the throat velscity).

As the cavitatiorn condition becomes less fully-developed,

5A mod2l which is somewhat similar has alse been previously
proposed by Rao and Thiruvengadam (18). However, the concep-
tions were independent.

37w
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FIRST MARK CAVITATION

STANDARD CAVITATION

CAVITATION TO NOSE

VISIBLE INITIATION

RANGE OF DAMAGE ———

SONIC INITIATION

18

Hypothesized bubble energy spectra for various
cavitation conditions at a constant velocity, for a
given material., Presumably, curves at higher velocity
are generally similar, but at higher n(E) and E. The
quantity n(E) = number of bubbles from those "in
vicinity" of damage specimen which deliver an energy
quantum E to the surface of the specimen, and E =
energy delivered by an individual bubble to the
surface of the specimen.



@y oF bubbles decreases, but the pumber al yelae
tively high emnergy increases, at least until the cavitation
condition is reduced to a minimum. This is illustirated by the
curves (Fig. 18), the arrangement of which was guided by
the water damag@ results, showing 2 maximum of damage for cavi-
taticn to nose and visible initiation, and a minimum for sonic
initiation and first mark (the condition for zero cavitation
wounld, of course, cofrespond_tp the abscissa).

It ié assumed that at least a minimum energy gquantum, E,
is reguired t@ pfodu@e any damagee. {The surface stress must at
least exceed the endurance limit.) Hence, a threshold value for
B iz shown, which is obviocusly a funciion of the test material.
{For harder aﬁﬁ/gr stronger ﬁaﬁeri&ls this threshold would move
to the right.) A second threshold, further to the right, is
shown for single-blow damage (corresponding to the crater-type
pits). The total amount of damage which occurs ia the form of
slabs or craters respectively, is proportional to the imntegral
under the applicable curve to the right of the applicable threshold.
While a set of curves as described sbove would only be
applicable to a given £1uid® and fiow geometry, i.e., for example,
a venturli of a given design, this approach appears to the writer
to present a potentially extremely useful method for correlat-
ing cavitation damage vesulits. This general type of behavior
ig also evidenced by tests with magnetostriction devieces
reported by Nowotmny (17) im which the fluid temperature is
varied over the range between solidification temperature and

e

ﬁﬁor example, similar curves for mercury {(rather tham water)
would probably be displaced to the right i.e., to the higher
enargy range.




boiling temperature at a constant pressure., It is f@und thae
the damage ré&@h@g 2 maximum at some temperature well below the
boiling temperature (as low as 50° ¢ for atmospheric pressura
in some of Nowotny's work). Presumably, at temperatures near
the bollinz temperature there are very many bubbles but the
collapse energy is small, so that the damage is small, At
lower temperatures, there are feﬁer but more energetic bubbles
with resultant increased damage. As the temperature is reduced
still further, the energy of the individual bubbles continues
to increase, but the number of bubbles becomes extremely small,

so that the resultant damage decreases.

Conclusions

A fairly comprehensive set of cavitation damage data
obtained in a flowing system (venturi) over a relatively wide
range of applicable parameters has been presented. Detailed
conclusions regarding the effects of the variation of the
different parameters are pointed out and discussed in the bedy
of the paper. Fimally, a correlating model to illustrate the
affects of these different parameters is suggested.

It is apparent from all of the above that much work yet
remains to be accomplished in this‘field before it will be
possible to predict with any degree of certainty the cavitation
damage to be sustained in various fluid flow components under
applicable operating conditioms. However, in the writer's
opinion, this does not appear to be an impossible objective,
end, in fact, counsiderable progress toward attaining 1t is

belng made.
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PIERDEX

Specification of Cavitation Conditions

The cavitation condition for all tests iz defined in terus

of "degree of cavitation"”, referring (except for imnitiation) to

the extent of the cavitating region.

i)

111)

Sonic Initiation - First sonic manifestation beyond
that oﬁ single phase flow. This was detected either
by ear or electronically uvsing a plezoelectric crystal.
The resulis of these two methods were approximately
the same, In all cases, sonic initiation occurred

2t a higher throat pressure than visible initiation.
Visible Initiztion - First appearance of a more or
less complete ring of cavitation., This alvays appears
firset at the throat exit.

Cavitation to Nose ~ The approximate location of the
termination of the cavitation region is at the upsirean
nose of th@'%@gt specipen,

Standard - The approximate location of the terminstion
of the cavitation r@gién.i@ at the center of the ftest
specimen,

First Mark - The approximate locatlon of the terming-
tion of the cavitation region is about 1 3/4 inches
from the throat outlei.

Second Mark - Same as first mark, but at 3} imches,
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the termination of the cavitation region is 2t the
downstream end of the test specimen.

The location of these termination points is shown in
Fig, 2, Although the termination is not sharp, the cavitation

conditions can be quite precisely reproduced.
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